
 
 

Search for the Associated Production of a Z 
boson with a Single Top Quark using CMS data 
at 8 TeV and 13 TeV and Performance Studies 

of the CMS Silicon Tracker 
 

 
 
 
 
 
 
 
 
 
 

 
By 

Muhammad Waqas 
 
 
 
 

Department of Physics 
Quaid-i-Azam University 

Islamabad, Pakistan 
2019 

 

C
ER

N
-T

H
ES

IS
-2

01
9-

42
2

04
/0

9/
20

19



 

 

This work is submitted as a thesis in the partial fulfillment of the 

requirement for the award of the degree  

of 

Doctor of Philosophy 

In 

Physics 

 

 
 
 
 
 
 
 
 

 
 
 

Department of Physics 
Quaid-i-Azam University 

Islamabad, Pakistan 



i

CERTIFICATE

The undersigned declare that the research work presented in this thesis titled, "Search
for the Associated Production of a Z boson with a Single Top Quark using
CMS data at 8 TeV and 13 TeV and Performance Studies of the CMS
Silicon Tracker" by Mr. Muhammad Waqas is carried out under my supervision
in partial fulfillment of the requirements for the degree of Doctor of Philosophy in
Physics.

Supervisor:

Dr. Ashfaq Ahmad
Director, EHEP

National Center For Physics
Quaid-e-Azam University Campus

Islamabad, Pakistan

Submitted Through:

Prof. Dr. Arif Mumtaz
Chairman
Department of Physics
Quaid-e-Azam University
Islamabad, Pakistan



ii

Author’s Declaration

The undersigned declare that the research work presented in this thesis titled, "Search
for the Associated Production of a Z boson with a Single Top Quark using
CMS data at 8 TeV and 13 TeV and Performance Studies of the CMS
Silicon Tracker" is his own work, and that all the sources he has used or quoted
have been indicated or acknowledged by means of complete references.

——————————–
Muhammad Waqas



iii

Plagiarism Undertaking

I solemnly declare that the research work presented in this thesis titled, "Search for
the Associated Production of a Z boson with a Single Top Quark using CMS data at
8 TeV and 13 TeV and Performance Studies of the CMS Silicon Tracker" is solely my
work with no significant contribution from any other person. Small contribution/help
wherever taken has been dully acknowledged and that complete thesis has been written
by me.

I understand the zero tolerance policy of the HEC and Quaid-e-Azam university to-
wards plagiarism. Therefor, I as an author of above titled thesis declare that no portion
of my thesis has been plagiarised and any material used as reference is properly re-
ferred/cited.

I undertake that if i am found guilty of any formal plagiarism in the above titled thesis
even after my Ph.D. degree, the university reserves the rights to withdraw/revoke
my Ph.D. degree and that HEC and the University has right to publish my name on
the HEC/University website on which names of students are placed who submitted
plagirised thesis,

——————————–
Muhammad Waqas



iv

Abstract

The cross section measurements of a single top quark in association with a Z boson

using proton-proton collision data collected by CMS experiment are reported in this

thesis. The measurements are performed by analyzing integrated luminosities of 19.7

fb−1 and 35.9 fb−1 which were collected at 8 TeV and 13 TeV. The measurement are

performed within the standard model framework where top quark is produced via the

t-channel process. The measurements in three lepton final state, where the W boson

from the top quark and the Z boson decay into either electrons or muons, resulting

in four possible lepton combinations namely eee, eeµ, µµe, µµµ, are discussed. The

final state electrons or muons can also come from from leptonic τ decays, as they

are not specifically excluded. The main sources of background to the tZq process

are tt̄ production, diboson production (WZ, ZZ), ttV (V = W or Z) and Drell-Yan

(DY) production. A simple cut and count technique is used for the cross section

measurement. For the
√
s = 8 TeV measurement, a one bin likelihood fit is performed

to event yields in each four lepton channels and to the combined channel. The cross

section for the combined channel is measured to be σ(t`+`−q) = 18+11
−9 (stat)+4

−4(syst)

fb, where ` stands for electrons, muons and τ leptons, with an observed (expected)

significance of 1.81 (0.81) standard deviations. The measured value is compatible with

the NLO standard model prediction of 8.2 fb with a theoretical uncertainty of less

than 10%. For the second cross section measurement at 13TeV, the signal is extracted

by performing a simultaneous binned likelihood fit to yields in the signal and the

background enriched control regions. The cross section for the combined channel is

measured to be σ(t`+`−q) = 156+47
−42(stat)+40

−34(syst) fb, which is compatible with the

NLO standard model prediction of 94.2 ± 3.1 fb. The measurement is found to be

in agreement with the standard model with an observed (expected) significance of

2.81(1.95) standard deviations.
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Chapter 1

Theoretical Framework

Particle physics is the study of the elementary particles and their interactions. The
Standard Model (SM) is a mathematical framework that best describes the behaviour
of these elementary particles. SM is the most precisely tested scientific model that
has ever been constructed. It has passed thousands of tests and verified most of the
predictions since its development in 1960’s. The final bit of the SM was Higgs boson
which was discovered in July 2012 at the Large Hadron Collider. In this chapter, the
building blocks of the SM and its shortcomings are discussed.

1.1 The Standard Model

The SM has been tested thoroughly over the years and is outstanding in describing
the experimental observations. It is currently our finest theory in understanding the
fundamental particle physics. The SM is a non-abelian gauge theory, also called Yang-
Mills theory [1], with gauge group

GSM = SU(3)C ⊗ SU(2)L ⊗ U(1)Y , (1.1)

describing all the known elementary particles, their dynamics and interactions, except
gravity which is covered by General Relativity (GR) [2]. The particles in the SM
are fermions and bosons. Fermions, half integer spin particles, are the constituents
of matter while bosons, integer spin particles, are the force mediators. Fermions are
subject to the Pauli principle, which forbids that two fermions occupy the same state,
namely the same set of quantum numbers.

The bosons in the SM are responsible for three of the four interactions in nature as
shown in Table 1. The photons (γ) are the mediators of the electromagnetic interac-
tions, the gluons are of strong interactions and the Z and W bosons are the mediators
of the weak interactions. The Z and the W bosons are massive while photons and
gluons are massless. Weak force is weak because of these massive mediators. Despite
their weakness, the weak interactions have very distinctive features. The symmetries
like charge conjugation C, parity P , time-reversal T , the combination of charge con-
jugation and parity CP are violated in weak interactions. However, all these are the
symmetries of strong and electromagnetic interactions.
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Table 1.1: The electric charge, mass and interaction of the SM gauge
bosons [3].

Name Interaction Electric Charge (e) Mass
Gluon (g ) Strong 0 0
Photon (γ) Electromagnetic 0 0
Z boson Weak 0 91.19 GeV
W boson Weak ±1 80.39 GeV

The fermions in the SM are organized in three families or generations having same
quantum numbers but different masses. The 1st family or generation has the lightest
particles and the 3rd one has the heaviest. The lightest generations makes up most of
the ordinary matter as the heavier families (being unstable) decays into the lighter ones.
Each family has four fermions that are identified by their charges under electromagnetic
and/or strong interactions. Two of the four fermions in each family are quarks which
have color charge under the strong interactions and the other two are leptons which are
not charged under strong interaction. The lepton neutrinos feel only weak interactions.
The mass of neutrinos are at least six orders of magnitude smaller than any other SM
fermion. Additionally, each quark and lepton has an anti-particle, thus doubling the
fermion count, with same masses and opposite quantum numbers.

Table 1.2: The fermions in the SM with their electric charge and mass
according to the Particle Data Group [3].

Generation Name Symbol Electric Charge (e) Mass
Quarks

1st Up u +2
3

2.3 MeV
Down d −1

3
4.8 MeV

2nd Charm c +2
3

1.275 GeV
Strange s −1

3
95 MeV

3rd Top t +2
3

173.5 GeV
Bottom b −1

3
4.65 GeV

Leptons
1st Electron e +1 0.51 MeV

Electron Neutrino νe 0 < 2 eV
2nd Muon µ +1 105.66 MeV

Muon Neutrino νµ 0 < 2 eV
3rd Tauon τ +1 1.77 GeV

Tauon Neutrino ντ 0 < 2 eV

The SM Lagrangian can be studied by splitting the Lagrangian given in the Equa-
tion 1.1. SU(2)L⊗U(1)Y symmetry in equation 1.1 corresponds to electroweak (EW)
interaction described by the Glashow-Salam-Weinberg (GSW) model [4, 5, 6] com-
bining the electromagnetic and weak interactions. SU(3)C reflects the symmetry of
strong interaction, namely an exact symmetry of three colors of six quarks [7, 8, 9].
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This theory of strong force is called Quantum Chromodynamics (QCD). Thus, the SM
Lagrangian can be written in these two symmetries as

LSM = LEW + LQCD (1.2)

1.2 Electroweak Interaction

The charge associated with the weak interaction is the weak isospin T of which the
third component T3 is conserved. The relevant symmetry group for weak interactions is
SU(2)L, where the subscript Lmeans that only the left-handed(LH) chiral components
of the fields are involved in the interaction. The fermion state can be written as a
combination of LH chirality eigenstates ψL and right-handed (RH) chirality eigenstates
ψR,

ψ = PLψ + PRψ = ψL + ψR (1.3)

with the LH and RH projection operators PL and PR,

PL =
1− γ5

2
and PL =

1 + γ5

2
. (1.4)

The LH fermion fields with T3 = ±1
2
appear as doublets because the LH chirality

eigenstates ψL transforms under the weak isospin SU(2)L. The RH chirality eigenstates
ψR do not transform under the weak isospin SU(2)L and are therefore singlets (T3 = 0).
The electromagnetic interaction, mediated by photon (γ), is described by the symmetry
group U(1)Q. The photon does not differentiate between LH and RH fermions but
interacts with all the particles carrying electric charge Q. The relationship between
electric charge, Q, and quantum number of the other groups is given by,

Q = T3 +
Y

2
, (1.5)

where Y is the weak hypercharge which is conserved in U(1)Y transformations. The
quantum numbers of fermions in the EW sector are summarized in Table 1.3.

The Lagrangian for electroweak theory is given by

LSU(2)L⊗U(1)Y = Lfree + Lgauge + Lφ + LY uk. (1.6)

The Lfree, summing over the LH weak iso-doublets ψL and RH weak iso-singlets ψR,

Lfree =
∑
ψL

ψ̄L(x)(i��∂)ψL(x) +
∑
ψR

ψ̄R(x)(i��∂)ψR(x), (1.7)

is invariant under global SU(2)L ⊗ U(1)Y transformations in flavor space,
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Table 1.3: Electric charge Q, weak isospin T3 and weak hyper charge
Y of fundamental fermions in EW sector.

Particle Type Q T3 Y

LH quarks ≡ QL =

((
uL
dL

)(
cL
sL

)(
tL
bL

)) (
2
3

−1
3

) (
1
2

−1
2

)
1
3

RH up-type quarks ≡ uR =
(
uR, cR, tR

) (
2
3
, 2

3
, 2

3

) (
0, 0, 0

)
4
3

RH down-type quarks ≡ dR =
(
dR, sR, bR

) (
−1

3
,−1

3
,−1

3

) (
0, 0, 0

)
−2

3

LH leptons ≡ LL =

((
νeL
eL

)(
νµL
µL

)(
ντL
τL

)) (
0
−1

) (
1
2

−1
2

)
-1

RH leptons ≡ `R =
(
eR, µR, τR

) (
−1,−1,−1

) (
0, 0, 0

)
-2

ψL(x)→ ψ′L(x) ≡ exp(iY β)ULψL(x) (1.8)

ψR(x)→ ψ′R(x) ≡ exp(iY β)ψR(x) (1.9)

with the weak hypercharge Y associated with the field transforming and the non-
abelian SU(2)L transformation

UL ≡ exp(i
τi
2
αi) (1.10)

which acts only on the LH doublet fields ψL. The lagrangian in Equation 1.7 becomes
invariant under local SU(2)L⊗U(1)Y gauge transformation by replacing the derivatives
with covariant derivatives. Since the RH particles do not couple to weak isospin, their
covariant derivatives takes the simple form

DµψR(x) ≡

(
∂µ + ig′

Y

2
Bµ(x)

)
ψR(x) (1.11)

which serves to define the U(1)Y coupling g′. The corresponding covariant derivative
for the SU(2)L doublet is given by

DµψL(x) ≡

(
I
(
∂µ + ig′

Y

2
Bµ(x)

)
+ ig

1

2
τ ·Wµ(x)

)
ψL(x), (1.12)

where g represents the SU(2)L gauge coupling constant, I denotes 2×2 unit matrix and
the vector τ = (τ1, τ2, τ3) contains the Pauli matrices. The coupling of g′ of fermions
to Bµ is free and depends on the convention for the weak hypercharge Y .
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The gauge part of the Lagrangian is given by:

Lgauge =
1

4
F i
µνF

µνi − 1

4
BµνB

µν , (1.13)

with field strength tensors are

Bµν = ∂µBν − ∂νBµ and (1.14)

F i
µν = ∂µW

i
ν − ∂νW i

µ − gεijkW j
µW

k
ν i=1,2,3. (1.15)

Lgauge is not only quadratic in the derivatives of the gauge boson fields but contains as
well three- and four-point self-interaction terms proportional to coupling g. B has no
self-interaction as the group is abelian. The B and W3 ultimately becomes the photon
and Z boson after mixing.

The scalar part of the electroweak Lagrangian is

Lφ = (DµΦ)†(DµΦ)− V (Φ), (1.16)

where Φ =

(
Φ+

Φ0

)
is the complex Higgs scalar field which is doublet under SU(2)L.

V (Φ) is the Higgs potential given by

V (Φ) = µ2Φ†Φ + λ(Φ†Φ)2. (1.17)

The Higgs potential is restricted to this form because of the invariance and renormal-
izability of SU(2)L ⊗ U(1)Y . For µ2 < 0 and λ > 0, there is spontaneous symmetry
breaking that is responsible for giving masses to SM particles. The λ is a quartic
self-interaction term between the scalar fields and it has to be greater than zero for
Vacuum stability.

LY uk term in Equation 1.6 describes the gauge invariant Yukawa interaction that
couples the Higgs and fermion field. These couplings are responsible for the fermion
mass terms in the SM.

1.2.1 Higgs Mechanism

The gauge principle allows to successfully describe the interactions between particles;
however, all fields produced by imposing the gauge invariance are strictly massless.
However, the experiment shows that both the chiral fermions and electroweak gauge
bosons (W± and Z) are massive. The gauge invariance principle has to be broken spon-
taneously to give masses to bosons and chiral fermions. With this broken symmetry,
the physical states, especially the lowest energy state violates the gauge principle and
generate effective masses for the particles passing through it. Therefore a new field,
the Higgs field, is introduced that allows other particles to acquire mass by interacting
with it [10, 11], while at the same time preserves the gauge invariance. The shape of
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Figure 1.1: Higgs potential described from the last two terms of Equa-
tion 1.17 with µ2 < 0 and λ > 0 . The potential minimum is located on

a continuous ring. The figure is taken from [12]

Higgs potential given in Equation 1.17 is shown in Figure 1.1. Due to the symme-
try of this potential, there are an infinite number of degenerate Higgs ground states
configuration, satisfying

〈Φ†Φ〉 =
ν2

2
with ν ≡

√
µ2

λ
, (1.18)

where ν is the vacuum expectation value (VEV) corresponding to ground state of Φ. It
is the choice of this particular ground state configuration that produces the apparent
symmetry breaking. Through a suitable rotation and re-parametrization of the field,
Φ can be written as:

〈Φ〉 =
1√
2

(
0

ν +H(x)

)
(1.19)

where H is a scalar field with zero expectation value. The Higgs field correspond to
the physical Higgs boson. Substituting the expression 1.19 in the scalar part of the
electroweak Lagrangian Equation 1.6 give rise to terms proportional to W−

µ W
+µ and

ZµZ
µ which introduces explicit mass terms for the vector bosons. The masses for the

vector bosons can be expressed in terms of ν and the electroweak coupling constant g:

mW =
1

2
νg , mZ =

mW

cos θW
=

1

2
ν
√
g2 + g′2 (1.20)

where the Weinberg angle θW is defined by:

tan θW ≡
g′

g
=⇒ sin2 θW = 1− m2

W

m2
Z

(1.21)
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The mass of the Higgs boson particle is given by:

mH =
√

2λν (1.22)

By using the same scalar doublet, masses for lepton and quarks can be generated.

1.3 Quantum Chromodynamics (QCD)

QCD is quantum field theory that explains the strong interactions in the SM. QCD
has a gauge symmetry group of SU(3)C where the subscript C is referred to as color
charge. This new quantum number distinguish three different possible states of the
quarks (namely blue, red and green). SU(3)C group has eight generators corresponding
to eight mediator vector bosons, the gluons, of strong force. The massless gluons
allow self-couplings because they are color charged as well. The QCD Lagrangian can
schematically be written as

LQCD = Lclassical + Lguage + Lghost (1.23)

The term Lclassical, is the classical Lagrangian density, contains the kinetic terms for
the fields, and the mass term for the quark:

Lclassical = −1

4
FA
µνF

µν
A +

∑
Flavor

q̄i(iDµγ
µ −m)ijqj (1.24)

where the indices (i, j) are for quarks, (A,B) are for gluon colors and (µ, ν) are space-
time indices. Dµ is the covariant derivative. The Lagrangian will be invariant under
local gauge transformation if the gauge invariant derivative is defined as:

(Dµ)ij = ∂µδij + igs(t
CACµ )ij (1.25)

(Dµ)AB = ∂µδij + igs(T
CACµ )AB. (1.26)

The Equation 1.25 is for the quark fields, using the tC generators of SU(3) in the fun-
damental representation, and Equation 1.26 is for gluon fields, with the TC generators
in the adjoint representation. The relationship between the Gell-Mann matrix (λa)
and these generators is give by:

ta = λa/2 (1.27)

Gell-Mann matrices are Hermitian, traceless and satisfy commutation relation
[
λa, λb

]
=

2ifabcλc. The generators have the following commutation relations:
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[
tA, tB

]
= ifABCtC (1.28)

where fABC form a set called the structure constants of SU(3). They are real numbers
and are completely anti-symmetric in the indices. The generators TA follow the Lie
algebra, and are given by (TA)BC = −ifABC .

The generators also obey the normalization condition:

Tr(tAtB) = TRδ
AB,

where TR = 1
2
.

These generator also follow the identity:∑
A

tAabt
A
bc = CF δac,

where CF is called the Casimir and is given by:

CF =
4

3
=
N2
C − 1

2NC

.

NC is the number of colors. Another Casimir constant CA can be found to handle the
gluon interaction:

Tr(TCTD) =
∑
A,B

fABCFABD = CAδ
CD,

where ,
CA = 3 = NC .

The covariant derivative Dµ can be dotted with the gamma matrices to introduce the
slashed notation ��D = Dµγ

µ. The gamma matrices have the anti-commutation relation
{γµ, γν} = 2gµν . So, Equation 1.24 can be written as:

Lclassical = −1

4
FA
µνF

µν
A +

∑
Flavors

q̄i(i��D −m)ijqj (1.29)

where FA
µν is the field strength tensor and qi are the quark fields with mass mass m.

The FA
µν is defined as:

FA
µν = ∂µA

A
ν − ∂νAAµ − gsfABCABµACν (1.30)

where (A,B) are the indices for eight color degrees of freedom of the gluon field and gs
is the strength of the coupling interaction. The last term of Equation 1.30 involves the
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SU(3) structure constants and two gluon fields. When inserted into the Lagrangian,
Equation 1.29 leads to self-interactions between gluons.

Lclassical is invariant under local gauge transformations. For co-variant gauges ∂µAµ =
0, the following term can be added to the Lagrangian:

Lguage = − 1

2λ
(∂µAAµ )2. (1.31)

Although Lgauge breaks gauge invariance but it does not effect physical quantities as
they do not depend on the gauge fixing parameter λ and the particular gauge chosen.

Finally, another necessary term is added in non-Abelian theories. It is called ghost
term is given by:

Lghost = ∂muη
A†(Dmu

ABη
B). (1.32)

Ghosts are scalar fields and they cancel nonphysical degrees of freedom that would
otherwise propagate in gluon loops.

Now how to apply QCD to hadron collision experiments, we need to understand the
quarks and gluons configuration inside the hadron. The QCD potential between two
quark is given by:

V (r) ≈ −4 · αs
3r

+ k · r, (1.33)

where,

αs =
g2
s

4π
. (1.34)

The 1st term in Equation 1.33 is a linear term that dominates at large distances r or
equivalently small exchanged energies. The factor k can be understood as a "gluon-
spring" tension similar to that of a harmonic oscillator. New quark-antiquark pairs can
be created from the vacuum if the gluon field energy exceeds the mass of the new pair.
This can lead to a cascade of particles emerging from the gluon field at sufficiently
large energies which bind "free" quarks into color-neutral singlets called hadrons. Such
a process is referred to as hadronization. In experiments, the momentum of a quark
or gluon candidate is therefore inferred by clustering collimated particles into jets.
Hadrons can be either mesons which consist of quark-antiquark pairs (qq̄) or baryons
consisting of quark triplets (qqq). These constituents of a hadron are referred to as
"valence quarks". The valence quarks inside the proton will emit gluons that can
further be splitted into quark-antiquark pairs. These additional quarks are called sea
quarks. The gluon emissions from sea quarks will tend to be soft with respect to the
original quark. This whole group of particles is commonly referred to as partons.

In hadron collision experiments at a sufficiently high momentum transfer, one can
approximate all partons as free which allows to treat hadron-hadron scattering as a
single parton-parton interaction instead. The momentum of a parton is expressed
in terms of the fraction of the hadron momentum pparton = x · phadron , where x is
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also referred to as "Bjorken scaling variable" [13]. Then, the probability of finding
two parton flavors fI with momentum fraction xi interacting at an energy scale µF
in a hadron-hadron collision is given by the parton distribution function (PDF) as
PDF(x1, f1, µF ) and · PDF(x2, f2, µF ). The PDFs are normalized such that

partons∑
f

∫ 1

0

dx · x · PDF (x, f, µF ) = 1. (1.35)

The scale µF is called "factorization scale" below which non-perturbative low energy
effects such as soft gluon emissions have been absorbed into the PDF. The PDF can not
be calculated analytically but can be derived from fits to measured processes like deep
inelastic scattering (DIS) or Drell-Yan. There are various groups estimating PDF
sets from fits to experimental data using different approaches; e.g. CTEQ, MMHT
(formerly MSTW), ABM, HERAPDF, and NNPDF. Exemplary distributions taken
from the CT14NNLO are shown in Figure 1.2 for µF = 2 GeV and µF = 100 GeV.
More information on this PDF set can be found in Ref. [14]. At a momentum fraction
of x∼ 0.2 one can observe an excess of the up and down quark distributions as expected
from the valence quark composition of the proton. These vanish at low momentum
fractions at which the contributions from virtual sea quarks and gluons dominate.

Figure 1.2: The CT14 NNLO PDFs at Q = 2 GeV (left) and Q = 100
GeV (right) for u, d, s = s̄, ū, d̄ and gluon (g). The gluon PDF has been

scaled down by a factor of 0.2. The figure is taken from [15].

At high energies, quantum fluctuations lead to divergences. In order to let a theory still
describe the experimental energy regime, physical quantities are redefined at the so-
called "renormalization scale" µR. This leads amongst others to a "running" behaviour
of the coupling constants as a function of µR. Beyond this scale, high energy effects
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such as loop corrections to propagators ("self-energy") are absorbed in the physical
quantities through a renormalization of the fields. In particular, the running behaviour
of the strong coupling constant is found to be

αs(µR) =
αs(µ

2
0)

1 + αs(µ2
0) · 33−2.nf

12π
· ln
(
|µ2R|
µ20

) (1.36)

where nf denotes the number of quarks and µ0 is a reference scale where the coupling
is known from measurements, e.g. µ0 = mZ . The present world average of coupling
constant at Z mass is αs(mZ)=0.1181±0.0011 [3]. Measurement summary of αs as a
function of Q is shown in the Figure 1.3.

Figure 1.3: Measurement summary of αs as a function of Q. The
figure is taken from [16]

1.4 Shortcomings in SM

The SM is believed to be not the final theory describing fundamental TeV interactions.
In the following some of its problems are briefly outlined.

• Gravity: The SM can not describe gravitational interactions.The mediator of
gravity, the graviton, would have to be a spin 2 boson which however leads
non-renormalizable divergences. At energy scales reached by colliders, it is fine
nonetheless to ignore gravitational interactions since those become only compa-
rable in strength to the electroweak and strong interactions at the Planck scale
which is O(1018 GeV) if there are no extra dimensions.

• Dark Matter: Cosmological observations of rotation speeds of galaxies, map-
ping of matter distributions through micro lensing, and acoustic oscillations in
the cosmic microwave background suggest that there exists a yet unidentified
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kind of matter, called "dark matter". An even more puzzling building block
of the universe which is missing from the SM is dark energy. It is a crucial
ingredient to describe the expansion of the universe.

• Naturalness: A large correction to the bare Higgs mass originates from top
quark loops via Yukawa interactions. Those need to be absorbed by the physical
Higgs mass through renormalization. The resulting mass can be written asm2

H ≈
(mbare

H )2 +λ2
tµ

2/(16π2). If the SM is valid up to the Planck scale it would require
an extraordinary fine-tuning of the bare Higgs mass in order to cancel this large
correction. Such a coincidence is considered to be not very "natural".

• Unification of Forces: The idea of the grand unification theory (GUT) where
the weak, electromagnetic and strong forces are merged into one single force at
some high unification or GUT scale, above which the three interactions unify [17].
This is not possible in the SM. Instead the SM prediction is that the three forces
do not converge at the Planck scale.

• Neutrino Oscillation: According to the SM, neutrinos are massless. However
experiments for solar, accelerators and reactors neutrinos have established that
neutrinos can oscillate and can change flavor during flight. Only massive neu-
trinos can have such oscillations. Therefore, the flavor neutrinos (νe, νµ, ντ ) are
linear expressions of the fields of at least three mass eigenstates (ν1, ν2, ν3) [18,
19].

• Matter Antimatter Asymmetry: It is observed that antimatter content is
extremely small as compared to matter content in the universe. This difference
in content is referred to as matter-antimatter asymmetry. The SM does not
explain this asymmetry nor predict any mechanism that would have generated
this asymmetry.
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Chapter 2

Top Quark

The top quark, discovered in 1995 by the CDF and D� collaborations at the Tevatron
accelerator at Fermilab using proton-antiproton collision data [20, 21], is the most
massive known particle in SM so far. Top quark mass is 172.44 ± 0.49 GeV [22] and is
close to the Higgs VEV (ν = 246 GeV). Top mass gives an estimation for the Yukawa
coupling

yt =

√
2mt

ν
. (2.1)

This may hint at an important role of top quark in the electroweak symmetry breaking.
Furthermore, top quarks are excellent probes to search for Beyond Standard Model
(BSM) physics. For example, some extensions of the SM predict additional W ′ and
Z ′ bosons which are heavier versions of their SM counterparts and can decay into top
quarks. Other BSM models can have a wide Higgs sector including additional charged
and neutral Higgs bosons which may couple to massive top quark.

Historically, the top and bottom quarks were proposed in 1973 to make the third
family of the quarks. Renormalizability of the SM provides the basis for the existence
of top quark. Before the τ lepton discovery, the standard model was a highly successful
theory of fundamental interactions. Its success hinged on the facts that it gave a good
quantitative predictions for all observed process and the theory was renormalizable.
This state of affairs changed with the discovery of tau lepton in 1975 [23]. Detailed
studies of the production and decay of τ showed that, except for its mass, it has exactly
the same properties as the electron and muon. In other words, it is a third generation
lepton. The renormalizability of the standard model, therefore, requires that third
generation quark exist. One of these, the bottom quark, was discovered in 1977 with
a mass mb = 4.2 GeV. The other 3rd generation quark is, by definition, the top quark,
and it ought to exist. The Super Proton Synchrotron (SPS) experiment at CERN
discovered W and Z bosons but top quark remained elusive at these energies.

Top quark lifetime (10−25 s) is smaller than QCD interactions timescale (1/ΛQCD ∼
10−23 s) [24]. Therefore, top quark decay before the hadronization process starts.
Thus, top quark can not form bound state and its polarization and spin information
propagates through the W boson to its decay products.
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2.1 Top Quark Pair Production

The dominant process producing top quarks at hadron colliders is top quark pair
production through strong interactions via gluons (gg → tt̄) or quarks fusion (qq̄ →
tt̄). The electroweak tt̄ production via Z or γ exchange is negligible at hadron colliders
because of large cross section of QCD processes. The kinematic threshold for top pair
production is ŝ ≥ 4m2

top, where ŝ = x1x2(PA + PB)2 is defined as the initial center of
mass (CoM) energy. PA and PB are the incoming hadrons momenta. For a symmetric
collider with both hadrons having the same momenta, ŝ = 4x1x2P

2 = x1x2s, where
s is the square of hadron CoM energy. Tevatron is operated at

√
s = 1.96 TeV, hence

x ≈ 2mtop√
s

= 0.18. Therefore, the dominant production process is quark-antiquark
annihilation with a contribution of 85% to 90%, as can be seen in the PDF visualised
in the Figure 1.2. In case of the LHC with

√
s = 14 TeV, x ≈ 0.025 is obtained.

Consequently, the lower x region is more important, making gluon fusion processes
dominant. The Feynman diagrams for the tt̄ process at the leading-order (LO) are
shown in Figure 2.1.

The gg → tt̄ channel is the leading production channel in the LHC energy regime [24].
The theoretical tt̄ cross sections are given in table 2.1. The cross sections calculated at
next-to-next-to-leading-order (NNLO) + next-to-next-to-leading logarithmic (NNLL)
accuracy using the Top++ 2.0 program [25, 26, 27]. The PDF uncertainty in the
Table 2.1 includes also the uncertainty on αs.

Figure 2.1: The figure illustrates the LO Feynman diagrams of the tt̄
production through qq̄ fusion at (a) and through gg fusion at (b), (c),

(d) [28].
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Table 2.1: Predicted tt̄ cross sections calculated in pp collision [25, 26,
27].

CoM energy tt̄ cross section
8 TeV 252.9+6.4

−8.6 (scale) + 11.7 (PDF) pb
13 TeV 831.8+19.8

−29.2 (scale) + 35.6 (PDF) pb

2.2 Single Top Quark Production

The tt̄ is produced via strong interaction, but it is also possible to produce a single
top quark (referred as "single top (t, t̄)") through the electroweak interaction. This
electroweak production process was discovered in 2009 by the CDF and D� exper-
iments [20, 21, 29]. There are three production modes for this kind of top quark
production. All three channels are shown in Figure 2.2. All processes include a Wtb

vertex and therewith a vertex where the CKM matrix element Vtb directly occurs. This
allows an explicit measurement of |Vtb|. The single top production channels are s-, t-
and tW-associated channels.

Figure 2.2: The figure illustrates the LO Feynman diagrams of the
electroweak production of single top in t-channel at (a), s-channel at (b)

and tW-associated channel at (c) [30].
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The production channels of single top through Wts and Wtd vertex are greatly sup-
pressed in SM as compared to Wtb vertex. This suppression is because of small off-
diagonal CKM matrix elements. CKM matrix elements dealing with top quark can not
be measured directly. |Vtd| is determined indirectly from B0

d − B̄0
d oscillations. In the

same way |Vts| is estimated from B0
s − B̄0

s mixing. With both these values and using
the unitarity constraint, |Vtb| is determined to be close to 1. Current results are [31]:

|Vtd| = 0.0075− 0.0084 (2.2)

|Vts| = 0.041− 0.042 (2.3)

|Vtb| = 0.999096− 0.0999133 (2.4)

Thus, |Vtb| is the most precise known CKM element. Cross section measurements of
single top quark, allows to extract a limit on the CKM matrix element |Vtb|. If one
assumes |Vtd|+|Vts| � |Vtb| then the t→ bW branching ratio can be approximated as

R =
B(t→ Wb)

B(t→ Wq)
(2.5)

R =
|Vtb|2

|V 2
tb|+ |V 2

ts|+ |V 2
td|
≈ 100% (2.6)

In the following all three channels of t or t̄ production via the Wtb vertex will be
discussed.

2.2.1 t-channel Single Top Production Mode

The production via t-channel (Figure 2.3) has the highest cross section in pp collisions.
The virtuality of the W boson is found to be Q2 < 0 and hence it is said to be
"space-like". A characteristic feature of this mode is the production of an additional
spectator quark (q′) which recoils against the W boson and tends therefore to be
scattered fairly forward in the CMS detector. In this production mode top quarks are
produced roughly twice more often than top antiquarks which is a consequence of the
up-over-down valence quark composition of the proton. Hence the production ratio,
σt/σt̄, is sensitive to the PDF of the proton. The ratio depends however on the center
of mass energy since at higher energies lower momentum fractions are probed at which
contributions from the valence quarks become less dominant.

The t-channel cross section is computed at NNLO in QCD [33, 34, 35] and at NLO with
NNLL resummation [14]. The calculations performed using HATHORv2.1 program
at NLO [36, 37], based on MCFM [38]. The NNLO and NLO+NNLL predictions at
different LHC energies are compared in the Table 2.2.

The single top t-channel production cross section rises to the same magnitude as tt̄
production even though it is a weak interacting process. The reasons is that the cross
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Figure 2.3: Single top production Feynman diagrams at NLO in t-
channel [32].

section of a weak interacting process scales like 1/M2
W , whereas the strong interac-

tion cross section scales with 1/ŝ. Additionally, the tt̄ production via gluon fusion
is suppressed by a factor of 1

3
as the colour combination at the gluon vertex has to

match. W-gluon fusion is not colour suppressed. Finally, the production of t or t̄ is
kinematically enhanced in comparison to the production tt̄.

Table 2.2: The t and t̄ cross section in the t-channel at LHC energies.
The NNLO predictions at 8 TeV and 13 TeV use mtop = 172.5 GeV
and mtop = 173.2 GeV, respectively, and the NLO+NNLL predictions
calculated with mtop = 173 GeV. The cross-sections are reported for (t),

(t̄) and (t+t̄) [14, 33, 34, 35].

Corrections cross section 7 TeV 8 TeV 13 TeV
σt - 54.2+0.5

−0.2 134.3+1.3
−0.7

NLO σt̄ - 29.7+0.3
−0.1 79.3+0.8

−0.6

σ(t̄+t) - 83.9+0.8
−0.3 79.3+2.1

−1.1

NLO + σt 43.0+1.8
−0.9 56.4+2.4

−1.2 136.0+4.0
−3.0

NNLL σt̄ 22.9+0.9
−1.0 30.7+1.5

−1.6 82.0+3.0
−2.0

σ(t̄+t) 65.9+2.6
−1.8 87.2+3.4

−2.5 218+5.0
−4.0

2.2.2 s-channel Single Top Production Mode

Amongst the three main single top production channels, s-channel (Figure 2.4) has
the smallest cross section. This is because of the "time- like" W boson (Q2 > 0)
which has to have a large virtuality to produce the heavier top quark. In various
BSM scenarios however the cross section of this process is expected to increase due to
new heavy particles like W ′ or charged Higgs bosons that may even be produced on
their mass shell, pµpµ − m2 = 0, and hence occur as a resonance. The theoretical
production cross-section for s-channel obtained at NLO+NNLL [39] and at NLO [36,
38, 40, 37]. The NLO and NNLL predictions at LHC energies have been compared in
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the Table 2.3. To observe s-channel prediction at Run 2 is even harder than Run 1 as
the cross section is increased only by a factor of 2 from 8 TeV to 13 TeV.

Figure 2.4: Single top production Feynman diagrams at NLO in s-
channel [41].

Table 2.3: The s-channel t and t̄ cross section is shown here.
NLO+NNLL and NLO predictions have been calculated with mtop =
173 GeV and 172.5 GeV respectively. The cross sections are reported

for t, t̄ and (t+ t̄) [36, 37, 38, 39, 40].

Corrections s-channel cross section 7 TeV 8 TeV 13 TeV
σt 2.8 ± 0.1 3.3 ± 0.1 6.3 ± 0.4

NLO σt̄ 1.5 ± 0.1 1.9 ± 0.1 4.0 ± 0.2
σ(t̄+t) 4.3 ± 0.2 5.2 ± 0.2 10.3 ± 0.2

NLO + σt 3.1 ± 0.1 3.8 ± 0.1 7.1 ± 0.2
NNLL σt̄ 1.4 ± 0.1 1.8 ± 0.1 4.1 ± 0.2

σ(t̄+t) 4.6 ± 0.2 5.6 ± 0.2 11.2 ± 0.4
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2.2.3 tW-channel Single Top Production Mode

The third mode is the tW-associated production where the W boson can be produced
on-shell (Q2 = m2

W ). The Feynman diagram of the tW-associated production is shown
in the Figure 2.5. This process interferes at NLO with tt̄ production which complicates
its definition. In the diagram removal (DR) scheme diagrams with two resonant top
quarks are subtracted from the common amplitude whereas in the diagram subtraction
(DS) scheme the contribution from tt̄ is locally eliminated from cross section [42, 43].
The difference between both schemes lies in the treatment of the interference term
which is kept in the DS but removed in the DR. A new approach has been developed
where the tt̄ and tW production and the inference between them are combined into
a process with a W+W−bb̄ + X final state [44] whose simulation is currently being
studied [45]. The tW cross section is calculated at NLO+NNLL [46] and at NLO
with HATHOR [36, 37] based on MCFM [37]. The Table 2.4 compares the two
predictions at LHC energies.

Figure 2.5: Leading order Feynman diagram for tW-associated chan-
nel production mode of single top quark [47].

Table 2.4: The tW-associated t cross section at LHC energies. Both
NLO+NNLL and NLO predictions have been calculated with mtop

=172.5 GeV [46].

Corrections tW channel 7 TeV 8 TeV 13 TeV
cross section

NLO + NNLL σtW 17.0 ± 0.7 24.0 ± 1.0 76.2 ± 2.5
NLO σtW 13.2 ± 1.4 18.9 ± 1.9 60.0 ± 6.0

2.3 Single Top Quark Production Mode in Associa-
tion with a Z boson

The t-channel production mode cross section of single top is sufficiently large at LHC
to study the coupling of top quark with additional particles. One such example is



Chapter 2. Top Quark 20

where t or t̄ are produced in association with a Z boson as shown in Figure 2.6.
This process is sensitive to the coupling of top quark with Z boson as illustrated in
Figure 2.6 (middle-right). In addition to top quark coupling to Z boson, the process is
also sensitive to the triple gauge boson coupling WWZ as shown in Figure 2.6 (bottom-
left). The process also has a slight input from non-resonant lepton pairs as shown in
Figure 2.6 (bottom-right).

The QCD-induced top pair production has higher cross section as compared to elec-
troweak single top production at LHC. Therefore, the top pair associated production
channels like tt̄Z and tt̄γ seem more sensitive than tZ. The production of additional
massive Z boson suppresses the phase space of the process and has effectively removed
the top pair higher cross section advantage over single top. The Z-associated produc-
tion cross sections of t, t̄ and tt̄ are shown in Figure 2.6 [48]. The cross sections of
tt̄Z and tt̄γ calculated by CMS at 8 TeV are shown in the Table 2.5 [49, 50]. The
theoretical NLO calculations for tZ and t̄Z are also given in Table 2.5. The details of
these calculations are given in reference [48].

Figure 2.6: The LO production diagrams of the tZq process shown.
The bottom-right diagram shows the non-resonant input to the pro-

cess [51].

The signatures of the process are a t or t̄, a Z boson and additional quark that is
why it is referred as tZq process. The tZq process probes two SM couplings (tZ and
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triple gauge-boson couplings) in a single process, whereas the similar final state tt̄Z
only probes the tZ coupling. These couplings are sensitive to beyond SM physical
processes with same experimental signatures. An example of this is flavor changing
neutral current (FCNC) which involve the direct coupling of the top quark to a Z
boson and an up or charm quark [52, 53]. In SM, FCNC processes are forbidden at LO
and are suppressed at higher levels [54]. Any deviation from this expected SM process
can be hint of new beyond SM process.

Table 2.5: CMS measurement of t̄Z and tt̄γ cross sections at 8 TeV are
given. Also the NLO measurements for the tZ+t̄Z are shown here [49,

50].

Process cross section (fb)
tt̄Z 200+80

−70(stat)
+40
−30(syst)

tt̄γ 2400±200 (stat) ±600(syst)
tZ 160+7

−2(scale) +
+11
−11(pdf)

t̄Z 76+4
−1(scale)

+5
−5(pdf)

tZ + t̄Z 236+11
−4 (scale)± 11(pdf)

Figure 2.7: Production cross sections (at NLO) of tt̄, t and t̄) with
and without an associated Z boson [48].

The tZq process is the main topic of this thesis. The easiest way to find the process is
in three lepton final state. For three lepton final state, top quark decays leptonically
via a b quark and W boson. The other two leptons come from the leptonic decay
of Z boson. The leptons from Z boson should be same flavor and opposite sign and
mass compatible with on-shell Z mass. There is a neutrino in the event, referred as
missing transverse energy ( ~��E

miss

T ) in the accelerator terms. The schematic view of a
pp collision producing tZq event is shown in Figure 2.8.
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Finally, there are two hadronic jets present in the event. One is b quark which is
originated from the top quark decay and other is due to the recoil quark. The recoil
quark is usually a light quark in forward region of the detector also known as forward
jet. This recoil quark may also come from a b quark; in this case it will be referred as
tbZ process. There may also be an additional jet from the gluon splitting that creates
the b-quark in the initial state.

The final state of tZq is therefore three leptons, a large amount of ~��E
miss

T and two jets.
The analysis is performed using 2012 CMS data at

√
s = 8 TeV and 2016 CMS data

at
√
s = 13 TeV. The analysis at

√
s = 8 TeV will be discussed in chapter 7 and at√

s = 13 TeV will be discussed in chapter 8.

Figure 2.8: Schematic diagram of tZq event showing three leptons,
one b quark, one light quark and neutrino in the final state.

2.3.1 Experimental Results

To conclude this chapter, a selection of experimental results of the top quark are
presented. An overview of inclusive tt̄ cross section measurements at

√
s = 5 TeV,

7 TeV, 8 TeV and 13 TeV are shown in Figure 2.9 and compared to the prediction.
Measurements of inclusive single top cross section in t-, tW-, and s-channel at

√
s =

7 TeV, = 8 TeV, and =13 TeV are summarized and compared to the theoretical NLO
predictions in Figure 2.10. The measurements and SM predictions are in agreement.
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Figure 2.9: The CMS summary of tt̄ cross section measurements as a
function of CoM [55].

Figure 2.10: The CMS summary of single top cross section measure-
ments as a function of

√
s in different channels. Z-associated productions

are explained in this thesis [56].
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Chapter 3

Large Hadron Collider

The Large Hadron Collider (LHC) at CERN (the European Organization for Nuclear
Research), in Geneva, Switzerland, is the world’s largest and most powerful tool for
particle physics research. It is installed in the 26.7 km long ring tunnel [57] that was
previously housing the LEP machine [58]. The LHC is designed to collide proton
beams and heavy ions. The main objective of the LHC was the search for the Brout-
Englert-Higgs boson.

The LHC design energy is 14 TeV. The limiting factor for the achievable energy is the
magnetic field strength (B) in the dipole magnets that are used to keep the particles
on the ring. Particles circulating in the LHC are organized in bunches, due to the
acceleration with radio frequency (RF) cavities. The nominal number of bunches in
the ring is 2808 and two bunches are separated by 25 ns.

3.1 CERN Accelerator Complex

The schematic view of CERN accelerator complex is shown in Figure 3.1. Before
reaching the main LHC tunnel, the protons bunches pass through an injection chain
consisting of CERN’s acceleration structure that was already present before the LHC
was built. The first linear accelerator of the complex, LINAC 2, accelerates the protons
upto 50 MeV. With this energy, the protons are then directed to the second accelera-
tor the Proton Synchrotron Booster (PSB). At the PSB (or Booster) proton packs are
accelerated up to 1.4 GeV and each pack is split up in twelve bunches with 25 or 50 ns
spacing [59]. Then the proton bunches are injected into the Proton Synchrotron (PS)
where they gain energy up to 25 GeV before injecting in the Super Proton Synchrotron
(SPS). At SPS protons accelerate up to 450 GeV and are then directed into two sep-
arate beam pipes of LHC where they travel in opposite direction. Superconducting
dipole magnets (1232 in number) are used to keep the beams at fixed orbit. The super-
conducting dipole magnets (B = 3.8 T) are kept at a temperature of 1.9 K using liquid
helium. To keep the beams focused, a total of 392 main superconducting quadrupole
magnets are used. Particles are accelerated through the electric field generated by 8
superconducting RF cavities. These cavities operate at 400 MHz.
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Figure 3.1: Schematic overview of the CERN accelerators complex.
The figure is taken from [60].

3.1.1 Experiments at CERN

CERN is capable of colliding protons and heavy ions. Following the LEP tunnel
geometry, the LHC has 8 curved and eight straight sections. Detectors that record
events from collisions are installed in four of the straight sections numbered clockwise,
starting from point-1, close to the CERN Meyrin site.

1. CMS (Compact Muon Solenoid), located at point-5, is a multi-purpose detector
with broad physics objectives [61]. In addition to its capability to find the Higgs
boson with masses up to 1 TeV, other objectives are defined for example, the
search for new physics, dark matter candidates or supersymmetric particles, more
details about this detector will be described in Section 2.

2. ATLAS (A Toroidal LHC ApparatuS), located at point-1, is also a multi-purpose
detector and has the same objectives as CMS but exploits different technical de-
sign, including a large toroidal magnet [62]. The ATLAS is a cylindrical detector,
44 m long and 25 m diameter, around the beam pipe.

3. ALICE (A Large Ion Collider Experiment), located at point-2, focuses on heavy
ion collisions in which the properties of quark-gluon plasma can be studied. [63].

4. LHCb (Large Hadron Collider beauty): It aims to study precision measurements
of CP-violating processes and searches for rare decays of B hadrons amongst
others. [64].
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Although ATLAS and CMS analyze the same dataset independently and have similar
goals, the technical realization of two experiments is different and their results can
verify each other, and can also be merged to improve the precision.

There are several other smaller experiments located near the interaction points. These
experiments study the particles emitted in the very forward region. For example
MoEDAL [65] is an experiment to search for the magnetic monopoles, TOTEM [66]
studies the protons themselves as they emerge from collision and LHCf [67] uses protons
in the forward regions as a source to simulate cosmic rays.

3.1.2 Luminosity

One very important parameter to characterize the accelerator is luminosity which is
a measure of the collision rate. The number of collisions in a detector is related to
instantaneous luminosity Lins as:

N = Lins × σ (3.1)

in which σ is the cross section of the expected process. Lins is defined as:

Lins =
N1bN2bnbfrev

4πσxσy
F (3.2)

The values of these parameters are given in Table 3.1.

Table 3.1: Summary of the parameters entering Equation 3.2. The
parameters refer to the nominal values during 2015 data taking.

Label Quantity Value
N1b, N2b No. of Particles per bunch 1.2× 1011

nb No. of bunches per beam 2808
frev Rev. frequency 11245kHz
γr Rel. gamma factor ∼ 7000
F Geometrical factor 0.84

σx, σy Transverse beam size ∼ 17µm

The geometrical factor, F , accounts for reduction in luminosity due to a slight tilting
of the beams by the crossing angle θ.

F =
1√

1 +
(
θ · dz

)
/
(
2dx,y

)2
(3.3)

It is seen in Equation 3.1 that the instantaneous luminosity is hard to be kept stable
during the data taking. In fact, it decays mainly due to the loss of protons in the
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bunches leading to a decrease in collisions. Therefore, another quantity, integrated
luminosity (Lint), is introduced by integrating the instantaneous luminosity over time,
with a unit of inverse of barn denoted by b−1 (per cm2), to measure how much data is
recorded by the LHC and CMS. Figure 3.2 shows how the total integrated luminosity
accumulated versus time during the LHC data taking.

The amount of data recorded by a detector is usually smaller than the amount of data
delivered. It is because the data acquisition system is not always 100 % efficient. In
addition, not all the data is good enough for analysis purpose as some of the subsystems
may be in an error state that corrupt the data recorded or other unexpected behaviours
of the LHC or CMS may have interrupted the data recording. All the data must be
certified by a dedicated task force in CMS. As a result, the total amount of data used
in an analysis can be much smaller than the total amount of data delivered.

Figure 3.2: Lint delivered to CMS versus data taking period for pp
collisions at different LHC energies. The data collected in the year 2012

and 2016 has been analyzed in this thesis [68].

3.1.3 Pileup (PU)

Another important parameter of the accelerator is pileup. During a bunch crossing
multiple proton-proton interactions can occur which are referred to as pileup. Their
number on average is proportional to the luminosity times the total inelastic pp cross
section. There are two types of pileups:

• in-time PU comes from the collisions happening in the same bunch crossing;

• out-of-time PU comes from the collisions from the previous bunch crossings whose
signal has not yet been recorded by the detector.
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In-time PU is calculated by the number of primary vertices (NPV ) while out-of-time
PU is parametrized by the mean number of interactions per bunch crossing (µ). In
2012, an average of 21 pileup interactions has been observed at 8 TeV. This increased in
2016 due to the higher luminosity and cross section at 13 TeV to about 27 interactions
on average. The 〈µ〉, calculated for 2011-2012 and 2015-2018 CMS data taking period,
is shown in the Figure 3.3 .

Figure 3.3: The distribution of 〈µ〉 versus luminosity recorded by CMS
for the 2011-2012 and 2015-2018 data taking period [68].

3.2 CMS Experiment

CMS is one of the main LHC experiment, situated in a cavern especially excavated
100 meters underground. The sailent features of CMS that distinguish it from other
experiments are the high field superconducting solenoid, a full-silicon inner tracker
and a homogeneous electromagnetic calorimeter based on scintillating crystals without
non-active absorbers. The main purpose of CMS is the general search for new physics
beyond the SM with a special focus on Higgs searches and supersymmetry but it also
records data during heavy-ion operation.

3.2.1 CMS Overview

The CMS is designed as a hermetic 4π detector where several subdetectors surround the
point of the particle collisions. CMS weighs 14000 tons having a length of 28.7 m and a
diameter of 15 m. CMS uses right-hand coordinate system with origin at the collision
point, z-axis points counterclockwise along the beam pipe, y-axis points upwards and
the x-axis towards the center of the ring. The azimuthal angle φ is defined in the
transverse plane, spanned by the x- and y-axes, which lies perpendicular to the beam
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pipe. In this plane, the radial coordinate r is defined as r=
√
x2 + y2 and the polar

angle θ measured from the z-axis, in a plane spanned by r- and z-axis perpendicular
to the x- and y-plane. The polar angle θ defines another variable which is called
pseudorapidity η as:

η = − ln
(

tan
θ

2

)
. (3.4)

Pseudorapidity η is widely-used in accelerator physics because it has the advantage of
being Lorentz invariant and is used as a measure of the angle of a particle with respect
to the z-axis.

Figure 3.4 shows the key elements of the CMS detector. The CMS design is driven
by the choice of the magnetic field layout which features a solenoid type field with a
field strength of 3.8 Tesla. This immense bending power is necessary to attain a good
momentum resolution which is an important indicator for interesting physics processes.
Further information can be found in Refs [61, 69]. The individual sub-components of
CMS will be presented in the following sections.

Figure 3.4: Schematic drawing of CMS detector with all subsys-
tems. [70].
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3.2.2 Tracking System

CMS has an all silicon tracker with a total surface of 210 m2. Its main purpose is
to measure the trajectories of the particles that are created in the collisions and to
reconstruct secondary vertices. Details about the tracking system will be presented in
chapter 5.

3.2.3 The Electromagnetic Calorimeter (ECAL)

The CMS ECAL is a hermetic and homogeneous calorimeter constructed of 61200 lead-
tungsten crystals (PbWO4) in the barrel region and 7324 crystals in each of the end cap
regions. This means that the absorber material is also the signal producing material.
Its purpose is to measure and absorb electromagnetically interacting particles. The
ECAL encloses the inner tracker and covers a range of |η| < 3. The ECAL layout
overview is shown in Figure 3.5.

Figure 3.5: Sectional view of a quarter of the ECAL. The figure is
taken from [69].

PbWO4 was chosen because of its short radiation length (X0 = 0.89 cm) and Molière
radius (2.2 cm) and also the crystals are very fast (80 % of the light is emitted within
25 ns) and radiation hard. The crystals are read out by photodiodes. These photode-
tectors have intrinsic gain and can operate in a magnetic field, which is required by
the ECAL’s location inside the solenoid magnet and because of the relatively low light
yield of the PbWO4 crystals. The size of individual crystals is 22 × 22 mm2 in the
barrel region and 28.6 × 28.6 mm2 in the end caps with respective lengths of 230 mm
and 220 mm (∼ 25 X0) [71, 72].

The end cap region also features an additional pre-shower detector in front of the
crystal calorimeter. These are 2 layers of silicon strip sensors with a pitch of 1.9 mm,
which are mounted behind discs of lead at depths of 2 X0 and 3 X0.
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The energy resolution as a function of incident particle energy of the calorimeter is
given as:

(
σE
E

)2 = (
S√
E

)2 + (
N

E
)2 + C2 (3.5)

with S denoting the stochastic term, N is the noise and C is the constant contribution.

3.2.4 The Hadronic Calorimeter (HCAL)

HCAL, like the ECAL, is mostly situated inside CMS’s magnet coil, outside the
ECAL, and therefore the properties of the magnet system govern the design of HCAL.
The requirements are good containment and hermeticity for missing transverse en-
ergy ~

��E
miss

T measurement, which requires a maximum amount of absorber material and
thus interaction lengths. For that reason it has been designed as a so-called sampling
calorimeter with alternating absorber scintillating material. The CMS HCAL consists
of four major sections as shown in Figure 3.6: the HCAL Barrel (HB), the HCAL
Outer (HO), the HCAL Endcap (HE) and the HCAL Forward (HF).

Figure 3.6: Sectional view of a quarter of HCAL. The figure is taken
from [73].

The central hadron calorimeter, consisting of a barrel (HB) and two endcap (HE)
regions, is located directly after the ECAL and extends up to the solenoid. The
HB covers a range of |η| < 1.3. It consists of brass absorber plates in 14 layers
oriented along the z-axis with a thickness of 50.5 mm (first eight) and 56.5 mm (last
six), respectively. For structural support two additional layers of 40 mm and 50.5
mm thick steel absorber plates are installed at its inner and outer rim respectively.
Between the absorbers 72 azimuthal wedges of plastic scintillators in 17 layers with
a thickness of 3.7 mm or 9 mm are installed where each covers a segment of ∆η ×
∆φ = 0.087 × 0.087. Their emitted light is optically added per tower and guided
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through wavelength shifting (WLS) fibres to hybrid photodiodes (HPDs) located at the
end of the HB structure. The HB has a depth of 5.8 interaction lengths at η = 0 which
increases with pseudorapidity and amounts to 10.4 interaction lengths at |η| = 1.3.

The same design of alternating brass absorbers (79 mm thick) with 17 scintillator
layers in between and WLS fibres for readout is utilized in the HE. It covers a range
of 1.3 < |η| < 3 and has a depths of about 10 interaction lengths. Its granularity
increases from ∆η ×∆φ = 0.087 × 0.087 to ∆η ×∆φ = 0.17 × 0.17 for |η| > 1.6.

To contain hadronic showers in the barrel region further, HO is placed directly at
the outside of the solenoid utilizing it as absorber. It consists of one or two layers of
scintillators, depending on the pseudorapidity, which match the granularity of the HB.
This extends the depths of the combined HB+HE+HO system to an overall minimum
of 11.8 interaction length with the exception of the HB-HE transition region (|η| ∼ 1.3).

An additional Hadron Forward (HF) calorimeter is located more than 11 meters away
from the interaction point in deep-forward direction. It is built from steel and quartz
fibres, which results in narrower and shorter hadronic showers (a requirement in the
forward region). The signal creation mechanism is Cherenkov radiation.

Neutral hadronic interactions are the most important consideration for the energy
resolution of the HCAL as, unlike charged particles, no additional information can be
obtained from the tracker to combine with the calorimetry measurement to improve
the resolution. The energy resolution, based on the measurement in pion test beam in
GeV range, is parametrized as:

σE
E

=
110%√
E
⊗ 9%. (3.6)

3.2.5 The CMS Muon System

It is one of the key components of CMS, since high-energetic muons are important
signatures for interesting events. Muons, apart from neutrinos, are the only particles
that can traverse the whole detector without being stopped and therefore are very
important for triggering and event selection. Good muon identification and momentum
resolution are key aspects of the detector. This is accomplished by linking the tracker,
where muons are measured for the first time, and muon system information. The
momentum resolution for the lower range is governed by the tracker but the muon
chambers are crucial for larger momenta.

The muon system uses three type of gaseous detectors adapted to the different radiation
environments where they are installed, interleaved inside the hollow parts of the magnet
return yoke. In the barrel region drift-tube (DT) chambers are used because the
contributions from neutron background, residual magnetic field and muon flux are
small.
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The end-cap regions, in contrast, use cathode strip chambers (SCS) because of higher
particle rates and background. Additional resistive plate chambers (RPC), that oper-
ate in avalanche mode, are used all around the detector as they provide good time res-
olution for event selection and perform well at high rates (Figure 3.7 ). The combined
information of all three systems provides very fast and robust trigger information [74,
75, 76].

Figure 3.7: The layout of the CMS muon system with DTs, CSCs and
RPCs [75].

3.2.6 CMS Data Acquisition System (DAQ)

The CMS DAQ [77, 78] deals with the individual readouts of the various subdetector
front-end systems. It associates them to an event and finally transmits a file of multiple
events to the CERN computing cluster for storage. The CMS trigger system works
in two sequential stages: the Level-1 (L1) Trigger and the High-Level Trigger (HLT).
A two-staged event triggering system is employed to lower the high data rate and to
select only events for storage of certain physics interest.

• L1 Trigger: The L1 trigger system analyzes only the readout of the calorimeter
and muon systems per bunch crossing to reach a decision within a maximum
latency of 3.2 µs. The L1 Trigger uses ECAL, HCAL and muon data for the
decision. The tracker detector is not part of the trigger due to high bandwidth
requirements. For safe operation, the Global Trigger electronics are located away
(on average ∼ 90 m) from the detector, in the counting room adjacent to the
experimental underground cavern.

• HLT Trigger: A multi-stage iterative algorithm uses the complete detector infor-
mation to reproduce the L1 Trigger decision. The algorithm iteratively improves
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on the L1 decision by the staged introduction of fine-grained calorimetry and
tracking information. The HLT reduces the data rate to approximately 100 Hz
to store the data for further physics analyses.

3.2.7 Computing at CMS

The selected data by the above mentioned triggers need to be stored and transferred
to research institutes for further processing. This is achieved via the Worldwide Large
Hadron Collider Computing Grid (WLCG) [79]. It combines the computing resources
of many of the institutes participating to LHC experiments around the world. WLCG
consists of three tier-levels that are distributed among worldwide centres as shown in
Figure 3.8.

Figure 3.8: A view of WLCG layers, or "tiers"; 0, 1 and 2 [80].

The data collected by the experiments are processed as well as stored at Tier-0. Then
the data is distributed to 14 Tier-1 and around 150 Tier-2 computer centres. These
centres take care of the data reprocessing and storage. They are also used for the
production of simulated data. Physicists access and analyze the data from Tier-2
centres.

For CMS experiment the Tier-0 is located at CERN. The data is then distributed to
fourteen other Tier-1 centres. Thereafter, it is further distributed from Tier-1 centres
to over 150 Tier-2 centres.
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Chapter 4

Event Reconstruction

Many models in particle physics are developed based on fundamental hypotheses.
In order to confront any theoretical model with empirical observations its induced
phenomena should be predicted in a form that can be compared with experimentally
observed features. This is the function of simulation programs. The Monte Carlo
(MC) event simulation at colliders is considered as a transformer of the theoretical
model into a form that can be analyzed like real data collisions.

In this chapter we will explain how the collision event looks like at the LHC and how
the final state particles are reconstructed by interaction with CMS detectors materials
(described in Chapter 3). Secondly, the major physics objects used in the analysis will
be described. These physics objects are selected by using recommendations of the CMS
physics object groups (POG). Details about the reconstruction and identification of
muons and electrons will be discussed in Section 4.6 and 4.7 respectively. The charged
and neutral hadrons are clustered into jets as explained in Section 4.8. Finally, the
missing energy reconstruction will be summarized in Section 4.9.

4.1 Event Generation

To compare reconstructed data with theoretical predictions, samples of simulated col-
lision events are generated and run through a simulation of the CMS detector and an
emulation of its readout. For the analyses, the standard so-called "Full Simulation"
package [81, 82] is employed for performing the detector simulation. It is based on the
Geant4 toolkit [83] that performs a simulation for particles interaction with the de-
tector. A faster alternative, the so-called "Fast Simulation" package [84] exists within
CMS as well, but it has not been utilized within this thesis.

The generation of a pp→ X collision event means generating the whole process starting
from the incoming protons at the LHC to the experimentally observable final states X.
These final states are detected with different kinds of detectors. The process of event
generation takes place through the following sequential steps or subprocesses [85].

• Factorization theorem

• Matrix elements
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• Parton Shower

• Hadronization

• Underlying event

• Pile-up

Figure 4.1 illustrates these steps.

Figure 4.1: A simplified representation of the structure of the event
generation chain for hadron-hadron collisions [86].

4.1.1 Factorization Theorem

The full proton-proton collision can be divided into various steps. The partons, car-
rying a fractional momentum of the total proton energy, collide and produce a final
state X as shown in Figure 4.2. The kinematical properties of the final state X can
be predicted by performing perturbative calculation to the parton collision. The par-
tonic cross section of the final state X can be factorized in terms of factorization scale
(µF ) and renormalization scale (µR) as σ̂pp→X(µF , µR). The µF takes short and long
distance effects into account and a fixed order perturbation theory calculations bring
about a dependence on µR. The interaction between two hadrons at a collider can be
given by factorization theorem:

σpp→X =
∑

a,b=q,q̄,g

∫ 1

0

dxadxbfa(xa, µF )fb(xb, µF )× σ̂pp→X(µF , µR) (4.1)

where the sum is over the possible initial parton flavors. The PDFs, fi(xi, µF ), deter-
mine the probability of finding a parton with fraction xi of the proton momentum when
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Figure 4.2: Diagram of a generic collision of two proton. The partons
inside a proton collide and produce the final state X [87].

it is probed at an energy scale µF . Perturbative QCD does not work below energy
scales of about 1 GeV because at low energy the strong coupling constant αs becomes
larger than one. PDFs are determined experimentally from the data of deep-inelastic
collision experiments because they contain a non-perturbative part that can not be
determined from first principles.

4.1.2 Matrix Element (ME)

The hadronic cross section as given by equation 4.1 is a function of the differential
partonic cross section or the cross section of the hard interaction σij → X between the
partons. The differential cross section of this process for specific phase space is given
by:

dσ̂ij→X =
1

2sreal

|M2
ij→X |

8(2π2)2
dps (4.2)

where sreal is real CoM energy, and M is the ME of the process. M is calculated from
the Lagrangian density of the quantum field theory under consideration. Also the
hadronic cross section dσ̂ij→X can be expanded in the strong coupling constant αs. A
perturbative calculation of the process is possible with sufficiently high energy scale of
the interaction or equivalently if αs is small enough. Hence, the M can be calculated
up to a certain perturbative order in αs.

The quantum fluctuations can cause ultraviolet divergences at high energies. These
divergences can be dealt by choosing a certain scale µR (renormalization scale). Typi-
cally µR is used to redefine physical quantities in the way which makes the theory able
to describe the experimental regime. Consequently, coupling constants will run as a
function of µR and beyond µR the divergences due to the high energy corrections, like
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loop corrections to the propagators are absorbed in the physical quantities through a
renormalization of the field. From equation 1.36, it can be noticed that the coupling
strength inversely proportional to the renormalization scale, which is called asymptotic
freedom. Moreover, by following the trend of αs(µR) a limit ΛQCD ≈ 200 MeV was
found for for which αs becomes larger than one. Additionally infrared (soft gluons)
and collinear divergences (gluons collinear to the partons) are also encountered in the
calculation of the matrix element.

4.1.3 Parton Shower

Parton shower (PS) program simulates the hadronization of the partons in final state.
It also simulates radiation of soft gluons or quarks from initial or final state partons.
Furthermore, contributions from soft secondary interactions, the so-called underlying
event, and color reconnection effects are considered in PS simulation as well. A sketch
of an exemplary pp collision event after hadronization is shown in Figure 4.3, where
various parts of the event simulation are highlighted.

Figure 4.3: A sketch of a generated event from the simulation of the
hard interaction and subsequent hadronization through a parton shower.

The figure is taken from Ref. [88].

PS simulations are based on Altarelli-Parisi splitting functions [89] which allow to
calculate the probability that a soft parton splits into two others as q→ gq, g→ qq̄, or
g→ gg. It is convenient to calculate the "survival" probability, the so-called Sudakov
factor, that a parton does not split between two energy scales. The emission of soft
partons leads to a complication during the PS simulation since such emissions could be
double-counted if the upstream simulation of the hard interaction may have produced
a similar soft emission already. The problem of double-counting occurs due to the fact
that the phase spaces, where an event generator and a subsequent PS program simulate
their products in, are overlapping. This is avoided by applying a dedicated ME-to-PS
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matching scheme which consists of a method to assign additional emissions exclusively
to either the ME or the PS simulation depending on the event kinematics. Thus both
simulation phase spaces become orthogonal to each other. Further information on
parton shower simulation and matching algorithms can be sought in Refs. [84, 88].

4.1.4 Hadronization

Colored partons can not be seen directly as they exist in bound states only. The
transformation of these colored partons into bound states of colorless hadrons is called
hadronization. Unstable hadrons will further decay at various timescales until stable
or sufficiently long-lived particles are created. Currently there are mainly two phe-
nomenological approaches for hadronizarion process. One based on string fragmenta-
tion while the other is based on the cluster model. In Pythia, the hadronization is
simulated using the Lund string model [90, 91] based on the idea of a physical picture
of a colour flux tube "string" connecting a quark q and an anti-quark q̄. As the two
quarks move apart, the string gets stretched and potential energy V (r) = kr builds
up, where r is the distance between q and q̄. The string constant k corresponds to the
amount of energy per unit length and is estimated to be ≈ 1 GeV/fm. When V (r)
becomes high enough a new pair of quarks q′q̄′ is produced with a mass m. In this way
two new color singlets qq̄′ and q′q̄ are formed. Further breaking might occur provided
that the invariant mass of the new color singlets is high enough [92]. The splitting
process continues until only color-neutral hadrons with an on-shell mass remain. Light
quarks (u, d and s) are included in this model while heavy quarks (c, b) are ignored
as the probability to create a heavy quark pair is heavily suppressed. Gluons in the
string model are set as small snags on the string between two quarks. The Lund string
model is infrared and collinear safe [93].

4.1.5 Underlying Events (UE)

The two colliding partons in general carries only a small fraction of the total proton
energy. Most of the proton energy remains in the beam and continues to travel in the
beam direction. These remnants also carry color charges that balance the color charges
taken away by the colliding partons. More than one parton from each proton can collide
in a pp collision, resulting in multi-parton interaction (MPI). The hadronization of the
remaining beam partons and the multi-parton interaction process are known as the
underlying event (UE). A more detailed description of the UE is given in [94].

4.1.6 Pileup

In addition, another process, the so-called pileup has to be considered as well. Pileup
events occur at high instantaneous luminosities when more than just two protons
collide during the same bunch crossing (in time PU). For LHC design luminosity there
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can be up to 25 pileup events at the same time. MC event simulation takes (in time)
PU effects into account.

4.2 MC Generators

There are many MC event generators used to generate full collision steps as described
in previous sections. These steps can be considered sequentially in the MC methods.
Starting with simple rules at each step, more and more complex states can be con-
structed by using iterations. This ends with hundreds of particles moving out from
the interaction point in different directions. The main event generators used for the
production of simulated samples used in the physics analysis in this thesis are the
following:

• MadGraph: MadGraph is a LO event generator that calculates the M from
tree-level Feynman diagrams. Additional partons are included to get an approx-
imate description of ISR and FSR. It takes PDF sets as input which describe
the kinematics of the incoming partons. Based on these generated ME, the hard
process events are generated by MadEvent to calculate LO cross sections.

The MadGraph5_aMC@NLO [95] is a merge of the LO MadGraph gener-
ator [96] and the aMC@NLO program (Ref. [97]) into a common framework.
It supports the generation of samples at LO or NLO accuracy together with a
dedicated matching to parton showers using the MLM [98] or MC@NLO [99]
schemes respectively. The latter matching scheme produces a certain fraction of
events with negative weights (depending on the process) which originate from a
subtraction of amplitudes containing additional emissions from the NLO ME to
prevent double counting. The MadGraph5_aMC@NLO framework is also capa-
ble of producing multiple samples with additional final state partons at ME level
that can be merged into a combined sample. The overlap with the PS simulation
between the exclusive samples is removed through the MLM [100] or FxFx [101]
merging schemes.

• Pythia: The Pythia [102, 103] program produces particularly good agreement
with data compared to other PS generators. It takes the parton-level event
generated by ME generators to produce the parton shower (PS) after adding
soft emissions from ISR and FSR state particles. Pythia also performs the
fragmentation and hadronization of quarks and gluons.

• Powheg: The Powheg box (versions 1,2) [104] is a program that contains prede-
fined implementations of various processes such as t-channel single top produc-
tion at NLO [105]. It applies the so-called Powheg method [106] for ME-to-PS
matching in which the hardest radiation generated from the ME has priority over
subsequent PS emissions to remove the overlap with the PS simulation. A small
fraction of negatively weighted events may be generated as well in phase space
regions where NLO calculations are not feasible.
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• Herwig++: The Herwig program [107, 108] is an NLO event generator that can
also perform a standalone PS simulation which can be interfaced with various
other event generators as well. Its hadronization algorithm is based on a model in
which color-connected quarks are spatially kept together in clusters [109]. This
is motivated by the concept of "pre-confinement" for colored particles [110]. If
the mass of a cluster is sufficiently high it can decay into lighter clusters with
a certain probability. In the final simulation step, a cluster then decays into
hadrons according to its quark content.

• CompHEP: The CompHEP program (version 4.5) [111] can perform calcula-
tions of cross sections from Lagrangian densities at LO. In addition, generation
of events such as single top quark production is also possible [112]. Here, an
approximation is used by combining events from the 2 → 2 and 2→3 processes
which reproduces NLO corrections in an effective way.

• Tauola: Event generators can be interfaced with the Tauola library [113, 114]
which is specialized for simulating leptonic and hadronic decays of tau leptons
with high accuracy. It accounts for spin polarization effects while the radiation
of photons from QED corrections is also included by incorporating the PHOTOS
library [115].

4.3 Detector Simulation

After the parton shower and hadronization, the particles interactions with the de-
tector material is simulated. For a detailed detector simulation, GEANT4 is used.
This toolkit includes the active and the dead material regions. The active material
region detects the traversing particles with the sensitive layers of the detector and the
dead region consists of support structures and cables between detector components.
GEANT4 also incorporates magnetic field effects needed to simulate charged particles
curvature in the presence of B. The particles interaction with the detector material,
detector response and its conversion into electric signals are also simulated. Based on
well understood underlying interaction mechanisms, the energy losses of the travers-
ing particles and their trajectories are simulated as well. The simulated effects include
bremsstrahlung and photon conversions to e−e+. The showering of electrons, photons
and hadrons in the calorimeters are simulated as well.

4.4 Physics Object Reconstruction

The event reconstruction attempts to build and identify basic analysis objects from
the raw detector data. In CMS, basic objects are charged particle tracks, vertices,
charged leptons, photons, and jet candidates. During the reconstruction, additional
information such as ~��E

miss

T and b-tagging is determined. Since tau leptons have not been
utilized and photons are not relevant in the presented studies of t-channel single top
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production, a description of their reconstruction and performance is omitted here yet
details can be found in Refs. [116, 117]. Although tau leptons are not used explicitly,
but their decays to muons and electrons are included.

A key ingredient in the event reconstruction of CMS is the particle flow (PF) algorithm.
It creates particle candidates by combining various subdetector information for a global
event interpretation which improves the identification, spatial resolution, and energy
measurement of particles.

4.5 The Particle Flow (PF) Algorithm

The function of PF algorithm is to collect and combine all information from the CMS
subsystems. The algorithm uses this information to reconstruct the whole event by
identifying all final state particles traversing the detector as shown in Figure 4.4. The
combined information gives more precise measurements of particle momenta compared
to using information from a single sub-detector.

Figure 4.4: The sketch presents the behaviour of different particle in-
teractions in a transverse slice of the CMS detector. Charged particles
have tracks in the tracker and deposits in calorimeters or muon cham-
bers. Neutral hadrons have no tracks in the tracker but leave deposits in
the calorimeters. Photons leave deposits only in the ECAL. The figure

is taken from Ref. [118]

The PF algorithm links the elements, i.e. the charged particles tracks and the clus-
ters from calorimeters, into "blocks". Then the algorithm interprets them in terms
of muons, electrons, photons and charged and neutral hadrons. The PF algorithm
reconstructs objects in a well defined order starting from the muons. Once a block is
found, the corresponding elements are removed from the event. Subsequently the next
link is sought for, and so on until no more elements are left. From these blocks, PF
candidates are identified in the following order:
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• Muons: PF muons are the first objects to be reconstructed. The muon is
identified by its deposits in the muon chambers and the corresponding track in
the tracker. Once a muon is identified, its track and deposit is eliminated from
the respective collection. The details about muon reconstruction is discussed in
Section 4.6.

• Electrons: In CMS, an electron radiates more than 70% of its energy with a
probability of 35% in the inner tracker through bremsstrahlung before reaching
the ECAL. This leads to an increasingly curved electron trajectory in B field
as a function of its flight distance. The standard tracking is suboptimal for
reconstructing such trajectories because the employed Kalman filtering assumes
that the energy loss is Gaussian- distributed. Therefore, a different filtering
algorithm the so-called Gaussian sum filter (GSF) [119] is used in the electron
tracking reconstruction instead. Further details about electron reconstruction is
discussed in Section 4.7.

• Charged Hadrons: After electron and muon reconstruction, the remaining
tracks in the event are due to PF charged hadrons. These tracks are linked to
energy deposits in calorimeters. The energy of hadrons is determined by taking
information from calorimeters.

• Photons and Neutral Hadrons: Neutral hadrons and photons are recon-
structed in the end. PF photons are identified as they leave no tracks in the
tracker but have energy deposits in the ECAL. The remaining HCAL deposits
are determined to be as PF neutral hadrons.

After the reconstruction of all PF objects in the event, PF jets are identified as dis-
cussed in Section 4.8. Missing transverse energy ~

��E
miss

T , has no deposits or tracks in
the detector, therefor it is reconstructed in the last and is discussed in Section 4.9

4.5.1 Track Reconstruction

Charged particles create hits in the silicon sensors arranged in the cylindrical layers of
the trackers. The trajectory of the charged particle or its track can be reconstructed
from these hits. The CMS uses a software called Combination Track Finder (CTF) for
track reconstruction. CTF is used for pattern recognition and track fitting and is an
extension of the Kalman filter [120, 121, 122]. CTF reconstructs tracks with multiple
iterative steps:

• Seeding: The first step is seed generation that gives an estimate of trajectory
parameters and associated uncertainties. The initial track candidates are identi-
fied by only a few (2 or 3) 3D hits on the pixel layers. The low channel occupancy
of the pixel layers results in less ambiguity and a higher efficiency for close-by
tracks [123]. Seed candidates have to fulfil certain quality criteria like a minimal
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transverse momentum and compatibility with either the beam spot or a prelim-
inary reconstructed vertex depending on the iteration before they are passed to
the trajectory finding stage.

• Track-Finding Recognition: CTF algorithm extrapolates the estimated tra-
jectory to find additional hits on subsequent layers that are compatible with the
initial track candidates. The algorithm then updates the track parameters and
their uncertainties iteratively after adding a hit to the trajectory candidate. If
multiple compatible hits are found on a layer, the trajectory is cloned for each
of them. If there is no compatible hit in a layer, a ghost hit is created instead.

• Track-Fitting: The hits per trajectory are then passed to a KF-based helix fit
to estimate the track parameters without utilizing the initial estimate from the
seed. In addition, the fit accounts for material effects and the inhomogeneous
magnetic field. The fitted tracks have to pass a quality selection to reduce the
amount of fake tracks before they are considered in physics analyses.

• Track-Selection: This module defines criteria for selecting or rejecting tracks.
The criteria reflects the seed requirements and depends additionally on the total
number of fitted 2D/3D hits, the χ2/ndof of the fit, the amount of ghost hits
and the amount of shared hits with other tracks amongst others. Track pT and
η dependant requirements are also applied for better performance.

There are fake tracks in the tracker because of some random particle hit. Any charged
particles that have deposits in ECAL and HCAL but somehow missed track in the
tracker, will be considered as a neutral particle. So the challenge of PF event recon-
struction is to keep the fake tracks reconstruction minimum while keeping the track
reconstruction efficiency to the maximum.

4.5.2 Primary Vertex (PV) Reconstruction

As discussed in Chapter 3 many interactions happen at each bunch crossing. As a result
a large number of vertices is to be reconstructed along the z-direction as illustrated
in Figure 4.5. PV reconstruction is used to identify the location of all pp interaction
vertices in the event. This is done by using the available reconstructed tracks. It is
important to mention that these reconstructed vertices include the signal vertex and
pileup collision vertices. The reconstruction consists of three steps:

• Selecting tracks that are consistent with the ones formed promptly in the primary
interaction region.

• Clustering tracks which seems to appear from the same interaction point based
on their z-coordinates.

• Each vertex and its associated tracks are fitted. The PV reconstruction depends
upon the tracks multiplicity used in the fit and the pT of the tracks.
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Figure 4.5: Schematic diagram showing the different types of recon-
structed vertices. This figure is taken from the CERN website [88].

The tracks pT in a vertex is squared and then summed. PV vertices are then graded
with the value of the squared tracks momentum sum. The vertex with the higher sum
is identified as signal vertex.

4.6 Muon Reconstruction

Identification of muon candidates for physics analyses is performed by requiring ad-
ditional selection criteria. A detailed study of muon identification with 7 TeV pp
collision data can be found in Ref. [124]. Throughout the analysis within this thesis,
muon candidates have to fulfil identification criteria which correspond to a "tight"
working point yielding most genuine muons while rejecting falsely reconstructed ones.
In the following, the criteria and performance of muon identification employed in the
analysis of 8 TeV and 13 TeV pp collision data within this thesis are briefly discussed.
Detailed reports on their performance can be found in Ref. [125, 126].

The muons are reconstructed by following a set of selections based on the global and
tracker muon properties. In Run II data "tight", "medium" and "loose" ID working
points (WP) are used to define three different identification criteria for the isolated
muons reconstruction. One chooses a working point depending on the physics analysis
envisaged. For each working point different requirements (i.e. cuts) are applied on
variables such as those summarized in Table 4.1. The muons are required to be global
muons, with small normalized χ2 (i.e. χ2/ndof). The transverse impact parameter
(IP) d0 in the φ − plane and the longitudinal IP dz of the muon with respect to the
leading PV should be small to ensure a good rejection of cosmic muons and those
originating from additional proton collisions (pileup) in the event. To ensure that the
muon candidate is well separated from a jet, a requirement ∆Rµ,jet > 0.4 is added [127].

Compared to "medium" or "loose" muons, "tight" muons have strict requirements
on different quantities including their transverse momentum because as the muon
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momentum decreases, it becomes harder to distinguish it from other particles. These
IDs are in general used when defining selection requirements on the muons. Tight
ID is used for identifying muons from the signal process. Loose muons are in general
used to reject additional objects which may be muons but could be a misidentified
object such as a pion. The loose criteria will capture more real muons in its selection
but with a lower purity. Medium muons have the same criteria as loose muons with
additional track quality and muon quality requirements. Tight WP is used for both
of the analyses in this thesis.

Muons are also required to be spatially isolated from EM and hadronic activity in
addition to the tight identification criteria. The relative ∆β based ("delta-beta")
isolation for muons is defined as

I∆β =
Icharge−hadron +max(Ineutral−hadron + Iγ − β · IPU , 0.)

pT
, β = 1/2, (4.3)

where Icharge−hadron, Iγ, and Ineutral−hadron denote the summed transverse energies of
charged hadrons, photons, and neutral hadrons respectively within a cone of ∆R =√

(∆η)2 + (∆Φ)2 < 0.4 around a muon candidate. The term IPU is used to correct
the amount of considered neutral energy. It denotes the summed transverse energies
of charged-particle tracks that are associated to pileup vertices. Hence, the applied
correction β · IPU can be interpreted as an estimate of the amount of neutral energy
from PU interactions within Iγ and Ineutral−hadron.. The chosen value for β is motivated
by assuming equal production rates for the (π+, π0, π−) isospin triplet leading to a ratio
of 1/2 for the production of neutral pions over charged ones.

Table 4.1: The table shows the muon criteria for each working point.
The table is taken from Ref. [126].

Requirements Tight WP Medium WP Loose WP
PFmuonid yes yes yes
Whichmuon Global Global or tracker Global or tracker
χ2/ndof of track < 10 <3 -
RelIso < 0.15 < 0.25 <0.25
d0(cm) < 0.2 - -
dz(cm) < 0.2 - -
No. of pixel hits > 0 - -
No. of trackers with > 5 - -
muon hits
No. of hits in > 0 - -
muon chamber
No. of muon stations > 1 - -
∆R(µ,jet) > 0.4 < 0.4 < 0.4
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4.7 Electron Reconstruction

Similar to muons, electrons require certain identification criteria as well. Studies of
electron reconstruction and identification at 8 TeV and 13 TeV CoM can be found
in Refs. [128, 129]. The "tight" identification criteria, employed in this thesis, is
elaborated briefly in the following.

A PF electron candidate with a GSF track is required. Candidates within the ECAL
region of 1.4442 < |η| < 1.5660 are ignored because of barrel and endcap transition.
The electron track has to have a hit on the innermost tracker layer which prevents
the selection of electrons from potential photon conversions (γ → e+e−). An explicit
photon conversion veto is applied by testing if a pair of electron tracks originates from a
common displaced vertex. Further selection criteria are combined into a multivariate
identification discriminant. It is based on various input observables like the GSF
track quality, the ECAL cluster shapes, their energy distribution and the agreement
between independent cluster energy and track energy estimates. For 13 TeV data,
the discriminant is replaced by a simplified cut-based version where multiple fined-
tuned selections on similar observables are applied. A comparison of the efficiency
of electron identification in 8 TeV data and simulation is estimated from Z → e+e−

events with Tag and Probe method. For electron pT > 30 GeV, the identification
efficiencies saturates around ∼ 95%.

An electron candidate is should be isolated from other EM or hadronic activity in its
vicinity. The relative Aρeff -based ("effective area") isolation for electrons is defined as

Ierel =
Icharge−hadron +max(Ineutral−hadron + Iphoton − ρ · Aeffe.(ηSC), 0.)

peT
(4.4)

where the transverse energies IX per particle type X are summed in a cone of ∆R <
0.3 around the electron candidate. The amount of neutral energy is corrected by the
effective area Aeff times the median of the transverse energy density ρ calculated in
δη × δφ from charged particle tracks that are associated to PU vertices. The effective
area is estimated from simulation and denotes the expected amount of neutral energy
from PU interactions per ρ within the isolation cone as a function of η of the associated
ECAL supercluster. The general idea behind the Aρeff - based isolation for electrons
is motivated by a proposed pileup subtraction method for jets which is detailed in
Ref. [130].

4.8 Jet Reconstruction

Jets are the experimental equivalent of energetic partons produced hadron collision.
When partons hadronize as discussed in Section 4.1.4, they form a number of charged
and neutral hadrons travelling approximately in the original parton direction. These
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final state particles can be clustered into what is known as a jet. This is achieved by us-
ing various reconstruction algorithms. All jet-clustering algorithms look for calorimeter
deposits and cluster them together in jets. A jet serves then as the high-level physics
object representation of the parton in the final event analysis.

Any jet-clustering algorithm needs to be insensitive to the additional soft radiation
(IR safety) and to the collinear splitting of a hard parton (collinear safety). CMS
collaboration uses the so-called anti-kT algorithm [131] which satisfies both of these
requirements. The anti-kT algorithm starts with a high pT deposit in the calorimeter
and considers it as a seed. Then it uses the distance definition of Equation 4.5 to find
the nearest deposit to merge with.

dij = min(k2p
T,i, k

2p
T,j)

∆2
ij

R2
, (4.5)

di,B = k2p
T,i, (4.6)

where
dij = distance between particle i and particle j, and

di,B = distance between particle i and the beam.

The values kT,i and kT,j represent the transverse momenta of particles i, j respectively,
∆2
ij = (yi − yj)2 + (φi − φj)2, R is the radius and p is a parameter that govern the

transverse momenta relative power with respect to the geometrical ∆2
ij scale. If diB is

smaller than dij, the particle is merged with the beam, otherwise the particle is merged
with the nearest hit, according to the value of dij. The algorithm terminates when all
particles i have diB < dij and the merged particles are considered to be a jet [132].

In the PF event reconstruction for CMS Run II, a cone of radius 0.4 is used for jet
reconstruction. For the anti-kT algorithm, the parameter p assumes a value of −1.
This choice for p = -1 ensures soft particles are more likely to be associated to a close
by hard particle. Using tracker information additional to the calorimeter information
improves the jet momentum and spatial resolution. PF jets are reconstructed by
applying certain selection cuts to distinguish real jets from fake and noisy jets. These
selection cuts are referred as PF Jet ID. Two set of IDs (tight and loose ) are defined
as described in Table 4.2. These cuts are recommended by the JetMET POG [133] at
CMS.

In clustering hadrons into jets, different sources can affect the jet energy scales, so
some corrections are applied. Furthermore the jet energy resolution (JER) in simulated
samples is different from that in real data, so an additional calibration has to be done
for the simulated jet energy resolution.

When comparing energies of the generated jet to the reconstructed jet, it is observed
that they are not identical. A fraction of the difference between them is due to the
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Table 4.2: The table shows the two Jet-Id criteria. The cuts are
applied for jets at |η| < 2.4 while for jets within 2.4 < |η| < 2.7 only

the first 3 cuts are applied.

Variable Tight ID Loose ID
NeutralHadronFraction < 0.9 < 0.99
NeutralEMFraction < 0.9 < 0.99
NumberofConstituents > 1 > 1
ChargedHadronFraction > 0 > 0
ChargedMultiplicity > 0 > 0
NeutralEMFraction < 0.99 < 0.99

non-linearity of the detector response and the presence of pileup particles. Conse-
quently reconstructed jets are calibrated in order to have the correct energy scale (i.e.
reconstructed jet energy matches the generated jet energy). This is done by jet energy
corrections (JEC).

In CMS, a factorized approach is used to apply a set of corrections sequentially and
with a fixed order. As can be seen in Figure 4.6, at each correction level, the jets
four-momentum vector is scaled with a SF. The corrections can be summarized as
follows [134]:

Figure 4.6: Jet energy correction levels [134].

• Level 1: This offset correction eliminates the jet energy response dependance
on the additional PU activity within an event. It is based on the jet area
method [134]. The SFs are derived by comparing the jet responses in simulated
events with and without pileup events overlaid.

• Level 2: The next level of corrections aims to obtain a uniform energy response
which is independent of the pT and η of jet. The corrections are derived from
simulated events by matching reconstructed jets to close-by true particle jets and
comparing their momenta.

• Level 3: In this level, the residual differences between data and simulation
are corrected by comparing the pT balance in various types of events (multijet,
Z+jets, γ+jets) where one jet is confined to be within the barrel region (|η| <
1.3) to provide a reference.
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Additional jet energy (optional) corrections like jet-flavor dependencies of the energy
response and the underlying event activity has also been developed in the CMS collabo-
ration. These make small corrections compared to the above recommended corrections
and therefore are not used in this thesis. The uncertainties associated with the JES
are propagated as systematic uncertainties in physics analyses.

Measurements find that the JER in simulation is better than in data. Therefore
simulated jets are smeared to match the data. In this analysis, the scaling method is
utilized to smear reconstructed simulated jets. As a result their pT resolution matches
that of reconstructed jets observed in data. With this method the corrected four-
momentum of a reconstructed jet in simulation is re-scaled with a factor cSF which is
defined by the following equation

cSF = 1 + (sSF − 1)
preco.T − ptrueT

preco.T

, (4.7)

where preco.T is the the reconstructed transverse momentum, ptrueT is the jet transverse
momentum from generator level particles and sSF is the data to simulation core reso-
lution scale factor which is measured in bins of η as given in Table 4.3.

Table 4.3: Jet energy resolution scale factors (sSF ) as a function of
|η| and their uncertainties for 13 TeV (2015 and 2016) data.

|η| sSF Uncertainty
0 - 0.05 1.109 0.008
0.5 - 0.8 1.138 0.013
0.8 - 1.1 1.114 0.013
1.1 - 1.3 1.123 0.024
1.3 - 1.7 1.084 0.011
1.7 - 1.9 1.082 0.035
1.9 - 2.1 1.140 0.047
2.1 - 2.3 1.067 0.053
2.3 - 2.5 1.177 0.041

4.8.1 B-tagging

The identification of jets that stem from the hadronization of b quarks, the so-called
"b-tagging", is a crucial ingredient in studies of top quark production. It provides
discrimination power to single out jets which can be related to b quarks as expected in
top quark decays. Many algorithms have been developed at CMS for b-tagging [135,
136] of jets that fall within the pseudorapidity acceptance of the tracker. A common
feature of most algorithms is the identification of a secondary vertex (SV) which is
reconstructed from displaced tracks within a jet. The general idea is illustrated in
Figure 4.7. After hadronization, a final state b quark is encapsulated into a B meson
(e.g. B±, B0, Bs) which can then travel a measurable distance away from the primary
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vertex before decaying due to its relatively long lifetime. For example, a B± meson,
which has a mean lifetime of about 1.6 ps, can travel distances of roughly 4-9 mm for
momenta of 40-100 GeV on average before decaying.

Figure 4.7: Schematic diagram of a b quark jet from the decay of the
B meson resulting in charged particle displaced tracks. The distance
between PV and the SV is the flight distance of B meson while d0 is

impact parameter. The figure is taken from [137].

After reconstruction, secondary vertices are subjected to pass certain quality criteria
to enhance their purity with respect to the B meson hypothesis. These are based on
amount of shared tracks with the PV, the invariant vertex mass to reject kaon decays,
and the direction of tracks with respect to the jet axis. In this thesis, b-tagging
algorithms based on multivariate discriminators are employed. The training of the
discriminator covers scenarios where no SV has been reconstructed within a jet. In
such cases, the compatibility of tracks with the PV is condensed into the discriminant.
A comparison of the performance of various b-tagging algorithms employed within
CMS is shown in Figure 4.8. It shows the misidentification probability of falsely
tagging charm and light (g,u,d,s) quarks as a function of the efficiency of true b jets
identification in simulation.

The combined secondary vertex (CSV) algorithm is employed in the 8 TeV and first
13 TeV (CSV version 2) analyses within this thesis. At their tight working points,
a b-tagging efficiency of approximately 50% with a misidentification probability of
only 0.1% is achieved. A new algorithm, called combined MVA (cMVA), is utilized
in the analysis of 13 TeV data recorded in 2016. It combines the output of various
other b-tagging algorithms which includes also the CSV discriminant. Additionally,
the results of MVA discriminators trained to identify low-pT electrons or muons inside
a jet for b-tagging are taken as inputs as well. The final cMVA discriminant exhibits
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Figure 4.8: B-tagging efficiency and misidentification probability for
c and light flavor (d,u,s,g) jets for various for various discriminators in

2016 data [136].

an improved rejection of charm and light quark jets compared to the other algorithms
as shown in Figure 4.8 [136].

The performance of the taggers was studied on simulated samples. However, small
deviations are found in the final discrimination variables between data and simula-
tion. These deviations can cause a small discrepancy in tagging performances between
data and simulated samples. In order to overcome these deviations SFs need to be
applied to simulated events. The SFs are calculated as a function of pT and η, and the
discriminator value of a jet of flavor f according to the following equation:

SFf (pT , η, disc.) =
εdataf (pT , η, disc.)

εsimf (pT , η, disc.)
, (4.8)

The flavor of jets in simulations is determined from the matched generated hadrons. In
data they are measured by selecting a sample enriched in jets with flavor f . Depending
on the use of b-tagging in an analysis, the SFs are measured and applied in different
ways [138].

4.9 Missing Transverse Energy (MET)

MET, denoted as ~��E
miss

T , is the imbalance in the pT of all visible particles in the final
state of the collisions. In physics analyses, it is the summed transverse momenta of
produced neutrinos which escape the CMS detector without being detected due to
their very low interaction probability. In this thesis, one neutrino is expected to be
produced (from top decay) which can lead to significant missing transverse energy of
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about MET ≈ 50 GeV on average. MET in the PF event is calculated from the vector
sum of ~pT of all reconstructed particles [139].

~
��E T,raw = −

n∑
i=1

~pT,i (4.9)

where n is multiplicity of reconstructed particles. Since the energy of jets are corrected,
as explained in Section 4.8, these corrections have to be taken in account so that the
uncorrected transverse momentum of each PF jet with pT >10 GeV is replaced by the
corrected transverse momentum ~pcorrT,j , so the corrected ~

��E
miss

T is given by:

~
��E T,raw = −

n∑
i=1

~pT,i −
njets∑
j=1

(~pcorrT,j − ~pT,j) (4.10)
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Chapter 5

Measurement of Backplane
Corrections for CMS Silicon Tracker

The inner tracking system of the CMS detector, also called tracker, has to fulfill
several tasks. These are the charge and momentum measurement of created particles,
the reconstruction of their trajectories and the measurement of the IP and thus the
identification of SV. To achieve these goals, the tracker measures space points of the
tracks in a high B-field of 3.8 Tesla.

The curvature of a charged particle travelling in a B-field is related to the momentum
and charge, which allows for indirectly measuring both parameters according to the
formula:

pT = qBR, (5.1)

where pT is transverse momentum, B is magnetic field, q is charge and R is radius of
the curvature.

The geometric layout of the tracker was designed such that each track is measured
independently in the different subsystems several times. The number of measurement
points is typically between 8 and 13, which allows for robust track reconstruction
provided that the precision of these measured space points is high and they are unam-
biguous. The impact-parameter resolution is determined by two contributions. One
is the granularity of the sensors and the other is multiple scattering in the detector
layers. To achieve a good performance, the granularity of the tracking layers should be
high and the distance of the first layer to the beam pipe has to be minimal. Choosing
detector technology with thin layers such as silicon reduce the contribution of mul-
tiple scattering. The momentum resolution also has two contributions that govern
the performance in different regimes of momenta. For high momenta, the resolution
depends on the point resolution of the individual tracking layers and the number of
measurement points, the arc length of the track in B-field, the measurement points
and the momentum itself. For lower momenta, the resolution is dominated by multiple
scattering and can be increased to a certain limit by using less material in the tracking
volume. The design resolution of the individual layers of the CMS tracker ranges from
15 to 40 µm from the inner to the outer regions and combined with the large tracking
volume and strong magnetic field leads to excellent impact parameter and momentum
resolution.
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This chapter will give a detailed summary of the tracker, its components, the readout
system and the tracker performance studies for backplane correction performed using
2017 CMS data.

5.1 CMS Tracker Description

The total surface of the CMS tracker is 210 m2 divided into 13 barrel layers and 14
forward discs. It is radially divided into three regions according to particle flux and
track density. The innermost layers are designed as silicon-pixel detectors with very
high granularity and the two outer sections are made of silicon-strip detectors with
the strip pitch and detector thicknesses are adapted to the particle rate. The whole
tracker is divided into the barrel region, where the layers are situated around the
interaction point in a barrel-like geometry, and the end-cap region, where they are
parallel circular discs. The tracker extends from as close as four cm to a radius of 110
cm from the interaction point and has an overall length of 540 cm [140]. Figure 5.1
shows one quarter of the tracker and the nomenclature of the individual regions. These
individual regions are discussed in the following sections.

Figure 5.1: One quarter schematic view of the silicon tracker in the
r-z plane. The pixel modules are at lower radii and at larger radii are

strip modules [141].

5.1.1 CMS Pixel Detector

The part adjacent to the primary vertex, where the particle flux is maximum, is the
silicon pixel tracker. It has to meet extreme requirements in terms of rate capability
and radiation tolerance whilst providing high precision, three-dimensional space points
for track reconstruction and the identification of secondary vertices. When a short-
lived particle like a b quark or tau lepton is created in a collision it will not live long
enough to be directly measured by one of the detector layers but it is possible to



Chapter 5. Measurement of Backplane Corrections for CMS Silicon Tracker 56

extrapolate the trajectories of the decay products and thus reconstruct the original
secondary vertex. This requires an exceptional impact parameter resolution between
100 and 10 µm, depending on the particle momentum, which is achieved by high
spatial resolution of the pixel system [142]. The CMS pixel tracker is composed of
three barrel layers at radii of 4.4 cm, 7.3 cm and 10.2 cm and two end-cap discs in a
slanted geometry (rotated at an angle of 20o) covering a radius from 6 to 15 cm. The
overall length of the barrel ladders is 53 cm and the pixel tracker has a total of 66
million readout channels.

The individual pixel cells are rectangular with a size of 100 × 150 µm2, which was
found optimal due to the high magnetic field. In CMS, significant Lorentz effects
occur, which lead to charge sharing between the pixels and thus improved resolution.
Consequently, analog readout of the pixel sensors is necessary to take advantage of
these effects. The measured resolution of the CMS pixel tracker is 10 µm in r-φ
direction and 20 µm along the beam (z-direction) [140].

The 270 and 285 micrometer-thick sensors are based on the n-in-n process, which
means that the signal is read out from n+-doped electrodes in a high resistivity n-doped
substrate. The p implant at the back requires a double-sided production process and
has the advantage of allowing under depleted operation. The electron readout of the
n-in-n concept allows for the large Lorentz angle (LA) due to the increased mobility
of the electrons as compared to holes

The front-end chip of a pixel system is one of the key elements in its performance as
it has to be highly integrated and fulfil tasks like identifying detector signals created
by a passing particle, store time, position and analog signal height and has to send
out data if a trigger is received [142]. The chip reads an array of 52 times 80 pixels
and also has a peripheral section that houses the buffers for event-data storage and
the bond pads for connection to the hybrid. The individual pixel readout cells of the
chip consist of a pre-amplifier stage, a shaper and a comparator circuit [143].

5.1.2 Silicon Strip Detector (SSD)

In the outer regions of the central tracking volume of CMS, where the particle rate is
considerably lower than in the pixel region and extreme granularity is not required,
silicon microstrip detectors are used. They are arranged in cylindrical layers outside
the pixel volume and provide r-Φ information, with some layers providing additional
z information. The silicon-strip tracker must measure the momenta of particles pre-
cisely, separate electrons and photons reliably and localize calorimeter showers exactly
while keeping the general occupancy of the readout channels at the percent level.
Together with the space points of the pixel tracker the strip tracker provides robust
tracking information. The radiation environment in this region of CMS is a lot less
hostile than in the pixel tracker, therefore the strip system was designed and built
for the full nominal ten years of LHC operation before the high-luminosity upgrade.
Some design choices that were made include high modularity for relatively easy mass
production of the huge number of modules, simple and relatively cheap detectors and
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Figure 5.2: Schematic diagram of the CMS pixel detector at the top
and a zoomed barrel module at bottom [144].

fully analog readout electronics together with low-mass support structures and service
infrastructure [145].

The SSD consists of four individual parts that can be seen in Figure 5.1. Two are in
the barrel region named as tracker inner barrel (TIB) and tracker outer barrel (TOB )
and the remaining two are in the endcap named as tracker endcap (TEC) and tracker
inner discs (TID).

TIB and TOB feature different support structures and sensor parameters. TIB has
four four layers of silicon microstrip detectors made up of 320 µm thick silicon and a
strip pitch between 80 and 120 µm. The two innermost layers are made up of stereo
modules where two single-sided sensors are mounted back-to-back, slanted at a stereo
angle of 100 mrad to provide two-dimensional position resolution. The resolution that
is achieved is between 23 and 34 µm in r-φ and 23 µm in z-direction [140]. In the
TOB region the radiation and occupancy levels are considerably lower, therefore the
granularity can be decreased even further, which means that the strip pitches are wider
and the individual strips longer. To maintain the level of signal to noise ratio, 500 µm
thick silicon sensors are used. The TOB has six layers with strip pitches between 120
and 180 µm and the two innermost layers again feature a stereo angle. As the strip
pitch is wider, the resolution is lower with 35-52 µm in r-φ and 52 µm in z direction.

TEC consists of nine discs and TID has three rings that fill the gap between TIB
and TEC (see Figure 5.1). The wedge-shaped modules are arranged in rings with the
strips pointing towards the beam and the first two discs of the TID and discs one,
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two and five of the TEC feature double sided modules with a stereo angle. Analog
to the barrel region, the thickness of the silicon was chosen to be 320 and 500 µm for
TID and TEC respectively. TID and TEC are arranged in a way that they cover the
maximum surface with the fewest gaps [145].

Due to the large surface and the large number of sensors, a lot of careful consideration
had to go into the selection of the technological baseline. The inner and outer barrel
and endcap regions all use AC coupled, poly-silicon biased, single sided p-on-n devices
processed on six inch wafers [145]. This means that the readout electrodes (the mi-
crostrips) are highly doped p+ implants in a high resistivity n-doped substrate. This is
relatively simple and low cost process widely used in the semiconductor industry and
it has been proven to be sufficiently radiation hard for the expected fluence over the
nominal tracker lifetime. Such devices can be produced in large quantities and with
high yields by the industry. The only difference between inner and outer silicon-strip
tracker sensors is the thickness, which is larger for the outer regions (500 vs. 320 µm).
Due to the various geometries for stereo modules, barrel- and end-cap regions and the
varying pitch, a total number of 15 different sensor layouts were used.

The choice of p-on-n technology for the detectors yields some effects that have to
be taken into account when planning the operation. Due to radiation damage with
increasing fluence, these detectors undergo a process called type inversion where the
effective doping of the substrate changes from n- to p-type. Consequently the depletion
region will start growing from the back when the detector is biased which does not
allow under depleted-operation any more. Table 5.1 summarizes the important features
of the silicon sensors.

Table 5.1: Silicon Strip tracker characteristics.

Part No. of Detectors Thickness (µm)

TIB 2,742 320
TOB 5,208 500
TID 816 320
TEC 2,512 320

TEC(2) 3,888 500

5.2 Tracker Readout

Silicon microstrip detectors are usually read out by charge sensitive amplifiers. Due to
the large number of (≈ 9 million) channels in the CMS tracker, this amplifier is realized
as a highly integrated front-end chip that has to meet very tight requirements in terms
of particle rate, magnetic field, material budget and radiation tolerance. Since the
event rate in the LHC collisions is 25 ns, fast sampling is absolutely necessary but data
has to be stored for at least the duration of the Level-1 trigger decision, which takes
3.7 microseconds, a time equivalent to 150 bunch crossings. The general performance
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of the tracker in terms of position resolution can benefit from charge sharing effects
between the individual strips and therefore it has been decided to read out the full
analog signal from each individual strip and transmit it to the front end driver boards,
where it is processed. The following section will describe the front end chip of the strip
tracker and the general architecture of the readout system.

The readout chip used in the CMS silicon strip tracker is called APV25 and was
specifically developed to meet the strict requirements of the experiment. Excellent
radiation tolerance was considered very important and consequently iterations of the
chip were produced in different radiation hard processes. Finally the implementation in
a 0.25 µm CMOS process met the requirements and also provided significant savings
of costs. The chips have 128 input channels split into two groups of 64 channels.
Each channel consists of a pre-amplifier stage which is coupled to a shaping stage
which produces a 50 ns CR-RC pulse. A gain inverter between the pre-amplifier and
the shaper ensures same-polarity output independent of the input-signal sign, which
allows to read detectors with electron- (n-in-n, n-in-p) and hole (p-in-n) signals [146].
The CR-RC pulse of the shaper of each channel is sampled at a clock rate of 40 MHz
and written into a 192 cell deep pipeline, which allows for storage for a maximum
time of 4.8 µs and thus longer than the 3.7 µs of a Level-1 trigger decision. Upon the
reception of a trigger signal the content of the affected pipeline cell columns are read
out by the analog Pulse Shape Processor (APSP), which has two operation modes
(Figure 5.3).

Figure 5.3: APV25 pulse shapes for different input-signal heights in
peak and deconvolution-mode [146].

• Peak Mode (PM): In peak-mode, only one cell per input channel is read out
and the output is timed to the peak of the analog pulse with a relatively slow
rise time of 50 ns.

• Deconvolution Mode (DM): In this mode, three consecutive samples are read
and the output is a weighted sum of the three. This results in a reshaped, shorter
pulse that is peaked at 25 ns, which corresponds to a single bunch crossing.
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Figure 5.4: Multiplexed signal of two APV25 chips with the different
components of the frame [147]

After this stage data of each channel is multiplexed to a differential current with non-
consecutive order of channels. The resulting signal is 7 µs long, has a 12-bit digital
header that includes address and error information, followed by the analog signal of
128 strips, and is terminated by a tick-mark, which is used for many purposes like for
example the calibration of the absolute signal [146, 147]. The more or less constant
ADC count of the channels that show no particle hit in Figure 5.4 is called the pedestal
value and is unique to each channel. Another contribution that varies with time and
is small compared to the pedestals but common to all 128 channels of a chip is called
common-mode-shift [147].

5.3 Coordinate System of the CMS Tracker

The global coordinate system tracker is defined as (r|φ|z), where r, φ and z are ex-
plained in Section 3.2.1. For each module, a local coordinate system (u|v|w) is defined.
The origin is defined at the center of the module. The Figure 5.5 shows the local co-
ordinate system how they are related to the global coordinate system.
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Figure 5.5: Schematic diagram of strip module with local coordinate
system (u|v|w) and local rotations α, β and γ. The right-handed global

coordinates of the tracker (r|φ|z) are shown in brackets [141].

5.4 Backplane (BP) Correction

As described in Section 5.2, tracker module operates in two modes. The peak mode
is used to take the data from the APV25 chip and then save the amplified signals
after every 50 ns. Deconvolution mode consists of a weighted sum of three consecutive
peak signals, which efficiently decreased the time up to 25 ns. The PM has a good
signal to noise ratio and large integration time, perfect for cosmic data. The PM
is not acceptable to the high collision rate of hadron colliders. Therefore to process
LHC data, the APV25 chip is operated in DM. Only the DM is suitable for normal
data taking during pp collisions because of 25 ns time spacing. Because of this short
readout time, the effective depletion area becomes narrow resulting in change of the
cluster shape as shown in Figure 5.6. This results in shift in the measured hit position.
The shift depends on the incident track angle. A dedicated backplane corrections are
therefore used to correct this shift.

In 2009, it was observed by the tracker alignment group that the sensor positions
during data collection in deconvolution mode changed with respect to data collection
in peak mode. This shifts in the sensor position was in the direction orthogonal to
the sensor plane and in the direction of the Lorentz drift. TOB and TEC outer rings
sensors are thick and have longer drift time, while the time window is narrower in
the deconvolution mode, which produce bias in sensor position. The signal released
across the thick sensors is not collected with uniform efficiency introducing a bias on
the signal barycenter along the drift direction.

The shift in two different alignment geometries for peak and deconvolution data is
avoided by applying a correction to the cluster position in the local reconstruction.
The effective reduction of the sensor thickness is parametrized by the parameters that
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Figure 5.6: Schematic diagram of the BP correction in CMS tracker.
In PM, complete charge from the sensor backplane is collected. In the
DM, cluster size is reduced due to short time spacing of 25 ns. This

reduction in cluster size depends on the track incident angle [148].

indicate the fraction of the sensor which has to be considered "inactive" to explain
the observed bias in the w-direction. Since, the local reconstruction returns only the
local coordinate of the clusters orthogonal to the strip direction, assuming that the
barycentre of the cluster is in the w-direction, the bias on the w coordinate is translated
into a bias in the u direction.

All charges move towards the plane of the sensor and make a cluster, while they
are processing in both modes. The cluster barycentre is hypothesized to the centre
point of the sensor plane. It is the original reconstructed hit point. In the DM, the
readout scale of time is small and therefore all charges can not accumulate because
the drift time for the backplane of the sensor or module is quite large. Therefore, the
reconstructed hit point hypothesizes with the cluster barycenter by shifting position of
sensor in w-direction such that the reconstructed hit point aligns with the track path.

The Figure 5.7 shows the case when some of the cluster charge is lost in the backplane.
The geometrical barycentre of the track in the sensor is the blue point. The green
point is the barycentre of the charge due the loss of the charge in the purple region
of the track. The charge drifts to the surface creating the green cluster which is then
reconstructed as the red hit by the local reconstruction which translates (back) the
barycentre of the cluster along the expected drift direction up to the median plane
of the sensor. Therefore, there is a mismatch between the track (and in particular
the green point) and the reconstructed hit (red point). The alignment procedure can
recover this mismatch for all the tracks by shifting the module along the orange arrow
which is parallel to the drift direction, introducing a shift (∆w).

In case of magnetic field, the backplane effect is shown in Figure 5.8. Everything is
similar to the previous case but the charge drift, the hit translation and the alignment
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correction occur along a direction which deviates from the perpendicular one by the
Lorentz angle.

Figure 5.7: Measured and true hit positions in a silicon module in the
absence of magnetic field. The position of the hit is determined as a
position of charge cluster barycenter. Alignment moves the sensor to
superimpose charge median plane (green) to geometrical median plane
(orange) along the Lorentz drift to superimpose reconstructed hit (red)

to the track (green) [149].

Figure 5.8: Measured and true hit positions in a silicon module in the
presence of magnetic field. The position of the hit is determined as a
position of charge cluster barycenter. Alignment moves the sensor to su-
perimpose charge median plane (green) to geometrical median plane (or-
ange) to superimpose reconstructed hit (red) to the track(green) [149].

The signal lost due to this BP effect, affects the measured hit position. Thus, to
compensate this BP effect, a BP correction (∆w) is calculated for the strip tracker,
where (∆w) is defined as:

∆w =
∆u

tan(θtrk)
. (5.2)

In the presence of the Lorentz drift, the correlation is given by:

∆w =
∆u

(tan(θtrk)− tan(θLA))
(5.3)
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Furthermore, the deconvolution mode causes an effective change of the Lorentz drift
direction, that is of the Lorentz angle. This is taken into account by using a different
set of Lorentz angle values when running in deconvolution mode. These new values are
equal to the values used in peak mode plus an overall correction called ∆(tan(θLA)).
The corrections are extracted by plotting track cluster residuals ∆u versus difference
between track incidence angle and LA (tan(θtrk)− tan(θLA)).

∆u = ∆w(tan(θtrk)− tan(θLA))± (H −∆w)∆tan(θLA) (5.4)

where
H =

detector thickness
2

(5.5)

Equation of line is fitted to find slope ∆w and y-intercept. The y-intercept is positive
for modules with v parallel to z and negative for v anti-parallel to z.

5.5 Measurement of Backplane Correction

The width of the BP zone is calculated using separate PM and DM data samples
collected in 2017. The effect of Lorentz angle (θLA) is not included in backplane
correction measurement because the integration time for the charge accumulation in
deco mode is too small that it leads to a minute shift in backplane correction value.
The effect of non-zero θLA can be ignored as it is smaller than 1%, but for a more
precise treatment this effect should be considered.

The shift in u-direction for peak and deconvolution modes for V+ and V- modules
are shown in Figure 5.9 and Figure 5.10 respectively where V+ modules refers to the
modules for which v-direction is parallel to z-direction and V- for v-direction anti-
parallel to z-direction. Backplane correction as a function of track incident angle for
W+ modules and W- modules orientation is shown in Figure 5.11 and Figure 5.12
respectively where W+ modules refers to the modules with orientation w-direction
parallel to r-direction and W- for w-direction anti-parallel to r-direction.

The backplane correction values ∆w = 1.15 ± 0.15 µm and ∆θLA = -0.0007 ± 0.0000
for V+ modules are obtained from the fit and for the V- modules the values are
∆w = 0.11 ± 0.16 µm and ∆θLA = 0.0006 ± 0.0000. The backplane correction
values ∆w = -0.28 ± 0.15 µm and ∆θLA = 0.0001 ± 0.0000 for W+ modules are
obtained from the fit and for the W- modules the values are ∆w = 1.87 ± 0.15 µm
and ∆θLA = 0.0012 ± 0.0000.

The sensor position in deconvolution modes are also compared with the peak mode
when BP corrections are not applied. It was observed that backplane correction is of
the order of 5-6 µm. The backplane corrections reported in this thesis are close to
zero. This work is still in progress as the estimated backplane corrections are to be
validated with cosmic data.
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Figure 5.9: The shift ∆u as a function of track incident angle is plotted
for peak and deconvolution readout modes (top). The straight line fit
to the difference of ∆u in peak and deconvolution readout modes is
shown (bottom). The plots are for all six TOB layers summed and the
orientation of the modules is V+. V+ modules refers to the modules for
which v-direction is parallel to z-direction. The determined backplane
correction ∆w is 1.15 ± 0.15 µm and Lorentz angle ∆θLA = -0.0007 is

extracted from the fit
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Figure 5.10: The shift ∆u as a function of track incident angle is
plotted for peak and deconvolution readout modes (top). The straight
line fit to the difference of ∆u in peak and deconvolution readout modes
is shown (bottom). The plots are for all six TOB layers summed and
the orientation of the modules is V-. V- modules refers to the mod-
ules for which v-direction is anti-parallel to z-direction. The deter-
mined backplane correction ∆w is 0.11 ± 0.16 µm and Lorentz angle

∆θLA = 0.0006 ± 0.0000 is extracted from the fit.
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Figure 5.11: The shift ∆u as a function of track incident angle is
plotted for peak and deconvolution readout modes (top). The straight
line fit to the difference of ∆u in peak and deconvolution readout modes
is shown (bottom).The plots are for all six TOB layers summed and the
orientation of the modules is W+. The determined backplane correction
∆w is -0.28 ±0.15 µm and Lorentz angle ∆θLA = 0.0001 ± 0.0000 is

extracted from the fit.
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Figure 5.12: The shift ∆u as a function of track incident angle is
plotted for peak and deconvolution readout modes (top). The straight
line fit to the difference of ∆u in peak and deconvolution readout modes
is shown (bottom). The plots are for all six TOB layers summed and the
orientation of the modules is W-. The determined backplane correction
∆w is 1.87 ± 0.15 µm and Lorentz angle ∆θLA = 0.0012 ± 0.0000 is

extracted from the fit.
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Chapter 6

Statistical Analysis

The statistical analysis techniques and tools used to perform the measurements within
this thesis are introduced in this chapter. The estimation of the amount of signal and
background events in data through maximum-likelihood (ML) fits and to compare the
results with theoretical predictions, statistics tools and methodology used at LHC are
described. In Section 6.5, the reconstruction method of the top quark is described.

6.1 Hypothesis Testing

In particle physics, in order to claim the existence or absence of a new physics phe-
nomenon a statistical test is performed involving two hypotheses hypotheses, the so
called null and alternative-hypothesis. Clearly the null-hypothesis is tested against the
alternative-hypothesis. In the physics analysis described in this thesis, the statistical
method is implemented in the so called "Higgs Combine Tool" [150]. This tool is de-
veloped by the ATLAS and CMS collaborations specifically for the benefit of the LHC
Higgs Combination working group (LHC-HCG) [151, 152]. It provides a command
line interface for various statistical methods available inside RooFit/RooStats that are
used widely inside CMS [153]. For purposes of excluding a signal process (i.e. setting
limits) the two hypotheses are defined as:

• Null hypothesis H0: The model which describes the background processes only
and so is termed as the background-only (B) hypothesis.

• Alternative hypothesis H1: The model which describes all processes including
both the background and the new physics signal. This is also knows as the
signal-plus-background (S+B) hypothesis.

A new parameter signal strength µ can be introduced to understand these two hypoth-
esis. Signal strength is used as multiplicative factor to estimate signal yield. So for the
(S+B) hypothesis µ should be 1 in the presence of signal and for the (B) hypothesis
µ should be 0.
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6.2 Likelihood Function and Likelihood Ratio

The probability for any observation to be commenced from a model is given by the
likelihood function. A simplified version of a binned likelihood function in terms of
the parameter of interest (POI), µ, and nuisance parameters, θ, can be written as
the product of the probability of observing nk data events when (µsk+ bk) events are
expected, for each bin k:

L(Data|µ, θ) =
∏

k∈All bins

P (nk|µsk(θ) + bk(θ)) · pdf(θ̃|θ) (6.1)

where sk is the expected signal and bk is expected background events in the kth bin.
The parameters θ = (θ1, θ2 ...) are nuisance parameters (NP) used to model the
variation of the signal sk(θ) and background bk(θ) contributions due to systematic
uncertainties. Often, these nuisance parameters are constrained by external measure-
ments, θ̂, which are encoded in the probability density function, pdf(θ̃|θ). Assuming a
Poisson distribution in each bin, the binned likelihood can be written as the product
of the Poisson likelihoods of the individual bins of the variable

LPois(nk|µ, θ) =

regions∏
j

bins(j)∏
k

(µsjk(θ) + bjk(θ))
njk

njk!
exp (−(µsjk(θ) + bjk(θ))) · pdf(θ̃|θ)

(6.2)

where sjk(θ) and bjk(θ) are the expected signal and background events respectively
in the kth bin of the distribution. The fit has been performed in the region j. The
nuisance parameters, which will be discussed in Section 7.7 and 8.7, are the systematic
uncertainties estimated from auxiliary measurements. Systematic uncertainties are
considered as 100% uncorrelated or correlated. In case the uncertainty is partially
correlated it is splitted into sub-components to fit the requirements. The morphing
technique [154] is used for modelling the shape uncertainties.

The Bayesian and modified classical frequentist statistical approaches are used in HEP
to characterise the absence of a signal. The level of incompatibility of data with a
signal hypothesis is quantified in terms of confidence levels (CLs). The convention
is to require a 95% CL for excluding a signal. In general, limits are not set on the
signal cross section directly, but are set on µ. In the physics analyses of this thesis,
the modified frequentist approach is used for confidence level approximation [155].

The hypothesized value of µ can be tested by using the profiled likelihood ratio which
is defined as

λ(Data|µ) =
L(Data|µ, ˆ̂

θ)

L(Data|µ̂, θ̂)
(6.3)
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where θ̂ and µ̂ are the maximum likelihood estimators (MLE). It means that both θ̂ and
µ̂ maximises the likelihood in denominator. The ˆ̂

θ is the value of θ that (conditionally)
maximizes the likelihood for a specified µ for a given (pseudo/real) data. For many
analyses, the signal contribution is assumed to be non negative which means µ must
be positive. However, the definition of µ̂ should be the value of µ that maximized
the likelihood even if this gives a negative value for µ̂, the Poisson mean which is
represented by µsi + bi, remains positive.

6.3 Test Statistic

At the LHC, the test statistic, tµ, is given by:

tµ = −2 lnλ(µ) (6.4)

The distribution of tµ is sampled for the (S+B) and (B) hypotheses by means of
simulated pseudo-experiments. The calculation of tµ can be CPU intensive, so to
reduce computing time the Asymptotic CL method is used. In this method, Monte
Carlo samples are replaced by one representative dataset, called the Asimov dataset
which is constructed such that all observed quantities are set equal to their MLE
values. More details about this procedure can be found in Ref. [156].

The test statistic is used to compute the p-value. The p-value is the probability of
obtaining an outcome of a statistical test at least as extreme as the observed outcome.
The p-value is given as:

pµ =

∫ ∞
tµ,obs

f(tµ|µ)dtµ (6.5)

where f(tµ|µ) is the PDF of test statistic tµ ,assuming signal strength µ and tµ,obs is
the observed value of the test statistic in data. The integral extends from this observed
value to infinity. The (B) hypothesis p-value (p0) can be calculated with special case
µ = 0. The p-value and significance Z are related as:

Z = Φ−1(1− p) (6.6)

where Φ is the quantile of the standard Gaussian distribution.

The relation between the observed test statistic tµ, the p-value and significance Z is
shown in the Figure 6.1. In particle physics, a very stringent criteria of significance
Z > 5 is set for the discovery of new physics. This value of Z is equivalent to the
p-value of 2.87 ×10−7. The significance Z > 3 is required for the evidence of new
physics.

6.4 Confidence Levels (CLs) Procedure

In most of the physics analysis the CLs method is used to exclude regions of phase
space with CLs < (1- α), where α is the desired confidence level. For the real data, the
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Figure 6.1: The relation between test statitic tµ, the p-value, and the
significance Z is shown. The figure is taken from Ref. [88].

probability of finding a data set with equal or greater incompatibility to the (S+B)
hypothesis is determined by p-value associated to (S+B) hypothesis which is given by
PS+B:

PS+B =

∫ ∞
tµ,obs

fS+B(tµ|µ, θ̂µ)dtµ (6.7)

where tµ,obs is test statistic observed vaue for real measured data, fS+B(tµ|µ) is the
probability density function describing the distribution of tµ for the (S+B) hypothesis
which is constructed by pseudo-data with nuisance parameters fixed to θ̂µ. Similarly,
for the background-only hypothesis:

1− PS+B =

∫ ∞
tµ,obs

fB(tµ|µ = 0, θ̂µ = 0)dtµ (6.8)

The signal is excluded at 95% confidence level (CL) of

CLs =
PS+B

1− PB
≤ 0.05 (6.9)

The observed limit is defined as the upper limit on µ at the 95% CL which is obtained
by adjusting µ until CL = 0.05. The expected median upper limit and the ±1σ and
±2σ band are generated by a set of pseudo-data, the CLs and the value of at 95%
CL for each of them. The median expected value is obtained by replacing the tµ,obs
with the value of the test statistic that represents the 50% quantile of the cumulative
distribution function. The ±1σ and ±2σ bands on the expected limit are obtained
when replacing tmu,obs with the 68% and 95% quantiles of the cumulative distribution
function respectively.
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6.5 Top Quark Reconstruction

In the presented analyses, a top quark candidate is reconstructed in data and simulated
events. Assuming that the top quark decays leptonically as t→bW→blν in selected
events, its energy and momentum is calculated by summing the 4-momenta of a se-
lected lepton candidate (muon or electron), a b-tagged jet, and a neutrino candidate

( ~��E
miss

T ). The x- and y- components of the ~
��E

miss

T originate from the neutrino in the

transverse plane. The neutrino z-component (Pz,ν) is reconstructed using ~
��E

miss

T and
the lepton momentum by imposing a W boson mass constraint i.e. satisfying the
following equation .

M2
W = (80.4)2 =

(
Ee +

√
~
��E

miss2

T + P2
z,ν

)2

− (~PT,e + ~
��E

miss

T )2− (Pz,e + Pz,ν)
2 (6.10)

There are in general two solutions for Pz,ν :

PA,B
z,ν =

µ ·Pz,e

P 2
T,e

±

√√√√√√√µ2 ·P2
z,e

P 4
T,e

− E2
e · ~��E

miss2

T − µ2

P 2
T,e︸ ︷︷ ︸

≡ξ

(6.11)

where
µ =

M2
W

2
+ ~PT,µ · ~Emiss

T . (6.12)

A detailed derivation of this result can be found in Ref. [157]. In simulated t-channel
single top events, this procedure leads to two real solutions in about 65% of all selected
events. The solution which has the smallest absolute |Pz,ν | value yields on average the
solution which is significantly closer to the true neutrino pz.

Complex solutions are obtained if the radicand xi in Equation 6.12 becomes negative.
This happens in about 35% for selected signal events. Such solutions occur mostly
due to the finite ~

��E
miss

T resolution whereas negligence of off-shell W bosons and the
resolution of the lepton momentum are found to be minor effects. The imaginary
part of the solutions is removed by requiring that the discriminant vanishes. This is
equivalent to setting mT = mW which leads to a quadratic equation for Py,ν with
dependance on Px,ν . Assuming that the true values of the neutrino momentum com-

ponents are not too far away from the measured ~
��E

miss

T components, the distance (δ)

between the neutrino ~
��E

miss

T and the modified ~
��E

miss

T is minimized with respect to the
solutions Py1,2,ν :

δ1,2(Px,ν) =

√(
Px,ν − ( ~

��Emiss
T )x

)2

+
(
Py1,2,ν(Px,ν)− ( ~

��Emiss
T )y

)2

. (6.13)
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The smallest δ value is chosen to keep the transverse energy closer to ~
��E

miss

T . After
removing the imaginary part, the pz,ν solution is on average closer to the true neutrino
Pz,ν momentum compared to cases with real solutions.

The top quark can be reconstructed once neutrino Pz,ν component is known. The jet
assignment, which jet originates from which quark, depends on the multiplicity of b-
tagged jets in the event. In this thesis, there is only one b-tag jet in the event therefore
it is assumed to be the b-jet from top decay (correct in 92.7% of the cases [158]).
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Chapter 7

Search for tZq Process at
√
s = 8 TeV

A first search of single top quark production in association with a Z boson is presented.
The search is performed within standard model framework using the CMS data at√
s = 8 TeV. This data corresponds to a total Lint of 19.7 fb−1 . The search is

performed in three lepton final state. The dominant backgrounds are estimated using
data driven techniques. The cross section and significance of results are extracted by
performing a one bin likelihood fit.

The predicted SM inclusive production cross section of tZ at NLO [48] for pp collisions
at
√
s = 8 TeV is:

σ(pp→ tZ) = 236± 11(scale)± 11(PDF )fb. (7.1)

The top quark in tZ can be either a top or anti-top quark. The scale uncertainty on
the predicted cross section is due to the renormalization and factorization scales, and
the second one is associated with the choice of parton distribution functions (PDFs).
The CTEQ6M set of PDFs [159] are used to determine the predicted cross section.

The predicted cross section of the tZq process for three lepton final state, σ(pp→t`+`− q)
B(t→ `νb), where ` denotes a charged lepton (electron, muon, or tau), is calculated
to be

σ(pp→ t`+`−q)B(t→ `νb) = 8.2fb (7.2)

with a theoretical uncertainty of less than 10%. The calculation is made in the five
flavor scheme, with MADGRAPH5aMC@NLO [95], using the NNPDF (version 2)
PDF set [160, 161]. In five flavor scheme, b quarks are considered as coming from
the interacting protons. This includes lepton pairs from off-shell Z bosons with an
invariant mass m`+`− > 50 GeV. The cross section given in Equation 7.2 is used as
reference in this search.

7.1 Analysis Strategy

The analysis strategy is discussed in this section. The analysis is performed in three
lepton final state, where one lepton comes from leptonic decay of top quark and the
remaining two leptons from Z boson. The Z boson leptons should have same flavor and
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opposite sign. The two lepton flavors i.e electrons and muons are considered. Contri-
butions from the leptonic taus (τ) decay also considered, as they are not specifically
excluded. Taus (τ) decaying to electron or muon are considered. With this selection,
there are four possible lepton channels i.e all three electrons (eee), all three muons
(µµµ), one muon and two electrons (µee) and two muons one electron (µµe). The
analysis is performed using simple and robust cut and count technique. Major back-
grounds were estimated using data driven techniques. Cross section and significance
are calculated by performing likelihood fit. The fit is performed individually in each
of the four lepton channels and for the inclusive channel. Inclusive channel is obtained
by performing a fit simultaneously in all four lepton channels.

7.2 Data Samples

The data used in the analysis was collected at
√
s = 8 TeV in 2012 during Run I of

CMS operation. This data corresponds to pp collision with Lint of 19.7 fb−1 . The pp
beams collide in bunches, and each bunch cross each other after 50 ns. Only the events
where CMS detector was fully operational are used. These events have been certified
by the CMS data validation group as "good" for physics analysis. The certified JSON
file (given in Table 7.1) with all good runs have been used [162].

Table 7.1: JSON file used for 2012 run conditions.

Run period Golden JSON Int. Lumi.
2012 Cert_190456_208686_8TeV_22Jan2013ReRco_ 19.7 fb−1

Collisions12_JSON.txt

The di-lepton data streams including double-muon (µµ), double-electron (ee) and
muon-electron (µe) were used in the analysis. The data samples used are shown in the
Table 7.2.

Table 7.2: The table shows the di-lepton(µµ, µe, ee) datasets used in
the analysis. Also the period of data taking and the specific runs taken
during the period are mentioned in the last two columns of the table.

Data Sets Data Period Data Runs
DoubleMuParked Run2012A− ∗ 190456− 193621
DoubleElectron Run2012B − ∗ 193834− 196531

and Run2012C − ∗ 198022− 203742
MuEG Run2012D − ∗ 203777− 208686

where * is 22Jan2013-v1
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7.2.1 Trigger Selection and Efficiency

Since the LHC is a hadron machine with an extremely high event rate and high occu-
pancy, the trigger system is a key component of the whole detector. The trigger system
of CMS works in two sequential stages: L1 trigger and the HLT trigger as described
in Section 3.2.6. The trigger paths that are used in the 8 TeV analysis are based on
the online trigger objects with at least two leptons and are summarized in Table 7.3.
The di-lepton triggers used in this analysis requires that one or leading lepton should
have pT > 17 GeV and the other lepton must satisfy pT > 8 GeV condition.

Double electron triggers have been named as (EE), where double muon triggers are
named as (MM) and at least one muon and one electron are named as (ME).

Table 7.3: The table shows the strings of trigger paths for di-lepton
dataset.

Process Trigger path Type
Di-electrons HLT_Ele17_CalIdT_CalIsoV L_TkIdV L_TrkIsoV L EE
(ee) HLT_Ele8_CalIdT_CalIsoV L_TkIdV L_TkIsoV L EE
Di-muons HLT_Mu17Mu8 MM
(µµ) HLT_Mu17TkMu8 MM
Muon- HLT_Mu17_El8_CalIdT_CalIsoV L_TrkIdL_TrkIsoV L ME
Electron(eµ) HLT_Mu8− El17_CaloIdT_CalIsoV L_TrkIdL_TrkIsoV L ME

Since different data streams and triggers are being analyzed simultaneously, there is a
possibility of counting same events twice. To avoid this double counting, a trigger logic
is adopted as shown in Table 7.4. The procedure to avoid double counting consists of
vetoing a given dataset where the events are already selected in another.

Table 7.4: The table shows the trigger logic used in the analysis.

Dataset Trigger fired
DoubleElectron EE
DoubleMuon MM && !EE

MuEG ME && !EE && ! MM

The trigger selection efficiency is estimated using a sample selected with missing trans-
verse energy (MET) triggers that are weakly correlated to di-lepton triggers. Trigger
efficiency is estimated for both data and MC. In data, the di-lepton trigger efficiency
is calculated by taking the ratio of events triggered by MET and di-lepton triggers to
the events triggered by MET triggers only. For MCs, the trigger efficiency is the ratio
of the di-lepton triggered events to the total number of events. The resulting trigger
efficiencies are 99% for eee and eeµ, 98% for µµµ and 89% for µµe.
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7.3 Simulated Samples

The NLO simulated signal sample (tZq) is produced using MadGraph5_aMC@NLO
v5.1.3.30 generator [163, 95]. For parton showering and hadronization, Pythia with
version 8.212 is used [102, 103]. The dominant production mode t-channel is used with
four-flavor scheme. The four- and five-flavor scheme differ in how many partons are
included in the proton PDFs. In the four-flavour scheme, there are no b quarks in the
proton PDFs and the b quarks needed for single top production in the t-channel are
generated dynamically from gluon splitting.

The data with prompt leptons are contaminated by genuine leptons from hadron decays
(usually referred to as "non-prompt leptons") and by hadrons or jets misidentified
as leptons (usually referred to as "fake leptons"). In addition, non-prompt isolated
electrons can arise from the conversion of photons. For simplicity of notation, and given
that these background sources are evaluated similarly, by making control samples in
data, all such sources are referred to as "non-prompt leptons", or simply "NPL", in
this thesis. So simulated samples are divided in two categories. one is prompt lepton
backgrounds and other is non-prompt leptons.

7.3.1 Prompt Lepton Backgrounds

The standard model backgrounds which can mimic the signature of the signal process
with prompt leptons are:

• WZ and ZZ: Among the diboson processes WZ is the main background in the
analysis. It has three charged leptons coming from the leptonic decays of W and
Z boson (i.e. Z → `+`− and W → `±ν) in the final state. ZZ decays to four
charged leptons, with both Z bosons decaying leptonically, and is a background
to our three lepton final state when one of the charged lepton is not detected. All
these processes are produced at LO using the MadGraph5_aMC@NLO generator
interfaced with Pythia version 6.425.

• tt̄Z and tt̄W : The top quark pair production in association with a vector boson
(V = W or Z) is a reducible background. The tt̄Z imitates signal signatures when
the top pair decays semi-leptonically. It means one top quark decays hadronically
(to a b quark and two light jets) and the other leptonically(to a lepton, a neutrino
and b quark). The remaining two charged leptons come from Z boson. For tt̄W ,
the top pair decays in di-lepton channel i.e both the quarks decays leptonically.
And the third charged lepton is from W boson decay. Both of these samples
are produced with MadGraph5_aMC@NLO generator interfaced with Pythia
version 6.425 at LO.
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7.3.2 Non-prompt Lepton (NPL) backgrounds

The following background processes have different signatures than that of our signal
process but they come in our selection because of the non-prompt lepton. The non-
prompt lepton simulated samples are used only for validation in the control region,
as the contribution from NPL backgrounds is extracted from the data for the final
results.

• Drell Yan (Z+Jets): This is a process where Z boson are produced along with
multiple jets. This is the dominant process in NPL backgrounds. Two charged
leptons from Z are prompt leptons and a third lepton is a NPL that passes our
selection. Two Drell Yan samples are produced, one with two charged leptons
mass ranging from 10 GeV to 50 GeV and the other with mass greater than 50
GeV. Both of these are produced with MadGraph5_aMC@NLO interfaced with
Pythia.

• tt̄: Top quark pair production (tt̄) has small contribution as a background in our
process. The di-lepton decay mode of tt̄ is considered, where both top decays
leptonically producing a b quark, a charged lepton and neutrinos. The contri-
bution occurs because the third lepton is a non-prompt lepton that passes our
selection. The fully leptonic sample is generated with MadGraph5_aMC@NLO.

• WW: The background due to WW has two leptons in the final state and it con-
tributes when a third non-prompt lepton passes our analysis. The contribution
from WW background is small in comparison to Z+Jets and tt̄.

A full list of MC samples used in this analysis is given in Table 7.5. All of these are
Summer12 analysis object data (AOD) simulated MC samples.

7.4 Event Selection

The signatures of tZq signal contains a Z boson, a top quark and an additional ("re-
coiling") jet. The leptonic decays of both top quark and Z boson lead to three lepton
(electrons and/or muons, including those coming from tau leptons) final state pro-
cess plus a neutrino that goes undetected and is reconstructed from an imbalance in
the transverse momentum. The signatures also include bottom quark (b-tag jet) that
arises from the hadronization of the b quark produced in the top quark decay. In the
final state there is additional jet arising from the hadronization of a light or a charm
quark. The pp collision data used in the analysis is collected by CMS detector during
the year 2012.

The Particle Flow (PF) event reconstruction algorithm, discussed in detail in Sec-
tion 4.5, reconstructs global particle candidates like electrons, muons, photons, and
charged and neutral hadrons in an event by tracing the flow of particles through the
various subdetectors. The combination of the individual subdetector information leads
to an improved spatial resolution, energy measurement and identification of particles
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while avoiding double counting. The energy of photons is obtained from ECAL. The
electrons are reconstructed by combination of tracker and ECAL information. Hadrons
are constructed by combination of informations from the tracker and the matching
ECAL and HCAL energy deposits. The neutral hadrons are determined from ECAL
and HCAL deposits.

The event is selected if the following selection criteria for primary vertex, electrons,
muons, jets, b-tag jet and ~

��E
miss

T is met.

Primary Vertex (PV): Each event must have at least one good PV as discussed in
Section 4.5.2. The vertex reconstruction tries to locate points of pp interactions which
are determined by sets of close-by charged particle tracks in the interaction region.
The association of tracks to vertices allow to separate tracks belonging to the hard
scattering from additional tracks which originate from PU interactions instead. The
vertices are ordered by the summed p2

T of their associated tracks where the leading
vertex is assigned to mark the hard interaction of interest while the others are treated
as PU interactions. The vertex will be the PV if it is with the largest sum and satisfies
following conditions:

• reconstructed using five or more tracks fitting

• it lies within 24 cm of the nominal interaction point in the z-direction(|z|)

• within 2 cm in the transverse plane(d0).

Electron Selection: The electrons selected for the analysis have to fulfil certain
criteria. The selected electrons are reconstructed by PF algorithm. These electrons
have been reconstructed by GSF tracks. The electron transverse momentum, pT , has
to be larger than 20 GeV, they have to pass the tracker within |η| < 2.4 and their
supercluster must be located outside the region 1.4442 < |ηsc| < 1.5660. The later
region defines the ECAL endcap-barrel transition region and is excluded due to the
large amount of material an electron has to pass, which increases the probability to
emit a large amount of energy via bremsstrahlung photons. Selected electron has to
be isolated, which means only a small amount of energy is found around the track
and cluster of electron in calorimeter. Electron isolation (Irel, given in equation 4.3) is
determined by calculating the sum of pT of all the other reconstructed particles that
lie within a cone of fixed radius ∆R =

√
(∆η)2 + (∆Φ)2 = 0.3 around the electron,

correcting for the expected contribution from pileup and dividing the corrected sum
by the pT of the electron. The selected tight electrons must have Irel < 0.12.

Furthermore multivariate identification (MVA) discriminator with values between 0.5
and 1.0 is used. Loose electron are identified as GSF electrons having pT of at least
10 GeV and |η| not greater than 2.4. Less stringent criteria on relative isolation is
applied for loose electrons with Irel < 0.20. The loose electrons are used vetoing the
event if there is any additional loose electron present in the event.

Muon Selection : Muons are more clean objects than electrons in the CMS. PF
muons are both global and tracker muons. These should have pT > 20 GeV and |η| <
2.4. The normalised χ2 to number of degrees of freedom (ndof ) ratio for the muon
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track fitting should be less than 10. Muons are isolated using I∆β corrected definition
of isolation (given in equation 4.1). A muon is said to be isolated, if it satisfy I∆β

< 0.12 using a cone of ∆R = 0.4. To differentiate between prompt and fake muons,
several additional identification criteria are applied like impact parameter cuts (d0 and
dz). Loose muons are PF muons with pT more than 10 GeV and |η| less than 2.4. Loose
isolation cut is applied to loose muons with a value I∆β less than 0.20. The detailed
muon selection criteria both for tight and loose muon is shown in the Table 7.6.

Table 7.6: The table shows muon selection criteria for tight and loose
muon.

Requirements Tight Muon Loose Muon
selection selection

Muon-id PF Muon PF Muon
Which Muon Global and Tracker Global or Tracker
χ2/ndof < 10 -
I∆β < 0.12 ≤ 0.20
d0 (cm) < 0.2 -
dz (cm) < 0.5 -
No. of pixel hits > 0 -
No. of tracker with > 5 -
muon hits
No. of hits in the > 0 -
muon chamber
No. of muon-stations with > 1 -
Muon segments

Jet and b-tag Jet Selection: The selected jets are PF objects reconstructed with
anti-kt algorithm using cone size of ∆R = 0.5. All jets are corrected with first three
levels of the jet energy corrections discussed in Section 4.8. In order to avoid contribu-
tions from misidentified photons, electrons, pions or calorimeter noise, the fractions of
charged electromagnetic, neutral electromagnetic and neutral hadronic energies must
be less than 0.99, respectively. Further, the jet must have at least two constituents.
PF candidates belonging to preselected muon or electron candidates that are loosely
isolated are not clustered into jets to prevent double counting. In addition, jets that
are within ∆R < 0.5 to the selected tight lepton are ignored in the analysis. The
reconstructed jets are corrected by dedicated jet energy scale factors (JES and JER)
as explained in Section 4.8. Jets with pT more than 30 GeV and |η| less than 4.5 are
selected. The light jet in t-channel process is usually in the forward direction, therefore
relaxing |η| value to 4.5 improves the signal acceptance. Jets that originate from b
quark are reconstructed (tagged) using CSV algorithm [164]. The CSV discriminant
is used to distinguish between b jets and non-b jets. These jets are accepted within
|η| < 2.4. For the results presented here, the so-called tight WP for discriminator is
used. This tight WP has a b-tagging efficiency of about 50% and a misidentification
probability of 0.1%.
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Missing Transverse Energy (MET): MET, denoted as ~
��E

miss

T , is reconstructed
using PF objects as input (see Section 4.9 ). For small MET values, Z+jets is a
dominant process that is why a cut of MET greater than 30 GeV is applied to reject
non-prompt lepton background in certain analysis regions.

7.4.1 Selection Region

The base lepton selection of tZq final state is given as:

• Exactly three tight leptons in the event and vetoing the event if there is any
additional loose or tight lepton.

• Two of the three leptons should be same flavor opposite sign (SFOS) leptons
reconstructing the Z boson mass within window of [78-102] GeV. And there
should be a separation between Z boson leptons i.e ∆Φl+l− > 0.5. If there is
more than one such lepton pair, then the pair with Z mass value close to 91.2
GeV is used.

• Remaining third lepton and ~
��E

miss

T should reconstruct W boson mass. The lepton

and ~
��E

miss

T should also be separated in ∆Φlνl > 0.5.

The analysis is further divided into different regions depending upon the number of
light jets and b-tag jets in the event. These regions are given as:

WZ Control Region (CR) : The WZ region has same base lepton selection plus
additional jet requirements i.e. zero b-tag jet and one or more light jet in the event.
This region is called WZ region because it is enriched with WZ background. No cut
on ~

��E
miss

T is applied in this region.

Preselection (PS) region : This region is defined just for validating our selection.
No cut on light jet and b-tag jet is applied here. Since after the b-tag jet selection we
have very limited statistics, so this region is used to plot the distributions of different
variables in all the four lepton channels and in the combined channel to demonstrate
the good data to MC comparison. MET cut of 30 GeV is also applied in this region
to suppress NPL background.

Signal Region (SR) : In this region, the target events are those arising from the tZq
process, where two jets, one of which a b-tag jet, are expected. In order to increase
the signal acceptance for the cases where one additional jet is produced by radiation,
signal region is defined as containing events with exactly three leptons and at least 2
jets, one of which must be a b-tag jet. Also the MET should be greater than 30 GeV.

The details of the selection regions and cuts applied are given in Table 7.7.
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Table 7.7: Selection criteria for different control regions and the signal
region. The three tight leptons selection, including the requirement of
two leptons compatible with Z boson, is applied for all regions. The
regions differ according to their light jet and b-tagged jet multiplicities

and ~
��E
miss

T cut.

Selection Regions light Jets b-tag Jets ~
��E
miss

T (GeV)
WZ CR ≥ 1 = 0 ≥ 0
Pre-selection Region No requirement No requirement ≥ 30
Signal Region ≥ 1 =1 ≥ 30

7.5 Non-prompt Lepton Estimation

The simulated samples are normalized corresponding to the total recorded integrated
luminosity of the data. In this analysis the integrated luminosity adds up to Lint =
19.7 fb−1 . For each simulated sample a SF is calculated as:

SFlumi =
σprocess × Lint

Nevents

. (7.3)

where σprocess is the cross section of a process involved and Nevents is the number of
events in the simulated sample corresponding to the process.

For the backgrounds with limited statistics MC samples, it is not possible to estimate
their impact on the analysis. For such backgrounds, a data driven approach is used. In
this analysis, the background due to NPL are estimated using data driven technique.
In NPL background, it is assumed that leptons coming from Z boson decay are more
likely to be real prompt leptons if they pass the Z boson mass cut. The third lepton
candidate coming from W boson can be a fake or non-prompt lepton. The events with
two fake leptons are considered as negligible. The Z+Jets, tt̄ and WW backgrounds
populate the signal region if they contain a reconstructed NPL that passes our selection
criteria. The contributions from NPL background that survive the event selection are
not simulated but estimated from data.

The shape of NPL events per channel is extracted from a sideband WZ control region
for which the isolation of the third lepton (coming from W boson) is inverted. It means

that selection cuts of light jets, b-tag jets and ~
��E

miss

T are same as in WZ control region
but the isolation of the third lepton is inverted. The selection criteria for NPL data
sample is given as:

• Two SFOS selected leptons compatible with Z boson mass

• Isolation of the remaining third lepton is inverted. The isolation is inverted as
Irel > 0.25 for the electron candidate and I∆β > 0.25 for the muon case.

• light jet and b-tag jet multiplicities are as usual depending upon the selection
regions defined in Table 7.7
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The distribution of data after the above selection criteria serves as a template to
model the shape of non-prompt leptons production. And the normalisation of this data
sample is calculated by performing a maximum likelihood fit (described in Section 6.2).
The event yield of simulated MC samples after applying this selection criteria is shown
in Table 7.8 for both muon and electron case:

Table 7.8: The table shows the percent yield of simulated signal and
background samples after the inverted isolation of electrons (Irel > 0.25)

and muons(I∆β > 0.25).

Samples Muon Iso Inverted Yield (%) Electron Iso Inverted Yield (%)
Z + Jets 77 80

tt̄ 20 18
WW 1 1
WZ < 1 < 1
tZq < 1 < 1
ZZ < 1 < 1

This shows that Z+Jets sample has dominant contribution in the non-prompt lepton
template. The W boson transverse mass (mT ) distribution is used as discriminator
in the background-enriched region to estimate the backgrounds related to non-prompt
leptons, as well as the dominant WZ background. Both the shape and normalisation
of the other backgrounds are estimated from simulation. The normalisation of the
non-prompt lepton is estimated by fitting the mT distribution. The mT distribution
peaks around the W transverse mass for a lepton and ~

��E
miss

T from a W boson decay,
while for non-prompt lepton backgrounds it peaks close to zero and falls rapidly. The
amount of non-prompt leptons events in signal and control regions is estimated by
fitting the extracted template to data. The distribution of the W boson transverse
mass in WZ control region for the case of muon isolation inversion is shown in left
of the Fig 7.1 while the resulting non-prompt muon template after its yield has been
estimated from the data is shown in right of the Fig 7.1. The same distributions for
the case of electron are shown in Fig 7.2.

7.6 Prediction and Data Agreement

Preselection Region: In this section, a preselection is described to demonstrate
the agreement between the predictions and data. This region is composed of the
full signal selections with no jet requirements. This is done to be able to see the
comparison of data and prediction for our selection. No requirement on jet selection
is applied because after asking for exactly one b-tag jet in the event we have very low
statistics. This results in a region with more events of the signal region and enhanced
backgrounds, both being useful to help illustrate the agreement of the predictions
and data. The WZ is a dominant background and thus the reconstructed masses of
Z and W bosons are good variables for comparison. The figure 7.3 shows combined
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Figure 7.1: Distributions of the W boson transverse mass (mT ) for
the muon case in WZ control region: (left) third lepton isolation in-
verted for extracting the non-prompt lepton template; (right) resulting
distribution after scaling the non-prompt lepton background with the
extracted SF from the ML fit. The mT distribution in the left peaks
at zero (instead of on-shell W boson mass), showing that the region is

enriched with NPL.

Figure 7.2: Distributions of the transverseW boson mass for the elec-
tron case in WZ control region: (left) third lepton isolation inverted for
extracting the non-prompt lepton template; (right) resulting distribu-
tion after scaling the non-prompt lepton background with the extracted
SF from the ML fit. The mT distribution in the left peaks around zero
(instead of on-shell W boson mass), showing that the region is enriched

with NPL.
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plots (all four lepton channels summed up) of reconstructed Z boson invariant mass,

W transverse mass (mT ), ~��E
miss

T and pT of Z boson. These plots shows that WZ is a
dominant background in this region. The channel wise plots of Z boson invariant mass
and W boson transverse mass are shown in Figure 7.4 and Figure 7.5 respectively. The
distribution of reconstructed Z boson pT is shown in Figure 7.6. The ~��E

miss

T distribution
is shown in Figure 7.7. Additionally, in the preselection region, other distributions like
the jet multiplicity and pT of the leading jet is plotted in Figure 7.8. Other distributions
such as the muon pT is shown in left of Figure 7.9 and electron pT is plotted in the
right of Figure 7.9. The simulated prompt leptons backgrounds are normalized to data
luminosity while the normalization of non-prompt lepton backgrounds is extracted
from the data driven estimation of NPL as described in Section 7.5.

Signal Region: The signal region is defined by requiring exactly one b-tag jet and at
least one light jet in the event. With one b-tag jet requirement, there is limited statis-
tics but still the comparison between data and simulation is within the uncertainties.
The distributions for Z boson mass and W transverse mass are show in Figure 7.10
and Figure 7.11 respectively. Jet multiplicity is also shown in Figure 7.12. As can be
seen from the plots, the dominant backgrounds are due to tt̄Z and WZ.

7.7 Systematics Uncertainties

In high energy physics experiments, estimation of both statistical and systematic un-
certainties play a key role. Statistical uncertainties are due to stochastic fluctuations
arising from the fact that number of events in a sample are finite. Systematics un-
certainties arises due to the nature of the measurement apparatus, inaccuracies in
signal and background modelling and assumptions made by the experimenter. The
main sources of systematics uncertainties studied in the analysis are discussed in the
following sections.

7.7.1 Luminosity

The uncertainty on Lint is estimated to be ± 2.6 at
√
s =8 TeV. This measurement

is done using pixel cluster counting method [165]. The uncertainty due to luminosity
affects event yield of all simulation processes.

7.7.2 Pileup

The systematic shift in the number of PU events is calculated by varying the minimum
bias cross section by ±5 % [166].
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(a) (b)

(c) (d)

Figure 7.3: The distributions of Z boson invariant mass at (A), trans-

verse mass of W boson at (B), pT of Z boson at (C) and ~
��E
miss

T at (D)
are shown in the pre-selection region with the contribution of all four
lepton channels (µµµ, eee, eeµ, µµe) summed up. WZ is the dominant
background in green with smaller contribution from other backgrounds
such as ZZ and NPL. The signal process tZq has some contribution in
red at top of other processes.The data is visible as black dots. The

bottom panel of the plot displays data to MC ratio.
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(a) (b)

(c) (d)

Figure 7.4: Distributions of Z boson invariant mass for µµµ channel
at (A), eee channel at (B), eeµ channel at (C) and µµe channel at (D)
are shown in the pre-selection region. WZ is the dominant background
in all channels with smaller contribution from other backgrounds such
as ZZ and NPL. NPL background has more contribution in eee and µµe
channels where third lepton is electron as compared to µµµ and eeµ

channels where third lepton is muon.
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(a) (b)

(c) (d)

Figure 7.5: Distributions of W boson transverse mass for µµµ channel
at (A), eee channel at (B), eeµ channel at (C) and µµe channel at (D)
are shown in the pre-selection region. WZ is the dominant background
in all channels with smaller contribution from other backgrounds such
as ZZ and NPL. NPL background has more contribution in eee and µµe
channels where third lepton is electron as compared to µµµ and eeµ

channels where third lepton is muon.
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(a) (b)

(c) (d)

Figure 7.6: Distributions of Z boson transverse momentum for µµµ
channel at (A), eee channel at (B), eeµ channel at (C) and µµe chan-
nel at (D) are shown in the pre-selection region. WZ is the dominant
background in all channels. NPL background has more contribution in
eee and µµe channels where third lepton is electron as compared to µµµ

and eeµ channels where third lepton is muon.
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(a) (b)

(c) (d)

Figure 7.7: Distributions of ~��E
miss

T for µµµ channel at (A), eee channel
at (B), eeµ channel at (C) and µµe channel at (D) are shown in the pre-
selection region. WZ is the dominant background in all channels. NPL
background has more contribution in eee and µµe channels where third
lepton is electron as compared to µµµ and eeµ channels where third

lepton is muon.



Chapter 7. Search for tZq Process at
√
s = 8 TeV 93

Figure 7.8: Distributions jet multiplicity (left) and pT distribution for
leading jet (right) in the pre-selection region with the contribution of
all four lepton channels (µµµ, eee, eeµ, µµe) summed up. WZ is the
dominant background. The data is visible as black dots. The bottom

panel of the plot displays data to MC ratio.

Figure 7.9: The pT distributions of lead muon (left) and lead electron
(right) in the pre-selection region with the contribution of all four lepton
channels (µµµ, eee, eeµ, µµe) summed up. The data is visible as black

dots. The bottom panel of the plot displays data to MC ratio.
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Figure 7.10: Distributions of Z boson invariant mass in the signal
region for all four lepton channels (µµµ, eee, eeµ, µµe) summed up.
The distribution shows nice peaks around Z boson pole mass with the
contributions from tZq signal in red. The contribution from dominant
backgrounds NPL (blue), WZ (green) and tt̄Z (yellow) is also visible.
The data is visible as black dots. The bottom panel of the plot displays

data to MC ratio.
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Figure 7.11: Distributions of the W boson transverse mass for the four
lepton channels (µµµ, eee, eeµ, µµe) summed up in the signal region.
The distribution shows nice peaks around Z mass with the contributions
from tZq signal in red. The contribution from dominant backgrounds
NPL (blue), WZ (green) and tt̄Z (yellow) is also visible. The data is
visible as black dots. The bottom panel of the plot displays data to MC

ratio.

Figure 7.12: Distribution for light jet multiplicity for the four lepton
channels (µµµ, eee, eeµ, µµe) summed up in the signal region.
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7.7.3 Lepton Trigger, Reconstruction and Identification Effi-
ciencies

To ensure that the efficiency of di-lepton triggers observed in data is properly re-
produced, a set of data to simulation corrections is applied to all simulated events;
likewise, an additional set of corrections (pT and |η| dependent) is used to ensure that
the efficiency for reconstructing and identifying leptons observed in the data is cor-
rectly reproduced in the simulation. The corrections are varied by their corresponding
uncertainties, which amounts to about 4% per event for the trigger selection and 2%
per event for the lepton selection.

7.7.4 Jet Energy Scale (JES)

There are discrepancies in the energies of detector level and generator level jets. Jet
energy corrections are needed to remove these discrepancies. Therefore, correction
factors (pT - η dependant) are applied to each simulated jet in the event. The effect of
JES uncertainty is then calculated by varying the correction factor by ±1σ for up and
and down variations. This change in jet pT effects the total momenta in transverse
plane effecting the MET as well. Therefore, this change is transversed to MET also.

7.7.5 Jet Energy Resolution (JER)

The jets in the event are smeared up or down with respect to central value measured
in the data. Smearing depends upon jet pT and η. The recommended prescription for
determining JER is outlined in [167]. Using signal Monte Carlo, the prescription was
applied as follows:

• each reconstructed jet is matched to the closest generator jet within a cone of
∆R < 0.5,

• if a match is found the pT of the reconstructed jet is scaled by pT → max [0, pgenT
+ c × (pT - pgenT )] where pgenT is matched generator jet transverse momentum,
and c is the data/MC scale factor between the measured and expected particle
flow jet resolution in Table 7.9,

• if no match is found a gaussian having center at one and width at c is used to
smear the momentum.

7.7.6 B-tagging Uncertainty

B-tagging is crucial for analysis involving top quark. In CMS, b-tag and vertexing
(BTV) group is responsible for providing scale factors to take care of discrepancies (if
any) between simulation and data. These scale factors are calculated using control
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samples [168]. B-tagging decision of each jet is updated on event by event basis
depending upon the SF.

7.7.7 Unclustered ~
��E

miss

T

This is the energy which is not reconstructed as lepton and neither is part of jet
reconstruction. This energy remains unclustered and is known as unclustered MET.
It is calculated by varying the nominal energy by ± 10%.

7.7.8 Background Normalization

The normalization of the NPL background processes are estimated from data while
performing the final fit. The normalisation uncertainties in the backgrounds estimated
from simulation are taken as ±30%.

7.7.9 Theory Uncertainties

These are the uncertainties associated with the production of simulated samples.
Though the standard model is very accurate and precise measurements of many of
its parameters have been done, there are still some gaps that can alter the simulated
samples. Varying these parameters during production of the samples can effect anal-
ysis.

• PDFs: The nominal PDF sets used for the analyses described in this chapter
are quoted in Section 7.3. In order to compute the corresponding uncertainty,
simulated events are re-weighted by using the eigenvalues associated to each PDF
set. The corresponding variations are summed in quadrature and the results are
compared with the nominal prediction. Uncertainties estimated from different
PDF sets are also compared and the largest uncertainty is taken.

• Physics Process Modelling: The renormalisation and factorisation scales used
in the simulated samples, are multiplied or divided by a factor of two, and the
corresponding variations are considered systematic uncertainties. The procedure

Table 7.9: Data/MC scale factors used in determining the Jet Energy
Resolution.

Jet Pseudorapidivity Scale Factor
0.0 - 0.5 1.052
0.5 - 1.1 1.057
1.1 - 1.7 1.096
1.7 - 2.3 1.134
2.3 - 5.0 1.288
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used in PYTHIA to match the partons in the matrix-element calculation with
those in the parton showering includes a number of scale thresholds. These are
varied in the simulated WZ sample and the resulting variation is taken as the
associated systematic uncertainty.

The systematic uncertainties are taken as nuisance parameters in the final fit to extract
tZq cross section. There is 100% correlation between the four lepton channels for every
systematics except for NPL where the µµµ and eeµ channels are 100% correlated and
the µµe and eee channels are 100% correlated. The nominal and varied distributions
of some of these systematics are given in Appendix A for the tZq signal sample and
dominant backgrounds process.

7.8 Results

The event yields of data and MC in the signal region is given in Table 7.10. All
the MCs are normalized to data luminosity and scaled by different SFs due to lepton
efficiency, lepton trigger, pileup, jet energy corrections and b-tagging. The data yields
are shown along side the MC yields to help demonstrate the contributions of individual
backgrounds. The tZq cross section is calculated by performing a maximum likelihood
fit to the number of events counted in signal region. The likelihood function takes event
yields of the data and simulated processes as input. RooStats package [169] used for
calculating cross section and significance of the process. The analysis is performed
as binned counting experiment. The binned likelihood function (see Section 6.2 for
details) is given as

L (data|µ, θ) =
(µsi(θ) + bi(θ))

Ni

Ni!
exp−(µsi(θ)+bi(θ)), (7.4)

where Ni is the observed number of events and si(θ) and bi(θ) are the expected signal
and background events respectively in the ith bin. All the systematics uncertainties,
described in Section 7.7, are taken into account as nuisance parameters (θ).

The fit is performed to maximises L (data|µ, θ), from which the measured cross section
σ is extracted according to its relation to the signal strength (µ) as:

µ =
σ(`+`−q)

σSM(`+`−q)
. (7.5)

The systematic uncertainties explained in Section 7.7 are set as free parameters in the
fit. Each systematics have different effect on the result, therefore, the impact of each
systematic uncertainty on µ is calculated. The impact is defined as the shift ∆µ when
θ is fixed and brought to its ±1σ post-fit values while other systematics are treated as
usual. The impact is given by:

∆µ = µ̂(θ̂ ±∆θ)− µ̂(θ̂) (7.6)



Chapter 7. Search for tZq Process at
√
s = 8 TeV 99

Table 7.10: The various column represents post-fit event yield of tZq
signal sample and dominant backgrounds for data and MC simulation

in the signal region for all four lepton channels of tZq process.

total µµµ eee eeµ eµµ

WZ 3.82 ± 0.21 1.38 ± 0.12 0.64 ± 0.08 0.81 ± 0.15 0.99 ± 0.10
tt̄Z 5.23 ± 0.32 1.71 ± 0.18 1.18 ± 0.15 1.15 ± 0.15 1.19 ± 0.15
tt̄W 0.50 ± 0.11 0.12 ± 0.05 0.10 ± 0.05 0.12 ± 0.10 0.16 ± 0.06
ZZ 0.14 ± 0.01 0.06 ± 0.01 0.02 ± 0.00 0.03 ± 0.05 0.03 ± 0.01
NPL 2.57 ± 0.25 0.64 ± 0.07 0.86 ± 0.22 0.43 ± 0.06 0.64 ± 0.07
Total Bkg MC 12.02 ± 0.47 3.92 ± 0.23 2.79 ± 0.28 2.54 ± 0.20 3.00 ± 0.20
Signal tZq 3.40 ± 0.01 1.22 ± 0.01 0.63 ± 0.00 0.70 ± 0.00 0.85 ± 0.01
Data 20.00 ± 4.47 7.00 ± 2.65 5.00 ± 2.24 3.00 ± 1.73 5.00 ± 2.24

The impact these uncertainties have on signal strength is reported in Table 7.11.

Table 7.11: Impact of nuisance parameters and their correlation with
the signal strength.

Source ∆ µ ρ(µ)
Fake Electron 0.08 −0.16
Fake Muon 0.05 −0.11
JER 0.01 −0.03
JES 0.03 −0.07
Lepton Eff. 0.01 −0.09
Unclustered ~

��E
miss

T 0.02 −0.14
PU 0.01 −0.08
Trigger 0.02 −0.05
Btagging 0.01 −0.13
Luminosity 0.01 −0.04
WZ rate 0.02 +0.03
tt̄Z rate 0.01 −0.09
WZ Scale and Matching 0.04 +0.12
tt̄Z Scale 0.02 +0.05

The fit is performed for each of the four lepton channels (µµµ, µµe, eeµ and eee)
independently to calculate the cross section for that channel. For the combined channel
cross section measurement, a simultaneous fit to data in all four channels is performed.
The cross section numbers calculated through these individual independent lepton
channel fits and simultaneous fit in all for channel are shown in Table 7.12. The
systematics and statistics uncertainties are also reported on the cross section.

The tZq measured and SM predicted cross sections are compared in Figure 7.13. The
SM predicted cross section with its theoretical uncertainty is shown in blue and the
black dots represent measured cross section for the individual and combined channel.
The uncertainties on the measured cross section are categorised as statistical and
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Table 7.12: The measured cross sections for each of the four lepton
channels and the combined channel for the tZq process.

Channel Cross section (fb)
eee 29+32

−24 (stat)+8
−7(syst)

eeµ 6+23
−6 (stat)+4

−3(syst)
µµe 19+24

−18 (stat)±5 (syst)
µµµ 20+11

−9 (stat)+4
−3(syst)

Combined fit 18+11
−9 (stat) ±4 (syst)

systematical ones. Statistical uncertainties are shown as the red line on measured
cross section value while systematics are overlaid as green line in the figure. The
measured and predicted SM cross sections are in agreement within the uncertainties.
The statistical uncertainties are dominant over systematical uncertainties because tZq
is very rare SM and with complete 2012 CMS data, only a few events were identified
as tZq event.

Figure 7.13: Measured cross section of tZq process in each of four
lepton channels (µµµ, µµe, eeµ and eee) and the combined channel at
Lint of 19.7 fb−1 recorded by CMS in the year 2012. The standard model
expected cross section with 10 % theoretical uncertainty (thickness of
line) is shown in blue line. Black dot represents value of measured cross
section for each individual three lepton channel and combined channel.
Statistical error is on the measured cross section is shown in red while

systematical error is in green line.
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The expected and observed significance of cross section is also reported for individual
lepton channels and combined channel in Table 7.13.

Table 7.13: The expected and measured significance for each of four
lepton lepton channels and the combined channel of tZq cross section
(σ) are given. The 68 % (1 σ) and 95 % (2 σ) confidence level on either

side of the expected mean significance are also shown.

Channel Expected Significance Observed Significance

- Mean 68% CL 95% CL -
µµµ 0.659 ±0.033 [0-1.451] [0-2.482] 1.352
eee 0.462 ±0.032 [0-1.154] [0-2.183] 1.202
µµe 0.614 ±0.032 [0-1.352] [0-2.281] 1.041
eeµ 0.532 ±0.021 [0-1.162] [0-2.203] 0.322

Combined Channel 0.811 ± 0.041 [0-1.592] [0-2.681] 1.803

The expected significance is calculated using inputs yields from simulation only. Toy
simulations are produced to calculate expected significance assuming the signal strength
value µ = 1. Also the 68 % and 95 % confidence levels are reported on either side
of the expected mean. The observed significance is calculated by taking into account
the data. The significance for the combined channel is 1.8 standard deviation, while
the expected significance is 0.8 standard deviations, with a 68% CL range of [0-1.59]
and 95% CL range [0-2.68]. The signal significance for the µµµ channel is observed
to be 1.35± 0.03 standard deviations, while the expected significance is 0.8 standard
deviations, with a 68% CL range of [0-1.45] and 95% CL range [0-2.68].

7.9 Conclusions

The associated production cross section of a single top quark with a Z boson was
measured using data from pp collisions at 8 TeV collected by the CMS experiment,
corresponding to an integrated luminosity of 19.7 fb−1 . The measurement uses events
containing three charged leptons in the final state. The cross section is measured to
be σ(t`+`−q) = 18+11

−9 (stat) ± 4 (syst) fb, for m`+`− > 50 GeV. where ` stands for
electrons, muons and τ leptons. This value is compatible with the NLO standard
model prediction of 8.2 fb with a theoretical uncertainty of less than 10 %. The tZq
cross section measurement is found to be in agreement with SM with an observed
(expected) significance of 1.8 (0.8) standard deviations.

7.10 Shape Analysis Results

The results reported in Section 7.8 are calculated by simple and robust cut and count
technique. These results are reported in the paper [170] as a cross check to the shape
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analysis result. In the shape analysis a simultaneous fit on the BDT outputs in the
signal region is performed. The number of excess events in the background only hy-
pothesis is compared to the SM expectation for tZq production in order to measure
the cross section. The combined measured cross section of tZq signal is found to be
10+8
−7fb. The corresponding observed and expected significances are 2.4 and 1.8 stan-

dard deviations, respectively, with the expected significance having a one standard
deviation range of [0.4 - 2.7] at 68 % CL.
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Chapter 8

The tZq cross section Measurement at√
s =13 TeV

The cross section of single top quark in association with a Z boson has been measured
at
√
s=8 TeV using CMS data with a significance of 1.8 σ in previous chapter. In this

chapter, the cross section measurement of single top quark production in association
with a Z boson in three lepton(e, µ) final state is presented using data corresponding to
Lint of 36 fb−1 recorded by the CMS detector at an unprecedented centre of mass energy
of 13 TeV. The cross section is measured using a simple cut and count technique. The
cross section is extracted by performing a simultaneous likelihood fit in signal and
background enriched control regions. Theoretical cross section for tZq calculated at
NLO is σ(tZq → Wb`+`−q) = 94.2± 3.1 fb calculated for pp collisions at

√
s = 13 TeV.

The NLO cross section is calculated, considering only the leptonic decays of Z bosons
(to electrons, muons, or tau leptons, generically denoted by `), using the Monte Carlo
(MC) generator MADGRAPH5 aMC@NLO 2.2.2 [95]. The calculation is performed
using the NNPDF 3.0 set of parton distribution functions (PDFs) [161] in the five
flaor scheme. The cross section calculation requires that lepton pair from off-shell Z
boson has invariant mass m`+`− > 30 GeV. The expected cross section is,

σSM(t`+`−q) = 94.2+1.9
−1.8(scale)± 2.5(PDF )fb. (8.1)

The scale and PDF uncertainties are estimated by changing the QCD renormalization
and factorization scales by factors of 0.5 and 2, and by using the 68 % confidence level
(CL) uncertainty on the NNPDF3.0 PDF set. This cross section is used as a reference
in this analysis. Another calculation, including all Z boson decays, gives a compatible
cross section when the branching fraction to charged leptons is taken into account [48].

8.1 Analysis Strategy

Like 8 TeV analysis in the previous chapter, the measurement of production cross
section of tZq in three lepton final state is reported by using the simple cut and count
technique. The signatures of tZq production consists of a single top production in
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t-channel, a Z boson and an additional recoiling jet emitted at pseudorapidivity |η| <
4.5. The Z boson decays in two opposite sign electrons(e+e−) or muons (µ+µ−). The
top quark decays via a W boson and a b quark, while W boson decays to a neutrino and
an electron or muon. With the three leptons in the final state, there are four possible
leptonic combinations µµµ, eee, µµe and eeµ. There is also small contribution from
tau leptons (τ) decaying into electrons or muons.

The tZq cross section is obtained by performing a maximum likelihood fit simultane-
ously on the signal and the background enriched control regions. After the baseline
selection of three leptons, background enriched regions are chosen according to jet
multiplicities. Like 8 TeV analysis, the major backgrounds to tZq process are due to
WZ, tt̄Z and NPL. The three regions used in the analysis are the signal tZq region and
the background enriched control regions (CRs) due to background WZ and tt̄Z. These
regions are defined in Table 8.1. Background enriched control regions are defined to
constrain backgrounds due to NPL, WZ and tt̄Z processes. The maximum likelihood
fit is performed simultaneously in signal region and background enriched CRs.

8.2 Datasets and MC Samples Analysed

The tZq cross section measurement is performed using the full Run II data collected
by the CMS during 2016 at 13 TeV corresponding to 36 fb−1 of integrated luminosity.
The primary datasets, consisting of single and double lepton data streams, used in the
analysis are shown in Table 8.2. For single lepton data streams, at least one lepton
is ensured to be part of the event. Similarly for the double lepton data streams, at
least two leptons are ensured to be present in the event. In 8 TeV analysis, only
double lepton data streams were used. In this analysis, single lepton data stream is
used in addition to double lepton because it might add some additional events in this
statistically limited rare process. The results reported in this chapter are based on the
03Feb2017ReReco datasets. Events of interest are selected by using the golden json
file given in Table 8.3. This json file is applied to ensure high data quality with good
functioning of all subdetectors. This data corresponds to an integrated luminosity of
35.9 fb−1 with uncertainty on luminosity to be 2.6%.

Data is compared to MC simulated events. MC simulated events are used extensively
in the measurement to evaluate detector resolution, the efficiencies and acceptance, and

Table 8.1: Selection criteria defining control regions and signal region.
These regions are divided according to jet multiplicities after the baseline

selection of three leptons.

Regions untag jets btag jets
WZ Control Region >= 1 =0
tt̄Z Control Region >= 1 >= 2
tZq Signal Region = 1 or 2 = 1
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to estimate the contribution from background processes that have topologies similar
to the tri-lepton tZq final state.

The tZq signal samples are generated at NLO precision using the MADGRAPH5
aMC@NLO 2.2.2 package. The two main background processes, WZ+jets and top
quark pair production in association with vector bosons (tt̄Z and tt̄W ), are also sim-
ulated with the same event generator, with upto one additional hadronic jet at NLO.
For other minor background such as ZZ, NLO generators MADGRAPH5 aMC@NLO
and POWHEG v2.0 were used [171, 172, 173, 174]. The PDF set NNPDF 3.0 is used
in all generators. The simulated samples are interfaced to PYTHIA 8.205 [175] with
the CUETP8M1 tune [176] for the parton shower and hadronization. The detector
response is simulated using the GEANT4 package [177]. The events are simulated in
final states that include decays to electrons, muons, and tau leptons. A top quark mass
of 172.5 GeV is assumed. Multiple minimum bias events generated with PYTHIA are
added to each simulated event to mimic the presence of PU, with weights that repro-
duce the measured distribution of the number of PU vertices. The list of simulated
MC samples is given in Table 8.4.

Table 8.2: Primary Datasets used in this analysis are listed, with their
corresponding Runs taken during collisions. PD is an abbreviation for
SingleElectron, SingleMuon, MuonEG, DoubleEG or DoubleMuon.

Datasets Data Runs

/PD/Run2016B-*_ver2-v2/MINIAOD 272007 - 275376
/PD/Run2016C-*-v1/MINIAOD 275657 - 276283
/PD/Run2016D-*-v1/MINIAOD 276315 - 276811
/PD/Run2016E-*-v1/MINIAOD 276831 - 277420
/PD/Run2016F-*-v1/MINIAOD 277772 - 278808
/PD/Run2016G-*-v1/MINIAOD 278820 - 280385
/PD/Run2016H-*_ver2-v1/MINIAOD 280919 - 284044
/PD/Run2016H-*_ver3-v1/MINIAOD
where PD is SingleElectron, SingleMuon, MuonEG,
DoubleEG, DoubleMuon and * stands for 03Feb2017

Table 8.3: Golden JSON file used for 2016 run conditions.

Run period Golden JSON Int. Lumi.
2016 ReReco/Final/Cert_271036-284044_13TeV_ 35.9 fb−1

23Sep2016ReReco_Collisions16_JSON.txt

8.3 Trigger Strategy

The events in this analysis are selected online by two stage CMS triggers, the so called
L1 and HLT triggers as discussed in Section 3.2.6. The L1 trigger is pure hardware
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Table 8.4: MC samples used in the analysis are listed, with their
corresponding cross sections.

Dataset σ×
BR (pb)

tZq_ll_4f_13TeV-amcatnlo-pythia8 0.09418
WZTo3LNu_TuneCUETP8M1_13TeV-amcatnloFXFX-pythia8 4.42965
ZZTo4L_13TeV_powheg_pythia8 0.0374
TTWJetsToLNu_TuneCUETP8M1_13TeV-amcatnloFXFX-madspin- 0.2043
pythia8
TTZToLLNuNu_M-10_TuneCUETP8M1_13TeV-amcatnlo-pythia8 0.2529
WWTo2L2Nu_13TeV-powheg 3.84
DYJetsToLL_M-10to50_TuneCUETP8M1_13TeV- 18610
madgraphMLM-pythia8
DYJetsToLL_M-50_TuneCUETP8M1_13TeV- 6025.2
madgraphMLM-pythia8
TT_TuneCUETP8M2T4_13TeV-powheg-pythia8 831.76

trigger and cut down the rate from 40 MHz to 100 kHz. Events which pass the
L1 decision are transferred to DAQ, a complete and more accurate reconstruction is
performed at the HLT level. Events are selected using single, double and tri-lepton
triggers. The trigger paths which are basically lists of strings that identifies the list of
selection performed at HLT level are given in Table 8.5.

Table 8.5: High Level Trigger triggers used are shown here.

HLT path Trigger type

HLT_Mu8_DiEle12_CaloIdL_TrackIdL_v ME
HLT_Mu8_TrkIsoV V L_Ele17_CaloIdL_TrackIdL_IsoV L_v ME
HLT_DiMu9_Ele9_CaloIdL_TrackIdL_v ME
HLT_Mu17_TrkIsoV V L_Ele12_aloIdL_TrackIdL_IsoV L_v ME
HLT_Ele16_Ele12_Ele8_CaloIdL_TrackIdL_v EE
HLT_Ele23_Ele12_CaloIdL_TrackIdL_IsoV L_DZ_v EE
HLT_TripleMu_12_10_5_v MM
HLT_Mu17_TrkIsoV V L_Mu8_TrkIsoV V L_DZ_v MM
HLT_Mu17_TrkIsoV V L_TkMu8_TrkIsoV V L_DZ_v MM
HLT_Mu17_TrkIsoV V L_Mu8_TrkIsoV V L_v MM
HLT_Mu17_TrkIsoV V L_TkMu8_TrkIsoV V L_v MM
HLT_soMu22_v M
HLT_IsoTkMu22_v M
HLT_Ele27_WPTight_Gsf_v E

A simple ’OR’ logic is followed for the online event selection for all triggers in the
MC samples and an event is accepted if it passes the prescribed HLT paths. For each
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dataset an extra logic is applied to avoid double counting of events in the data as
described in Table 8.6.

Table 8.6: HLT trigger logic used in the analysis.

Dataset Trigger fired

MuonEG EM
DoubleMu MM && !EM
DoubleEG EE && !MM && !EM
SingleMuon M && !EE && !MM && !EM

SingleElectron E && !M && !EE && !MM && !EM

8.3.1 Trigger Efficiency

The trigger efficiency is calculated for both data and simulation. For simulation, the
trigger efficiency is straight forward as there is no trigger bias in simulated events.
To measure the trigger efficiency in data, the procedure described in Ref. [178] is
followed. An unbiased sample collected using MET triggers. Only the events that
passes following trigger paths were recorded on this unbiased sample.

• HLT_PFHT300_PFMET110_v

• HLT_MET200_v

• HLT_PFMET300_v

• HLT_PFMET120_IDTight_v

• HLT_PFMET170_HBHECleaned_v

These triggers are completely uncorrelated with respect to the lepton triggers given
in Table 8.5. Trigger efficiency studies in MC were based on the the signal tZq sam-
ple, corrected for PU and luminosity scale factors. For this analysis, the events that
passes 3 lepton selection are used without applying any jet requirement. The following
equations are used to calculate the trigger efficiencies in data and MC

εData =
No. of events passing Lepton and ~

��E
miss

T triggers

No. of events passing ~
��E

miss

T triggers
,

εMC =
No. of events passing Lepton triggers

Total No. of events
.

The efficiencies and corresponding scale factors are given in Table 8.7. Since the trigger
efficiency is measured to be nearly 100% for both data and MC, so no scale factor is
applied. Assigning a large uncertainty to the trigger efficiency based on the MET
dataset statistics is over conservative. We, therefore, account for an uncertainty of
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1 % on the trigger selection for eeµ and µµµ final states, and 2 % for the eee and µµe
final states.

Table 8.7: Trigger efficiencies after the three lepton selection, for data
and MC. The uncertainties displayed on data and MC are statistical
only. The uncertainties of the last column were estimated using the
largest of the asymmetric uncertainties of the individual efficiencies.

Channel εData εMC εData/εMC

µµµ 1.0000+0.0000
−0.0169 0.9998+0.0001

−0.0002 1.000± 0.017
µµe 0.9907+0.0077

−0.0210 0.9992+0.0003
−0.0004 0.991± 0.021

eeµ 0.9915+0.0071
−0.0194 0.9988+0.0003

−0.0004 0.993± 0.019
eee 0.9833+0.0138

−0.0373 0.9974+0.0006
−0.0008 0.986± 0.037

8.4 Physics Object Selection

The tZq cross section measurement is performed in three lepton final state with two
leptons coming from the Z boson decay while the third lepton from top quark decay via
a W boson and b quark. Therefore in this analysis exactly three leptons (e or µ) are
selected and the event is vetoed if there is additional fourth lepton (e, µ) is the event.
Two out of the three leptons must be same flavored and oppositely charged compatible
to Z boson mass. In addition to three leptons, event should have at least two jets one
of which must be a b-tag jet and MET from W boson decay. The selection criteria of
each of these objects (leptons, jets, and neutrinos) is described in the following.

8.4.1 Muon Selection

In this analysis particle flow muons (PFMuons) have been used from the collection
of global muons. In an event, selection criteria for muons follow the recommendation
by the MUON POG [179]. In this analysis, two working points are considered for
the identification of muons, the loose working point and the tight working point as
described in [180]. Only the muons with |η| < 2.4 and having pT greater than 25 GeV
are considered. The detailed selection criteria for tight as well as loose muons is
illustrated in Table 8.8.

The isolation is calculated using the transverse energy sum of the neutral particles,
charged particles and photons inside a cone with respect to the direction of the target
lepton as described in Section 4.6. The isolation selection is based on the ratio of the
above energy sum to the target muon pT . Tight muon selection is applied together
with a cut of 0.15 on particle flow combined isolation. The working point of tight
isolation value is recommended by the CMS MUON POG [179]. The recommended
cone size used in this analysis is ∆R = 0.4.
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To minimize the contribution from PU, the ∆β correction method has been used.
Within the cone size, the charged candidates which were not compatible with the
primary vertex have been removed from the sum. Furthermore, the contribution of
neutral hadrons from PU is estimated to be half the one coming from charged candi-
dates, and this quantity is subtracted from the total. Finally, the scalar sum is divided
by the muon pT . The general formula for the PU corrected isolation is as follow,

Irel =

∑
pcharge−hadronT +max(

∑
pneutral−hadronT +

∑
pγT − 0.5 ∗

∑
pPUT , 0.)

pµT

where pcharge−hadronT is the sum of the pT of the charged hadrons,
∑
pneutral−hadronT is the

sum of transverse energies of the neutral hadrons,
∑
pγT is the sum of the transverse

energy of photons and
∑
pPUT is the sum of transverse momenta of charged particle

in the cone of interest but which were not originated from the primary vertex i.e. for
pileup corrections.

Table 8.8: Summary of muon identification cuts used in the analy-
sis [179]. In table, there are two columns: "tight WP" and "loose WP".
The "Tight" column refers to the criterion implemented for signal selec-
tion while the "loose" refers to the loose muon selection which is useful

for background prediction.

Cut Tight WP Loose WP
Particle Flow Muon ID isPFMuon isPFMuon
Transverse momentum > 25 GeV >= 10 GeV
|η| < 2.4 <= 2.4
Irel 0.15 <= 0.25
Cone size 0.4 0.4
Cut based ID tight veto

8.4.2 Electron Selection

The electrons used in this analysis are PF electrons. PF electrons are reconstructed
using GSF [119] tracks reconstruction of electrons. Electrons are identified on the basis
of "cut-based" ID as defined by the EGamma POG [181]. Tight and loose cut-based
IDs are used in the analysis. All the recommended cuts for tight electron selection
together with those used to veto additional electrons are mentioned in Table 8.9, also
with additional cuts on the distance of track from primary vertex in the transverse
plane (dxy < 0.05), distance along z-axis (dz < 0.1) and significance of the impact
parameter SIP3D < 4.

For electrons, the ρ corrected isolation with cone size of 0.3 is used to reduce the
pileup effects. Inside the cone size, the expected pileup energy is calculated from mean
energy density per area of pileup impurity (ρ), that is calculated event by event, and
the effective area (Aeff ). The relative electron isolation has been calculated as
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Irel =

∑
pcharge−hadronT +max(

∑
pneutral−hadronT +

∑
pγT − ρ ∗ Aeff , 0.)

pelectronT .

The value of Irel is set to 0.0588 (0.0571) for tight electrons in the barrel (endcap)
regions, and 0.175 (0.159) for veto electrons in the barrel (endcap) regions.

Table 8.9: Summary of cut based electron IDs used in the analysis.
The criterion used for signal selection is referred in column "tight" while
the column "loose" refers to the selection of electrons for background

prediction.

Cut Tight ID Loose ID

Cut based ID tight loose
pT >25 GeV > = 10 GeV
|η| < 2.4 < = 2.5

|∆ηseedin | < 0.00308 < 0.00477
|∆φin| < 0.0816 < 0.222
|σiηiη| <0.00998 < 0.011
H/E <0.0414 <0.298

|1/E − 1/p| <0.0129 <0.241
conversion veto Yes Yes
relIso (endcap) 0.0571 0.159
relIso (barrel) 0.0588 0.175

8.4.3 Jets Selection

The jets are reconstructed by using anti-kT jet-clustering algorithm as discussed in
Section 4.8. FastJet package [182, 183] with cone size of 0.4 is used. The charged
hadrons that does not originate from PV, are excluded from jet-clustering PF candi-
dates. The vertex with the maximum sum of p2

T of its constituent tracks, is selected as
the PV. In addition, a multivariate discriminator is applied to distinguish between jets
coming from the PV and jets coming from pileup vertices. Also the jets are required
to be separated from lepton by requiring a cut on ∆R(`,jet) defined by:

∆R(`,jet) =
√

(η` − ηjet)2 − (φ` − φjet)2.

Loose jet IDs defined in Section 4.8 used to select the jets. The selection criteria of
jets is summarised as:

• PF candidate with anti-kT algorithm

• Loose PF Jet ID

• pT > 30 GeV
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• |η| < 4.5

• ∆R(`,jet) > 0.4

8.4.4 B-tag Jet Selection

The b-tagged jets are identified using CSV algorithm [184, 185]. In this analysis, the
"tight" working point for the CSV output discriminator is used. The tight WP has
approximately 45% efficiency for tagging jets with b quarks and 1% efficiency to tag
jets with only light quarks or gluons. B-tag jet selection cuts are given as:

• CSV discriminator > 0.94 (tight WP)

• |η|< 2.4

• pT > 30 GeV

• ∆R(`,jet) > 0.4

8.4.5 Missing Transverse Energy (~��E
miss

T )

~
��E

miss

T is the summed transverse momenta of produced neutrinos which are not detected

by the CMS detector. ~��E
miss

T reconstruction has been discussed in Section 4.9 .

8.4.6 Pileup re-weighting

The simulated datasets have been generated using the best knowledge of pileup in
the foreseen pp collisions but still lack the reality. For this reason, the multiplicity
of primary vertices in simulation are different from the actual ones in the data. The
simulations are therefore corrected to match the data. The pileup is estimated using
the minimum bias cross section of 69 mb [186]. The multiplicity of PV is used to show
the effects of PU before and after re-weighting as shown in Figure 8.1. The scale factors
derived by using the pileup reweighting procedure are then applied to all distributions
as a weight.

8.5 Non-prompt Lepton Background

Like 8 TeV analysis, the dominant background contributions to the tZq process are
emerging from WZ, tt̄Z, and NPL processes. In case of WZ and tt̄Z, prompt leptons
are in the final state. Therefore both of these are irreducible backgrounds to the tZq
process. Background due to NPL is a reducible background where jets are faking as
leptons. These non-prompt leptons are either from heavy hadrons decay or jets with
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Figure 8.1: Plots of the primary vertex multiplicities in the WZ con-
trol region combined in all four channels. The number of reconstructed
primary vertices are plotted before (left) and after (right) pileup re-

weighting.

such high EM fraction that they propagate through HCAL and leave tracks in the
muon system. These tracks mimic lepton signatures. NPL contribution is mainly from
Z+jets background process. We assume that the Z boson leptons are prompt leptons,
while the third lepton which comes from W boson decay can be a non-prompt-lepton.
There is also little contribution from tt̄ and WW processes to the NPL background.

Data driven estimation of NPL is done due to limited MC statistics. Therefore, the
NPL sample is taken from the data by selecting three tight leptons but the isolation
of the third lepton is inverted. For the case when third lepton is muon the isolation
is inverted with a value greater than 0.25 (i.e. muon iso > 0.25). For the case of the
third electron, the isolation is inverted to a value greater than 0.175 and less than 1
(i.e. 0.175 < electron iso < 1).

For the purpose of non-prompt lepton sample normalization, a separate Z+jets control
region is defined by requiring three tight leptons (e or µ) and at least one light jet in
the event. The isolation of the third lepton (lepton from W) is inverted. Z+jets CR
is described in Table 8.10. MCs used for Z+jets, tt̄ and WW are shown in Table 8.11.
NPL sample is taken from data, these MCs are used only for data to MC comparison
in Z+jets CR and to get idea of individual contribution sof Z+Jets, tt̄Z and WW in
the NPL sample.

The distribution for W boson transverse mass is shown in Figure 8.2. The distribution
is plotted for the case when third lepton is muon (left of Figure 8.2) and for the case
when third lepton is electron (right of Figure 8.2).

The distribution peaks around zero showing that it is fake lepton enriched region. Sim-
ilarly the ~��E

miss

T is plotted for the case of electron (left of Figure 8.3 ) and muon (right
of Figure 8.3). The major contribution is from the Z+jets background and relative
smaller contributions from tt̄ and WW backgrounds. Also the shape comparison of
dominated background and data in NPL enriched region is done in Figure 8.4. Major
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background Z+jets and data both have same shapes in transverse mass distribution
peaking at zero. The distributions for η and pT of the third lepton are also shown
in Figure 8.5 and Figure 8.6 respectively. The validity of Z+jets region is evident
because the Z+jets process is dominant while other NPL processes are suppressed by
the selection criteria applied in this control region.

Table 8.10: Selection criteria for Z+jets CR to estimate contribution
due to the fake leptons.

Non-prompt Lepton Sample Selection
Exactly three tight leptons.

RelIso > 0.25 for third muon coming from W boson.
RelIso > 0.175 and RelIso < 1.0 for third electron coming from W boson.

At least one light jet.
no b-tag jet.

Table 8.11: MCs used for Z+jets, tt̄ and NPL for data to MC com-
parison in Z+jets CR.

Dataset σ×
BR (pb)

DY JetsToLL_M − 10to50_TuneCUETP8M1_13TeV− 18610
madgraphMLM − pythia8
DY JetsToLL_M − 50_TuneCUETP8M1_13TeV− 6025.2
madgraphMLM − pythia8
TT_TuneCUETP8M2T4_13TeV − powheg − pythia8 831.76
WWTo2L2Nu_13TeV − powheg 3.84

Figure 8.2: The W transverse mass in the Z+jets CR is plotted. Left:
The distribution is for the case when third lepton is muon (eeµ and µµµ
channels summed up). Right: The distribution is for the case when third
lepton is electron (µµe and eee channels summed up). The dominant
contribution in NPL sample is from Z+jets background with smaller

contributions from tt̄ and WW processes..
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Figure 8.3: The distribution of ~��E
miss

T in the Z+jets CR. Left: The
distribution is for the case when third lepton is muon (eeµ and µµµ
channels summed up). Right: The distribution is for the case when third
lepton is electron (µµe and eee channels summed up). The dominant
contribution is from Z+Jets sample with smaller contributions from tt̄

and WW processes.

Figure 8.4: Shape comparison of fake MCs (Z+jets, tt̄) and data when
third lepton is an electron (left) and the case when the third lepton is a
muon (right). The distributions are made in the Z+jets control region.

The histograms are normalized to unit area to compare shapes.

8.5.1 Normalization of the NPL Background

MC simulated samples are normalized to the total recorded Lint of the data as described
in Equation 7.3. All the prompt lepton background are normalized this way. But NPL
background sample is taken from data, and therefore the normalization is extracted
from data as well. The normalization is obtained by using the W boson transverse mass
templates in all four (eee, µµµ, µµe, eeµ) channels in WZ CR region. A maximum
likelihood fit is performed independently in all four channels with WZ as a signal.
Background due to NPL is left unconstrained in the fit. The fit gives four normalization
scale factors i.e. one scale factor for each channel. NPL background samples are scaled
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Figure 8.5: The distribution of lepton η when the third lepton is an
electron (left) and the case when the third lepton is a muon (right). The
distribution are obtained with an inverted isolation for the third lepton

coming from W decay.

Figure 8.6: The distribution of lepton pT when the third lepton is an
electron (left) and the case when the third lepton is a muon (right). The
distribution are obtained with an inverted isolation for the third lepton

coming from W decay.

with these scales factors throughout the analysis. Same normalization scale factors are
used in the tZq SR and tt̄Z CR. A final fit is performed simultaneously in WZ CR,
tt̄Z CR and tZq signal region. Since these scale factors are obtained in zero b-tag
jet region (WZ) and are propagated in one b-tag (tZq signal region) and a two b-tag
region (tt̄Z control region), therefore a conservative uncertainty of 50 % is taken on
these SFs in the final fit.

Without this prefit SFs, dealing with NPL background is very difficult. The W bo-
son transverse mass distribution corrected with these scale factors and uncorrected
background for eee, µµµ, µµe and eeµ channels are shown in Figure 8.7, Figure 8.8,
Figure 8.9 and Figure 8.10 respectively.
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Figure 8.7: Distributions of the W boson transverse mass in the WZ
CR for eee channel. Left: without normalization of NPL background.

Right: with normalization of NPL background.

Figure 8.8: Distributions of the W boson transverse mass in the WZ
CR for µµµ channel. Left: without normalization of NPL background.

Right: with normalization of NPL background.

8.6 Event Selection

The basic selection for the analysis is exactly three tight leptons of which two leptons
are compatible with the Z boson decay and the third lepton is from the top quark
decay. Events with additional fourth leptons are vetoed. In the three lepton topology,
the other main backgrounds apart from fakes are WZ and tt̄Z. WZ has exactly three
tight leptons making it an irreducible background. The tt̄Z has both 3 lepton and
4 lepton decay modes but the cross section for the three lepton final state is higher
than that of the four lepton decay mode. In three lepton decays mode of tt̄Z, one top
quark decays hadronically. To study these backgrounds in detail we divide our event
selection in the following three main regions as described in Section 8.1:

• WZ Control Region,



Chapter 8. The tZq cross section Measurement at
√
s =13 TeV 117

Figure 8.9: Distributions of the W boson transverse mass in the WZ
control region for µµe channel. Left: without normalization of NPL

background. Right: with normalization of NPL background.

Figure 8.10: Distributions of the W boson transverse mass in the WZ
control region for eeµ channel. Left: without normalization of NPL

background. Right: with normalization of NPL background.

• tt̄Z Control Region,

• Signal Region.

8.6.1 WZ Control Region

A comparison of pre-selected distributions between the data and simulation is shown in
this section. The pre-selected events are defined in WZ CR as described in Table 8.12.
In this region, light jet greater than zero and zero b-tag jet are required.

The muon and electron multiplicities are shown in Figure 8.11 with data and MC. The
pT of the leading electron combined in four lepton channels is shown in Figure 8.12.
The muon pT for the combined channel is shown in Figure 8.13. Leading light jet pT
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Table 8.12: Selection criteria for WZ control region.

Background Selection for WZ control region.
Exactly three tight leptons.

Veto any additional loose lepton.
Two must be SFOS with Z mass window of 15 GeV.

At least one light jet.
No b-tag jet requirement.

distribution is shown in Figure 8.14. W transverse mass and ~
��E

miss

T in all four lepton
channels and for the inclusive channel are shown in Figure 8.16 and Figure 8.15.

The distributions of di-leptons invariant mass in four possible decay channels of the
tZq process and for the inclusive channel are shown in Figure 8.17 where inclusive
means the sum of the four lepton channels. The invariant mass of the Z bosons shows
a very nice peak with good data to MC agreement. The pT of the Z bosons is shown
in Figure 8.18. The event yield of various channels of tZq measurement in the WZ CR
is shown in Figure 8.19. All these plots have very good data to MC agreement and
validate the object selection performed in the analysis.

Figure 8.11: Electron (left) and muon (right) multiplicities in the
WZ CR. The distributions are for all four lepton channels (µµµ, eee,
eeµ, µµe) summed up. WZ (green) and NPL (blue) are the dominant
backgrounds in this region. The data is visible as black dots. The

bottom panel of the plot displays data to MC ratio.

8.6.2 tt̄Z Control Region

The region enriched with tt̄Z background is called tt̄Z control region. The selection
cuts of this region are given in Table 8.13. There are two top quarks in tt̄Z process
which results in two b-tag jets in the event. The event yield distribution in tt̄Z control
region is shown in Figure 8.20. The distribution for Z boson invariant mass is given in
Figure 8.21.
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Figure 8.12: The electron pT (left) and η (right) distributions in the
WZ CR. The distributions are for all four lepton channels (µµµ, eee,
eeµ, µµe) summed up. WZ (green) and NPL (blue) are the dominant
backgrounds in this region.The data is visible as black dots. The bottom

panel of the plot displays data to MC ratio.

Figure 8.13: The muon pT (left) and η (right) distributions in the
WZ control region. The distributions are for all four lepton channels
(µµµ, eee, eeµ, µµe) summed up. WZ (green) and NPL (blue) are the
dominant backgrounds in this region. The data is visible as black dots.

The bottom panel of the plot displays data to MC ratio.
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Figure 8.14: Leading light jet pT (top-left), η (top-right) and multi-
plicity(bottom) distributions for all four lepton channels (µµµ, eee, eeµ,
µµe) summed up. WZ (green) and NPL (blue) are the dominant back-
grounds in this region. The data is visible as black dots. The bottom

panel of the plot displays data to MC ratio.

8.6.3 Signal Selection

In this region of phase space, the tZq signal is extracted. After the validation of the
selection cuts in the pre-selection region, some additional cuts are applied to select
signal events and to suppress the background events as much as possible. Thus, the
region of phase space defined with additional cuts is called signal region. For the signal
selection, we require three tight leptons for which two must be of same flavor opposite
sign and at least two jets and one of which must be a b-tagged jet. The complete
signal selection criteria is defined in Table 8.14.

The invariant mass distributions for Z boson and top quark for the combined chan-
nel (all four lepton channels summed up) are shown in Figure 8.22. Top quark is
reconstructed by adding four momentum vectors of lepton, neutrino and b-tag jet (see
Section 6.5 for details). The combined channel distribution for pT of the Z boson and
the top quark are shown in Figure 8.23. The events yield of tZq process in the SR
is shown in Figure 8.24. The distributions of W boson transverse mass and ~

��E
miss

T for
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Figure 8.15: Distributions of the ~
��E
miss

T in the WZ CR region for all
four lepton channels (µµµ, eee, eeµ, µµe) and the combined channel.
WZ (green) is the dominant background in all channels. NPL (blue)
background has more contribution in eee and µµe channels where third
lepton is electron as compared to µµµ and eeµ channels. The data is
visible as black dots. The bottom panel of the plot displays data to MC

ratio.
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Figure 8.16: Distributions of the W transverse mass in the WZ CR
region for all four lepton channels (µµµ, eee, eeµ, µµe) and the combined
channel. WZ (green) is the dominant background in all channels. NPL
(blue) background has more contribution in eee and µµe channels where
third lepton is electron as compared to µµµ and eeµ channels. The data
is visible as black dots. The bottom panel of the plot displays data to

MC ratio.
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Figure 8.17: Distributions of the Z invariant mass in the WZ CR
region for all four lepton channels (µµµ, eee, eeµ, µµe) and the combined
channel. WZ (green) is the dominant background in all channels. NPL
(blue) background has more contribution in eee and µµe channels where
third lepton is electron as compared to µµµ and eeµ channels. The data
is visible as black dots. The bottom panel of the plot displays data to

MC ratio.
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Figure 8.18: Distributions of the Z pT in the WZ CR region for all
four lepton channels (µµµ, eee, µµe, eeµ). WZ (green) is the dominant
background in all channels. NPL (blue) background has more contribu-
tion in eee and µµe channels where third lepton is electron as compared
to µµµ and eeµ channels. The data is visible as black dots. The bottom

panel of the plot displays data to MC ratio.
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Figure 8.19: Event yield in the WZ control region. 1st bin shows the
total number of events (sum of all four lepton channels) in this region
while the 2nd, 3rd, 4th and 5th bins are for each of the four lepton µµµ,
eee, µµe and eeµ channels respectively. WZ (green) and NPL (blue) are

the dominant backgrounds in this region.

Table 8.13: Selection criteria for tt̄Z control region.

Background Selection for tt̄Z control region
Exactly three tight leptons and veto fourth loose or tight lepton.
Two must be SFOS within Z boson mass window of 15 GeV.

At least one untagged jet.
At least two b tagged jet.

the combined channels are shown in Figure 8.25. These distribution show that signal
region has limited statistics but the data and simulation agrees within uncertainties.

8.7 Systematic Uncertainties

The following sources of systematical uncertainties are considered in the final fit as
nuisance parameters..

• Jet energy corrections (JER/JES)

• b-tagging

• Lepton Selection (Identification and Isolation)

• Pileup re-weighting,

• Un-clustered ~
��E

miss

T
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Figure 8.20: Event yield in the tt̄Z control region. 1st bin shows the
total number of events (sum of all four lepton channels) in this region
while the 2nd, 3rd, 4th and 5th bins are for each of the four lepton µµµ,
eee, µµe and eeµ channels respectively. tt̄Z is the dominant background

in this region.

Figure 8.21: Distributions of the Z invariant mass in the tt̄Z CR
region for all four lepton channels (µµµ, eee, eeµ, µµe) summed up.
tt̄Z (yellow) is the dominant background with smaller contribution from
NPL (blue) background and signal (red). Because of two b-tag selection,

the distribution has limited statistics.

• Luminosity
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Figure 8.22: Distributions of the Z boson invariant mass (left) and
top quark invariant mass (right) in the SR for all four lepton channels
(µµµ, eee, eeµ, µµe) summed up. The distribution shows nice peaks
around Z mass(left) and top mass (right) with contributions from tZq
signal (red) and NPL (blue) and tt̄z (yellow) as dominant backgrounds.
The data is visible as black dots. The bottom panel of the plot displays

data to MC ratio.

Figure 8.23: Distributions of the pT of Z boson (left) and top quark
quark (right) in the SR for all four lepton channels (µµµ, eee, eeµ, µµe)
summed up. The data is visible as black dots. The bottom panel of the

plot displays data to MC ratio.
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Figure 8.24: Event yield in the siganl region. 1st bin shows the total
number of events (sum of all four lepton channels) in this region while
the 2nd, 3rd, 4th and 5th bins are for each of the four lepton µµµ, eee,
µµe and eeµ channels respectively. Only 92 data events are found after
applying full signal selection cuts with tt̄Z (yellow) and NPL (blue) as

dominant backgrounds.

Figure 8.25: Distributions of the W boson transverse mass (left) and
~
��E
miss

T (right) in the SR for all four lepton channels (µµµ, eee, eeµ, µµe)
summed up. NPL (blue) and tt̄z (yellow) are dominant backgrounds
with significant contribution from tZq simulated signal (red). The data
is visible as black dots. The bottom panel of the plot displays data to

MC ratio.
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Table 8.14: Analysis signal selection criteria

Signal Selection
Exactly three tight leptons and vetoing fourth tight as well as loose lepton

Two must be SFOS with in Z mass window of 15 GeV
At least one or two untagged jet

Exactly one b-tag jet

• Trigger

• Normalization of simulated backgrounds

• Theory Systematics

• PDF

• Factorization and Renormalization

These systematics sources and their contribution to the final result are discussed in
the following subsections.

8.7.1 Jet Energy Corrections (JER/JES)

Corrections and smearing are applied on jets to match the overall energy scale and
resolution of simulation and data as described in Section 4.8. Jet energy corrections
as suggested by POG for Summer16_23Sep2016V4 are applied. The systematic un-
certainties on signal cross section are estimated by varying these SFs within their
uncertainties.

The estimation of the systematic effect of JES/JER uncertainties require repeating

the measurements of all jet and ~
��E

miss

T related kinematical observables for up and down
variations. For the evaluation of uncertainties due to the JES the recipe documented
in [187] is used. Systematic differences in the JER are treated by scaling the difference
of the reconstructed jet pT to the matched generator jet pT as described in Section 7.7.5.
The scale factor are given in Table 4.3.

8.7.2 Unclustered Missing Transverse Energy

Since the main uncertainty in the MET is due to the jet energy calibration which
is already covered in JES uncertainty where the MET is modified according to the
variation of the jet energy calibration. The remaining uncertainties in the MET are due
to electron and muon energy uncertainties and unclustered energy. The contribution
due to unclustered missing energy to MET is calculated by varying the unclustered
energy by 10%.
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8.7.3 Lepton Selection

For the muons, the scale factors recommended by muon POG for "tight" ID and
tight isolation are applied. The uncertainty on these SFs is propagated as systematic
uncertainty. The electron SFs are taken from [188, 189] and the uncertainty on these
SFs is propagated as systematics.

8.7.4 Luminosity

The overall uncertainty of the luminosity for the 2016 data is estimated to be 2.5% [190].

8.7.5 b-tagging

There are eight sources of systematic uncertainties for b-tagging that affect the shape of
the CSVv2 distribution, which are all considered as uncorrelated nuisance parameters
in this physics analysis. These include two types of statistical uncertainties on the
b-,c-, and light-flavor components of the MC event samples, light-flavor contamination
of the b tagging scale factors, and b quark contamination in the mis-tag scale factors.
The b-tagging SFs are varied by ±1 σ of their nominal value.

8.7.6 Pileup

Pileup re-weight SFs are recalculated by varying the minimum bias cross section (69
mb) by ± 4.6% [186]. These recalculated SFs are then applied to simulation. The
difference of nominal and varied samples is calculated and propagated to the fit as log
normally distributed nuisance parameter.

8.7.7 Trigger

Trigger efficiencies are estimated to be 100% in data and simulations. An uncertainty
of 1% has been included for trigger selection for eeµ and µµµ and 2% for the eee and
µµe final states.

8.7.8 Non-prompt Lepton Estimation

The uncertainty on the normalisation of the overall non prompt electrons and muons
yield is conservatively assumed to be 50%. The uncertainty obtained by varying the
isolation inversion cut values with respect to nominal for electrons and muons are
found to be negligible.
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8.7.9 Normalization of Simulated Backgrounds

The cross section of the simulated backgrounds is varied by ± 30% to cover all the
uncertainties at NLO accuracy. This uncertainty is not applied to NPL background
as it is estimated from data.

8.7.10 PDF Uncertainty

Theory uncertainties due to parton density functions used for the modelling of the
backgrounds are estimated only for the tZq process. This is done using the PDF4LHC
recipe described in [191], which combines the MMHT14, CT14, and NNPDF 3.0 PDF
sets. The nominal pdf set NNPDF30_nlo_as_0118 used for signal sample tZq while
the set of error PDFs are taken from PDF4LHC15_nlo_100.

8.7.11 Renormalization and Factorization Scales

The effect of theory uncertainties due to the factorization scale µF and renormalization
scale µR are estimated by varying the µF by a factor 0.5 and 2 at fixed µR then varying
µR by a factor 0.5 and 2 at fixed µF . Two more variations at matrix element-level are
retrieved by varying µF and µR simultaneously by a factor 2 and 0.5. The envelope
of these variations is used as an final uncertainty. This uncertainty is only considered
for the tZq sample.

8.7.12 ME-PS Matching Scale

Other systematic uncertainties from the modelling of simulated events arise from the
matching of matrix-element partons and parton showers in Powheg. The high-pT
radiations during this matching process are regulated by damping real emissions with
a factor of

h2damp
(p2T+h2damp)

. The nominal value for the hdamp parameter was calculated to be

1.58+0.66
−0.59 ×mtop using mtop = 172.5 GeV [192]. The differences between the nominal

and the up/down hdamp variations are estimated using dedicated weighted samples for
which the information are stored in the simulated samples produced by Powheg. In
this analysis, the ME-PS systematic uncertainty is applied for tZq simulated samples.

All these systematics are accounted for nuisance parameters in the fit. For a given
source of systematic uncertainty there is 100% correlation between the four lepton
channels, except for the lepton misidentification where the µµµ and eeµ channels
are 100% correlated and the µµe and eee channels are 100% correlated, due to the
isolation inversion of the lepton candidate from the W decay. The nominal and varied
distributions of some of these systematics are given in Appendix A for the tZq signal
sample and dominant backgrounds process.
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8.8 Results

The analysis is done in three lepton final state with several jet and b-tagged jet mul-
tiplicities. In this physics analysis, it is assured that no bias is introduced into the
measurements. Therefore, the analysis strategy has been established using a blinded
methodology where the cross section measurement procedure has been validated by
using a pseudo dataset. Then the analysis is unblinded to use the real data.

The maximum likelihood procedure explained in Section 6.2 is applied for each lepton
channel (µµµ, eee, eeµ and µµe) separately and for the combination of the four chan-
nels as well. The tool used for fitting is based on the RooStats framework [193, 169].
The results are obtained in terms of signal strength (µ) defined in Equation 7.5. The
expected and observed µ as a function of test statistic is shown in Figure 8.26. The
measured signal sterngth µ is compatible with the expected SM value. The width of
the likelihoods follow very closely the expectations obtained from the Asimov datasets.

th
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Figure 8.26: The variation of likelihood as a function of the µ for the
observation and expectation. The solid curves include both statistical
and systematical errors while dashed curve includes statistical error only.
The horizontal lines are for 68% and 95% confidence level (CL) intervals

for the µ.
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The systematic uncertainties explained in Section 8.7 are set as free parameters in
the fit. Each systematic uncertainty has different effect on the result. Therefore, the
impact of each systematic uncertainty on µ is defined as the shift of ∆µ when θ is fixed
and brought to its ±1σ post-fit values while other systematics are treated as usual:

∆µ = µ̂(θ̂ ±∆θ)− µ̂(θ̂)
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Figure 8.27: The pulls of the nuisance parameters and the influence
of their uncertainty on the maximum likelihood estimation of the tZq

signal strength µ.

The impact of each systematic source in ascending order is shown in Figure 8.27.
It can be see that the uncertainties due to the tt̄Z background cross section and
non-prompt muon have the largest effect followed by those from the renormalization
and factorization scales. In addition to the impact of the uncertainties, the best fit
value of the nuisances after the fit (post-fit) can be different from their initial (pre-
fit) values given as a free parameter in the fit. Some of the nuisances can be pulled
up (down) having larger (smaller) post-fit values while some may not get constrained
in the fit. This difference can be described as (θ̂ − θ0)/∆θ where θ̂ and θ0 are the
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post-fit and the pre-fit values of θ respectively and ∆θ is its uncertainty. The pull
distribution of the nuisances are shown in Figures 8.27, where it can be seen that some
statistical uncertainties are pulled up and down by less than 1 σ. Furthermore, the
nuisance parameters related to the non-prompt electron and WZ background cross
section uncertainty are shifted with respect to their initial values.

The target of the analysis is to measure the cross section of the tZq process with its
statistical significance. In order to extract the the signal strength modifier µ with
its associated 68% CL interval, a simultaneous ML fit is performed in the signal and
control regions in all four lepton channels individually and the combined channel. In
Table 8.15, the event yields for each process after the fit are given. The last column
displays the ratio of the post-fit to pre-fit predictions, Npost−fit/Npre−fit, accounting
for the systematic uncertainties. The post-fit background normalizations are close to
the pre-fit values for most of the background processes.

Table 8.15: The table shows postfit event yields for SM backgrounds
simulated samples as well as Run II 2016 data after the baseline selection

cuts in the tZq signal region

µµµ eee eeµ eµµ Combined Npostfit/
Channel Channel Channel Channel Channel Nprefit

tZq 9.1 ± 3.3 5.4 ± 1.9 5.9 ± 2.1 7.7 ± 2.8 28.1 ± 5.2 -
WZ 3.5 ± 0.2 1.4 ± 0.1 2.7 ± 0.1 2.9 ± 0.1 10.5 ± 0.2 0.95
tt̄Z 6.0 ± 1.1 4.3 ± 0.5 4.7 ± 0.6 5.7 ± 1.1 20.7 ± 1.7 0.98
tt̄W + ZZ 1.3 ± 0.1 1.0 ± 0 1.0 ± 0 1.2 ± 0 4.5 ± 0.1 1.01
Fakes 3.9 ± 1.2 8.3 ± 0.9 5.3 ± 1.6 14.2 ± 1.2 31.7 ± 2.5 0.81
Total 23.8 ± 4.1 20.1 ± 2.3 19.6 ± 3.3 31.7 ± 3.7 95.2 ± 6.8 1.02
Data 27 19 18 28 92

The combined channel best fit value of the signal strength modifier that describes the
data is found to be

µ = 1.66+0.50
−0.45(stat)+0.43

−0.36(syst).

From this signal strength using the reference NLO cross section from Equation 8.1,
the measured cross section is found to be

σtZq(t`
+`−q) = 156+47

−42(stat)+40
−34(syst)fb

for m`+`− > 30 GeV, where ` stands for electron, muon, and tau lepton. The quoted
systematic uncertainty is then calculated as the difference in quadrature between the
68% CL intervals obtained in the nominal fit and in the fit without systematic uncer-
tainties. The precision of the measurement is limited by the statistical uncertainty.

The expected and measured significance calculated using the background-only hypoth-
esis are shown in Table 8.16. The expected significance is estimated from an Asimov
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toy dataset [194]. The observed significance for inclusive cross section is 2.81 σ com-
pared to the expected significance of 1.95 ± 0.09. The most sensitive channel is µµµ
and eeµ i.e. when the lepton from W decays to a muon and neutrino. While the third
electron channel eee and µµe are affected more by fake lepton.

Table 8.16: The table shows the expected and observed significance
of all four lepton and combined channel. The expected significance is
estimated from an Asimov toy dataset. The significance is calculated

using background-only hypothesis.

Channel Expected Significance Observed Significance
- Mean 68% CL 95% CL

µµµ 1.27 ± 0.06 0 - 2.04 0 - 3.01 2.68
eee 0.77 ± 0.03 0 - 1.69 0 - 2.61 0.44
µµe 0.96 ± 0.04 0 - 1.93 0 - 2.77 0.42
eeµ 0.90 ± 0.04 0 - 1.82 0 - 2.79 1.28

inclusive 1.95 ± 0.09 0.95 - 3.02 0 - 4.27 2.81

8.9 Conclusions

The associated production cross section of a single top quark with a Z boson was
measured using data from pp collisions at 13 TeV collected by the CMS experiment,
corresponding to an integrated luminosity of 35.9 fb−1 . The measurement uses events
containing three charged leptons in the final state. The tZq cross section measure-
ment is found to be in agreement with SM with an observed (expected) significance of
2.81(1.95) standard deviation. The cross section is measured to be σ(t`+`−q) = 156+47

−42

(stat)+40
−34 (syst) fb, for m`+`− > 30 GeV. where ` stands for electrons, muons and

τ leptons. This value is compatible with the NLO standard model prediction of
94.2 ± 3.1 fb.

8.10 Shape Analysis Results

The results reported in Section 8.8 are calculated by simple and robust cut and count
technique. These results are reported in the paper [51] as a cross check to the shape
analysis result. In the shape analysis, a simultaneous ML fit is performed on the
W transverse mass distribution in the background enriched sample and on the BDT
outputs in the signal region. The excess of events in the background only hypothe-
sis is compared to the SM expectation for tZq production in order to measure the
cross section. Evidence for tZq production is found with an observed (expected)
significance of 3.7(3.1) standard deviations. The cross section is measured to be
σ(t`+`−q) = 123+33

−31(stat)+29
−23(syst) fb, for m`+`− > 30 GeV, where ` stands for elec-

trons, muons and tau leptons. This value is compatible with the NLO standard model
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prediction of 94.2 ± 3.1 fb. The latest observation results of tZq process (with signifi-
cance greater than five standard deviation) calculated by using CMS data of 2016 and
2017 are reported in the reference [195].
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Chapter 9

Conclusion

A first cross section measurement of single top quark production in association with

a Z boson (tZq), using the data collected by CMS experiment at LHC, is performed.

The data sample corresponds to an integrated luminosity of 19.7 fb−1 at
√
s = 8 TeV

collected during the year 2012. The measurement is performed within the standard

model framework where top quark is produced via the t-channel process. The signa-

ture for tZq production consists of a single top quark, a Z boson, and an additional

("recoiling") jet. The analysis uses events where the Z boson decays to e+e− or µ+µ−,

while the W boson, produced in the decay of top quark, decays to a neutrino and an

electron or a muon, resulting in four possible lepton combinations in the final state

namely: eee, eeµ, µµe, and µµµ. There is also a small contribution from τ leptons

decaying into electrons or muons. A simple cut and count method is used for the

cross section measurement. The main sources of background to the tZq process are tt̄

production, diboson production, ttV (V = W or Z) and Drell-Yan (DY) production.

The backgrounds due to tt̄ and Drell-Yan are estimated from the data, whereas other

backgrounds are estimated from simulation using constraints from data. The cross sec-

tion is measured for each lepton channel and the combined channel (sum of leptonic

channels) by performing a one bin likelihood fit to the event yields in the signal region.

The cross section for the combined channel is measured to be σ(t`+`−q) = 18+11
−9 (stat)

±4 (syst) fb, for m`+`− > 30 GeV, where ` stands for electrons, muons and τ leptons,

with an observed and expected significance of 1.81 and 0.81 standard deviation respec-

tively. This measured value is compatible with the NLO standard model prediction of

8.2 fb with a theoretical uncertainty of less than 10%.
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With the high centre of mass proton-proton collision energy of 13 TeV at the LHC,

together with large integrated luminosities, the cross section measurement of tZq pro-

cess is repeated to improve upon the previous 8 TeV results. The dataset used in the

cross section measurement is collected during the year 2016 and corresponds to an inte-

grated luminosity of 35.9 fb−1 . The measurement is performed for each of four lepton

channels (µµµ, eee, µµe, eeµ) and the combined channel using a simple cut and count

method. The dominant backgrounds to the tZq process are due to non-prompt lepton

(tt̄, Drell-Yan), WZ and tt̄Z. To constrain the backgrounds, two control regions are de-

fined, each containing different contributions from signal and background processes. A

simultaneous fit to the data in the signal and control regions is performed to extract the

cross section. The cross section is measured to be σ(t`+`−q) = 156+47
−42(stat)+40

−34(syst)

fb, where ` stands for electrons, muons and τ leptons. This value is compatible with

the NLO standard model prediction of 94.2 ± 3.1 fb. The measurement is in agreement

with the SM with an observed (expected) significance of 2.81(1.95) standard deviation.

The CMS Silicon tracker module operates in peak and deconvolution readout modes.

Because of the short readout time in deconvolution mode, the alignment procedure

introduces a shift in silicon sensor position. A backplane correction is measured to

correct the misalignment of the sensor position. It is validated that the backplane

corrections works fine with 2017 CMS data.
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Appendix A

Systematics Uncertainties Plots

A.1 Systematics plots for 13 TeV Analysis
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Figure A.1: Systematic uncertainty on the ~��E
miss

T distribution due to
nominal and varied PU SFs for all four lepton channels (µµµ, eee, eeµ,

µµe) on the tZq signal sample.
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Figure A.2: The effect of the muon efficiency systematic uncertainty

on the ~
��E
miss

T distribution for all four lepton channels (µµµ, eee, eeµ,
µµe) on the tZq signal sample.
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Figure A.3: Systematic uncertainty on the ~��E
miss

T distribution due to
nominal and varied lepton trigger SFs for all four lepton channels (µµµ,

eee, eeµ, µµe) on the tZq signal sample.
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Figure A.4: The effect of the electron efficiency systematic uncertainty

on the ~
��E
miss

T distribution for all four lepton channels (µµµ, eee, eeµ,
µµe) on the tZq signal sample.

Figure A.5: Systematic uncertainty on the b-tag multiplicity due to
nominal and varied b-tagging SFs distribution for all four lepton chan-

nels (µµµ, eee, eeµ, µµe) on the tZq signal sample.
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Figure A.6: Systematic uncertainty on the jet multiplicity distribution
due to nominal and varied jet energy scales for all four lepton channels

(µµµ, eee, eeµ, µµe) on the tZq signal sample.
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Figure A.7: The effect of the JER systematic uncertainty on the jet
multiplicity distribution for all four lepton channels (µµµ, eee, eeµ, µµe)

on the tZq signal sample.
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Figure A.8: Systematic uncertainty on the ~��E
miss

T distribution due to
nominal and varied unclustered missing transverse energy for all four

lepton channels (µµµ, eee, eeµ, µµe) on the tZq signal sample.
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Figure A.9: The effect of the PU systematic uncertainty on the ~��E
miss

T

distribution for all four lepton channels (µµµ, eee, eeµ, µµe) on the WZ
background sample.
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Figure A.10: Systematic uncertainty on the ~
��E
miss

T distribution due
to muon efficiency SFs for all four lepton channels (µµµ, eee, eeµ, µµe)

on the WZ background sample.
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Figure A.11: The effect of the lepton trigger systematic uncertainty

on the ~
��E
miss

T distribution for all four lepton channels (µµµ, eee, eeµ,
µµe) on the WZ background sample.
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Figure A.12: The effect of the electron efficiency systematic uncer-

tainty on the ~��E
miss

T distribution for all four lepton channels (µµµ, eee,
eeµ, µµe) on the WZ background sample.

Figure A.13: B-tagging systematic uncertainty on the b-tag multi-
plicity distribution due to nominal and varied b-tagging SFs for all four
lepton channels (µµµ, eee, eeµ, µµe) on the WZ background sample.
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Figure A.14: Systematic uncertainty on the jet multiplicity distribu-
tion due to nominal and varied JES SFs for all four lepton channels

(µµµ, eee, eeµ, µµe) on the WZ background sample.

0 1 2 3 4 5 6
Light Jet Multi

0

200

400

600

800

1000

E
ve

nt
s

Up

Nominal

Down

eee channel
 (13 TeV)-135.9 fb

CMS
Thesis

0 1 2 3 4 5 6
Light Jet Multi

0

500

1000

1500

2000

E
ve

nt
s

Up

Nominal

Down

 channelµµµ
 (13 TeV)-135.9 fb

CMS
Thesis

0 1 2 3 4 5 6
Light Jet Multi

0

500

1000

1500

2000E
ve

nt
s

Up

Nominal

Down

 channelµee
 (13 TeV)-135.9 fb

CMS
Thesis

0 1 2 3 4 5 6
Light Jet Multi

0

500

1000

1500

2000

2500

E
ve

nt
s

Up

Nominal

Down

e channelµµ
 (13 TeV)-135.9 fb

CMS
Thesis

Figure A.15: Systematic uncertainty on the jet multiplicity distribu-
tion due to nominal and varied JER SFs for all four lepton channels

(µµµ, eee, eeµ, µµe) on the WZ background sample.
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Figure A.16: The effect of the unclustered MET systematic uncer-

tainty on the ~��E
miss

T distribution for all four lepton channels (µµµ, eee,
eeµ, µµe) on the WZ background sample.
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Figure A.17: PU systematic uncertainty on the ~
��E
miss

T distribution
due to nominal and varied PU minimum bias cross section for all four

lepton channels (µµµ, eee, eeµ, µµe) on the tt̄Z sample.
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Figure A.18: Systematic uncertainty on the ~
��E
miss

T distribution due
to nominal and varied muon efficiency SFs for all four lepton channels

(µµµ, eee, eeµ, µµe) on the tt̄Z background sample

Figure A.19: The effect of the lepton trigger systematic uncertainty

on the ~
��E
miss

T distribution for all four lepton channels (µµµ, eee, eeµ,
µµe) on the tt̄Z background sample.
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Figure A.20: The effect of the electron efficiency systematic uncer-

tainty on the ~��E
miss

T distribution for all four lepton channels (µµµ, eee,
eeµ, µµe) on the tt̄Z background sample.

Figure A.21: B-tagging systematic uncertainty on the b-tag multi-
plicity distribution due to nominal and varied b-tagging SFs for all four
lepton channels (µµµ, eee, eeµ, µµe) on the tt̄Z background sample.
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Figure A.22: Systematic uncertainty on the jet multiplicity distri-
bution due to nominal and varied jet energy scale for all four lepton

channels (µµµ, eee, eeµ, µµe) on the tt̄Z background sample.
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Figure A.23: The effect of the JER systematic uncertainty on the
jet multiplicity distribution for all four lepton channels (µµµ, eee, eeµ,

µµe) on the tt̄Z background sample.
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Figure A.24: Systematic uncertainty on the ~
��E
miss

T distribution due
to nominal and varied unclustered missing transverse energy for all four
lepton channels (µµµ, eee, eeµ, µµe) on the tt̄Z background sample.
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A.2 Systematics plots for 8 TeV Analysis

Figure A.25: Systematic uncertainty on the Z mass distribution due
to nominal and varied PU minimum bias cross section for all four lepton

channels (µµµ, eee, eeµ, µµe) on the tZq signal sample.
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Figure A.26: Systematic uncertainty on the Z mass distribution due
to nominal and varied PU minimum bias cross section for all four lepton

channels (µµµ, eee, eeµ, µµe) on the tt̄Z background sample.

Figure A.27: Systematic uncertainty on the Z mass distribution due
to nominal and varied PU minimum bias cross section for all four lepton

channels (µµµ, eee, eeµ, µµe) on the WZ background sample.
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