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Abstract

The Large Hadron Collider (LHC) is a top-quark factory, the large number of the top-
quarks are produced which can be used to measure various properties of the top-quark
with a much higher precision. This thesis describes the single-top-quark t-channel in-
clusive and differential cross-section measurements in a proton-proton collisions at a
center-of-mass energy of 8 TeV using lepton+jets in the final state. The results for the in-
clusive cross-section and the differential cross-section measurements are based on a data
set which corresponds to an integrated luminosity of 19.7 fb−1 recorded with the CMS
detector at the LHC. The measured inclusive production cross-section of the t-channel
single-top-quark is:

σt−ch. = 83.6± 2.3 (stat.)± 7.4 (syst.) pb.

The measured single t and t production cross-sections in the t-channel is:

σt−ch.(t) = 53.8± 1.5 (stat.)± 4.4 (syst.) pb,

σt−ch.(t) = 27.6± 1.3 (stat.)± 3.7 (syst.) pb.

The measured cross-section ratio, top-quark(t) and the anti-top-quark(t), when separated
on the basis of charged lepton at

√
s = 8 TeV is:

Rt−ch. = σt−ch.(t)/σt−ch.(t) = 1.95± 0.10 (stat.)± 0.19 (syst.),

and the measurement of CKM matrix element,

| fLvVtb| = 0.979± 0.045 (exp.)± 0.016 (theo.),

comes out to be in good agreement with the standard model predictions. The single-top-
quark differential cross-section measurements as a function of the top-quark pT and |y|
are performed. The differential cross-section measurements are essential for the compari-
son of the QCD predictions in the standard model. The measured normalized differential
cross-sections come out to be in a remarkable agreement with the various theoretical pre-
dictions.
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Introduction

Particle physics is a field of science which investigates the basic principles behind matter
and its interaction. The recent developments in the field of science and technology has
made it possible to build the high energy particle accelerators and then use them as a tool
to look deep into the mysteries behind the matter, its interactions and the creation of new
particles at higher and higher energies.

The world biggest particle accelerator, The LHC, is situated at CERN near France-Swiss
border, began operating at the end of year 2008 by smashing the two proton beams at a√

s = 7 TeV. The LHC will be operating later at a higher center-of-mass energy of 14 TeV
with an instantaneous luminosity of 1034 cm 2 s−1. We have seen, from the physics re-
sults derived from the data delivered by LHC at

√
s = 7, 8 TeV, that it has done quite a

marvelous job by reproducing quite a number of different physical results from various
previous experiments at TeV energy scale.

The first experimental evidence of the top-quark was made by the CDF and DØ exper-
iments at the FNAL in which proton and anti-proton beams were brought into colli-
sions [1]. Although, the top-quark was discovered about 20 years ago but its proper-
ties are still investigated at higher precision. The existence of the top-quark was made
by Kobayashi and Maskawa in 1973 [2, 3] along with a quark of lighter mass known
as b-quark which was later discovered in the year 1977. There are two modes for the
production of the top-quark, the strong interaction and electroweak interaction. In the
strong interaction the top-quark are produced in pairs and in electroweak interaction we
have have either a top or anti top-quark. The single top-quark can be produced in three
possible modes, i.e., via t-channel, s-channel and tW in association with W-boson. The
t-channel has the largest production cross-section. The first experimental evidence for the
top-quark was seen in pair production while in the year 2009 the CDF and DØ collab-
oration gave the first experimental results of the single-top-quark [4]. The LHC started
running in the year in 2010, the higher center-of-mass energy available for colliding par-
tons makes the LHC a top-quark factory by producing about 1 tt̄ pair event per second
and about 30 single-top-quark events per minute. During the early running of the LHC,
there was enough early data delivered by LHC to ATLAS [5] and CMS [6] experiments
to re-discover the top-quark pair production. Similarly the electroweak signatures of the
single-top-quark were also seen by the ATLAS and the CMS experiments [7, 8].

This thesis consists of the inclusive production cross-section (CMS-TOP-PAS-12-038) and
the differential cross-section (CMS-TOP-PAS-13-004) measurements of the single-top-quark
in the t-channel with lepton+jets (µ/e) in the final state using the data collected by the
CMS experiment in the year 2012 at a

√
s = 8 TeV. The measurement of the inclusive

t-channel production cross-section and the ratio of cross-sections, (t to t), comes out to

1



be in a very good agreement with the standard model predictions [9]. The natural step
forward would be to study the normalized differential cross-section as a function of some
kinematic variables related to the single-top-quark. The differential cross-section mea-
surement helps us to compare the various theoretical models with the measurement. In
this thesis, the normalized differential cross-section as a function of the top-quark pT and
|y| are presented. The various models implemented in POWHEG, aMC@NLO and Com-
pHEP are compared with the CMS data [10].

The top-quark is the most heaviest quark in the three known quark families. Due to the
large mass of the top-quark 173.1 ± 1.1 GeV1 [11] it decays before it can form a bound
state, thus the single-top-quark processes can be used to study the properties of bare
quark. A study of the single-top-quark production modes and their properties are very
interesting because the production takes place via exchange of W-boson and this gives us
an opportunity to study the Wtb vertex. The production cross-section is directly propor-
tional to CKM matrix element |Vtb| 2 and it gives us a direct access to measure the CKM
matrix element Vtb. The standard model of elementary particle predicts the value of Vtb ≈
1 and any deviation of Vtb from unity will hint towards a new physics or physics beyond
the standard model, e.g., 4th generation of quarks. The study of the single-top-quark will
give us a chance to probe into anomalous couplings and FCNC. The single-top-quark
production also serves as a major backgrounds to Higgs and SUSY searches. Moreover,
the number of top-quarks produced is greater than the number of anti-top produced due
to the valance quark distribution in colliding partons. An interesting quantity in this
regard is the ratio of cross-section, t to t. This quantity depends on the PDF of valance
quarks and from this measurement PDF fitters will have an insight to constrain the par-
ton density functions.

The structure of thesis is as follows: The thesis starts with an introduction to the standard
model of particle physics, motivations to study the top-quark physics and the main results
of the thesis. Chapter 1 gives a brief history, production and properties of the top-quarks.
Followed by a description of the LHC and the CMS detector in Chapter 2. In Chapter 3,
the event generation, simulation and reconstruction of the single-top-quark is described
and a comparison between the simulations from CompHEP and PowHEG are given, also
an introduction to the tools used during the analysis are presented. Chapter 4 describes
the selection performed on lepton, jets, E/T, mT which are used for the reconstruction
of the top-quark are presented. Chapter 5 describes the results on the inclusive cross-
section measurements, ratio of cross-sections and the systematics uncertainties quoted on
the measurement. Chapter 6 describes the measurement of normalized differential cross-
section as a function of the top-quark pT and |y| which is based on the neural network
separation of signal from background processes. In Chapter 7, the results obtained for
the inclusive and differential cross-sections are listed with summary and outlook to fu-
ture developments are presented in the final section.

1Natural units (} = c = 1), are used else where.
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Chapter 1

Theoretical Perspective

1.1 The Standard Model of Elementary Particles

The standard model [12–22] is a name given to a mathematical framework based on quan-
tum mechanics and relativity that describes all the known fermions and all the forces
except gravity. The theory was established in early 70’s and with the passage of time, the
theory has done really well by explaining many interesting experimental results and there
are large number of phenomenon which are predicted by this theoretical frame work and
have experimentally verified. It provides an elegant way to describe the particles and the
fundamental interactions among them. It describes how the elementary particles interact
with each other. The interaction can be described by a Lagrangian, which is a function
that describes the dynamics of the theory behind the standard model of particle physics.
Irrespective of the fact the standard model of particle physics explains many phenomenon
beautifully but the theory does not incorporate gravity nor it explain open questions like
nature of dark matter, dark energy, neutrino oscillations and matter anti-matter asymme-
try. It also does not explain why there are only three generations of quarks and lepton
which such a huge differences in their mass. The standard model of particles physics will
serve as a basis for building more exotic models such as Super-Symmetry, String Theory,
Grand Unification Theories and the Theory of Large Extra Dimensions.

The foundation and formulation of the standard model was done in 1960’s and 1970’s in
a way to combine the combine the electromagnetic and weak interactions. According to
the standard model all the elementary particle gain masses via Higgs mechanism, these
include the mass of W, Z-bosons and all the fermions. With the discovery of W and
Z-bosons at CERN in 1981 the electroweak theory became a widely accepted theory and
their masses were found to be in very good agreement with the standard model predic-
tions. Also, the discovery of Higgs boson in 2012 by ATLAS and CMS collaborations is
an another success story of the standard model of particle physics.

In the standard model there are two categories in which the particles can be placed,
fermions and bosons. Fermions are the constituents of matter and have a half-integer
spin, e.g., 1

2 . The bosons are the carrier of the forces and have integer spin, e.g., 1.
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Chapter 1. Theoretical Perspective 1.1. The Standard Model of Elementary Particles

Table 1.1: The fundamental forces and their characteristics

Force Couples Rel. Strength Force-Carrier
Strong force force between protons 100 gluon

and neutrons inside nucleus
Electromagnetic force force between charges 1 photon

(electricity and magnetism)
Weak force involved in radioactive decay 10−11 W±, Z
Gravitational force force between masses 10−36 graviton

Fundamental Forces and Interactions

In the present world where we live in, there are four types of fundamental forces present
namely the gravitational force, the electromagnetic force, the weak force and the strong
force. Out of these four fundamental forces, three of them have been very well incorpo-
rated in the standard model of particle physics and are well tested, where as the gravi-
tational force, described by the general theory of relativity, has not been included in the
standard model of particle physics. Since the gravitational force becomes more and more
important as the mass of interacting bodies increases and the gravitational effects become
more and more effective. Where as for the other three forces they dominate on nuclear
scale and therefore we can neglect their effect on large scale masses.

The mediator of the force between two masses has not yet been observed but is given a
name Graviton. The Graviton is supposed to be a spin = 2 particle. Interactions between
the electrically charged particles are described by the QED [23–28]. In QED the mediator
of electromagnetic interaction is a mass-less photon and it is due to the zero mass of
the photon which makes the range of electromagnetic force infinite. The theory which
describes the interaction between the quarks and gluon is known as QCD. The QED and
QCD are well verified and tested in various experiments and the experimental results are
in well agreement to the predictions made by them.

In the standard model the mediator of electroweak force are two gauge bosons, the W-
boson and the Z-bosons which are quite massive as compared to the mass of photon or
gluon for the QED and QCD. It is due the large mass of these mediators which limits the
range of weak force to the dimensions of a nucleus. This force is also known as Weak
Nuclear Force. Due to this weak force the quarks change their flavor from one to anther
type with the exchange of W-boson, as a result the weak interaction are not identical to
the mass eigenstates. The force carrying bosons gluons, photons, W and Z-bosons have
spin = 1, since they represent a vectorial fields, where as the Higgs boson has a spin = 0
and it corresponds to a scaler field. As discussed earlier, the gravition of spin = 2 particle
corresponds to a tenorial field.

Fermions

The particles obeying the Pauli exclusion principal are known as fermions, i.e., two par-
ticles cannot share the same quantum mechanical state. They have half integer spin s
= 1

2 and follow the Fermi-Dirac statistics. According to the standard model of particle
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Chapter 1. Theoretical Perspective 1.1. The Standard Model of Elementary Particles

Table 1.2: The three generations of the quarks and leptons with their mass, charge e =
1.602176487× 10−19C. The uncertainties are quoted on the muon and electron masses are of the
order of 10−8 and 10−6 MeV.

Generation Quark Flavor Fermion Symbol Charge Mass [MeV]
up quark u +2

3 1.5 - 3.3
Ist down quark d -1

3 3.5 - 6.0
electron lepton e -1 0.511
e-neutrino lepton νe 0 < 2×10−6

charm quark c +2
3 (1.27 +0.07

−0.11)× 103

2nd strange quark s -1
3 104 +26

−34
muon lepton µ -1 105.658
µ-neutrino lepton νµ 0 < 0.190
top quark t +2

3 (173.1±1.3)× 103

3rd bottom quark b -1
3 (4.20+0.17

−0.07)×103

tau lepton τ -1 1776.84 ± 0.17
τ-neutrino lepton ντ 0 < 18.2

physics there are twelve elementary particles. The six leptons and six quarks which are
categorized in three families. Each family consist of a up quark, down quark, a charged
lepton and the neutrino associated with the charged lepton. The standard model predicts
only three lepton and quark family. Every member of the quark or lepton family has the
corresponding anti fermion which has the same properties but opposite charge. It has
been observed that all the visible matter is composed of particles belonging to first family.
The properties of leptons and quarks are summarized in Table 1.2. The higher genera-
tions of fermions are produced in upper atmosphere during the collisions of high energy
cosmic rays with the molecules present in the atmosphere or they can be produced in
the collider experiments. The masses of fermions increases as one moves towards higher
generations. The particles which have larger mass decays into particles which are lighter
in mass. According to the standard model the neutrinos are massless. Several experi-
ments have observed that the neutrinos can change the flavor and therefore they have
mass [29–31]. This requires an extension [32,33] of the standard model of particle physics
by including all the new results. Bare quarks do not exist. They always form a bound
state with other quarks. These bound states are known as Hadrons.

The hadrons can be further classified into baryons which consists of three quarks, each
quark is of different color. The mesons which consist of quark-anti quark pair and each
quark is of different color, as a result mesons are also colorless. In order to satisfy the
Pauli exclusion principal quarks are given a quantum number which is known as color
quantum number (red, blue, green) [34–36]. When ever we try to separate a quark-anti-
quark pair a sort of new color flux tube is formed between the two separating quarks.
Now the energy stored in the flux tube is sufficient to produce a quark-anti quark pair.
This process continues until all the quarks pair-up to form jets of hadrons. All hadrons
are colorless. This is also known as color confinement.
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Chapter 1. Theoretical Perspective 1.2. Electroweak Decay

Bosons

The bosons do not obey the Pauli exclusion principal and follow the Bose-Einstein statis-
tics. They have integral spin s = 0, 1, 2. Bosons are force carriers and each interaction
mediates its force via gauge bosons. The classical example is the interaction between two
electrons and force is mediated via a photon. The photon is a massless and charge less
spin-1 gauge boson. Where as the electroweak interaction is mediated via W, Z-gauge
bosons. The W-boson has a charge ±1, where as the Z-boson is neutral. Unlike the pho-
ton these gauge bosons are not massless. The W-boson has a mass of 80.398 ± 0.0025 GeV
and Z-boson has a mass of 91.188 ± 0.002 GeV. Gluons which are the mediators of strong
interactions are massless and have color charge and this results in a eight different possi-
ble combinations. The four forces and the properties of the mediators of these forces are
given in Table 1.3.

Table 1.3: The three standard model forces, gauge bosons, masses and their charges [37].

Force Mediator Symbol Charge Mass[GeV]
Strong 8 gluons g 0 0
Electromagnetic photon γ 0 0
Weak W W± ±1 80.398 ± 0.003
Weak Z Z0 0 91.188 ± 0.002

1.2 Electroweak Decay

One of the four fundamental forces in nature is the electroweak force. It has a unique
property that particles change their flavor via exchange of W-bosons. As a result the
eigenstates are identical with the mass eigen states of electroweak interaction. The CKM
matrix is a unitary 3 × 3 matrix which gives the probability of transitions of different
mass eigen states to the weak eigen states [2, 3]. The CKM matrix is given by:d′

s′

b′

 =

Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb

d
s
b

 . (1.2.1)

The CKM matrix in general describes that coupling of two quarks, e.g., t and a b-quarks
to a W-boson. The values of the matrix elements keeping the unitarity of CKM are given
by [38]:

VCKM =

0.97428± 0.00015 0.2253± 0.0007 0.00347+0.00016
−0.00012

0.2252± 0.0007 0.97345+0.00015
−0.00016 0.0410+0.0011

−0.0007
0.00862+0.00026

−0.00020 0.0403+0.0011
−0.0007 0.999152+0.000030

−0.000045

 . (1.2.2)

The CKM matrix clearly explains that a quark can decay by changing its flavor to another
family, but this probability is very small, where as the probability of a quark to decay to
its own family is maximum. Thus for example the top-quark decaying to a b-quark is
most probable. The decay of the top is an electroweak decay t→Wb and in weak decays
the ‘parity’ is not conserved. Parity is a discrete transformation such that p̂ψ → −ψ.
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Chapter 1. Theoretical Perspective 1.3. Top-quark Physics

The law of parity conservation states that the physics should remain unchanged upon
the reversal of space axis. The strong and electromagnetic interaction respect the law of
parity conservation but weak interaction does not obey this law of parity conservation.
Any spinor can be written as the super position of left hand and right hand chiral states:

ψ = ψL + ψR. (1.2.3)

The chiral states are those states which cannot be mapped onto one another by any linear
or rotational transformation. In terms of projection operators the wave function can be
written as:

ψ = PRψ + PLψ, where PR = 1/2(1 + γ5), PR = 1/2(1 + γ5). (1.2.4)

In QED/QCD the interaction vertex is of the form jα ∝ ūαγµuα. However in the most
general form of the interaction between a fermion and boson is a liner combination of
bilinear covariants. For an interaction corresponding to the exchange of a boson or spin-1
particle the possible linear combination of bilinear co-variants is a vector and an axial-
vector. The vector plus axial form of the weak interaction has been ruled out by various
experiments [39]. In general vector-axial vertex is of the form jµ ∝ ūνe(γ

µ−γµγ5)ue where
γµ denotes the Dirac matrices and γ5 is the Chirality operator. In the standard model
the W-boson couples only to left hand component of particles and left hand component
of anti-particles. In the ultra relativistic limit ‘Chiral States’ corresponds to the ‘Helicity
States’. The helicity is the projection of spin onto to its momentum vector, mathematically
can be written as:

h =~σ · p̂, with p̂ =
~p
| ~p | . (1.2.5)

The helicity operator has the eigen values ±1. The helicity is positive when the spin and
momentum vectors are in the same direction and negative when spin and momentum
vector are in opposite direction. The two modes can be termed as right handed and left
handed polarization. The Longitudinal polarization takes place when the spin of the par-
ticle is perpendicular to its direction of motion. These states are not the eigen states of
the helicity operator. The helicity is an experimentally measurable quantity and it shows
the angular distribution in the decay of particles while the chirality is a quantum number
which can not be measured directly in a detector.

1.3 Top-quark Physics

The first experimental signature of the top-quark was made by CDF and DØ experiments
in a proton anti proton collisions [1]. Ever since the top-quark has been discovered, its
properties have been studied in great detail and with high precision. The mass of the
top-quark is the most interesting quantity and the most recent value obtained from the
CDF and DØ combination which yields a value of 173.1 ± 1.3 GeV [11]. It is the most
heaviest known quark discovered so far. The mass of the top-quark and Rhenium atom
(atomic number Z = 75) are of the same size or 40 times the mass of b-quark. Due to the
large mass, it was also considered once that it might not be one of the isospin partner
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Chapter 1. Theoretical Perspective 1.4. Top-quark Pair Production

of the b-quark. As the top-quark is also heavier than the W-boson so it can decay into
t→Wb, and its decay to its isospin partner the b-quark has almost 100% branching ratio.
From this branching ratio it may be inferred that, the standard model which assumes
that there are only three quark family, the Cabibbo Kobayashi Maskawa matrix element
(CKM) |Vtb| is close to one. The top’s heavy mass opens up a large phase space for its
decay to heavy states, such as Wb, Zq, H 0,±q etc. Also the mass of the top-quark is close
to electroweak symmetry scale (v ≈ 246 GeV), v is the vacuum expectation value. The
Yukawa coupling to Higgs field (gY = mT

v/
√

2
) is close to one, it could play an important

role in electroweak symmetry breaking [40, 41] or giving rise to some alternative mech-
anisms through which elementary particles may acquire mass. It can be assumed that
any new physics in Electroweak Symmetry Breaking (EWSB), models would be coupled
preferentially to the top-quark. Since the top-quark is quite massive as compared to the
other member of the quark family one can argue whether it is an ordinary quark or an
exotic?

Due to the large mass, the lifetime of the top-quark is really very short. It decays into
other particles before it can form a QCD bound state. The time scale is very short as
compared to the the typical time scale needed for the formation of QCD bound states.
As a result, the top-quark decays before hadronization takes place and therefore offers an
opportunity which one can use to study the properties of a single quark, passing its spin
information on to its decay products. Thus it is possible to measure a physical observable
that depends on the top-quark spin, providing a unique opportunity to test standard
model predictions and physics beyond the standard model searches.

Table 1.4: A historical overview of the top-quark searches in various experiments at e+e−and pp.

Year Collider Particles Limit on mT [GeV] References
1979-84 PETRA (DESY) e+e− > 23.3 [42–55]
1987-90 TRISTAN (KEK) e+e− > 30.2 [56–60]
1989-90 SLC (SLAC), LEP (CERN e+e− > 45.8 [61–64]
1984 SppS (CERN) pp > 45.0 [65]
1990 SppS (CERN) pp > 69.0 [66, 67]
1991 TEVATRON (FNAL) pp > 77.0 [68–70]
1992 TEVATRON pp > 91.0 [71, 72]
1994 TEVATRON pp > 131 [73, 74]
1995 TEVATRON pp 174 ± 10+13

−12 [1]
1995 TEVATRON pp 174+19

−21 ± 22 [75]

1.4 Top-quark Pair Production

In the following section, the theoretical aspects for production of the top-quark pair pro-
duction will be discussed briefly. The detailed theoretical discussions on the top-quark
pair production can be found in the Refs. [76–78]. In the standard model the dominant
production mechanism of the top-quark is via strong interaction. The top-quark is so
heavy that the mass of the top-quark becomes larger than the ΛQCD. Mathematically the
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Chapter 1. Theoretical Perspective 1.4. Top-quark Pair Production

total inclusive top pair production initiated by pp or pp at a center-of-mass energy, can
be written as [79, 80]:

(a) (b) (c) (d)

Figure 1.1: Leading order Feynman diagrams of the tt̄ pair production at hadron colliders (a)
represents the top quark pair production via quark anti quark annihilation and (b) - (d) represents
the top pair production via gluon fusion.

σpp→tt̄(s, mT) = ∑
i, j= q, q̄, g

∫
dxidxj fi(xi, µ2

f ) f j(xj, µ2
f )× σ̂ij→tt̄(ρ, m2

T, µ f , µ2
r , αs), (1.4.1)

where the summation indices i and j presented in the equation 1.4.1 runs over all the
partons qq, gg, qg. The xi, xj are parton momentum fractions with respect to the col-
liding quarks, fi(xi, µ2

f ), f j(xj, µ2
f ) are the parton density functions (PDF), µ f , µr are the

factorization and re-normalization scales respectively, αs is the strong coupling constant,
ŝ ≈ xixjs is the partonic center-of-mass energy and ρ = 4m2

T/
√

ŝ. The minimum amount
of energy required to produce tt̄ at rest is ŝ = 4m2

T therefore the xixj = ŝ/s ≥ 4m2
T/s. From

the Fig. 1.2 the probability of finding a given quark momentum fraction x decreases by
increasing the value of x. The typical value of xixj can be inferred by setting xi ≈ xj ≡ x
gives the values for x where the tt̄ production takes place:

x = 2mT/
√

s (1.4.2)

= 0.190 Tevatron
√

s = 1.80 TeV,

= 0.180 Tevatron
√

s = 1.96 TeV,

= 0.035 LHC
√

s = 10 TeV,

= 0.025 LHC
√

s = 14 TeV.

For the typical values of x in case of Tevatron the parton density function for the valance
quarks (u, d) is much larger than that of gluon see Fig. 1.2. This explains the fact why the
quark-anti quark dominates the tt̄ production at Tevatron, where as for the typical values
of x for LHC energies the gluon parton density function is larger than the valance quarks
parton density function. Consequently the tt̄ production via gluon fusion dominates at
LHC energies. The cross-sections for the hard parton-parton process can be calculated by
applying Feynman rules to the diagrams shown in Fig. 1.1. The leading order differential
cross-section for the top-quark pair production via quark anti quark annihilation is given
by:
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dσ̂

dt̂
(qq̄→ tt̄) =

4πα2
s

9ŝ4

[
(m2

T − t̂)2 + (m2
T − û)2 + 2m2

Tŝ
]

. (1.4.3)

Similarly the leading order tt̄ pair differential cross-section via gluon fusion is given by:

dσ̂

dt̂
(gg→ tt̄) =

πα2
s

8ŝ2

[
6(m2

T − t̂)(m2
T − û)

s2 −
m2

T(ŝ− 4m2
T)

3(m2
T − t̂)(m2

T − û)

+
4
3
(m2

T − t̂)(m2
T − û)− 2m2

T(m
2
T + t̂)

(m2
T − t̂)2

+
4
3
(m2

T − t̂)(m2
T − û)− 2m2

T(m
2
T + û)

(m2
T − t̂)2

− 3
(m2

T − t̂)(m2
T − û)−m2

T(û− t̂)
ŝ(m2

T − t̂)2

− 3
(m2

T − t̂)(m2
T − û)−m2

T(t̂− û)
ŝ(m2

T − t̂)2

]
. (1.4.4)

where ŝ, t̂ and û are the Mandelstam variables of the partonic processes.
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Figure 1.2: The MSTW2008 next-to-leading-order (NLO) parameterization for quark, anti-quarks
and gluons momentum densities in a proton as a function of the longitudinal momentum fraction
x at µ2

f = 10 GeV and at µ2
f = 10,000 GeV [81].

Table 1.5: The tt̄ production cross-section at next to the leading order, which includes the gluon
re-summation corrections at various energies for Tevatron and at LHC for mT = 175 GeV. The
quoted result includes PDF uncertainty.

σNLO( pb) gg→ tt̄ qq̄→ tt̄
Tevatron(

√
s = 1.8 TeV, pp) 5.19 ±13 % [82] 10% 90%

5.24 ± 6% [83] 10% 90%
Tevatron(

√
s = 1.8 TeV, pp) 6.10 ± 13% [82] 15% 85%

6.77 ± 9% [83] 15% 85%
LHC (

√
s = 14 TeV, pp) 833 ± 15% [84] 90% 10%

1.5 Single-top-quark Production

The single-top-quark production is mediated by electroweak interaction as compared to
the tt̄ production which is mediated via strong interaction. There are three possible modes
in which single-top-quark can be produced via s-channel, t-channel and tW-associated
production. The tree level Feynman diagrams for the single-top-quark production is
shown in the Fig. 1.3.
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(a) (b) (c) (d)

Figure 1.3: The tree level Feynman diagrams for the single-top-quark in a proton proton or proton
anti-proton colliders. The diagrams (a), (b), (c) - (d) represents the single-top-quark production
via s, t and tW respectively.

(a) (b) (c)

Figure 1.4: The next to leading order Feynman diagrams of the single-top-quark production via
s-channel.

The single-top-quark production has a unique feature that in all the possible production
modes has the Wtb vertex and thus single-top-quark production gives the best possibility
to probe this vertex and to measure the |Vtb| directly. The modes of single-top-quark
production can be distinguished from each other on the basis of Q2 of W-boson, i.e.,
Q2 = −q2 where q is the four momentum of the W-boson. For s-channel q2 > 0 for
t-channel q2 < 0 and for associated production q2 = m2

W.

s-channel Production

The s-channel production of the single-top-quark has the smallest cross-section at the
LHC. The time like W-boson is produced via quark anti quark annihilation in the s-
channel. Since the colliding particles in case of LHC are protons which do not have anti-
quark as their valance and this quark has to be the sea quark as a result the s-channel
cross-section is very small when compared to the other modes of production.

Figure 1.3(a) and the Fig. 1.4 represents the leading order and next to the leading order
Feynman diagrams for the production of single-top-quark via s-channel respectively. The
NNLO s-channel production cross-section of the single-top-quark for various energies is
given in the Table 1.6
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Table 1.6: The NNLO s-channel production cross-section at LHC for mT = 173 GeV and using
MSTW2008 NNLO PDF, the first uncertainty is from scale variation 1

2 mT < µ < 2mT and the
second is from the PDF at 90% C.L. [85].
.

s-channel (LHC) t t Total
7 TeV 3.14± 0.06+0.12

−0.10 1.42± 0.01+0.07
−0.06 4.56± 0.07+0.18

−0.17
8 TeV 3.79± 0.07± 0.13 1.76± 0.01± 0.08 5.55± 0.08± 0.21
14 TeV 7.87± 0.14+0.31

−0.28 3.99± 0.05+0.14
−0.21 11.86± 0.19+0.45

−0.49

t-channel Production

The single-top-quark production via t-channel is the most dominating production pro-
cess. It has the largest production cross-section. Due to the large production cross cross-
section of the single-top-quark via t-channel it is one of most important electroweak pro-
duction processes which can be studied at the LHC and because of its large production
cross-section the measurement of |Vtb| will therefore has less statistical uncertainty. Fig-
ure 1.3(b) shows the LO and Fig. 1.5 represents the NLO production of single-top-quark
in t-channel. The NLO is a 2→3 process in which a gluon splits into bb̄. The initial
b-quark contributing in the production process comes from gluon splitting. This is called
W-gluon fusion. The other b-quark in the final state is a 2nd b-quark known as spectator
quark. This 2nd b-quark has a very soft transverse momentum and it is found along the
beam directions in an experiment, care must be taken in the t-channel that this second
b-quark is separated from the b-quark coming from the decay of the top-quark and it is
not selected as b-jet. The leading order differential cross-sections of t-channel is given
by [86–92].

Table 1.7: The NNLO t-channel production cross-section at LHC for mT = 173 GeV and using
MSTW2008 NNLO PDF, the first uncertainty is from scale variation 1

2 mT < µ < 2mT and the
second is from the PDF at 90% C.L. [85].

t-channel (LHC) t t Total
7 TeV 43.0+1.6

−0.2 ± 0.8 22.9± 0.5+0.7
−0.9 65.9+2.1+1.5

−0.7−1.7
8 TeV 56.4+2.1

−0.3 ± 1.1 30.7± 0.7+0.9
−1.1 87.2+2.8+2.0

−1.0−2.2
14 TeV 154+4.0

−1.0 ± 3.0 94+2.0+2.0
−1.0−3.0 248+6.0+5.0

−2.0−6.0

This 2nd b-quark when treated massless, the resulting scheme is known as 5 Flavour
scheme (5FS) which leads to singularities in the collinear of the spectator b-quark and we
can remove these singularities by introducing the parton density function of the spectator
quark. On the other hand taking the b-quark as a massive particle the resulting scheme is
4 Flavor scheme [93]. The single-top-quark production cross-section at various energies
for the LHC experiment are given in Table 1.7.
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(a) (b) (c) (d)

Figure 1.5: Next to the leading order Feynman diagrams for the t-channel single-top-quark pro-
duction.

Associative Production (tW)

The production of single-top-quark in association with a W-boson has the second largest
production cross-section at LHC. The s-channel and t-channel are well understood theo-
retically while tW, the associative production, is not known with higher precision. Nev-
ertheless tW-channel contributes 20% to the total production cross-section of the single-
top-quark. In this process a real W-boson is produced along with the single-top-quark.

The predicted NNLO production cross-sections for the tW-channel at various LHC ener-
gies [85] are given in Table 1.8. The processes t+W− and t−W+ has the same production
cross-section. The leading order production of the tW is well defined but at NLO in QCD
there are large corrections due to the presence of possible Feynman diagrams shown in
the Fig. 1.7. At the NLO there are some real and virtual corrections to the LO Feynman
diagrams but these diagrams also contribute to the tt̄ production at the LO with decay
of the tt̄. Especially there is large contribution when the mbW → mtop. Thus at LO there
is a well defined production cross-section for σtt̄ and σtW, where σtW < σtt̄. At NLO the
σtW gets a large correction due to the presence of interference diagrams from tt̄ processes.
The interference problem between the tW and tt̄ can be solved by introducing the two ap-
proaches namely Diagram Removal (DR) and Diagram Subtraction (DS). The difference
between them measures the tW- tt̄ interference.

Table 1.8: The associated production cross-sections of single-top-quark measured at 7, 8 and
14 TeV at LHC.

Associated Production (LHC) 7 TeV 8 TeV 14 TeV
7.8± 0.2+0.5

−0.6 pb 11.1± 0.2+0.3
−0.7 pb 41.8± 1.0+1.5

−2.4 pb

In diagram removal (DR) one removes all diagrams that enter tt̄ production at the am-
plitude level thus the interference with LO top pair production is completely removed.
The removal of these diagrams can lead to the violation of electroweak and QCD gauge
invariance.

In diagram subtraction (DS), which is a bit more complicated than the Diagram Removal,
the tt̄ contribution is removed at the cross-section level where the cross-section is modified
with a local subtraction term which in principal removes the top pair contribution. The
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Figure 1.6: t-channel production section and measured cross-section at the ATLAS, CMS, CDF
and DØ experiments plotted against the

√
s = 7 and 8 TeV (upper left), pT distribution of the top-

quark at a
√

s = 1.96 TeV (upper right). Lower right and left shows the pT distribution of the top
and anti top-quark in the t-channel at

√
s = 7 and 8 TeV [85].

DS is based on the narrow width approximation. This process of subtracting the cross-
section is gauge invariant. Schematically, this can be written as:

σab→tW = σab − σsubt
ab , (1.5.1)

where σab represents the final state of associated production while the σsubt
ab removes the

possible contribution coming from the tt̄ pair.

1.6 Top-quark Decay and Spin Polarization

The top-quark is the heaviest quark known. Due to the large mass, the top-quark decays
into other lighter particles before the bound state formation takes place. The top-quark
is 35 times heavier than the next heaviest quark which makes the top-quark even more
interesting. With a mass above than the mass of a q-quark and W-boson the decay of the
top-quark is expected to be a two body decay. The standard model assumes that the top-
quark decay to Wbis almost 100%. Neglecting the terms of order m2

b/m2
T, α2

s and those
of order (αs/π)m2

W/m2
T in the decay amplitude the standard model predicts the decay

width of the top-quark to be [94]:
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(a) (b) (c)

Figure 1.7: Next to the leading order Feynman diagrams for the associated production (tW) of the
single-top-quark

Γtop =
GFm3

T

8π
√

2

(
1−

m2
W

m2
T

)2(
1 +

2m2
W

m2
T

)
×
[

1− 2αs

3π

(
2π2

3
− 5

2

)]
, (1.6.1)

Γtop = 1.40 GeV⇒ τtop ≈ 5× 10−25 s, (1.6.2)

Γtop = ΛQCD ≈ 3× 10−24 s. (1.6.3)

The decay width of the top-quark is proportional to the mass and it changes from 1.02 GeV
for mtop = 160 GeV to 1.56 GeV for mtop = 180 GeV. Due to the short life time of the top-
quark, which is orders of the magnitude smaller than the typical hadronization timescale,
the top-quark decays before it can form a bound state. Because of its short life time the
top-quark decaying products retain the spin information. This feature turns out to be a
powerful tool to study the vector-axial coupling structure of the Wtb vertex. In t-channel
single top quark production, the top-quark are almost 100% polarized due to the vector
minus axial structure of the weak interaction. Consequently if there are any new physics
model or is there any deviation in the standard model physics the top-quarks polariza-
tion will be effected. A significant contribution has been made by the CDF experiment to
study the polarization in t-channel [95]. Due to the limited amount of the statistics the
precision was not sufficient to exclude the hypothesis of opposite polarization to the one
predicted by the standard model.

The top-quark spin asymmetry is used as a probe to study the top-quark coupling struc-
ture. The top-quark spin asymmetry is given by:

Al ≡
1
2
· pT · αl =

N(↑)−N(↓)
N(↑) + N(↓) , (1.6.4)

where pT is the transverse momentum of the top-quark, N(↑)/N(↓) represents the num-
ber of charged leptons aligned or oppositely aligned with the direction of the spectator
quark which is recoiling against the single-top-quark produced in an event and αl rep-
resents the degree of correlation of its angular distribution with respect to the top-quark
spin. The value of αl is exactly equal to one in the standard model. The vector minus
axial coupling produces angular correlations in the decay products. Figure 1.8 shows the
differential distribution of cos(θ∗) in the muon (electron) channel. The angle θ is the angle
between the charged lepton, stemming from the decay of the top-quark, and the spin axis
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Figure 1.8: The single-top-quark polarization in t-channel in the muon (electron) channel [96].

of the top-quark in the top-quark rest frame. For all the contributing background pro-
cesses to t-channel polarization the distribution of the cos(θ∗) is almost flat. This plays a
pivotal role to discriminate the signal and background. The measurement comes out to
be in a good agreement with the standard model predictions.
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Chapter 2

Introduction to Experiment

In the following, a general introduction to the LHC [97] and the CMS experiment [98]
are presented. The LHC accelerator and the CMS detector located at French-Swiss border
near Geneva. There are four major experiments which are operating at the LHC:

• ATLAS (A Toroidal LHC ApparatuS) [99]

• CMS (Compact Muon Solenoid) [98]

• LHC-b (Large Hadron Collider beauty) [100]

• ALICE (A Large Ion Collider Experiment) [101]

There are two general purpose detectors, ATLAS and CMS, the other two experiments
LHC-b and ALICE are dedicated detectors studying the b-physics and heavy ion physics
respectively. Figure 2.1 shows the four experimental sites along the LHC ring. The CMS
experiment is one of the major purpose detector being operated at the LHC ring near the
village of Cessey, France which is taking data of both the proton-proton and the lead-lead
collisions.

2.1 The Large Hadron Collider - LHC

The LHC accelerator was completed at CERN and first proton beam was injected in the
beam pipe in September, 2008. The LHC ring uses the former Large Electron Positron
Collider (LEP) tunnel with 27 km circumference. The main physics goal is the search for
Higgs boson, the only missing piece of the standard model, and the testing of the stan-
dard model at the TeV energy scale. The LHC will be operating at a

√
s = 14 TeV for

proton-proton collision and
√

s = 5.5 TeV for heavy ion collisions with an instantaneous
luminosity of 1034 cm 2 s−1 and 1028 cm 2 s−1 respectively. Figure 2.1 shows the schematic
view of the CERN accelerator complex. The protons, before they are pumped into the
main LHC ring for the acceleration, are passed through a complex chain of accelerators.
The protons are obtained from the ionization of a hydrogen gas with the help of duo-
plasmatron. The protons from the duoplasmatron are than accelerated by 100 kV and
are passed to the radio frequency quadrupole RFQ. This RFQ than accelerates the pro-
tons beam up to 750 KeV before they are ready to be injected to Linear Ion Accelerator
(LINAC2). From the LINAC2 the protons are than injected into the Proton Synchrotron
Booster(PSB) which further accelerates the beam of protons to 1.4 GeV. PSB than shoots
the accelerated beam to Proton Synchrotron (PS) which in turn further accelerates the
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Figure 2.1: The CERN accelerator complex showing the various parts of the machine.

beam to 25 GeV. From PS the beam is than injected to Super Proton Synchrotron (SPS)
which accelerates the particles to an energy of 450 GeV before it is injected to the main
LHC ring where it is accelerated up a 6.5 TeV. To achieve the design luminosity for
proton-proton collision two beams with 2800 bunches are injected into the beam pipe
with 25 ns gap. To keep the particles in track 1232 Niobium-Titanium superconducting
dipole magnets producing a field of 8.3 T are used. These super conducting magnets
are cooled with the help of liquid helium at a temperature of about 1.9 K. At nominal
luminosity the energy stored in each beam is more than 350 MJ and this is two orders of
magnitude more than any other machine. In general the mathematical expression giving
the number of collisions in each second at LHC is given by:

Nevent = Lσevent, (2.1.1)

where σ is the cross-section for the event and L gives the instantaneous luminosity de-
livered by the LHC accelerator. The luminosity of the machine depends of the beam
parameters and is given by:

L =
N2

bnbfrevγr

4πεnβ∗
F, (2.1.2)
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where the parameters in the equation; Nb is the number of particles per bunch, nb is
the number of bunches per beam, frev is the frequency of revolution, γr is the relativistic
gamma factor, εn is the normalized beam emittance, β∗ is the beta function at the in-
teraction point and F is the luminosity reduction factor due to the crossing angle at the
interaction point, which mathematically can be written as:

F =
√
(1 + (

θcσz

2σ∗

2
)). (2.1.3)

Table 2.1: The designed parameters for the LHC accelerator [102].

Parameter Designed value
Circumference 26.7 km
Beam energy at injection 0.45 TeV
Dipole field at 7 TeV 8.33 T
Beam energy at collision 7.04 TeV
Luminosity 1034 cm 2 s−1

Beam current 0.56 A
Protons per bunch 1.1× 1011

Nominal bunch spacing 24.95 ns
Normalized emittance 3.75 µm
Total crossing angle 300 µrad
Energy Loss per Turn 6.7 KeV
Radiated power per beam 3.8 kW
Stored energy per beam 350 MJ
Operating temperature 1.9 K

2.2 Compact Muon Solenoid

One of the general purpose detector, the CMS, is located near the village of Cassey, France.
One of major purpose of the CMS detector is the discovery of the Higgs boson and Super
symmetric particles. The golden channel to be studied for the discovery of Higgs boson
is its decay to four muons and two photons in the final state. The high luminosity and
short bunch spacing of LHC beam demanded a sophisticated detector. The CMS detector
is a very compact when compared to another general purpose detector ATLAS which has
more than twice the volume of CMS. The CMS detector has an excellent muon system
assisted by central tracking detector and solenoid produces a magnetic field twice large
as used by ATLAS. This allows the accurate particle momentum measurement. Figure 2.3
below shows perspective view of the CMS detector.

The overall dimensions of the CMS detector are 22 m in length 15 m in diameter with a
total mass of 12500 tons. The coordinate conventions are as follows: The interaction point
which lies in the middle of barrel part of the CMS where the two beams collide is referred
as the origin of the coordinate system. The x-axis points radially inward to the center of
the LHC ring. The z-axis points along the direction of the beam pipe and the y-axis points
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Figure 2.2: The schematic layout of the LHC tunnel which is the same tunnel which was used by
the LEP experiment. There are eight sectors of the machine and 4 collision points. The ATLAS
experiment is situated at point 1, CMS experiment is located at point 5, ALICE experiment is
located at point 2 and LHC-b experiment is located at point 8. In between those points the radio
frequency, collimation, beam dumping and momentum collimation systems are installed.

vertically to the surface. The azimuthal angle φ is measured in the x-y- plane from x-axis.
In the y-z-plane the angle θ is measured from z-axis. The rapidity and pseudorapidity
are the two additional quantities which are very useful in the describing an event in the
experimental particle physics apart from cartesian and polar co-ordinates. The rapidity
is defined as:

y =
1
2

ln
(

E− pz

E + pz

)
. (2.2.1)

For a hadron collider the number of particles per unit area in a given rapidity interval
is a constant quantity and rapidity is also a Lorentz variant quantity if the motion is
considered along the beam directions. The pseudorapidity of a particle in detector can be
mathematically like:

η = − ln
(

tan
θ

2

)
. (2.2.2)

In the high energy limit and the particle being massless the rapidity transforms into
pseudorapidity, pseudorapidity has an advantage over the rapidity that only θ is needed
to describe the pseudorapidity of a particle. More details of CMS experiment can be
found in [103, 104].
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Figure 2.3: Longitudinal view of the CMS detector at CERN, very close to the beam pipe lies
the tracking system of the experiment, than comes the electromagnetic and hadronic calorimeters
which are built inside the superconducting solenoid. The muon system lies at the most outer part
of the detector.

2.2.1 Tracking System

The tracking system is the heart of the CMS experiment, the state of the art tracker
system is designed in such a way that it provides an efficient and precise measurement
of trajectories of charged particles produced during a high energy collisions as well as
the precise reconstruction of secondary vertices in the LHC collisions. The momentum
of a charged particle can be calculated from the curvature of the track produced in the
tracker. The resolution of the momentum measured from the track is given by:

σpT

pT
=

8× pT

0.3× B× L2 σs, (2.2.3)

where B is the magnetic field, L is the path length and σs is the measure of uncertainty on
the sagitta. Also the relative momentum of the particle is proportional to the σpT times
the σs, the sagitta uncertainty. Figure 2.5 shows the pictorial view of how the momentum
is measured from the curvature of charged particle in the tracker. The whole tracking
system is fully immersed in the solenoidal magnetic field with a total length of 5.8 m and
a diameter of 2.5 m. The Tracking system is designed to take the huge particle flux com-
ing for the LHC collisions. The CMS tracker consists of about 20000 silicon sensors with
a total area of 210 m2 having a diameter and length of about 2.4 m and 5.4 m respectively
thus its acceptance is up to η < 2.5. Tracker is located directly around the interaction
point therefore it receives a very high particle flux. At LHC, per bunch crossing around
1000 charged particles will hit the tracker at the radius of about 4 cm therefore at such a
distance the tracker has to be radiation hard. The inner tracker mainly consist of silicon
pixel detector and silicon strip sensors. The whole system is surrounded by 4 T homoge-
neous magnetic field [105].
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Figure 2.4: (a) The total data recorded at CMS during the total running of LHC since 2008 (b) total
luminosity delivered and recorded in the year 2012 at

√
s = 8 TeV

The pixel tracker is subdivided into two parts: First, three cylindrical barrels located at
radii of 4.4, 7.3 and 10.2 cm around the interaction point with a length of 53 cm. Second,
on each side of the barrel two discs complement the tracker at z = ± 32.5 and ± 46.5 cm.
Therefore, for every charged particle with η < 2.5 hitting the tracker, three high precision
space points will be measured. The pixels have a cell size of 100×150 µm 2.

The silicon strip tracker surrounds the pixel tracker. Here the inner and outer part is
different. The inner barrel (TIB) consists of four layers ranging from 20 cm to 55 cm and
covering |z| < 65 cm. Three tracker inner discs (TID) are located at each end in the region
of 65 cm < |z| <110 cm. The inner strip tracker measures four spatial points for each
trajectory. The resolution for a single point is 23 to 34 µm. The inner part is surrounded
by the tracker outer barrel (TOB) comprising 6 layers, which extend from 55 to 116 cm in
radius and ±118 cm in z. The barrel part takes out 6 measurements with a single point
resolution in between 35 and 53 µm. Finally the outer tracker is completed by 9 endcap
discs (TEC) on each side ranging from 124 cm < |z| < 282 cm and 22.5 cm < r < 113.5 cm.

2.2.2 Electromagnetic Calorimeter – ECAL

The electromagnetic calorimeter, ECAL, of the CMS detector is made up of a very dense
lead tungstate PbWO4 scintillating crystals. The material for the ECAL is chosen because
of the fact that lead tungstate crystal has radiation hardness up to 10 M rad and has a
very fast response time within 25 ns. There are about 61200 crystals installed in the barrel
part and about 7342 crystals are installed in each of two end caps of the CMS detector.
The scintillation light produced due to these crystal is very low, for the amplification of
the light emitted by the crystal is done by using the photo diodes. For amplification in
the barrel region, two silicon avalanche photodiodes (APDs) are used. For the endcap
region due to the high radiation instead of APDs, vacuum phototriodes (VPTs) are used.
One vacuum phototriode is attached at the back of each crystal. The energy resolution of
ECAL is described by:
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Figure 2.5: A pictorial view of momentum measurement from the tracks in magnetic field.
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where S is the stochastic term, N is the noise term and C is the constant term [106].
The stochastic term is mainly stemming from lateral shower containment, photo-statistics
and from the energy fluctuations are measured in the pre-shower detector. The noise
term originates from the unavoidable electronic noise present in every detector. The
constant term has its main origin from the non-uniform behavior of the longitudinal light
collection. The calibration errors of the detectors and flow of energy from the crystals also
contributes to the constant term. The Electromagnetic calorimeter of the CMS detector
can be sub divided into two regions, the ECAL endcap and the barrel regions.

Endcap ECAL

The endcap ECAL is located 3.4 m away from the interaction point and is located on the
either side of barrel and covers a pseudorapidity range 1.479 < |η| < 3.0. The endcap
crystals are larger in size as compared to the size of barrel ECAL crystals. The endcap
ECAL crystal is 28.62 × 28.62 mm2 while the size of barrel ECAL crystal is 22 × 22 mm2.
There are 7324 installed in each endcap and are grouped together in a unit of 5×5 crystals
known as super clusters. The each endcap is made up of 276 standard super-clusters and
36 partial super-clusters.

Barrel ECAL

The barrel ECAL consists of 61200 crystals and each crystal has a cross-sectional area of
0.0174 × 0.0174 in the η− φ plane. The barrel ECAL covers up to a pseudorapidity range
|η| < 1.479. There are 360 crystals along any circle in φ and 170 crystals along any length
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Figure 2.6: A slice of Compact Muon Solenoid experiment at LHC.

in the z direction. The crystals are joined together to form a submodules and than these
submodules are joined together to form modules. Each module than contains 400 to 500
crystals depending on its position in η. These modules are further joined together into
super-modules. Each super module then contains 1700 crystals.

(a) (b)

Figure 2.7: (a) Crystals from ECAL endcap with vacuum photo triodes attached at their back (b)
the geometrical layout of one quarter of the electromagnetic calorimeter of the Compact Muon
Solenoid experiment presenting the arrangement of crystal modules, super-modules, endcap and
the pre-shower [106].

ECAL Pre-shower

During the high energy collision large number of short lived particles are produced which
decay into photons and those photons are in turn detected in the ECAL of the CMS
detector. There are also neutral pions produced during the collisions which are likely
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to decay into two photons. These photons are very close to the beam pipe or in high
eta region. The ECAL is not able to separate these two photons coming very close to
each other as a result the two photons are treated as one entity. To solve this problem,
a pre-shower detector is placed in front of ECAL to prevent such false signals. The pre-
shower has much finer granularity than the ECAL where the detector strips are 2 mm
wide as compared to the ECAL crystals where the separation is 3 cm. The pre-showers
cover up to 1.653 < η < 2.6. The pre-shower is made of two planes of lead followed
by a silicon detectors. A high energy photon when strikes the lead layer it produces
an electromagnetic shower containing the electron-positron pairs which can be easily
detected by the silicon detector. The two pre-shower detectors installed at the both ends
of the CMS detectors use 8 square meters of silicon for the detection of electron hole pairs.
The dimensions of each silicon detectors are about 6.3 cm ×6.3 cm ×0.3 mm and divided
into 32 strips and arranged to cover the whole ECAL crystals. The total circumference of
the pre-shower detector is about 2.5 m with a 50 cm whole diameter for the beam pipe.

2.2.3 Hadron Calorimeter – HCAL

The hadron calorimeter of the CMS detector is built to measure the energies of the
hadrons produced during the collisions. Additionally it provides indirect measurement
of non interacting uncharged particles such as Neutrinos. Measuring these particles is
important because they hint towards the existence of new particles such as Higgs boson
or any super symmetric particles. Figure 2.8 shows the longitudinal view of the HCAL
detector for CMS Experiment. The HCAL can be further subdivided into hadron barrel
(HB) and hadron endcap (HE). The HCAL sits behind the tracker and electromagnetic
calorimeter as seen from the interaction point. However a portion of Hadron Barrel is
restricted between the outer radius of ECAL and inner radius of the magnetic coil. The
outer radius to which the ECAL extends is 1.77 m and the inner radius of magnetic coil
is 2.95 m when measured from the point of interaction. Thus the Hadron outer is placed
after the solenoid and Hadron Forward HF is placed 11.2 m from the interaction point IP
providing a coverage in η from 3 to 5.2.

The hadron barrel and endcap sampling calorimeters are made from several layers ab-
sorbers made from brass and tiles made of dense 3.7 mm thick Kuraray SCSN81 plastic
scintillators. The absorber material which consists of brass, which has a short interaction
length which is used effectively for the detection of missing transverse energy [107]. The
hadron barrel (HB) being installed inside the magnetic coil, and covers the pseudorapid-
ity range up to η < 1.3. The hadron outer (HO) is located at the outer vacuum tank of
the magnetic coil and covers a range up to |η| ≤ 1.26. The hadron endcap (HE) covers
the pseudo-rapidity range up to 1.3 ≤ |η| ≤ 3.0, hadron barrel covers up to 3.0 ≤ |η| ≤
5.0. The HB is further subdivided into HB+ and HB-. Each of HB+/HB- consists of 36
identical azimuthal wedges. The HCAL has a certain resolution which is given by the
following equation: (

σ2
E

E

)2

≈
(

100% ·
√

E√
E

)2

+ (5%)2 . (2.2.5)
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(a)

Figure 2.8: The Longitudinal view of one quarter of the detector in the rη - plane, showing the
positions of the HCAL parts: hadron barrel (HB) detector, hadron endcap (HE) detector, hadron
outer (HO) detector, and hadron forward (HF) detector [106].

2.2.4 Superconducting Magnetic Coil

The Superconducting magnetic coil is one of the central part of the CMS detector which
produces a magnetic field of 4 T which is 100,000 times stronger than the earth’s mag-
netic field. The strong magnetic field is used to bend the charged particles and than the
momentum is measured from the curvature of the track. More energetic the particle is,
lesser it has the radius of curvature hence large momentum. The geometry of the magnet
used is solenoidal and produces a uniform magnetic field around the interaction point
when a current of 19.5 kA flows through it, the momentum resolution is given by [108]:

δp
p
≈ 10% at p = 1 TeV. (2.2.6)

2.2.5 Muon System

The muon detection is one of the most important task which the CMS detector performs.
The muons, charged particles like electrons but having more mass as compared to elec-
trons, are expected to be produced in decay of particles which are not known to the
physics world. One of such examples is the decay of standard model Higgs boson to 4
leptons and leptons in this case being muons. The muon being least interacting particle,
therefore the muons detectors are stationed at the outer most layer of the CMS detector.
The muon system of the CMS experiment plays an important role in the muon identifi-
cation and triggering. Muon system consists of the three different types of sub-detectors,
Cathode Strip Chambers (CSC), Drift Tubes (DT) and Resistive Plate Chambers (RPC).
The Resistive Plate Chambers along with the Drift Tubes (DT) detectors are installed in
the barrel region to give the space and timing information. The CSC detectors are in-
stalled along with the RPC in the endcap region to give the timing information. The CMS
muon system is shown in the Fig. 2.9.
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Figure 2.9: The layout of one quadrant of CMS experiment with four DT stations in Barrel region
shown in green (MB1 - MB4) and four CSC shown in blue (ME1 - ME4) stations in the endcap
region and RPC shown in red in the Barrel and endcap region.

Drift Tube System

The drift tube system consists of 172000 delicate wires arranged in 4 stations in a cylin-
drical geometry along the beam pipe in the barrel region. The drift tube chambers cover
a pseudorapidity region up to |η| ≤ 1.2. This is the region where the neutron flux is
very small. The DT with rectangular drift cells are arranged in such a way that each DT
chamber is offset by half a cell in order to decrease dead area of the detector. The DT
chambers are filled with 85% Ar and 15% CO2. The ratio of the gas mixture is adjusted
such that the maximum path and time is 21 mm and 380 ns. There are five wheels of the
CMS detector and each wheel of the CMS detector is than divided into 12 sectors. Each
sector making an angle of 30◦ as shown in Fig. 2.10. In each sector of the wheel, there are
four muon chambers installed which are labelled as MB1, MB2, MB3 and MB4.

The drift tube is made of 3 or 2 super layers (SL) and each super layer is made of 4 layers
of drift cells. The whole structure is housed inside the honey comb panel which separates
the outer super layers(s) from the inner ones. In the super layers the wires are arranged in
such a way that one wires in one layer are perpendicular to the beam pipe and other has
wires being parallel to the beam pipe. A charged particle coming from the interaction
point first enters into φ measuring super layer and than enters the z-measuring super
layer and finally passes through the second φ measuring super layer.

Cathode Strip Chambers – CSC

The CMS endcap muon system consists of the CSCs and the RPCs and covering the
pseudorapidity range 0.9 |η| ≤ 2.4. The CSC like the DT measures the position of the
charged particle. The RPC and the CSC are installed in the endcap where the magnetic
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Figure 2.10: The five wheels of the CMS detector labeled as W0, W ± 1, and W ± 2, 3 (a) the
endcap rings on each side of the interaction point labeled as RE ± 1, RE ± 2 and RE ± 3. (b) The
transverse view of the one of the five wheels of CMS detector.

field is not uniform and the flux of the particle is large. The CSCs are gaseous detectors
with a total area of about 5000 m2, a total volume of gas being ≥ 50 m3 and the total
number of wires is about 2 Million. CSC work in the avalanche mode and characterized
by the short drift length. The gas mixture of Ar, CO2 and CF4 are used to fill the chambers
are in a ratio of 30%, 50% and 20% respectively. These multi wire proportional chambers
consists of 6 anode wire planes interleaved among 7 cathode panels running in radial
direction with reference to beam pipes. The position of the incoming particle is collected
both in the anode wire and in the cathode strips. The anode helps in trigger purposes
while the cathode strips helps to perform center of gravity measurements ensuring the
high resolution in position.

Resistive Plate Chambers – RPC

The RPCs are used in both barrel and endcap regions. In the barrel region the RPCs
are used together with the DT. The DT detectors gives the spatial resolution while the
RPCs give the timing information. Similarly in the endcap region the RPCs are combined
with CSC to get the timing and spatial information. The RPCs are gaseous detectors with
excellent timing resolution and beecause of its timing resolution they used to ensure the
precise bunch crossing identification in the muon trigger system. The RPC also play an
important role in global trigger. Figure 2.12 shows a cross-section of RPC detector. It is a
double gap gaseous ionizing detector made from high resistive material such as bakelite
with the bulk resistivity of 109 - 1010Ω cm. The two sheets of Bakelite are separated with
a gas gap of 2 mm. The bakelite sheets are coated with graphite paint which acts as an
electrode that are set at 9.5 kV. A gas mixture of freon (C2H2F4), isobutane (C4H10) and
SF6 in the ratio of 95.5%, 3.8% and 0.3% respectively. The SF6 gas is used as an quenching
agent for the excess amount of charge produced. The readout if performed by means
of copper strips separated from the graphite coating by an insulating Polyethylene (PET)
film. The dead time of the RPC detector is around 3 ns, the time resolution is 3 ns and
efficiency is about 97% [109].
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Figure 2.11: The RPC detectors built for CMS experiment for the detection of muon. A cross-
section of the RPC detector is shown here.

2.2.6 Trigger and Data Acquisition System

The designed luminosity of the LHC experiment is 1034 cm 2 s−1. At this luminosity the
total number of expected proton-proton collisions are 20 per bunch crossing. The bunch
crossing interval for the proton in the LHC beam pipe is 25 ns and this corresponds to a
bunch crossing frequency of 40 MHz. The typical size of an event is about 1 MB and at
this rate it would be impossible to record the data and manage at this frequency. The final
storage system can only handle data up to 100 Hz. So the system has to be developed
which can reduce the event frequency from 40 MHz to 100 Hz. The total reduction rate is
roughly of the order 105. In order to reduce this rate a trigger system is developed such
that it selects only those events which are relevant for the physics analysis. The trigger
system can be divided into two main categories hardware level triggers, L1T [110] and
software level triggers, HLT [111].

The Level-1 triggers are hardware level trigger which take information from calorimeters
and muon stations on every bunch crossing, and take a fast decision whether the event is
to be accepted or rejected and reduce the event rate to less than 100 kHz. In contrast to L1
triggers, the HLT are software level triggers running on large number of computers which
can reduce the event rate, which as a result is easily written on the storage tapes. The
architecture of the CMS data acquisition system is shown in Fig. 2.13. The information
coming from a detector is buffered in a pipeline. The Detector information is forwarded
to the readout system after receiving a Level-1 trigger acceptance. The event manager is
responsible for the data flow. The builder network splits the information and than passes
on to the Higher Level Trigger. The schematic architecture of the CMS DAQ system is
shown in the Fig. 2.13

The CMS computing infrastructure follows the hierarchical distribution [113]. The first
copy of the data, i.e., the raw data coming out of the detector readouts is stored at CERN
which is named as Tier-0. The initial processing is performed at CERN before it is trans-
fered to other Tier-1 centers around the world. There are 7 Tier-1 centers in total. The
data from Tier-0 is reprocessed again to improve the quality of the physics objects used in
the analysis. This improved quality data is transfered to another layer of Tier-2 is added
which stores the copies of Monte Carlo simulation and data. There are a total 40 Tier-2
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Figure 2.12: The CMS Level-1 trigger divided into three main categories, the muon trigger, the
calorimeter trigger and the global trigger. The first two triggers do not accept or reject any thing,
the candidates are passed to the global trigger to accept/reject.

Figure 2.13: A schematic architecture of the CMS DAQ system [112].

centers around the world.
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Chapter 3

Event Generation, Simulation and
Reconstruction

In the following, a general introduction to the various event generators and comparison
among them are presented. In the next section, a discussion of various physics objects
which includes jets, missing transverse energy, leptons and the photons are presented.
The various algorithms used in the reconstruction of these physics objects are also de-
scribed, than various tools used in the physics analysis are presented at the end.

3.1 Event Generators

The event generators are the tools used in experimental high energy physics for the sim-
ulation of collision process. The Monte Carlo generators are used to simulate the real
experimental conditions. These simulated events are used to calibrate and optimize the
selection cuts used in the physics analysis. The Monte Carlo generators are based on
principle of random number generators to simulate the real life collision of two particles.
The whole chain from the generation of particles to the detection of particles can be cate-
gorized in the three major steps.

The hard process generation is in fact the simulation of interaction of proton-proton and
also the simulation of newly created particles. The hard process generation is based on
the information obtained from the parton distribution functions and the theoretical pre-
dicted probability densities using the Feynman rules for the process under observation.
The processes mentioned above are well understood when we are simulating a particle
interaction with high momentum transfer Q but when we have a small momentum trans-
fer for the massless particles the calculations do not converge. We have ultra-violet and
infrared divergences. We need to take into account these radiations and confinement
in the process of hadron formation or a process known as Showering and Hadroniza-
tion. Within showering the initial state and final state radiations are also approximated
to higher corrections. In parton showering the partons are modeled down to the scale
αs ≈ 1 using the DGLAP equations, this is the scale at which non-perturbative hadroniza-
tion starts [114–116]. During the process of hard process generation and showering if two
different tools are used one should apply the matching procedure so that the double
counting of the parton emission in the common phase space can be avoided.

After the showering and hadronization the interaction of particles produced in the second
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Figure 3.1: The diagram representing an electron and positron annihilating into a Z-boson and
its subsequent decay into a top anti-top pair. The brown lines also show the subsequent decay of
each top into a Wand (anti-)bottom quark adapted from [117]

step, the detector effects are now simulated. The detector geometry and all other param-
eters are added to the simulation of generated particles. The final out come of all these
process should be comparable to real data obtained from the detector. In the following
few most important Monte Carlo generators used will be discussed briefly. However the
complete and detailed overview can be found at [118].

Underlying Events – UE

During the process of collisions there are more than just two partons. These partons
interact with each other, hadronize and produce other particles. At the CMS experiment
these effects are summarized in underlying event description, using Z*2 tunes.

Pileup Events – PU

Due to the high instantaneous luminosities multiple interaction can happen when the
two proton bunches cross each other at the LHC. There is a non-negligible probability
that in each bunch crossing there are several separate events which are produced. These
events are called the pileup events and are described by pythia in simulation. In order
to calculate the number of pile-up events one needs to know the luminosity per bunch
crossing, at the end all of the monte carlo simulation’s pile-up distribution has to be re
weighted with distribution obtained from data.
Since the detector is not able to distinguish between a signal-like event and an addition-
ally produced pile-up event, therefore the data coming from a detector is a combination
of both signal-like event and an additional pile-up event. Therefore one needs to take the
correct modeling of underlying pile-up events in monte carlo simulation before they can
be compared from the LHC data. For a

√
s = 8 TeV, around 20 pile-up interactions are
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seen per event in the LHC data, and for
√

s = 13 TeV expected number of PU interaction
per event are around 135.
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Figure 3.2: The pileup distribution for data and monte carlo simulation at
√

s = 8 TeV. The PU
distribution in monte carlo simulation is re-weighted to the distribution obtained from data. All
the monte carlo simulations used in the analysis follows the same pile-up distribution.

3.1.1 PowHEG

The PowHEG is a technique in which a hard physical process is interfaced with NLO
parton showering calculations [119–121]. As explained earlier the general problem which
one may face is the double counting of partons when interfacing the NLO hard scattering
process with leading order showering. The Positive Weight Hardest Emission Generator
method abbreviated as PowHEG deals with the problem very efficiently using the positive
event weight technique.

3.1.2 MadGraph

It is a matrix element generator [122], which can be interfaced and used with multipur-
pose event generator MadEvent [123]. The physical process under observation is given
to MadGraph which automatically calculates the amplitudes for different processes and
than mapping is performed for the integration over the phase space. The MadGraph

does not do any hadronization or showering. This can can be done with Pythia [124] or
the Herwig++ [125]. The generated events with all the information is than stored in Les
Houches Event Files (LHEF) format [126] before they are passed for the showering and
hadronization in the dedicated packages.
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3.1.3 CompHEP

The CompHEP [127] is based on the idea of calculating the cross-sections and various
distributions from the Lagrangian directly. Unlike other generators CompHEP does not
include recalculated matrix elements library but the matrix elements for the defined pro-
cess are calculated symbolically using the Feynman rules.

3.1.4 Pythia

The Pythia is one of the most widely used event generator tool to simulate the real
condition during high energy collision process which results in a production and decay
of various particles [124]. It can be used as a standalone package for the generation of
physics process and it can also be interfaced with other packages for the showering and
hadronization.

3.1.5 Detector Simulation and Data Set

The events generated with a generator are now passed to detector simulation using the
package GEANT [128]. Before the simulated data can be compared with real data the,
the interaction of generated particles with the detector material, the magnetic field and
the response of the detector subsystems have to be simulated. The multiple scattering,
hadronic interactions, bremsstrahlung and electromagnetic interactions are taken into
account during the process of detector simulation.
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Chapter 3. Event Generation, Simulation and Reconstruction 3.1. Event Generators

For the analysis described in this thesis, the full 8 TeV dataset is used. Only those runs
are considered in this analysis in which the CMS detector has been fully operational.
Therefore a certified JSON file, listing all runs of the given datasets that are considered
good, has to be applied to the dataset, depending on all those lumi-sections marked bad
by the detector performance group (DPG) are excluded from this JSON file [130].
The total integrated luminosity corresponding to this JSON file is 19.7 fb−1. Table 3.1
gives the list of simulated data sets used for the differential and inclusive cross-section
measurements. The simulated samples used are taken from the Summer12 cycle of CMS
Monte Carlo production and are produced using the 5 3 11 release of the CMS software
CMSSW.

3.1.6 Signal Modeling

The single-top-quark samples used for analysis are generated using the PowHEG and it
give very good results for the electroweak single-top-quark production at present. Mad-
Graph is used for the generation of tt̄, W+jets and Z+jets. Pythia is used for the gener-
ation of diboson (WW, WZ, ZZ) samples.

A comparison of different kinematic variables is presented in the following using a Monte
Carlo samples generated from PowHEG and CompHEP after applying the selection cuts
at the parton level. The mass of the top-quark used is mtop = 172.5 GeV and the parton
distribution function PDF used in PowHEG is NLO CTEQ6m [131], for CompHEP PDF
used is CTEQ5m. The Figures 3.3 to Figures 3.8 represents the shape comparison of
PowHEG and CompHEP of various important kinematic variables in the t-channel single-
top-quark production in the electron and the muon channel.
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Figure 3.3: (a) - (f) top-quark pT, η and y in the muon(electron) channel for PowHEG and Com-
pHEP at generator level.
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Figure 3.4: (a) - (f) Light quark pT, η and mass in the muon (electron) channel for PowHEG and
CompHEP at generator level.
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Figure 3.5: (a) - (f) Lepton pT, η and lepton charge Ql in the muon (electron) channel for PowHEG
and CompHEP at generator level.
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Figure 3.6: (a) - (f) b-quarks pT, η and HT in the muon(electron) channel for PowHEG and Com-
pHEP at generator level.
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Figure 3.7: (a) - (f) W-boson pT, η and mT in the muon(electron) channel for PowHEG and Com-
pHEP at generator level.
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Figure 3.8: (a) - (d) E/T and m`νb in the muon(electron) channel for PowHEG and CompHEP at
generator level.
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3.2 Physics Objects

The information collected by the sub-detectors installed at the CMS experiment is used
to reconstruct the physics objects with an off-line software. These software allow the
identification of particles traversing through the CMS detectors by measuring its momen-
tum, energy, charge and other parameters which are helpful during the physics analysis.
The main physics objects reconstructed using the off-line softwares are muons, electrons,
Taus, Jets, MET, Photons. In the following, we describe the structure in which an event is
stored and the reconstruction of these physics objects in CMS experiment before they are
used for a specific physics analysis.

Event Data Model – EDM

The Event Data Model (EDM) is the general structure in which all the data recorded in
a CMS experiment is written. The EDM basically provides access to all the information
written to it, e.g., one can access all the physics analysis objects simulated or real. It
also contains all the information about the raw data and the provenance of all derived
data products. This provenance information gives a probe to a user so that at any stage
the complete information regarding the origin of an event can be traced out. With EDM
model all the physics modules can read data from it or add new data to it with complete
history of an event written automatically. All the information stored in this format is
written to the ROOT files. There are several types of modules written and each module
performs a specific task whether it is the event selection, event reconstruction or physics
analysis.

There are several event formats with differing levels of detail and precision, allowing to
achieve the necessary level of data reduction for each analysis. One can add or remove
different level of data layers which results to read and write data very quickly. The three
main data tiers used in the CMS simulated data production:

RAW i.e. the data which comes directly from the detector, it contains information regard-
ing the detector objects, trigger bits. The typical size of single event of a RAW data is
about 1.5 MB where as the typical size of the simulated data event is about 2 MB. The size
of simulated event is larger since it contains other information like MC truth information.

RECO data is a short hand for the Reconstructed data. The input of the RECO is the RAW
data which after the application of several pattern recognition like track finding, primary
and secondary vertex reconstruction, clustering and compression algorithms results in
the RECO data format. The typical size of a RECO event is about 0.5 MB.

AOD which stands for Analysis Object Data is a data tier which contains physics objects
which can be used for the specific study. It also contains sufficient information which
can be used to perform kinematic fitting if needed. The typical size of the AOD event is
about 100 KB, which orders of magnitude small when compared to the RECO.
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3.3 Tracks

During high energy collisions large number of charged particles are produced. These
charged particles are detected at the inner tracker of the CMS experiment. Due to the
presence of a strong magnetic field and to initial projection angle of a charged particle
these charged particle follow a helical path due to the Lorentz force. The transverse
momentum of a charged particle is directly proportional to the magnetic field B and
radius of curvature rcurv.. Mathematically it can be written naively as:

pT ∝ B× rcurv. (3.3.1)

The charged particles when passing through the inner tracker produce hits. These hits
are recorded and then fitted with track reconstruction algorithm. The set of these three
dimensional coordinates are fitted using these algorithms. The two track recognition
algorithms which the CMS experiment uses are the Kalman-Filter (KF) [132, 133] and the
Gaussian Sum Filter (GSF) [134].

Kalman-Filter

The Kalman-Filter algorithms fit the track through a set of three dimensional points. The
starting point of the algorithms is a seed which is found by looking at all the hits in the
tracker. These hits are used to get the direction of trajectory of the particle. The Kalman-
Filter progresses iteratively to the next layers on the calculated path and than looks for
other hits in the tracker without producing any conflict with the current track and sat-
isfies the initial threshold for hit to be a valid hit. The algorithm now reaches the next
layer with the help of curvature of the track and energy loss in the material. As there are
more than one hits the Filter iterates through the complete list of all the valid hits and
the position of each hit is re-evaluated using the new values of different parameters. As
a second step towards the track reconstruction the other algorithms is initialized which
runs in backward direction towards the primary vertex. These two steps help to evaluate
the parameters related to each hits with high accuracy with emphasis on the first and the
last hit.

The Kalman-Filter has one major draw back. Although its a draw back in Kalman-Filter
but it helped towards the development of other filters. The Kalman-Filter undertakes
the energy loss (radiative) and than re-corrects the momentum of the track with mean of
energy loss in each forward step, at the same time the variance in the momentum is also
increased by the energy loss distribution variance. As a result the Kalman-Filter gives the
best result when the probability distributions are taken to be Gaussian.

Gaussian Sum Filter

The electrons lose their energy via bremsstrahlung radiation. The energy loss is a compli-
cated process and cannot be described by single Gaussian but can be very well modelled
by a weighted sum of Gaussian probability distributions as compared to the Kalman-
Filter where it is modelled by a single Gaussian distribution. Using the GSF one can find
the position of tracker hits with high accuracy in the subsequent layers which leads to
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more precise and accurate electron track reconstruction.

For the reconstruction of tracks, the hits produced by the charged particles in the tracker
are combined using the combinatorial track finder [135]. The combinatorial track finder
is based on the Kalman-Filter, which produces a collection of reconstructed tracks which
in than can be used for the reconstruction of primary vertices. The primary vertex (PV)
is a region of space or point where the hard scattering process takes place. The recon-
struction of primary vertex is primarily based on the common origin of tracks. Minimum
four tracks are required within the longitudinal distance of | z |< 24 cm along the beam
direction and a distance of ρ < 2 cm in a direction perpendicular to beam direction. The
proton in the two colliding beams tend to spread and diverge, this results in the fact that
beam spot and primary vertex are not same. In this case there are several vertices which
are reconstructed but the primary vertex is chosen from these vertices by taking the high-
est transverse momentum square of all the tracks. The tracks which are not coming from
PV or its associated secondary vertices are considered as pile-up events and are thrown
away from the events selected for the analysis. This is known as Charged Hadron Sub-
traction (CHS).

For the reconstruction of electron, photons, muon, taus, jets and missing transverse en-
ergy an algorithm known as Particle-Flow (PF) is used [136]. This algorithm takes infor-
mation from all the sub detectors, e.g., energy deposits from electromagnetic calorimeter,
hits from tracker or hits in the muon system and than reconstructs the stable particle in-
dividually. Figure 3.9 shows the pictorial view of PF algorithm as used for the reconstruc-
tion of PF candidates. The particle flow algorithm consists of the following steps [137]:

• Fundamental ingredients/inputs:

– Calorimeter clustering

– Tracking (with the tracker POG) and extrapolation to the calorimeters

– Muon identification (from the muon POG)

– electron pre-identification (with the e/gamma POG)

• Linking topologically connected elements

• Particle identification and reconstruction

It may sometime happens that there is an overlap of a lepton and jet. This overlap is
removed by using the so-called the top projections.

3.4 Muons

The muons being charged particles are reconstructed best in the tracker. The muons
mainly interact with the silicon detector but they loss almost negligible amount of energy
during interaction. As a result the muons traverse through the whole volume of tracker
by producing hits on different tracker layers. The muon reconstructed tracks are classi-
fied in three categories.
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Figure 3.9: Illustration of the particle-flow concept to reconstruct every individual muon, electron,
photon, charged and neutral hadron from a maximum of detector information. Taken from [138]

• Standalone Muons: If the muons are reconstructed using only the information from
the muon system than the reconstructed muon is termed as Standalone Muons.

• Tracker Muons: The tracker muons are reconstructed using the tracker informa-
tion. The inner tracker information is matched to the segments either in DT in case
of Barrel region and with CSC if the reconstructed muon is in the end-cap region.

• Global Muons: The information from the tracker and the muon system is used for
the reconstruction of muon candidate which can be termed as Global Muon. The
inner tracks in the tracker are matched to the tracks in the muon system by consid-
ering the energy loss and multiple scattering in the calorimeter depending on some
predefined threshold values. The parameters of the muons are estimated by apply-
ing the Kalman-Filter to the hits produced in the tracker and muon system [139].

The objects reconstructed from the information obtained from the tracker and the muon
system are only muon candidates and they are further refined before they can be used
for physics analysis. The baseline selection of the tight muon used in physics analysis for
the 2012 data is described in detail in [140]:

3.5 Photons and Electrons

The electromagnetic calorimeter of the CMS detector is designed by giving an immense
importance to the identification and measurements of photons and electrons. The main
goals of the experiment were the discovery of Higgs boson and identification of some
super-symmetric particles. Most promising channel for the Higgs discovery are H→ γγ
and H→ l+l−e+e− where l = µ, e. As a result, an excellent resolution of the photon
energy is required to separate a Higgs signal from background. Thus, the ECAL of CMS
experiment is designed to measure photons with high precision and than information
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from the tracking detectors are combined for the identification and reconstruction of
electrons. About 97% of the shower produced by the unconverted photons is contained
in 5×5 matrix of crystals in η, φ plane. Nearly, half of the photons produced during the
collision are converted into electron position pair in the tracker material. In case of elec-
tron the measurement is a bit more difficult because of the bremsstrahlung. The electron
energy shower also spreads in φ direction due to the presence of strong magnetic field.

The photons in the ECAL of the CMS experiment can be identified and reconstructed
with excellent resolution. The energy deposited by photons in 5×5 crystal matrix is re-
covered with high accuracy by using different algorithms. Also several other quality cuts
tracker isolation, ECAL isolation, hadron calorimeter isolation, hadronic to electromag-
netic ratio and R9 is defined as the ratio of energy deposited in 3×3 crystal matrix (E3×3)
and the total energy deposited in super cluster, are imposed to identify the true photons.
Also R9 is the quantity which is used to determine whether if the photon is converted or
unconverted. If the ratio, R9, of the possible candidate is above 0.94 (0.95) in the barrel
(endcap) respectively, the energy of the 5×5 crystals matrix (E5×5) around the highest
energy crystal is used. Otherwise, the super-cluster energy is used. It is important to
note that R9 threshold in case of endcap is a bit higher as compared to the barrel region.
This is due to the large size of the ECAL crystal in the end-cap region.

The electrons and photons deposit their energy in the form of small or basic clusters.
These basic clusters are than added together to form a super cluster. These super cluster
after applying the energy corrections are used for the reconstruction of photons, electrons
and for the track reconstruction of electrons. Further details on the matching of tracks to
the super clusters are found in [141]. The candidates found are marked as electron candi-
date when a super-cluster can be associated with a track found in the silicon tracker. The
electron reconstruction uses two additional complementary algorithms at seeding stage,
namely, tracker driven and ECAL driven. The tracker driven seeding works much better
for the low pT electrons and also for the reconstruction of electron which are present in-
side a jet. While the former starts the reconstructions of ECAL super clusters of energy ET
> 4 GeV. Since the photos do not produce any tracks therefore photons are reconstructed
using the energy corrected super clusters.

3.6 Jets

The Quantum Chromodynamics (QCD) has two very important properties, namely ‘con-
finement’ and ‘asymptotic freedom’. The confinement is a property which states that no
isolated coloured charge can exist as a free particle but only colour singlet particles can
be isolated. They form hadron (Baryon or Meson) which are color neutral particles. Con-
finement is due to the fact that the potential between two colour charges, for example a
quark and an anti-quark, is a linear combination of Coulombic like part and a linearly
rising term. The linearly rising term in the potential makes it energetically impossible to
separate the two colour charges.

The asymptotic freedom is the property that the QCD coupling becomes weak at high
energies, due to quantum corrections, so that the theory becomes perturbative in this
regime. Purturbative in the sense that the theoretical predictions can be expressed in
powers of the coupling constant, limited to the first few terms. During the high energy
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collision large number of particles and gluons are produced, these initially produced
particles when grouped together in a collimated bunch in a certain direction is known
as a “Jet”. The reconstruction of these spray of particles in a certain direction is not an
easy task especially in the LHC environment when in the interaction rate is very high.
Dedicated algorithms are used for the reconstruction of these jets. The algorithms used
should be fast, intelligent enough to understand the structure of hadronic shower, able
to differentiate between signal event and pile-up event. The algorithms should be able
to handle MC truth information and the detector objects form HCAL/ECAL and tracker.
Jets reconstructed from the calorimeter are known as “Calo Jets”. Jets reconstruction
when it takes in the information from the inner tracker the reconstructed jet is known as
“Jet Plus Track”. Similarly when the information is taken from all the sub detectors for
the reconstruction of jet the resulting object is known as “Particle-Flow Jet”. Figure 3.10
shows an illustration of the jet reconstruction process in CMS.

3. Generation, Simulation and Reconstruction of Single Top Quark Production

Observable

Theory
and

Modelling

stable particles

hadronisation

Partons

Particle 
Jets

Calorimeter
Jets

Figure 3.2.: Illustration of the evolution of a jet, taken from [36]. Energy deposits are
marked as blue ellipses in the ECAL (bright) and HCAL (dark). They are used as input
for jet reconstruction algorithms.

for the two other techniques, of muon reconstruction can be found in [72].

Reconstruction of Jets

Color charged particles obey the QCD confinement and therefore cannot be ob-
served directly. A single colored particle hadronizes into several colorless hadrons
which fly conically through the detector and leave a signature called a jet. In
Fig. 3.2 the evolution of such a jet in the detector is shown. The jet reconstruc-
tion algorithm extracts the four-vector of the parton which took part in the hard
scattering process and cluster all particles, which are produced in the hadronization.

In such a clustering algorithm all kind of physical objects can be considered,
like simulated partons, generated stable particles after hadronization and decay
or detector objects like calorimeter entries. Jets reconstructed from calorimeter
information are called CaloJets. In contrast PFJets contain particles, which are all
reconstructed with the PF algorithm. The jet clustering algorithm has to be aware
of additional soft radiations, so called infrared safety, which should not change the
number of jets in an event. High probability for a soft gluon emission in a hadron

38

Figure 3.10: The figure shows how the evolution of jet takes place in a high energy proton proton
or proton anti-proton collision process, taken from [142]. Energy deposits are marked as blue
ellipses in the ECAL (bright) and HCAL (dark). They are used as input for jet reconstruction
algorithms.

The energy and momentum of the jet should be reconstructed with high precision and
accuracy. This helps to compare the measured distribution to the MC truth information
and than one can draw a conclusion about the various theoretical predictions. There are
two important pitfalls that have to be considered by jet algorithm.

Infrared Safe: The additional soft radiation present in an event, originating from soft
gluon radiation in a hadron shower or detector noise or any soft radiation coming from
an underlying event should not in any way effect the number of jets present in an event.

Collinearly Safe: The jet reconstruction algorithm should be collinearly safe, i.e., any
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particle splitting into two having the same momentum and energy in total should not
change the algorithms output. The clustering of jets is basically done with two types of
algorithms.

Iterative Cone Algorithms

As the name suggests works by clustering all the particles in given radius of the cone in
the (η − φ) plane [141]. The algorithm takes in a list of particles or calorimetric entries
which satisfies selection criterion ordered by transverse energy ET. A proto-jet is built up
from a particle with the highest transverse energy ET. The current proto-jet is used as a
seed for algorithm. The iteration stops when a certain criterion is reached. The criterion
could be the direction of jet axis, energy or the maximum number of iteration steps. The
object containing all this information is than stored as a stable object or interesting object.
The object and its constituent are than removed from the list of calorimetric entries or
particles, the algorithm repeats itself for all other objects in the list.

The cone algorithms are not infrared and collinearly safe since particles are included
which are above certain threshold. Removing the threshold would be an alternate solu-
tion but this would require lot of computing power because there are huge number of
particles produced in the LHC environment. A more advanced version of cone algorithm
known as SISCone Algorithm, “Seed Less infrared Safe Cone Algorithm”, is used, which
is infrared and collinearly safe [143].

Sequential Clustering Algorithms

Sequential clustering algorithms when compared to the cone algorithm do not consider
the shape of reconstructed jet. Rather it takes the distance between two objects under
observation. Mathematically the sequential clustering algorithm can be written as:

di,j = min(p2N
Ti

, p2N
Tj

)× (∆R)2

R2 , (3.6.1)

where di,j = (ηi − ηj)
2 + (φi − φj)

2 is the distance between two objects in the η− φ plane,
pTi,j is the transverse momentum of the object i, j and R is the resolution parameter which
determines the size of the jet cone, ∆R is the distance between two jet objects in the η− φ
and N is the free parameter for different methods of the distance calculation. The distance
of the object k to the beam axis is given by:

dbeam, k = p2N
T, k. (3.6.2)

The clustering algorithm works in three steps. In the first step it calculates di, j and
dbeam, k while in the second step it computes all D = min(di, j, dbeam, k).

If D = di, j Combine Jeti with Jetj,

If D = dbeam, k Define Jetk as final Jet.

In the last step the process is repeated and all the other jets are exhausted. The value of
free parameter N when changed to 1, 0, and -1 the algorithm gets a different meaning but
the main logic behind all the three algorithms remains the same
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• N = 1 kT Algorithm [144]

• N = 0 The Cambridge-Aachen Algorithm [145, 146]

• N = -1 Anti-kT algorithm [147]

At present the Anti-kT algorithm is used for the reconstruction of jets, and all those jets
which have a cone of radius R = 0.5 are taken into account while those jets, which have
a cone of radius greater than the selected radius, are not taken into account. Three dif-
ferent approaches being adopted by the CMS for the reconstruction of jet, CaloJet, Jet
Plus Track (JPT) and Particle-Flow Jet (PF). The measured energy and momentum of the
reconstructed jets does not correspond to the true parton-level energy and momentum
obtained from gen jets clustered from stable particles at the generator level. The main
reasons contributing to this discrepancy are the loss of energy due to the particles which
are outside jet cone area, undetected neutrinos, additional particles coming from the pile-
up events and the nonlinear behavior of the calorimeter. These effects are corrected by
applying the Jet Energy Corrections after the reconstruction of jets. The correction process
can be divided into seven steps, namely Level-1 to Level-7 [148]. First three corrections
(Jet Energy Corrections – JEC) handle the hardware and instrumental effects and the next
four corrections are used for the improvement of estimation of energy and momentum of
the partons. However at the moment within the CMS experiment only first corrections
are being used.

The JECs are derived centrally by the CMS JetMET Physics Analysis Group using the MC
predictions as well as data [149–151]. The factorized approach to jet energy correction is
used as shown in the Fig. 3.11.

The CMS Collaboration17/07/132

Jets and Jet Energy Corrections

Factorized approach to jet energy correction
Antikt jets with R=0.5 used by default, clustered from Particle Flow 
(PF) candidates
Corrections for jets with and without charged hadron subtraction (CHS, 
i.e. remove charged hadrons that can be traced back to pileup vertices 
and recluster jets) applied

L1Offset
         L2Relative (η)

           L3Absolute (pT)
Reconstructed

Jet

 L2L3 Residual

data

MC

 Calibrated 
Jet

     L5 Flavour

Figure 3.11: The factorised approach of jet energy calibration implement in the jet reconstruction
at the CMS [151].

L1: Due to the electronic noise in the detector and the pile-up events, the over all energy
of the jet increases. The jet energy is corrected by applying the pT and η dependent cor-
rections using the concept of jet areas [152, 153]. The energy density ρ per unit area for
jet in each event is calculated and the median of ρ is subtracted from the jet energy.

L2L3: Due to the nonlinear and non-uniform behavior of the electromagnetic calorimeter,
pT and η depend correction factors derived from MC are applied to data [154].

L2L3Residuals: In order to correct the remaining data-MC differences the absolute/residual
corrections are applied to the data. These corrections are derived from MC to data ra-
tio [154].

51



Chapter 3. Event Generation, Simulation and Reconstruction 3.6. Jets

b-Jets

During the proton-proton collision there is a high probability that the event will contain
jets, where as the probability of b-quark present in an event is very small. Therefore an
event which contains a b-quark can be used to separate from other events which does not
contain b-quark, e.g., separation of tt̄ from other backgrounds. A jet stemming from the
hadronization of the quarks coming from the b-quark is known as “b-jet”. The b-jets usu-
ally contain B-hadrons which possess several characteristics used to discriminate the b-jet
from other jets coming from the hadronization of light quarks or light jets. The typical life
time of B-hadrons is of the order O(ps), therefore travelling a distance of cτ ≈ 450 µm
before decaying into at least 5 charged particles. The tracks associated with these charged
particles are extrapolated backwards at a point which can be called as “Secondary Ver-
tex”. The perpendicular distance from primary vertex to the point where it touches the
track is called “Impact Parameter (IP)”. The impact parameter in CMS is measured with
a precision of few hundred µm. An interesting quantity in this regard would be ratio
of impact parameter to the error on impact parameter. This new quantity is known as
“Significance of Impact Parameter” SIP, given by:

SIP =
IP
σIP

. (3.6.3)

The SIP can be positive or negative depending on the angle between the jet axis and the
IP segment. It is positive for the tracks coming from the decay of particles traveling in the
same direction i.e., the cosine of the angle between the jet axis and impact parameter seg-
ment is positive and negative for those travelling in opposite direction. Another quantity
derived from the SIP known as “discriminator”, it is the signed value of impact parameter
significance. As the value of jet discriminator increases the probability that a jet is b-jet
increases. So if a jet has a large number of tracks and impact parameter or discriminator
of these jets is smaller then the jet is most likely to be coming from the hadronization
of other quarks. The b-jets have large SIP which explains the fact that B-hadrons are
displaced from primary vertex before they decay, thus producing a secondary vertex.
b-tagging algorithms can be divided into the following categories [156]:

• Life Time Taggers: These taggers work on finding the tracks which have large im-
pact parameters or finding the jets which have secondary vertex. For the Track
Counting (TC), a jet is counted as a b-jet if there are N number of tracks each hav-
ing an impact parameter significance SIP larger than certain threshold. Depending
on the number of tracks chosen N = 2, 3 the TC tagger can be named as “Track
Counting High Efficiency (TCHE)” and “Track Counting High Purity (TCHP)” re-
spectively. These taggers have three working points Loose, Medium, and Tight (L,
M, T), with a misidentification probability for light-parton jets of close to 10%, 1%,
and 0.1% respectively, at an average jet pT of about 80 GeV. The operating point
value for the “Track Counting High Purity Tight (TCHPT)” tagging criterion is set
to 3.41 for the inclusive cross-section measurement.

Instead of looking at first N tracks coming from a jet, another way to identity a
b-jet is to estimate the likelihood that all tracks associated to the jet come from
the primary vertex, known as “Jet Probability Tagger (JP)”. It combines the impact-
parameter information of several tracks instead of one. Another version is “Jet B
Probability JBP” gives more weight to the tracks with the highest impact parameter
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Figure 3.12: The green spot shows the primary vertex and red spot shows the secondary ver-
tex. The blue dashed line represents the track belonging to a jet. The impact parameter is the
perpendicular distance from primary vertex to the point where it touches the track. The impact
parameter segment always makes right angle to the track and there is only one impact parameter
segment per track. Adapted from [155].

significance, up to a maximum of four such tracks which match the average number
of reconstructed charged particles from B-hadron decays. The likelihood is defined
as [156]:

Pjet = ∏ ·
N−1

∑
i=0

(−ln ∏)i

i!
with ∏ =

N

∏
i=1

max(Pi, 0.005), (3.6.4)

where N gives the number of tracks, Pi is the estimated probability for track i to
come from the primary vertex [157, 158]. The operating working point values for
the JP Loose, JP Medium, JP Tight tagging criteria are set to 0.275, 0.545, 0.790, re-
spectively.

The Simple Secondary Vertex (SSV) tagger is based on reconstruction of at least
one secondary vertex, which usually comes from the decay of B-Hadron. A SSV
discriminator is calculated from three dimensional decay length L3D which is IP
measured in three dimensions, i.e., D = log(1+ |L3D|)

σL3D
) [156]. Like the track corrected

discriminator, the number of tracks associated with the vertex is larger than 2 (3), a
simple secondary tagger can be than named as “high efficiency” and “high purity”
respectively.

• Soft Lepton Based Taggers: These taggers are based on the presence of a lepton,
which originates from the decay of B-hadron, near to jet axis. The discriminator
values of soft lepton taggers are based on the relative pT distribution of lepton,
impact parameters significance and few other variables of interest. There are two
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Figure 3.13: (a) Discriminator values for TCHP and (b) JP taggers. The small discontinuities in
the JP distribution are due the single track probabilities which are required to be greater that
0.5% [156].

versions available, one is based on cutting the pT of lepton and the other is based
on cutting the multi-variate-analysis output.
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Figure 3.14: (a) The of primary vertices and the discriminator distribution for the light and heavy
quarks of CSV tagger [156].

• Combined Taggers: These taggers use a complex approach which makes use of
secondary vertices along with track based life time of the B-hadron. With the addi-
tional information taken as an input, Combined Secondary Vertex (CSV) provides
the better separation as compared to Simple Secondary Vertex (SSV) tagger even
when there is no secondary vertex found. When there is no vertex found, tracks are
combined together to form a “pseudo-vertex”. It also happens that it is not possible
to form a pseudo-vertex, a “no vertex” category, then the track based variables, the
number of tracks in the jet and the 3D IP significances for each track in the jet are
combined in similar way like JP algorithm.
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Figure 3.15: (a)-(b) The SV mass which is defined as the invariant mass of tracks associated to
the secondary vertex, (c)-(d) the “SV pT” defined as the sum of transverse momenta of tracks
associated to the secondary vertex [156].

Differences between data and simulation are corrected, using per jet SFs, which is defined
as: SFb = εData

b /εMC
b , for the b–tag and mis-tag efficiencies. These identification and

mis-identification efficiencies are estimated by the CMS B-tagging and Vertexing Physics
Object Group (BTV POG) [159]. There are several methods available for the determination
of these identification efficiencies, e.g., PtRel, IP3d, LT, LTJ/ψ, System8. Further details
on these methods can be found at [156]. Figure 3.16 (left) shows the number of b-tagged
jets in data and MC for different processes and SFb− for CSV discriminator per event
normalized to the fit result using the Flavour Tag Consistency (FTC) method, right-upper
panel shows the b-jet efficiency as a function of CSV discriminator threshold and right-
lower panel shows the SFb− scale factors for heavy flavour. The blue dotted lines forming
a band around the data points is the sum of statistical and systematic uncertainties. The
different working points, loose-medium-tight, for CSV algorithm are marked with arrows.
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Figure 3.16: (a) Number of tagged jets per event with the CSVM operating point in data and MC.
(b) b-jet tagging efficiency as a function of the discriminator threshold for the CSV algorithm [156].
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3.7 Missing Transverse Energy

The undetectable neutrino present in the final state leads to imbalance of momentum in
the transverse plane. Due to the conservation of momentum, negative vectorial sum of
the momenta of all particle-flow candidates in the transverse plane of incoming particles
is measured as missing transverse momentum. Since neutrinos are being mass less mag-
nitude of the momentum is stored as missing transverse energy E/T. Mathematically it
can written as:

~Emiss
T = ∑

all the PF i

~Pi
T, (3.7.1)

Emiss
T =| ~Emiss

T | . (3.7.2)

��ET

Figure 3.17: Schematic diagram of missing transverse energy. Taken from [160].

The reconstruction of missing transverse energy is sensitive to the detector noise and ob-
ject mis-measurements, therefore several types of corrections, e.g., Type-0, Type-I, type-II
xy-shift corrections are applied during the computation of E/T.

Type-0 Corrections: The Type-0 correction is a mitigation for the degradation of the MET
reconstruction due to the pile-up interactions. This correction is developed for pfMET
and cannot be sensibly defined for CaloMET.

Type-I Corrections: The Type-I correction is the most popular MET correction in CMS.
This correction is a propagation of the jet energy corrections (JEC) to MET. The Type-I
correction replaces the vector sum of transverse momenta of particles which can be clus-
tered as jets with the vector sum of the transverse momenta of the jets to which JEC is
applied.
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Type-II Corrections: The Type-II correction was originally developed for the CaloMET
and is not recommended to use for pfMET.

xy-Shift: The xy-shift correction reduces the MET φ modulation and it also helps to
mitigate the pile-up effects. The distribution of MET is independent of φ because of the
rotational symmetry of the collision around the beam axis, but depends on φ is seen in the
reconstructed MET. The φMET has roughly a sinusoidal curve with the period of 2π. The
possible cause for this modulation mainly comes from the anisotropic detector response,
inactive calorimeter cells, misalignment of detector and the displacement of beam spot
around the hypothetical point of collision. It has been observed that the amplitude of
modulation increases roughly linearly with number of the pile-up interactions.

3.8 Tools

In the following we describe the various tools which are used extensively during the t-
channel single top quark inclusive and differential cross-section measurements. In the
first subsection the general introduction about the CMSSW “Compact Muon Solenoid Soft-
ware” is presented [161] then the concept of multivariate analysis (MVA) is presented.
The NeuroBayes package [162, 163] is used as MVA tool in the differential cross-section
measurements. The NeuroBayes combines many kinematic variables to one discrimina-
tor which is used to separate the signal from background events. Finally the statistical
inference package ROOT [164] and theta [165], used for fitting and plotting the signal and
background.

CMSSW

The Compact Muon Solenoid SoftWare, referred as CMSSW [161] is generic name given
to the overall collection of various modules, plug-in, services needed by the simulation,
calibration and alignment that are used to process the event data. The CMSSW event
processing model consists of one executable called cmsRun, and many plug-in modules
which are managed by the Framework. The necessary geometry needed in the event pro-
cessing (calibration, reconstruction algorithms, etc.) is available in the dedicated modules.
The same executable is used for both real and simulated Monte Carlo data. The CMSSW
executable, cmsRun, is configured at the run time by the user’s job-specific configuration
file. The configuration file, which is highly optimized, in terms of computing resources
loads only those modules which are required at the beginning of the job, tells cmsRun:

• which data to use

• which modules to execute

• which parameter settings to use for each module

• what is the order or the executions of modules, called path

• how the events are filtered within each path, and

• how the paths are connected to the output files
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Multivariate Analysis

Generally deals with the idea of combining many variables in one discriminant and that
discriminant is than used to make decision about the unknown variable. A typical exam-
ples would be to make a decision whether the event is a t-channel or a tt̄ event, or if a jet
is stemming from a light quark or from b-quark. Mathematically MVA can be visualized
as a function which transforms a vector to a number:

f (~x ∈ Rn)→ y ∈ R. (3.8.1)

There are several multivariate analysis algorithms available, Boosted Decision Trees (BDT),
Support Vector Mechanics (SVM) and Neural Networks. All these algorithms work
mostly on the same principle in which a decision is made based on several kinematic
variables as input and then each event is marked as signal event or background event.
Multivariate analysis tools like BSAURUS [166], are being used in experimental high energy
physics since decades. These packages take lot of computing power as well as learning
insignificant fluctuations, known as “over training”, from the input training sample. A
more advanced package like NeuroBayes [162,163] automatically takes care for these two
problems. For the differential cross-section NeuroBayes is used to classify the signal and
background events.

Artificial Neural Networks – ANN

Artificial neural networks is an analogue of biological networks of neurons present in a
human brain. A feed forward artificial neural network consists of set of nodes, like neu-
ron, which are arranged in different layers. The first layer is known as input layer and
the outer most layer is known as output layer. The nodes present in the first layer are
termed as input nodes. Every input node of the ith layer has a one direction connection
(feed-forward) to the nodes of the (i + 1)th layer. Pictorially 3 layers feed forward artifi-
cial neural network is shown in the Fig. 3.18. Every line connecting the two layers has a
specific weight which is determined during the training of artificial neural network. If the
weight between two nodes becomes too small the training process prunes the connection.
The training of artificial neural network is done using the monte carlo simulation and
than the properly trained artificial neural network can be used to classify the unknown
data.

There can be any number of layers in between these two layers and are called hidden
layers. The values in the output layer are proportional to the input values which are
summed together. These values usually are not linearly dependent on each other but
every input value is weighted accordingly and the sum of the these input values. The
activation function shown in the Fig. 3.19.

A typical sigmoid function, shown in the Fig. 3.20, is symmetric around zero is applied
as transfer function S(x), in order to regularize the output from ]−∞, ∞[ to the interval
[1, 1]. Mathematically, sigmoid function can be written as:

S(x) =
2

1 + exp−α·x − 1. (3.8.2)

Another feature of sigmoid function is that it is twice continously differentiable. It plays
an important role in the training process using the back propagation technique. The free

59



Chapter 3. Event Generation, Simulation and Reconstruction 3.8. Tools
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Figure 3.18: The pictorial view of feed-forward artificial neural network [167].

parameters in the training of neural network are the weights between the input layer and
the hidden layer, the thickness of line between the input layer and the hidden layer can
be seen as the weight. These weights are optimized during the training of artificial neural
network to get the desired output.

The artificial neural network and many other Multi-Variate Analysis (MVA) methods
work on a principle of parametrising a function which uses a complex method for the
weighting which is used for the transformation of input variables. A network has to be
trained before it can be used to classify the data. A network is trained using a simulated
set of data in which a signal and background type of the event is already known. The
accuracy of an artificial neural network output can be estimated by a parameteric loss
function given by “E” which compares the value of variable yi to the values ti integrated
over all events. Mathematically loss fuction can be written as:

err(y) = ∑
i

E(yi, ti), (3.8.3)

where E(yi, ti) is either a quadratic or entropic loss fuction.

E(yi, ti) = (y− t)2, Quadratic loss function. (3.8.4)

E(yi, ti) = log
(

1 + y.t
2

)
, Entropic loss function. (3.8.5)

One can think err(y) as hyperplane in a higher dimensional space and finding the min-
imum can be difficult. One can use any minimization algorithms to solve the problem.
The artificial neural network are normally trained by making use of the back propagation
algorithm [169]. The algorithm works by propagating the network result backwards so
that the connection weight between the layers are adjusted. In every iteration, the input
weights are modified accordingly to the value specified in the parametric loss function.
NeuroBayes algorithm provides an additional algorithm BroydenFletcherGoldfarbShan-
non (BFGS) [170] which is used for optimizing the network’s weights. In general this
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Figure 3.19: A pictorial view of an artificial neural network. The input values which are first
weighted and than summed together are than operated with a activation function which results
in neural network output. Taken from [168].

algorithm works best when solving the non linear complex problems and works on the
same principle on which the Newton algorithm works. The neurobayes algorithm re-
quires the error function should be twice differentiable, this condition is fully satisfied in
our case since the loss function and sigmoid functions both are two times differentiable.

A major advantage of NeuroBayes is the preprocessing of the input variables. It automat-
ically takes care for the correlation between the input variables. It avoids the risk of over
training of NN thus making the training robust against the statistical fluctuations. The in-
put variables are flattened and scaled to the interval [-1, 1]. The variables are transformed
into Gaussian with a mean of zero and a width of one standard deviation which ensures
the output of input and hidden nodes are not saturated. The artificial neural network
takes care for the decorrelation of transformed variables in such a way that the covari-
ance matrix of input variables can be given by a unit matrix. For this, the total correlation
and the correlation matrix of all training variables to the target variables is calculated. For
the next iteration the variable with least correlation to the target is removed and the loss
of correlation is calculated until the correlation of all variables to target is known. The
significance of every variable is calculated by dividing the loss of correlation to the target
by the square root of the sample size. The variables which have significance less than 3σ
are excluded from the classification. The modelling of input variables and data to Monte
Carlo simulation comparison is discussed in Section 6.2.

ROOT

ROOT [164] is an object oriented High Energy Physics analysis frame work. ROOT pack-
age entirely depends on C++ . It is an open source software used in various fields of
research, it can handle large scale of data very efficiently. It provides a very fast access
to data. It can be used for advanced statistical analysis which includes multidimensional
histogramming, fitting etc. The user interacts with ROOT via graphical user interface,
the command line or scripts. The command and scripting language is C++, thanks to
the embedded CINT C++ interpreter, and large scripts can be compiled and dynamically
loaded.
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Figure 3.20: A typical Sigmoid Function for different values of α.

theta

The “theta” is a framework which is used for statistical modeling and inference in high-
energy physics [165]. The theta framework provides the possibility for the user to express
a model, i.e., the expected data distribution, as function of physical parameters. This
model can be used to make statistical inference about the physical parameter of interest.
The statistical models are built using the templates of the parameter of the interest, e.g.,
mT. The template used in the theta framework should be properly normalized and for
each data distribution a corresponding Monte Carlo template is needed to fit it to the
data distribution.
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Event Selection

In the following, the single-top-quark t-channel selection is performed on physics object
reconstruction done with the CMS dedicated softwares is presented. The single-top-
quark t-channel production cross-section is orders of magnitude smaller than the total
inelastic proton-proton cross-section. The production cross-section of various processes
at the LHC energy are shown in Fig. 4.1. One can see from the figure that the total
production cross-section of the top-quark is way lower than the vector boson production
cross-section. Similarly for the Higgs boson the production cross-section is even more
smaller than the top-quark. The processes which have higher production cross-section
as compared to the single-top-quark t-channel will serve as a background to the signal,
hence the proper selection steps are to be applied on the data as well as on monte carlo
simulation so as to get better signal to background ratio.

The single-top-quark t-channel events and the various backgrounds are simulated for the
comparison with the data. The event topology of t-channel production is such that it has
a leptonically decaying Wboson, two jets one of which is required to be b-jet, one iso-
lated lepton (µ/e) and missing transverse energy, E/T, associated with escaping neutrino.
Figure 4.2 shows the NLO Feynman diagram for the production of the single-top-quark
via t-channel. However, it is pertinent to note that there is a second b-jet present in the
event signature, but this second b-jet most of the time has a very soft pT spectrum, i.e., it
lies along the direction of beam pipe thus escaping the detector acceptance. The other jet
present in the event is termed as “light jet” or “spectator jet”, which is most of the time
stemming for u, d or s-quarks.

In the following, the quality cuts as recommended by various physics objects groups
(JET/ MET POG, Muon POG, Electron POG,) imposed on the reconstructed objects, as
discussed in Chapter 3, and the top-quark and W-boson reconstruction will be described
in detail.

4.1 Major Background Processes

In the following, a short introduction to major background to the single-top-quark t-
channel will be presented. The s-channel, associated production (tW) and tt̄ processes
can be grouped together which are named as top-quark like. Other includes the W+jets,
Z+jets, diboson and QCD multijet processes. Among these background processes tt̄ and
W+jets serve as major backgrounds.
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Figure 2. Standard Model cross sections at the Tevatron and LHC colliders.

deep inelastic and other hard-scattering data. This will be discussed in more detail in

Section 4. Note that for consistency, the order of the expansion of the splitting functions

should be the same as that of the subprocess cross section, see (3). Thus, for example,

a full NLO calculation will include both the σ̂1 term in (3) and the P
(1)
ab terms in the

determination of the pdfs via (4) and (5).

Figure 2 shows the predictions for some important Standard Model cross sections

at pp̄ and pp colliders, calculated using the above formalism (at next-to-leading order

in perturbation theory, i.e. including also the σ̂1 term in (3)).

We have already mentioned that the Drell–Yan process is the paradigm hadron–

collider hard scattering process, and so we will discuss this in some detail in what

Figure 4.1: The various NLO cross-sections plotted as a function of center-of-mass energy for the
Tevatron and the LHC experiments [171]. The step in the curves at

√
s = 4 TeV is due to transition

from pp collisions at Tevatron to pp at LHC and the σt represents the production cross-section of
tt̄.

Top-quark Like Backgrounds

At the LHC, top-quarks can be produced via strong interaction and via electroweak in-
teraction. The strong interaction produces the top-quark in pairs while electroweak in-
teraction produces the single-top-quark via s-channel and tW (associated production).
Figure 4.3 shows the leading order Feynman diagrams for tt̄ pair production. Similarly
Fig. 4.4 shows the leading order Feynman diagrams of s-channel and associated produc-
tion of the single-top-quark.

W/Z+jets Background

The W+jet is one of the largest contributing background for the t-channel production of
the single-top-quarks. In the final state these vector bosons are produced together with
light and heavy quarks along with the gluons. Figure 4.5 show the Feynman diagrams for
W+jets and Z+jets. Most of the jets which are coming from W/Z+jets processes are not
b-jets. As a result, the presence of exactly one b-jet in the signal final state significantly
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(a) (b)

Figure 4.2: The t-channel single top-quark production Feynman diagrams, at next to the leading
order (b) shows the of top-quark decaying into W-boson and a b-quark.

(a) (b) (c) (d)

Figure 4.3: The leading order Feynman diagrams for the top anti-top-quark production at hadron
colliders (a) represents the top quark pair production via quark anti quark annihilation and (b) -
(d) represents the top pair production via gluon fusion.

reduces the contribution from these backgrounds due to their large production cross-
section. The W+jets samples are further divided into W+light (u, d, s, g) and W+heavy
(c, b) and fitted separately to get their contribution towards the final number.

Diboson Background

The diboson background consists of WW, WZ, ZZ. These three processes are produced
with Pythia. In the final state they have a charged lepton, a neutrino and heavy quarks
in the final state. The diboson has a very small contribution towards the background in
both the inclusive and differential cross-section measurements. The ZZ production can
contribute to the background when one lepton is not detected and increases the amount
of missing transverse energy. Figure 4.6 shows the diboson production modes at the LHC.

QCD Multijet Background

The largest contributing background to the t-channel single-top-quark events comes from
QCD multijet. The QCD multijet events mostly contains the muons which originated from
heavy flavor decay or from the decay of kaons and pions. For the inclusive cross-section
measurement, QCD multijet background is estimated from the data which is discussed
in Section 5.1.1, similarly for the differential cross-section measurement QCD multijet
background is also estimated from the data described in detail in Section 6.1.1. Table 3.1
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(a) (b)

Figure 5.2: Leading order Feynman diagrams for the electroweak production of
single top quarks. The s-channel production mode is shown in (a). The associated
production of a top quark and a W boson is depicted in (b). In each diagram,
the top quark decays into a b quark, a muon and the corresponding neutrino. The
associatively produced W boson in (b) decays hadronically into a q̄q′ pair. These
processes can lead to similar final state configurations as in the single top quark
t-channel.

plus light flavor jets, this process still is a large background contribution due to the
large cross section together with a non-zero mistag rate. To get a better picture of
the contributions from W boson plus heavy flavor quark production, the W+jets
sample is separated into two components: W+light (u, d, s, g) and W+heavy (c, b).
The heavy flavor components are added from VQQ and Wc samples. This is done
with the Flavor History Tool [81], which splits samples into different paths while
trying to remove double counting of the phase space. Jets are matched to partons
closest to the jets in the η − φ plane. Events with two jets associated to c and b
quarks from the matrix element (ME) are taken from the VQQ sample. Whereas
events with two jets associated to c and b quarks from the parton shower (PS) are
taken from the W+jets sample. The Wc events are taken from the Wc sample if
the c quark comes from the ME, and from the W+jets sample if the c quark comes
from the PS. W+light events are taken entirely from the light components of the
W+jets sample.

Diboson Production

Diboson production modes are WW , WZ and ZZ. WW and WZ have a charged
lepton, a neutrino and heavy quarks in the final state. ZZ production can contribute
to the background when one lepton is not detected and increases the amount of miss-
ing transverse energy. These three diboson processes, including all decay channels,
are modeled with Pythia.

QCD Multijet Production

The largest background contribution comes from QCD multijet events. These events
contain muons which are indirectly produced by heavy flavor decay or by in-flight-

Figure 4.4: The tree level Feynman diagrams for the production of the single-top-quark via s-
channel and associated production of the single-top-quark with W-boson. In each of these process
the top-quark decays almost 100% into a W-boson and a b-quark, where as the W-boson can decay
into a q̄q′ hadronically or lνl leptonically . These process have the similar final state topology as
the single-top-quark in t-channel.
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(a) (b)

Figure 5.3: Feynman diagrams for the production of W bosons and Z bosons
with decays involving muons. Beside the LO production of W bosons in (a) and of
Z bosons in (b), exemplary higher-order contributions with additional partons in
the final state are shown. With these higher order effects and additional jets, these
processes can lead to similar finale state configurations as in the single top quark
t-channel.

decay of kaons and pions. Hadrons reaching the muon chambers can also be detected
as so-called punch-through muons. The QCD sample is simulated with Pythia. A
filter is applied to enrich the sample with muons.

(a) (b)

Figure 5.4: Exemplary Feynman diagrams for QCD multijet production processes.
The production of a bb̄ pair through QCD is illustrated in (a). Here, the b quark
decays hadronically and the b̄ quark decays in the process of hadronization via the
weak interaction into a c̄ quark, a muon and the corresponding neutrino. A different
QCD multijet production mode is depicted in (b) with final state configuration
comprising four quarks and one gluon. One of these five partons can produce a
decay-in-flight muon through fragmentation, which emerges from the decay of a
charged pion or kaon in the jet. A jet can also lead to an erroneously identified
muon through hadrons penetrating the muon system, which is called punch-through
muon.

An overview over all simulated processes and their cross sections can be found in
table 5.1.

(a)
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Figure 5.3: Feynman diagrams for the production of W bosons and Z bosons
with decays involving muons. Beside the LO production of W bosons in (a) and of
Z bosons in (b), exemplary higher-order contributions with additional partons in
the final state are shown. With these higher order effects and additional jets, these
processes can lead to similar finale state configurations as in the single top quark
t-channel.

decay of kaons and pions. Hadrons reaching the muon chambers can also be detected
as so-called punch-through muons. The QCD sample is simulated with Pythia. A
filter is applied to enrich the sample with muons.

(a) (b)

Figure 5.4: Exemplary Feynman diagrams for QCD multijet production processes.
The production of a bb̄ pair through QCD is illustrated in (a). Here, the b quark
decays hadronically and the b̄ quark decays in the process of hadronization via the
weak interaction into a c̄ quark, a muon and the corresponding neutrino. A different
QCD multijet production mode is depicted in (b) with final state configuration
comprising four quarks and one gluon. One of these five partons can produce a
decay-in-flight muon through fragmentation, which emerges from the decay of a
charged pion or kaon in the jet. A jet can also lead to an erroneously identified
muon through hadrons penetrating the muon system, which is called punch-through
muon.

An overview over all simulated processes and their cross sections can be found in
table 5.1.

(b)

Figure 4.5: The Feynman diagrams for Wand Z-boson production. The LO order and NLO order
production of W/Z-boson are shown. With the presence of additional jet and lepton in the final
state they the similar event topology as in the single-top-quark t-channel.

gives overview of the simulated samples and their predicted cross-sections used for the
differential measurements.

4.2 Primary Vertex, Noise Cleaning and Trigger

At least one primary vertex is required to be reconstructed from at least four tracks, re-
quiring the track fit to have ndof ≥ 5, with |zPV| < 24 cm and ρPV < 2 cm, where |zPV| and
ρPV are the vertex distance with respect to the nominal interaction point along the z axis
and in the transverse plane, i.e., the plane perpendicular to the direction of the incoming
proton beam respectively.

Events with very high energy noise in the HCAL barrel or end caps are rejected, using
pulse shape, hit multiplicity, and timing criteria (HBHENoiseFilter). The details about the
rejection of events can be found at [172]. The events have to pass the trigger selection.
Separate trigger selection is used in the electron and muon channels. The muon events are
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(a) (b) (c)

Figure 4.6: The LO Feynman diagrams for the diboson production.
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Figure 5.3: Feynman diagrams for the production of W bosons and Z bosons
with decays involving muons. Beside the LO production of W bosons in (a) and of
Z bosons in (b), exemplary higher-order contributions with additional partons in
the final state are shown. With these higher order effects and additional jets, these
processes can lead to similar finale state configurations as in the single top quark
t-channel.

decay of kaons and pions. Hadrons reaching the muon chambers can also be detected
as so-called punch-through muons. The QCD sample is simulated with Pythia. A
filter is applied to enrich the sample with muons.

(a) (b)

Figure 5.4: Exemplary Feynman diagrams for QCD multijet production processes.
The production of a bb̄ pair through QCD is illustrated in (a). Here, the b quark
decays hadronically and the b̄ quark decays in the process of hadronization via the
weak interaction into a c̄ quark, a muon and the corresponding neutrino. A different
QCD multijet production mode is depicted in (b) with final state configuration
comprising four quarks and one gluon. One of these five partons can produce a
decay-in-flight muon through fragmentation, which emerges from the decay of a
charged pion or kaon in the jet. A jet can also lead to an erroneously identified
muon through hadrons penetrating the muon system, which is called punch-through
muon.

An overview over all simulated processes and their cross sections can be found in
table 5.1.

(a)

Figure 4.7: The Feynman diagrams for QCD multijet production processes. The first diagram
shows the production of bb̄ where the b-quark decays hadronically and the b− decays via weak
interaction into a c-quark, a muon and a corresponding neutrino. In the second diagram a possible
QCD multijet production process is shown which leads to 4 quarks and a gluon.

selected using the High Level Trigger (HLT) path HLT_IsoMu24_eta2p1 [173, 174], which
requires muon candidates with pT >24 GeV and |η| < 2.1 during the on line reconstruc-
tion. On Monte Carlo we use the η-dependent efficiencies derived from [174] to scale the
event yield. The electron events are selected with the HLT path HLT_Ele27_WP80 which
requires electron candidates with ET > 27 GeV and tracking identification criteria yielding
an electron selection efficiency of 80%.

4.3 Muon Selection

The presence of one isolated muon in the t-channel is the key signature which discrimi-
nates the signal from the background. However, the selected muon has to pass the follow-
ing quality criteria: The selected muons must have a transverse momentum pT > 26 GeV,
must be within the trigger acceptance range (|η| < 2.1) and they have to pass the muon
ID. The quality of the selected muon candidates has to meet the requirements of a “global
muon”. Furthermore, the quality of the global fit has to be better than χ2/ndof < 10 and
at least one valid hit in the muon chambers has to be present. The muon candidates are
required to have more than 5 valid hits in the silicon tracker, out of which at least one
must lie in the pixel detector. At least two segments must match the global muon object
in the muon chambers.
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The absolute 2D impact parameter must be smaller than 0.2 cm with respect to the pri-
mary vertex position for the suppression of the background contribution coming from
the cosmic-ray muons.

The distance between the z coordinates of the leading primary vertex1 and of the muon
track at the point of closest approach must be less than 0.5 cm. We define the “particle-
flow relative isolation” (Iδβ−corr.

rel ) with so-called “Delta Beta” corrections as

Iδβ−corr.
rel =

Ich. h + max((Iγ + In. h − IPU), 0)
pT

, (4.3.1)

where Ich. h, Iγ, and In. h are the sums of the transverse energies deposited by stable
charged hadrons, photons, and neutral hadrons in a cone of size ∆R =

√
(∆η)2 + (∆φ)2 =

0.4 around the muon direction. IPU ≡ 0.5× ∑ pPU
T is the sum of transverse momenta of

tracks associated to non-leading vertices, used to estimate the contribution of neutral par-
ticles from pileup events by applying a multiplicative factor 0.5 that takes into account
the neutral-to-charged particles ratio expected from iso-spin invariance. The tight muons
are selected by the requirement Iδβ−corr.

rel < 0.12. Similarly the loose muons are selected by
a transverse momentum cut of pT > 10 GeV, a pseudorapidity requirement of |η| < 2.5,
and a relaxed requirement on the isolation of Iδβ−corr.

rel < 0.2. The loose muons candidates
selected are required to be a global muon or a “tracker muon”.

4.4 Electron Selection

Similarly as for the definition of muons, also for the electron candidates two categories
exist, i.e., “Tight Electrons” and “Loose Electrons”. The reconstructed electron candi-
dates are selected by applying a cut on the transverse energy of ET > 30 GeV, requiring
|η| < 2.5, and if they pass the electron identification criterion of MVA ID > 0.9. For the
calculation of the relative isolation in the electron channel we make use of the effective
area corrections:

Iρ−corr.
rel =

Ich. h + max((Iγ + In. h − ρ× A), 0)
pT

, (4.4.1)

where ρ is the average energy of the particles not used to reconstruct jets and A is
the area of the jet cone in the η − φ plane. The values of ρ are calculated using the
jets built with the kT algorithm and a distance parameter of 0.6. An isolation cone of
∆R =

√
(∆η)2 + (∆φ)2 = 0.3 is chosen for the reconstruction of electrons. The tight elec-

trons are selected by the requirement Iρ−corr.
rel < 0.1.

The loose electron candidate selection requires an electron with ET > 20 GeV, |η| < 2.5,
Iδβ−corr.
rel < 0.2 and it has to pass a selection based on a simple cut based identification

variable described in Ref. [175]. The effective area corrections Iρ−corr.
rel are also applied for

the loose electron selection.

1If more than one primary vertex is identified, the one with the largest sum of the squared transverse
momenta of associated tracks is taken.

68



Chapter 4. Event Selection 4.5. Jet Selection

There is a different criteria for the selection of lepton by Top Physics Analysis Group
(Top PAG) Reference selection and by particle-flow default definitions used for the top-
quark projections known as “Hermetic Top projections”. However there can be several
possibilities in an event.

1. All particle-flow isolated muons(electrons) are Reference muons(electrons).

2. Some particle-flow isolated muon(electron) is not a Reference muon(electron).

3. Some Reference muon(electron) is not a pfIsolated muon(electron).

4. More complicated combinations of (2) and (3).

In the case of (2), top projection removes the muon(electron) from further considera-
tion as electron(jet) but it is not included in the Reference muon(electron) collection:
it is missing from the analysis level objects.

In the case of (3), the candidate is passed on for further consideration instead of
possibly triggering a (di-lepton) veto.

Analyses may wish to limit the possibilities to (1) by configuring the particle-flow
lepton collections used for top projection to match the Top PAG Reference Selection
lepton criteria.

4.5 Jet Selection

Jets used in this analysis are so-called particle-flow jets and are reconstructed using the
anti-kT algorithm [147]. The distance parameter of a jet is 0.5. The jet energy is scaled by
a factor that describes the detector response depending on the transverse energy and the
pseudorapidity of the jet [154]. The selected jet has to pass the following quality cuts, so
called JetId, recommended by JetMET POG [176].

• Minimal selection for any analysis: Jets with corrected pT > 10 GeV and η < 5.2

• Charged Hadron Subtraction (CHS): Recommended for 2012 data

• Jet Energy Corrections: L1FastJet+L2L3(+L2L3Residuals for data) [177].

• Jet ID:

– Number of Jet constituents > 1

– Neutral Hadron Energy Fraction: NHF < 0.99

– Neutral Electro-Magnetic Energy Fraction: NEF < 0.99

– if | η |< 2.4, Charged Electromagnetic Energy Fraction CEF < 0.99

– if | η |< 2.4, Charged Hadron Energy Fraction CHF > 0

– if | η |< 2.4, Neutral Hadron Energy Fraction NHF > 0

In this analysis, we consider only those jets with pT > 40 GeV and |η| < 4.5 and they
have to pass the quality cuts which are specific to the algorithm used. The final state
event topology of the t-channel features a spectator b-quark, coming from the initial
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gluon splitting. As this second b-quark has on average a very soft transverse momen-
tum distribution, in most events the corresponding b-jet fails the transverse momentum
requirement and is therefore not selected. Another special feature of the t-channel is that
the light quark in the final state is more likely to be found in the forward region. This
feature can be used to suppress the major background contributions coming from tt̄ and
W+jets production. For that reason we apply the extended pseudorapidity requirement
in the jet selection.

After passing all the selection criteria for a jet, we further categorize jets into b tagged
jets and jets which are not b-tagged by using a b-tagging discriminator variable. For the
inclusive cross section measurement the “Track Counting High Purity Tight (TCHPT)”
tagger is used with a working point 3.41 and for differential cross-section measurement
“Combined Secondary Vertex (CSVM)” tagger is used with working point 0.898.

Lepton & b-Jet Counting

Figure 4.2 shows that the final state of t-channel consists of a light quark recoiling against
the W-boson, b-quark stemming from the decay of top-quark, 2nd b-quark coming form
the gluon splitting, E/T and one isolated tight lepton which is used to reduce the back-
ground contribution coming from two lepton events which can originate from tt̄ or Drell-
Yan. The events with additional loose muon or electron are vetoed.

The naming convention used is “x-jets y-tags”, e.g., 2j1t which refers to a region where
we have 2jets out which exactly one is b-tagged. This 2jets 1-tag region is marked as our
signal region. The “2j0t” refers to a region in which we have exactly two jets, out of which
none is b-tagged, this region 2jets 0-tag is marked as W+jets control region. Similarly “3j2t
or 3j1t” is tt̄ enriched region. These two (W+jets, tt̄ and QCD) are the main backgrounds
which are estimated from data in inclusive cross-section measurements. The extraction
of these backgrounds is described in detail in the section 5.1.1. Jet RMS cut is used for
the jets failing to pass the b-tagging criteria of inclusive cross-section measurement, this
reduces the contribution coming from pileup events. The distance in the η − φplane
between the momenta of the particles constituting the jet and the jet axis is evaluated
and its root-mean-square over all the jet constituents required to be smaller than 0.025.
For differential cross-section measurement only QCD is estimated from data which is
described in Section 6.1.1.

4.6 Missing Transverse Energy

The E/T, which is defined as the negative of the vectorial sum of the transverse momenta
of the identified PF particles. The particle-flow algorithm is used to reconstruct E/T and
the E/T is corrected by applying Type-0, Type-I and MET-Φ corrections. This means that
the difference between the L1 and L3 correction levels of the jets is propagated to MET.
In the electron channel the events are required to have E/T > 45 GeV in order to suppress
events from QCD multijet production.
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4.7 Transverse Mass of W-boson

The transverse mass of the W-boson mT is defined as

mT =
√
(pT,l + pT,ν)

2 − (px,l + px,ν)
2 −

(
py,l + py,ν

)2 , (4.7.1)

and reconstructed from the four-vector of the charged lepton and the E/T vector. In the
muon channel the QCD contribution in the signal region is rejected by requiring mT
> 50 GeV.

4.8 Top-quark Reconstruction

The top-quark is the heaviest quark and due to its large mass it decays before it can
form bound states. The decay of the top-quark to W-boson and a b-quark (t →Wb) is
almost 100%. The W-boson also decays via leptonically or hadronically. In this analysis
we consider the leptonic decay of the W-boson. For that reason we have a charged lepton
(muon or electron) along with the corresponding neutrino. The transverse components
of the neutrino momentum are taken from the missing transverse energy vector. The
missing z component of the neutrino momentum is determined by applying a constraint
on the W-boson mass. Mathematically it can be written as:

M2
W = (Elep +

√
E/T

2 + P2
z,ν)

2 − (PT,lep + E/T)
2 − (Pz,lep + Pz,ν)

2 . (4.8.1)

Solving this equation for Pz,ν gives in general two solutions:

PA,B
z,ν =

µ · Pz,lep

P2
T,lep

±

√√√√µ2 · P2
z,lep

P4
T,lep

−
E2

lep · E/T
2 − µ2

P2
T,lep

, (4.8.2)

With

µ =
M2

W
2

+ PT,lep · E/T . (4.8.3)

For a positive discriminant in (4.8.2) we have two real solutions which happens in 72% of
the cases and the solution of the equation with the smallest value of |Pz,ν| is chosen. For
the case when mT is greater than the pole mass of W-boson (80.4 GeV), the discriminant
in equation (4.8.2) becomes negative. This happens in 28% of the cases, primarily due
to the finite resolution of E/T. In order to get a real solution, one can either just take
the real part of (4.8.2) or increase the W-boson mass so that the square root becomes
zero. However, these methods lead to a wrong W-boson mass. The method used in
this analysis eliminates the imaginary part by modifying the components of the missing
transverse energy so that mT = mW while satisfying equation (4.8.1).
We have a quadratic equation in Px,ν and Py,ν when we set the square root of equation
(4.8.2) to zero. By setting the transverse W-boson mT = 80.4 GeV, the missing transverse
energy (E/T) can be modified. Under the assumption that the missing transverse energy
measurement is approximately correct, the distance δ between the transverse momentum
of the neutrino and missing transverse energy is minimized with respect to the solutions
Py1,2,ν:

δ1,2(Px,ν) =
√
(Px,ν − (E/T)x)2 + (Py1,2,ν(Px,ν)− (E/T)y)2. (4.8.4)
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In order to keep the transverse energy of the neutrino close to the measured E/T, the solu-
tion with smaller δ1,2 is chosen. The new values P′x,ν, P′y,ν obtained from the minimization
are used to calculate the new real value of Pz,ν.

There are several ways to assign the selected jets to the final state quarks of the event.
Depending on the analysis bin “xjets ytag”, different strategies are applied in order to get
this assignment done. For the signal region with two jets and one of them tagged as b-jet
(2j1t) the assignment of the selected jets to the final state quarks is straight forward: the
tagged jet is assigned to b-quark stemming from top-quark decay and the other jet can be
assigned to the light quark in the final state.

In the W+jets control region with two jets and no b-tag (2j0t) the jet-quark assignment is
done based on the pseudorapidity of the two jets. The forward jet is assigned to the light
quark in the final state and the other jet is assigned to the b-quark stemming from the
decay of top-quark.

In the tt̄ control region with three or more jets and two b-tags (3j2t and 4j2t) the jet-
quark assignment is done in the following way: The jet with the lowest b-tagger value is
assigned to the light quark and for the remaining jets the invariant masses of the recon-
structed top-quarks using each jet candidate are calculated and the jet yielding the mass
value that is closest to the true top-quark mass of 172.5 GeV is assigned to the b-quark
stemming from the decay of top-quark. From the remaining jets the one with the largest
value of the b tagger output is assigned to the second b-quark in the event, assuming
the single-top-quark event topology in the t-channel, where an additional b-jet is coming
from the initial gluon which splits into a tt̄ pair.

To verify if this assignment is correct, we use the signal Monte Carlo to check if the
reconstructed jets are matched to the corresponding final state partons. A matching
criterion of ∆R < 0.3 between the jet and parton leads to the fractions in Table 4.1 for
”2j1t” and “3j1t”. The choice of the b-tagged jet as the jet from the b-quark of the top-
quark decay is correct in 84.04% of the cases in 2j1t region and 64.69% in 3j1t region.
The untagged jet can be matched to the recoiling light quark in 81.2% of the cases in 2j1t
region and 62.48% in 3j1t.

Table 4.1: Matching of the reconstructed b-tagged and untagged jets to the underlying final state
parton in selected signal events in the muon channel. For the matching, the jet and parton must
have a distance ∆R < 0.3.

Assignment Fraction 2j1t 3j1t
b-tagged jet is b-quark jet from top-quark 84.04% 64.69%
b-tagged jet is spectator b-quark jet 10.58% 21.92%
b-tagged jet is the recoiling light quark jet 3.36% 5.65%
b-tagged jet is none of the above 2.01% 11.45%
untagged jet is b-quark jet from top-quark 7.59% 6.67%
untagged jet is spectator b-quark jet 5.07% 9.94%
untagged jet is the recoiling light quark jet 81.2% 62.48%
untagged jet is none of the above 6.18% 21.49%

72



Chapter 5

Inclusive Cross-section Measurement

In the following, the inclusive cross-section measurements based on the event selection
criteria described in Chapter 4 are presented. For inclusive cross-section measurement
the b-tagger used to identify the b-jets is “Track Counting High Purity Tight (TCHPT)”
(see Section 3.6) where as for the differential cross-section measurement (see Section 6)
“Combined Secondary Vertex Tight (CSVT)” is used. The W+jets and tt̄ are the two
major backgrounds in t-channel production, in the inclusive measurements the QCD,
W+jets and tt̄ are derived from data. The estimation of these backgrounds from data is
discussed in section 5.1.1, 5.1.2 and 5.1.3 respectively, where as for the differential cross-
section measurements only QCD multijet is extracted from data which is described in
section 6.1.1.

5.1 Background Estimation

The main contributing backgrounds in t-channel the single-top-quark production are tt̄,
W+jets and QCD multijet. These main backgrounds together with the constraints on their
production rates are derived from data in the different control regions. The discussion on
the other contributing backgrounds can be found in Chapter 4.1.

5.1.1 QCD Multijet Background

Due to the higher center-of-mass energy of the LHC accelerator, there is a large amount
of gluon radiation present which contributes as a jet in the final state. The large amount
of QCD multijet events are rejected by applying event selection discussed in Chapter 4.
The presence of exactly one isolated lepton reduces the QCD multijet background a lot.
Therefore the QCD multijet contribution towards the signal is estimated from data in the
signal region (2-jet 1-tag) and other side band region. The QCD multijet contribution is
extracted from a maximum-likelihood fit to the full distribution of transverse of the W-
boson stemming from top-quark decay in the muon channel and the missing transverse
energy distribution, the undetected neutrino, in the electron channel. In case of the differ-
ential cross-section measurement as described in Section 6.1, the maximum-likelihood is
not performed to the full distribution but up to certain value in order to avoid the double
counting of QCD events when the fit is performed to the neural network distribution (see
Section 6.4). The data can be parameterised as:

Fl(x) = al · Sl(x) + (1− al) · Bl(x); l = µ, e, (5.1.1)
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where the variable x is transverse mass (mT) in muon channel and is missing transverse
energy (E/T) in the electron channel. The choice of transverse mass for the muon chan-
nel and missing transverse energy for the electron channel is purely conventional. One
can use the transverse mass for muon (electron) channel or missing transverse energy
for muon(electron) channel. The Sl(x) and Bl(x) are the expected distributions by sum-
ming over all processes including W-boson in the final state and QCD multijet events
respectively. The signal distribution Sl(x) is derived from simulation and it includes the
contribution from signal, where as Bl(x) is extracted from data by defining a orthogonal
phase space in which the tight lepton is required to fail a isolation cut Iδβ−corr.

rel > 0.2 or >
0.15 for muon or electron respectively.
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Figure 5.1: The QCD extraction in muon (electron) channel. (a) mT template for the extraction
of QCD, to further reduce the QCD contribution a mT > 50 GeV cut is applied (b) shows the E/T
template where a E/T > 45 GeV is applied to further reduce the QCD contribution.

The data obtained by defining an orthogonal phase space in this way may contain a
fraction of events coming from the QCD multijet processes. The selection is than run
over the QCD monte carlo samples and the number of events coming from this MC QCD
are subtracted from the data driven QCD template to get the purity of these templates
in muon and electron channel. In case of muon channel the purity comes out to be 98%
and in case of electron channel it comes out to be 99%. However the kinematic bias on
the transverse mass and missing energy distribution due to the data driven estimation is
covered by the systematic uncertainty quoted in Section 5.3.

5.1.2 tt̄ Background Estimation

The final state topology of tt̄ process is such that it has exactly two top-quarks in a single
event and if the hadronic decay of W-boson is considered than at-least there are 6 jets in
an event. Therefore tt̄ processes are higher in jet and b-tag multiplicities as compared to
the 2j1t region. The tt̄ is estimated from data by defining two control regions 3j2t and 3j1t.
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Figure 5.2: The |ηj′ | distribution for tt̄ enriched regions (3-jet 2-tag, 3-jet 1-tag) for the muon
(electron) channel. The histograms are normalized to the fit result.

The pseudorapidity of the jets is a crucial variable for the strategy in this analysis. The
variable |ηj′ | is defined as the pseudorapidity of light-quark jet recoiling against the W-
boson. The |ηj′ | remain at the lower values for the signal events where as it extends to
value larger than for the background processes. Figure 5.2(a), 5.2(b) show the distribu-
tions of |ηj′ | of the jet with the lowest values of the b-tag discriminator in 3j2t and 3j1t
region for the muon channel and the Fig. 5.2(c), 5.2(d) show the distribution of |ηj′ | of the
jet with the lowest values of the b-tag discriminator in 3j2t and 3j1t region for the electron
channel.

The top-quarks and anti top-quarks produced in the tt̄ process are identified using the
charge of the lepton in the final state. Figures 5.3(a), Fig. 5.3(b) (Fig. 5.3(c), Fig. 5.3(d))
show the number of positive and negative muon (electron) channel produced in 3j2t and
3j1t. The ratio of positive to negative charged lepton for the 3j2t and 3j1t can be seen in
the Fig. 5.4. The ratio in the two tt̄ enriched regions is close to unity as expected.

Furthermore, the dependence of the measurements on the modelling of tt̄ enriched re-
gions is also modified using the information of non b-tagged jets in 3j2t samples. By
using the |ηj′ | distribution, the contribution of all the other contributing processes except
for tt̄ in 3j2t region is subtracted from the |ηj′ | distribution of non b-tagged jets taken from
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Figure 5.3: The lepton charge in 3-jet 2-tag, 3-jet 1-tag region for the muon (electron) channel.
The sum of all the Monte Carlo predictions is normalized to the data yield and the systematic
uncertainty band include all the possible sources of uncertainty.

data. The bin by bin ratio of this template and the template from tt̄ process is taken as
|ηj′ | dependent correction factor for the tt̄ in the 2j1t region. This ratio is than used in the
signal and side band region for the |ηj′ | distribution.

5.1.3 W/Z+jets Background

In the W/Z+jets samples the probability of finding the b-jets is very small almost neg-
ligible. Therefore the 2-jet 0-tag sample is used for the estimation of W/Z+jets back-
ground. The 2j0t tag sample is used for the comparison of data to Monte Carlo simula-
tion. The |ηj′ | distribution in W/Z+jets is shown in the Fig. 5.5 and fairly good data to
MC comparison is attained. Similarly like the tt̄ enriched region the corresponding lepton
(muon/electron) charge in 2-jet 0-tag region is shown in the Fig. 5.7.

Looking closely at the Fig. 5.6 and Fig. 5.7 the characteristic asymmetry in the production
of positively and negatively charged leptons in W+jets can be seen in data and is fairly
complemented by MC comparison to data.

The jets present in the 2-jet 0-tag samples are mostly coming from the light quarks (u, d,
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Figure 5.4: The ratio of lepton charge in 3-jet 2-tag, 3-jet 1-tag region for the muon (electron)
channel. The sum of all the Monte Carlo predictions is normalized to the data yield and the
systematic uncertainty band include all the possible sources of uncertainty.

s) and gluons. The behavior of these light quark and gluon jets are quite different from
the heavy flavour jets which originate from c or b quarks. For this reason the W+jets
charge ratio in the final state is derived from data. The side band region SB which is de-
fined as the region in which the reconstructed mass “m`νb” of the top-quark lies outside
the mass window 130 < m`νb < 220 GeV and signal region SB is defined as the region
in which the reconstructed mass “m`νb” of the top-quark lies inside the mass window
130 < m`νb < 220 GeV.

The side band region in the 2j1t sample is used for the estimation of the W/Z+jets in a
region that is expected to have a similar contribution in terms of W/Z+heavy flavours
with respect to the sample that is used for the cross-section extraction, i.e., the 2j1t signal
region. The |ηj′ | for the W/Z+jets is extracted from the sideband region by subtraction all
other processes bin by bin. The tt̄ and QCD used here are derived from data while the rest
of the processes are taken from simulation. The scale factors are derived from simulation
for the signal region and the side band region. The similar process is performed for the
inclusive and exclusive distribution when separated on the basis of lepton charge. The
bias in the two regions is estimated on simulation and removed from the samples derived
from data . The uncertainty on the W+c-jets and W+b-jets events is taken into account,
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Figure 5.5: |ηj′ | distribution for W/Z+jets enriched regions 2-jets 0-tag for the muon (electron)
channel. The systematic uncertainty, the shaded bands, include pre-fit uncertainties on the nor-
malisation and on the shape of the distributions.

described in section 5.3.

5.2 Signal Extraction

The signal is extracted by performing a two binned maximum likelihood fit to |ηj′ | dis-
tribution in 2-jet 1-tag signal region. The fit performed to the distribution in which the
events are not separated on the basis of their charge gives the inclusive cross-section while
the fit performed to those distribution in which events are separated on the basis of their
charge gives the cross-section of t and t. The expected contribution of every process in
each bin of |ηj′ | can be modelled with the following likelihood function:

n(|ηj′ |) = NsPs(|ηj′ |) + NtPt(|ηj′ |) + NEWPEW(|ηj′ |) + NMJPMJ(|ηj′ |), (5.2.1)

where in the equation 5.2.1 the subscript “s” represents the signal, “EW” represents the
electroweak component composed of W/Z+jets and WW, WZ, ZZ. Similarly the subscript
“t” represents the top-quark component consisting of tt̄, s-channel and tW. The subscript
“MJ” represents the QCD multijet component. The Ns, Nt, NEW and NMJ are the yields
of the signal and backgrounds components. The Ps, Pt, PEW and PMJ are the binned prob-
ability distribution functions for the signal and backgrounds components. The t-channel
single-top-quark inclusive cross-section is extracted from events with positively or nega-
tively charged leptons, defining one likelihood function per lepton flavour, as described
in Eq. 5.2.1. The two distributions for electron and muon are than fitted together. For
the extraction of cross-section of t and t the events are further divided on the basis of
charge of muon or electron. One likelihood function per lepton flavour and per charge as
described in the Eq. 5.2.1 is used for fitting the four distribution together.

The binned probability distribution Ps for both the fits are taken from |ηj′ | simulation.
For the inclusive cross-section fit, the total signal yield Ns is fitted unconstrained, where
as for the signal t and t cross-section fit two parameters are introduced for the positively
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Figure 5.6: The ratio of lepton charge in 2jet 0-tag region for the muon (electron) channel. The sum
of all the Monte Carlo predictions is normalized to the data yield and the systematic uncertainty
band include all the possible sources of uncertainty.

and negatively charged lepton signal yield.

The binned probability distribution PEW is the sum of the contribution of diboson and
W/Z+jets processes. The W/Z+jets are estimated from the side band region of m`νb
distribution. This estimation is applied to both electron and muon with respect to the
charge of the lepton in case of the inclusive top-quark cross-section fit. Similarly for t
and t cross-section extraction the estimation is applied separately to the positively and
negatively charged leptons. The diboson contribution is taken from simulation. The two
resulting distributions are summed together and the resulting total event yield NEW is
derived from the fit. The prior knowledge of the normalisation is obtained from the side-
band and a Gaussian constraint is applied to NEW in the fit. The mean value is taken
from the simulation and the standard deviation taken is equal to the difference between
the data driven yield of W/Z+jets and the expectation from simulation in the sideband
region. For the single t and t cross-section ratio fit, the electroweak component NEW are
fitted separately for positively and negatively charged electrons and muons.

The binned probability distribution Pt of the top-quark processes consists of tt̄, tW and
s-channel. The tt̄ contribution is determined from data and the contribution of tW and
s-channel is added to it with the normalization factor determined from the simulation.
Because of the charge symmetry of tt̄ and tW the contribution is also separated by lepton
flavour and charge, where as s-channel charge ratio is fixed in standard model of particle
physics. However the yield Nt is fitted with the Gaussian constraint with a standard de-
viation of ±10% and the mean value of Gaussian is centered at the value obtained from
simulation. The ±10% variation is chosen to cover both experimental and theoretical un-
certainties on tt̄ cross-section. The binned probability distribution PMJ for multijet QCD
is determined from data and the yield fixed to the results of mT and E/T fit described in
Section 5.1.1.

The fit strategy driving this parametrisation is mainly focused on constraining W/Z+jets
and tt̄ backgrounds which are derived from data. In case of the single t and t cross-section
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Figure 5.7: The ratio of lepton charge in 2-jet 0-tag region for the muon (electron) channel. The
sum of all the Monte Carlo predictions is normalized to the data yield and the systematic uncer-
tainty band include all the possible sources of uncertainty.

fit, the event ratio of positively and negatively charged W-bosons is constrained as well.
The total cross-section measurement from the inclusive analysis is more precise than the
one inferred from the separate-by-charge fit, due to the additional uncertainty from the
W-boson charged ratio.
Figure 5.8 shows the |ηj′ | distribution in muon (electron) channel for 2j1t region. The
distributions of each process is normalized to the value of the inclusive cross-section.
Similarly the Fig. 5.9 shows the |ηj′ | distributions for positively and negatively charged
leptons in 2j1t region which are normalized to t and t cross-section ratio fit. Figure 5.10
shows the reconstructed top-quark mass distribution in 2j1t region with |ηj′ | > 2.5. The
distributions are normalised by scaling with the fit result. The 2j1t region is a signal
enriched phase space, hence a characteristic peak can be seen around the top-quark pole
mass for the muon and electron channel.

5.3 Systematic Uncertainties

In the following section, the various sources of systematic uncertainties present on the
signal are discussed. The uncertainties on the background and samples are not taken into
account. The pseudo experiments are thrown using each process distributions and the
yields generated considering the each up and down variation. A fit is performed to the
|ηj′ | distribution for each pseudo experiment with the nominal setup. The difference of
fit result for the up and down systematic with respect to the nominal result is taken as
the corresponding uncertainty.

• Jet Energy Scale/Resolution and Missing Transverse Energy: The four-momenta
of all the reconstructed jets in the Monte Carlo simulated events are smeared ac-
cording to η and pT dependent uncertainties in the Jet energy scale and resolution.
This variation in the jet momentum is propagated to E/T. The energy contribution
from all jets with pT < 10 GeV and PFCandidates not clustered to jets is called “un-
clustered energy”. This energy contribution is varied ±10% [178] and the resulting
uncertainty is propagated to the calculation of the missing transverse energy.
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Figure 5.8: The fitted |ηj′ | distributions for muon (electron) channels. The distribution is nor-
malised to the yields obtained from the combined total cross-section fit. The systematic uncer-
tainty bands include the shape uncertainties on the distributions.

• Pileup Modelling (PU): The uncertainty which arises due to the average expected
number of additional interactions per bunch crossing (±5%) is propagated as a
systematic uncertainty.

• b-Tagging: The b-tagging rate and misidentification rates are estimated from the
control samples [179]. The simulated samples are than scaled to reproduce the ef-
ficiencies in data and the corresponding uncertainties are propagated as systematic
uncertainties.

• Muon/Electron Trigger and Reconstruction: The lepton trigger efficiencies and the
reconstruction efficiency as function of lepton pT and η are estimated using tag and
probe method using the Drell-Yan data [180]. The effect of incorrect determination
of the lepton charge has been taken into account for muon and electron. In case
of muon the effect is negligible while in case of electron the uncertainty on the
determination of charge has already been measured [181].

• tt̄, W+jets and QCD Estimation: The normalization and distribution of tt̄, W+jets
and QCD are derived from data. The uncertainty on the tt̄ is estimated by dicing
the pseudo experiments in the side band region and 3j2t tag samples and the back-
ground estimation is repeated. The |ηj′ | distribution is fitted and the root mean
square of the fit result gives the uncertainty on the tt̄ background. There is an addi-
tional uncertainty on the tt̄ estimation which is determined by performing a signal
extraction from the tt̄ distribution in whole m`νb range, the two different distribu-
tions are used for the signal and background regions. The uncertainty on W+jets is
determined from different |ηj′ | shapes which are derived from Monte Carlo simula-
tions by varying the heavy flavour content, W+heavy (b,c), independently by ±30%
in the signal and side band regions. The QCD normalization is varied by ±50%
independently in the electron and muon channel. The variation range is obtained
by estimating the QCD background under different assumptions and conditions.
The maximum difference with respect to the nominal estimation procedure is taken
as an uncertainty on the QCD normalization, while all other systematic uncertainty
are coherently propagated in the estimation procedure.
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Figure 5.9: The fitted |ηj′ | distributions for muon (electron) channels. The distribution is nor-
malised to the yields obtained from the combined t and t cross-section fit. The systematic uncer-
tainty bands include the shape uncertainties on the distributions.

• Background Normalization: The uncertainty on the normalization of tt̄ is taken to
be ±10% which covers the theoretical differences [85, 182, 183]. The normalization
on the diboson, tW, s-channel is taken to be ±30% [85, 182, 184].

• Signal Modelling: The uncertainty on the renormalization and factorization scale
is determined by multiplying or dividing by a factor of 2 up and down. The cor-
responding variation is than taken as the scale uncertainty. The uncertainty due
to the signal generator is obtained by comparing the nominal generated samples
with POWHEG with CompHEP. Half of the difference is taken as the systematic
uncertainty arising due to the signal modelling.

• Parton Distribution Function: The uncertainty due to the choice of PDFs is de-
termined by reweighing the simulated events and repeating the signal extraction.
The envelope of CT10 [185], MSTW [81], and NNPDF [186] PDF set is taken as the
systematic uncertainty according to the PDF4LHC recommendations.

• Simulation Sample Size: The statistical uncertainty arising due to the limited size
of the Monte Carlo simulation is estimated by dicing the pseudo experiments to
reproduce the statistical fluctuation in the model. The fitting procedure is repeated
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Figure 5.10: The fitted m`νb distributions for muon (electron) channels in 2j1t region. The dis-
tribution is normalised to the yields obtained from the combined cross-section fit. Systematic
uncertainty bands include the shape uncertainties on the distributions.

for each pseudo experiment and the uncertainty is evaluated as the RMS of the
distribution of fit results.

• Luminosity: The total integrated luminosity is known with a relative uncertainty of
±2.6% [187].

Tables 7.1 and 7.2 give the relative impact of each uncertainty on the inclusive cross-
section and on the ratio measurements in the lepton+jets final state respectively. The
uncertainties arising due to the limited size of Monte Carlo simulation and on the data
driven background estimation do not cancel each other, as a result they have a large
impact on the ratio of cross-section measurement than on the inclusive cross-section mea-
surement. The uncertainty due to luminosity have an impact on the total cross-section
measurement but tends to cancel out in the ratio measurement. Similarly the uncertainty
sources like b-tagging, lepton trigger and reconstruction efficiency which affect the signal
events in a same way for t and t have an impact in total cross-section but have a small
effect on the ratio measurement. Uncertainties that can affect the background processes
and are independent from the lepton charges, tt̄ or QCD, they have a much larger impact
on the single t production cross-section, this is the reason they do not cancel out in the
ratios of cross-sections. The production cross-section of t and t depends largely on the
PDFs of the contribution quarks, the corresponding PDF uncertainties are anti correlated
as a result the corresponding uncertainty on the ratio measurement is enhanced. Since the
momentum and pseudorapidity of quarks and leptons for t and t are different, modelling
uncertainties and uncertainties due to the missing transverse energy and jet energy scale
do not cancel out totally in the ratio measurement. As a result the event yield obtained
after fitting for total cross-section and for t and t are not identical. The uncertainty in the
heavy flavour component in total cross-section and cross-section obtained for t and t are
anti correlated, also the theoretical uncertainties are effecting the exclusive measurements
more than the inclusive cross-section measurement.
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Table 5.1: The Event yield for the signal and background processes in the 2j1t signal and the
side band region for the muon and electron channel. The yield is obtained from simulation and
the corresponding uncertainty quoted is due to the finite monte carlo size except for QCD and
W/Z+jets whose yields and uncertainties are taken as the statistical component of the uncertainty
in estimation from data.

Process Muon Electron
SR SB SR SB

tt̄ 17214 ± 49 8238 ± 35 11162 ± 38 8036 ± 33
W/Z+jets 10760 ± 104 9442 ± 97 4821 ± 69 6512 ± 81

QCD 765 ± 5 271 ± 4 1050 ± 6 1350 ± 6
Diboson 179 ± 4 161 ± 4 95 ± 3 134 ± 3

tW 1914 ± 28 969 ± 20 1060 ± 28 858 ± 18
s-channel 343 ± 1 118 ± 1 180 ± 1 96 ± 1
t-channel 6792 ± 25 944 ± 9 3616 ± 17 753 ± 8

Total expected 37967 ± 121 20143 ± 106 21984 ± 85 17740 ± 90
Data 38202 20237 22597 17700

Table 5.2: The event yield for the signal and background processes in the 2j1t signal and side band
region for the positively and negatively charged muon and electron. The yield is obtained from
simulation and the corresponding uncertainty quoted is due to the finite monte carlo size except
for QCD and W/Z+jets whose yields and uncertainties are taken as the statistical component of
the uncertainty in estimation from data.

Process Muon Electron
+ − + −

tt̄ 8620 ± 35 8594 ± 35 5574 ± 27 5588 ± 27
W/Z+jets 5581 ± 75 4989 ± 71 2618 ± 52 2121 ± 46

QCD 361 ± 1 366 ± 1 697 ± 2 679 ± 2
Diboson 106 ± 3 73 ± 2 58 ± 2 39 ± 2

tW 964 ± 20 951 ± 20 535 ± 14 525 ± 14
s-channel 225 ± 1 118 ± 1 118 ± 1 62 ± 1
t-channel 4325 ± 19 2467 ± 16 2320 ± 13 1295 ± 11

Total expected 20181 ± 87 17557 ± 83 11920 ± 61 10310 ± 56
Data 20514 17688 12035 10562
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Chapter 6

Differential Cross-section Measurement

In the following, the differential cross-section measurements of the single-top-quark t-
channel production as function of top-quark pT and |y| are presented. First the QCD
multijet background estimation is discussed, than the modelling of various input vari-
ables for the training of neural network in the W+jet control region (2j0t), tt̄ enriched
region (3j2t) and than in the signal region (2j1t) are discussed. The well trained neural
network is used for the classification of unknown data is presented. Finally, we use the
unfolding to get the true distribution of top-quark pT and |y| to extract the differential
cross-section in the bins of pT and |y|.

6.1 Background Estimation

Applying the described event selection criteria, the amount of QCD background events
can be reduced a lot. Nevertheless, a significant contribution from the different sources
of background events passes those requirements. Based on monte carlo simulation stud-
ies, we estimate the fraction of background events after applying the described selection
criteria to be 86% (87%) in the muon (electron) channel respectively.

To further reduce the background contribution, a trained neural net is used to separate
signal from background processes. For all processes except for QCD multijet production
the distributions of the input variables are modeled using monte carlo simulations. The
cross-section of QCD multijet production is so large that it can be modeled directly from
data. For that purpose the selection criteria are altered to enrich the selected dataset in
QCD events. This QCD enriched sample is not only used to model the distributions of
all the kinematic variables used for the neural network training, but also to estimate the
amount of QCD events in the signal region as no reliable prediction from monte carlo
simulation is available for the QCD contribution.

As explained later in section 6.5, not only the signal region (2j1t) is used to fit the signal
and background fractions, but also the tt̄ enriched 3j2t control region. In the 2j1t region
there is a significant contribution from QCD-multijet processes, while the fraction of this
background is only small in the 3j2t region. In the data driven estimation of the QCD
multijet contribution we make use of the transverse mass mT of the W-boson as a discrim-
inating variable in the muon channel and missing transverse energy E/T in the electron
channel. The next two sections describe in detail how the QCD enriched sideband selec-
tion is defined and how the data-driven estimation of the QCD contribution in the signal

85



Chapter 6. Differential Cross-section Measurement 6.1. Background Estimation

region works.

6.1.1 Data Driven QCD Templates

The QCD multijet templates are obtained from data in QCD enriched sidebands of the
2j1t signal region and the 3j2t control region. These sideband regions are defined by in-
verting the isolation condition for the electron or muon candidate. Instead of requiring
Iδβ−corr.
rel <0.12 for the muon and Iδβ−corr.

rel <0.1 for the electron candidate, for the definition
of the QCD enriched sideband regions the isolation of the lepton has to be between 0.3
and 0.5. To ensure, that despite this inversion of the relative isolation the jets and leptons
are well separated, a special requirement on the angular separation of jets and leptons is
introduced. Only jets with a distance ∆R (jet,l) >0.3 from the selected charged lepton are
considered for the analysis.

The events from these sideband are than used to model the QCD contribution in the
various kinematic distributions used in the analysis. For the estimation of the amount
of QCD events in the selected samples two sensitive variables, the transverse mass mT
distribution of the W-boson in case of the muon channel and E/T distribution in case of
the electron channel, are used and for that purpose dedicated QCD templates are needed,
which are from the same sideband regions as described above, with the obvious addition
that the cut on mT or MET is not applied. Using the Monte Carlo simulated samples
the contamination from non-QCD events in the anti-isolated regions is estimated to be
below 1.5% in the 2j1t region in both channels before the cut on mT or E/T, see Fig. 6.1 (a)
and (b). The non-QCD contributions are normalized to their predicted cross-section and
the assumed luminosity and are subtracted from the measured data distributions, see
Fig. 6.1(c) and (d). Figure 6.1 (e) and (f) compare the distributions for mT and E/T for the
QCD templates from data, corrected for non-QCD contributions, with the distributions
from QCD Monte Carlo samples in the QCD enriched sideband region.

The contamination from non-QCD processes in the 3j2t region is higher, but QCD plays
only a negligible role here and therefore no dedicated correction of the data-driven tem-
plate is done in this case.

Estimation of QCD Multijet Background

In general, the distribution F of any kinematic variable x measured in data can be param-
eterized as:

F(x)=a · S(x)+b · B1(x)+c · B2(x). (6.1.1)

For the differential cross-section measurement, we make use of two variables: x is the
transverse mass (mT)of the W-boson in case of the muon channel and missing transverse
energy (MET) in case of the electron channel. S(X), Bi(x) are the expected distributions for
signal and background events, respectively. In our case, Bi(x) refers to all non-QCD events
(derived from the monte carlo simulation of all non-QCD processes) and S(x) refers to the
amount of QCD events (derived from data as described above). All non-QCD processes
are added up to two background templates B1(x) and B2(x), according to their relative
contribution as calculated from the MC prediction. Backgrounds containing a real W-
boson in the process are added together to B1(x), while Z+jets events are represented by
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Figure 6.1: Distributions of MTW for the muon channel and MET distribution for the electron
channel in the QCD enriched sideband of the 2j1t region. The non-QCD processes are simulated
from MC and are normalized to their predicted cross-section and the assumed luminosity (a) and
(b). The non-QCD processes have been subtracted from the data distributions (c) and (d).
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B2(x). The normalization constants a, b and c are determined by a fit of F(x).

We fit the mT (E/T) distribution in the low-mT (low-E/T) region defined by mT < 50 GeV
(E/T < 45 GeV) and extrapolate the result into the region with mT > 50 GeV in the muon
channel and E/T > 45 GeV in the electron channel. Figure 6.2 and 6.3 show the mT and E/T
distributions with the data-driven QCD template and the MC templates for the non-QCD
events for the 2j1t and 3j2t regions. Table 6.1 gives the numbers of QCD events obtained
for the muon and the electron channels in the two regions.

Table 6.1: The QCD estimation in the side band and the signal region for the muon (electron)
channel. The uncertainties quoted are statistical uncertainties.

Muon Channel Events Electron channel Events
2j1t region

mT < 50 GeV 21554±614 E/T < 45 GeV 26359±551
mT > 50 GeV 5448±173 E/T > 45 GeV 2793±93

3j2t region
mT < 50 GeV 133±228 E/T < 45 GeV 580±14
mT > 50 GeV 160±273 E/T > 45 GeV 117±41
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Figure 6.2: The transverse mass distribution of the W-boson (left) and missing transverse energy
distribution (right) with the templates for QCD and non-QCD processes normalized to the fit
results.

6.2 Variable Modeling

In the following, the modeling of various variables are presented. Since W+jets and tt̄
are the two major backgrounds and proper modeling of different kinematic variables in
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Figure 6.3: The transverse mass (left) and missing transverse energy (right) distributions with the
templates for QCD and non-QCD processes normalized to the fit results in the tt̄ control region
3j2t.

the region enriched with these two backgrounds is very important. The W+jets control
region is defined by the 2j0t region, where as the tt̄ region is defined by 3j2t region.

6.2.1 Variable Modeling in 2j0t Region

The default signal region for the described analysis is the 2j1t region. Keeping all se-
lection requirements but reverting the b-tag criterion by requiring that none of the two
selected jets is identified as b-jet, defines the 2j0t region. This orthogonal sideband re-
gion is dominated by W+jets background events, with a fraction of 86% (81%) in the
muon (electron) channel, and is therefore suited to compare the distributions of the used
kinematic variables from simulated W+jets events with data events in order to validate
the W+jets modelling. In the following figures this comparison between simulation and
data is shown for all used input variables. The relative contributions of the different
background processes are normalized to their predicted cross-sections, except for the
contribution from QCD multijet events, which is normalized according to the results of
the QCD fit described in Section 6.1. To allow for a better comparison of the shapes of
the kinematic distributions, the sum of the modelled signal and background templates is
scaled to yield the same integral as the data distribution.
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Figure 6.4: The pseudorapidity, transverse momentum, and mass of the jet assigned to the light
quark in the W+jets control region (2j0t). The simulation is scaled to match the integral of the data
distribution.
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Figure 6.5: The invariant-mass of the leading jet, of the second leading jet, and of the dijet system
in the W+jets control region (2j0t). The simulation is scaled to match the integral of the data
distribution.
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Figure 6.6: The reconstructed mass of the top-quark, of the jet assigned to the b-quark stemming
from the decay of top-quark, and the transverse mass of the W-boson in W+jets control region
(2j0t). The simulation is scaled to match the integral of the data distribution.

92



Chapter 6. Differential Cross-section Measurement 6.2. Variable Modeling

E
nt

rie
s

0

10000

20000

30000

40000

50000

60000

70000

80000

90000
 at 8 TeV-119.7 fb

Data
t-channel
s+tW
tt

W+Jets
Z+Jets,VV
QCD

MET [GeV]

0 20 40 60 80 100 120 140

D
at

a
D

at
a-

M
C

0.5−
0

0.5

µ+jets

E
nt

rie
s

0

10000

20000

30000

40000

50000

60000

70000
 at 8 TeV-119.7 fb

Data
t-channel
s+tW
tt

W+Jets
Z+Jets,VV
QCD

MET [GeV]

50 60 70 80 90 100 110 120 130 140

D
at

a
D

at
a-

M
C

0.1−

0

0.1

e+jets

E
nt

rie
s

0

200

400

600

800

1000

1200

310×  at 8 TeV-119.7 fb

Data
t-channel
s+tW
tt

W+Jets
Z+Jets,VV
QCD

Lepton charge

-1 +1

D
at

a
D

at
a-

M
C

0.02−
0.01−

0
0.01
0.02

µ+jets
E

nt
rie

s

0

100

200

300

400

500

600

700

310×  at 8 TeV-119.7 fb

Data
t-channel
s+tW
tt

W+Jets
Z+Jets,VV
QCD

Lepton charge

-1 +1

D
at

a
D

at
a-

M
C

0.02−

0

0.02

e+jets

E
nt

rie
s

0

20

40

60

80

100

310×  at 8 TeV-119.7 fb

Data
t-channel
s+tW
tt

W+Jets
Z+Jets,VV
QCD

ηW-boson 

5− 4− 3− 2− 1− 0 1 2 3 4 5

D
at

a
D

at
a-

M
C

0.2−
0

0.2

µ+jets

E
nt

rie
s

0

10000

20000

30000

40000

50000

60000

70000

 at 8 TeV-119.7 fb

Data
t-channel
s+tW
tt

W+Jets
Z+Jets,VV
QCD

ηW-boson 

5− 4− 3− 2− 1− 0 1 2 3 4 5

D
at

a
D

at
a-

M
C

0.4−
0.2−

0
0.2
0.4

e+jets

Figure 6.7: The missing transverse energy, the charge of the lepton, and the pseudorapidity of the
W-boson in the W+jets control region (2j0t). The simulation is scaled to match the integral of the
data distribution.
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Figure 6.8: The ∆φ between the lepton and jet stemming from light quark, ∆φ of the second
leading jet and the lepton, and φ of E/T in the W+jets control region (2j0t). The simulation is scaled
to match the integral of the data distribution.
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Figure 6.9: The ∆φ between the leading jet and E/T, ∆φ of the second leading jet and E/T, and the
angular separation between the leading jet and E/T in W+jets control region (2j0t). The simulation
is scaled to match the integral of the data distribution.
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Figure 6.10: The C-parameter, D-parameter and Aplanarity in W+jets control region (2j0t). The
simulation is scaled to match the integral of the data distribution.
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6.2.2 Variable Modeling in 2j1t Region

For the signal selection, we required exactly two jets with one of them being tagged as
b-jet. In this section, we check the modeling of those variables in our signal region (2j1t)
which are used in the training of the neural network. The relative contributions of the
different background processes are normalized to their predicted cross-sections, except
for the contribution from QCD multijet events, which is normalized according to the
results of the QCD fit described in Section 6.1. To allow for a better comparison of the
shapes of the kinematic distributions, the sum of the modelled signal and background
templates is scaled to yield the same integral as the data distribution.
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Figure 6.11: The pseudorapidity, transverse momentum, and mass of the jet assigned to the light
quark in the signal region (2j1t). The simulation is scaled to match the integral of the data distri-
bution.
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Figure 6.12: The invariant-mass of the leading jet, of the second leading jet, and of the dijet system
in the signal region (2j1t). The simulation is scaled to match the integral of the data distribution.
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Figure 6.13: The reconstructed mass of the top-quark, of the jet assigned to the b-quark stemming
from the decay of top-quark, and the transverse mass of the W-boson in signal region (2j1t). The
simulation is scaled to match the integral of the data distribution.
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Figure 6.14: The missing transverse energy, the charge of the lepton, and the pseudorapidity of
the W-boson in the signal region (2j1t). The simulation is scaled to match the integral of the data
distribution.
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Figure 6.15: The ∆φ between the lepton and jet stemming from light quark, ∆φ of the second
leading jet and the lepton, and φ of E/T in the signal region (2j1t). The simulation is scaled to
match the integral of the data distribution.
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Figure 6.16: The ∆φ between the leading jet and E/T, ∆φ of the second leading jet and E/T, and the
angular separation between the leading jet and E/T in signal region (2j1t). The simulation is scaled
to match the integral of the data distribution.
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Figure 6.17: The C-parameter, D-parameter and Aplanarity in signal region (2j1t). The simulation
is scaled to match the integral of the data distribution.
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6.2.3 Variable Modeling in 3j2t Region

Requiring one or two jet more than for the signal region and requiring two b-tagged
jets which defines the 3j2t or 4j2t control regions. For simplicity we show here only the
3j2t region. This region is dominated by the tt̄ background contribution, with a fraction
of about 94% (95%) of all events in the muon (electron) channel. Therefore we use this
region for the validation of the tt̄ modeling of the various kinematic variables used in
the training of the neural network. In the following figures this comparison between
simulation and data is shown for all used input variables. The relative contributions of
the different backgrounds is normalized to the prediction, except for the contribution
from QCD multijet events, which is normalized according to the results of the QCD fit
described in Section 6.1. To allow for a better comparison of the shapes of the kinematic
distributions, the sum of the modelled signal and background templates is scaled to yield
the same integral as the data distribution.
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Figure 6.18: The pseudorapidity, transverse momentum, and mass of the jet assigned to the light
quark in the tt̄ control region (3j2t). The simulation is scaled to match the integral of the data
distribution.
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Figure 6.19: The invariant-mass of the leading jet, of the second leading jet, and of the dijet
system in the tt̄ control region (3j2t). The simulation is scaled to match the integral of the data
distribution.
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Figure 6.20: The reconstructed mass of the top-quark, of the jet assigned to the b-quark stemming
from the decay of top-quark, and the transverse mass of the W-boson in tt̄ control region (3j2t).
The simulation is scaled to match the integral of the data distribution.
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Figure 6.21: The missing transverse energy, the charge of the lepton, and the pseudorapidity of
the W-boson in the tt̄ control region (3j2t). The simulation is scaled to match the integral of the
data distribution.
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Figure 6.22: The ∆φ between the lepton and jet stemming from light quark, ∆φ of the second
leading jet and the lepton, and φ of E/T in the tt̄ control region (3j2t). The simulation is scaled to
match the integral of the data distribution.
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Figure 6.23: The ∆φ between the leading jet and E/T, ∆φ of the second leading jet and E/T, and the
angular separation between the leading jet and E/T in tt̄ control region (3j2t). The simulation is
scaled to match the integral of the data distribution.
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Figure 6.24: The C-parameter, D-parameter and Aplanarity in tt̄ control region (3j2t). The simula-
tion is scaled to match the integral of the data distribution.
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6.3 Input Variables to Neural Network

A large number of input variables, some of which had been successfully employed for
the neural network training at the CDF single-top-quark observation [188], have been
tested for their separation power. Among these, 21 variables were found to be suitable
for the training. The training of neural network is done for the muon and electron channel
separately

Table 6.2: The list of input variables for the training of neural network, ranked by relevance in the
two channels.

rank in channel rank in channel
variable µ+jets e+jets variable µ+jets e+jets
ηlq 1 1 C 11 12
m`,ν,b 2 2 pT,lq 12 9
mjet1,jet2 3 3 D 13 17
mT,W 4 4 mjet1 14 5
Q` 5 6 Emiss

T 15 14
mlq 6 13 ∆φ[jet2, E/T] 16 16
ηW 7 7 mjet2 17 8
∆φ[`, lq] 8 11 ∆R[jet1, E/T] 18 15
mbtop 9 – ∆φ[jet2, `] – 10
∆φ[jet1, E/T] 10 – Aplanarity – 18

The neural network is configured to only use variables for the training with an additional
significance greater than 3σ. The variables with additional significance less than 3σ do
not have any effect on the training of the neural network.
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Pseudorapidity of the light quark, ηlq

The pseudorapidity η of the light quark is the most discriminating variable in the training.
The jet is mostly detected in the forward region for the signal, while for all background
processes it is detected in the central region of the detector. Figure 6.25(a) and 6.25(b)
show the pseudorapididty of the light quark for the data, t-channel, tt̄ and W+jets for the
muon and election channel respectively.
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Figure 6.25: The pseudorapidity and pT distribution of the light quark in muon (electron) channel
for signal region. The simulation is normalized to unity.

Transverse momentum distribution of light quark

The transverse momentum distribution of the jet assigned to the light quark. Figure 6.25(c)
and 6.25(d) show the pseudorapididty of the light quark for the data, t-channel, tt̄ and
W+jets for the muon and election channel respectively.
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Mass of light quark, mlq

It is the invariant mass of the jet assigned to the quark recoiling against the intermediate
W-boson produced in the t-channel. Figure 6.26(a) and 6.26(b) show the mass of the
light quark for the data, t-channel, tt̄ and W+jets for the muon and election channel
respectively.
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Figure 6.26: The mass of the light quark jet and mass of first leading jet in signal region. The
simulation is normalized to unity.

Mass of first leading jet, mjet1

The invariant mass of the jet with the highest transverse momentum pT. Figure 6.26(c)
and 6.26(d) show the mass of the first leading jet for the data, t-channel, tt̄ and W+jets
for the muon and election channel respectively.
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Mass of second leading jet, mjet2

Mass of the second leading (ordered in terms of decreasing transverse momentum) jet
present in the event. Figure 6.26(c) and 6.26(d) show the mass of the second leading jet
for the data, t-channel, tt̄ and W+jets for the muon and election channel respectively.
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Figure 6.27: The mass of the second leading jet and invariant di-jet mass shape in the signal
region. The simulation is normalized to unity.

Invariant di-jet mass, mjet1,jet2

The invariant mass of the two selected jets can discriminate between signal and back-
ground due to the longer tail of the signal. In case of more than two jets, the two
leading jets, ordered in decreasing jet-pT, are used for the calculation of this variable.
Figure 6.26(c) and 6.26(d) show the di-jet invariant mass for the data, t-channel, tt̄ and
W+jets for the muon and election channel respectively.
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Reconstructed top-quark mass, m`νb

The invariant mass of the top-quark reconstructed from the four vectors of the of the
neutrino, charged lepton, and the jet assigned to the b-quark stemming from the decay of
top-quark. The peak around 173 GeV is a clear indication for the precise reconstruction
of top-quark candidates. The peak is broadened for tt̄ production compared to single top
t-channel production. The reason for this is, that in half of the cases, the selected b-quark
is not coming from the same top-quark as the selected muon. Also, if the two W-bosons
decay leptonically, there are two neutrinos which contribute to the missing transverse
energy. Contributions from W-bosons and light or heavy flavor jets do not peak at the
top-quark mass and have a longer tail. Figure 6.28(a) and 6.28(b) show the reconstructed
top-quark mass for the data, t-channel, tt̄ and W+jets for the muon and election channel
respectively.
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Figure 6.28: The reconstructed top-quark mass b-quark mass stemming from the decay of top-
quark in signal region. The simulation is normalized to unity.
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Mass of the b-quark stemming from the decay of top-quark, mbtop

The invariant mass of the jet assigned to the b-quark stemming from the decay of top-
quark. Figure 6.28(c) and 6.28(d) show the mass of b-quark for the data, t-channel, tt̄ and
W+jets for the muon and election channel respectively.

Transverse mass of the W-boson, mT,W

The transverse mass distribution mT of the W-boson obtained from the isolated charged
lepton and the missing transverse energy. Figure 6.29(a) and 6.29(b) show the transverse
mass of the W-boson for the data, t-channel, tt̄ and W+jets for the muon and election
channel respectively.
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Figure 6.29: The transverse mass and missing energy distribution of the W-boson in muon (elec-
tron) channel for signal region. The simulation is normalized to unity.
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Missing transverse energy, E/T

Missing transverse energy is the energy associated to the neutrino present in final state.
Figure 6.29(c) and 6.29(d) show the missing transverse energy for the data, t-channel, tt̄
and W+jets for the muon and election channel respectively.

Lepton charge, Q`

The charge of the selected isolated lepton in the event. Figure 6.30(a) and 6.30(b) show the
leptonic charge for the data, t-channel, tt̄ and W+jets for the muon and election channel
respectively.

Pseudorapidity of the W-boson, ηW

The pseudorapidity of the W-boson coming from the decay of the top-quark. Figure 6.30(c)
and 6.30(d) show the psedudorapidity of the W-boson for the data, t-channel, tt̄ and
W+jets for the muon and election channel respectively.

Delta φ of the lepton and the light jet, ∆φ[`, lq]

∆φ[l, lq] is defined as the difference of the azimuthal angle of the four-vector of the iso-
lated lepton and the four-vector of the light quark jet is shown in Fig 6.30(e) and 6.30(e)
the data, t-channel, tt̄ and W+jets for the muon and election channel respectively.

Delta φ of the second leading jet and the charged lepton, ∆φ[jet2, `]

Difference of the azimuthal angle of the four-vector of the second leading jet and the
four-vector of the lepton is shown in Fig 6.31(c) and 6.31(c) the data, t-channel, tt̄ and
W+jets for the muon and election channel respectively.

Azimuthal angle of E/T, φE/T

The azimuthal angle of the E/T vector is shown in Fig 6.31(a) and 6.31(b) the data, t-
channel, tt̄ and W+jets for the muon and election channel respectively.
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Figure 6.30: The lepton charge, η of W-boson and delta φ between the lepton and the first jet in
the signal region. The simulation is normalized to unity.
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Figure 6.31: The Azimuthal angle of E/T, δφ between the second jet and lepton and δφ between
first jet and E/T in muon (electron) channel for signal region. The simulation is normalized to
unity.
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Delta φ between the leading jet and E/T, ∆φ[jet1, E/T]

The difference in the azimuthal angle between the four-vector of the leading jet and MET
shown in Fig 6.32(a) and 6.32(b) the data, t-channel, tt̄ and W+jets for the muon and
election channel respectively.

Delta φ of the second leading jet and E/T, ∆φ[jet2, E/T]

Azimuthal angle distribution of second leading jet and E/T is measured, the difference
of these two angles comes out to be an important variable for the training of the neural
network. Figure 6.32(c) and 6.32(d) the data, t-channel, tt̄ and W+jets for the muon and
election channel respectively.

Angular separation of first jet and E/T, ∆R[jet1, E/T]

The angular separation between the four-vector of the first jet and E/T. Figure 6.32(f) and
?? the data, t-channel, tt̄ and W+jets for the muon and election channel respectively.

Event Shape Variable, C

The C-parameter is derived from the eigenvalues λi of the momentum tensor:

C = 3× (λ1λ2 + λ2λ3 + λ3λ1),

is shown in Fig. 6.33(a) and 6.33(b) the data, t-channel, tt̄ and W+jets for the muon and
election channel respectively.

Event Shape Variable, D

The D-parameter is defined by the eigenvalues λi of the momentum tensor:

D = 27(λ1λ2λ3),

is shown in Fig. 6.33(c) and 6.33(d) the data, t-channel, tt̄ and W+jets for the muon and
election channel respectively.

Event Shape Variable, Aplanarity

Aplanarity is calculated from the third largest eigenvalue of the momentum tensor:

A = 3
2(λ3),

is shown in Fig. 6.33(e) and 6.33(f) the data, t-channel, tt̄ and W+jets for the muon and
election channel respectively.
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Figure 6.32: The ∆φ between the 1st and E/T, 2nd jet and E/T, angular separation ∆R(1st jet, E/T) in
muon (electron) channel for signal region. The simulation is normalized to unity.
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Figure 6.33: The event shape variable C-parameter, D-parameter and Aplanarity in muon (elec-
tron) channel for signal region. The simulation is normalized to unity.
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6.4 Neural Network Discriminator

The variables described above are used in the training of a neural network which com-
bines the separation power of the various input variables into one single NN output
distribution. The training is done in the 2j1t signal region and the trained NN is ap-
plied to events in both the signal region and the tt̄ control region. Figure 6.34 shows
the resulting shapes of the NN discriminator distributions for the signal and background
processes in the electron and muon channel in the signal region and in the tt̄ control
region. Figure 6.35 shows the NN discriminator distributions for the NN trained in the
2j1t region and applied to all three regions (2j0t, 2j1t, and 3j2t) for data and the signal and
background models, which have been normalized to the number of selected data events.
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Figure 6.34: The NN discriminator shape shown for the 2j1t region (upper row) and in the 3j2t
region (lower row) for the signal and background.

6.5 Fitting the NN Discriminator

We performed a binned maximum likelihood fit of the neural network templates in the
electron and muon channel using the theta package to get a scale factor for each pro-
cess. The fit is done simultaneously in the signal region and the tt̄ control region in order
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to gain more power on constraining the fraction of tt̄ events. The range of the maxi-
mum likelihood fit is from -1 to 1 for each discriminator distribution. The scale factors
are defined as βi =

σmeasured
σSM

, where i is the index for each fitted process, σmeasured is the
measured cross-section and σSM is the cross-section as predicted by standard model cal-
culations. These predictions are taken from theory and simulation. Background processes
are constrained using Gaussian prior uncertainties. The prior uncertainty on tt̄ is 20%,
prior uncertainties on other backgrounds are 30%. The QCD background contribution is
not fitted, but is kept fixed for the results from the dedicated QCD estimation described
in Section 6.1 during the fit.

Table 6.3: The scale factors for neural network discriminator fit in the muon channel. The uncer-
tainty quoted on the scale factor is the statistical uncertainty for the signal and background.

Combined (3j2t-2j1t) 2j1t
Process Scale Factor Scale Factor
βsignal 0.98±0.02 1.00±0.02
s-channel 0.73±0.29 0.80±0.21
tW 1.38±0.24 0.78±0.28
tt̄ 1.08±0.01 1.25±0.05
W+jets(heavy) 1.32±0.07 1.10±0.11
W+jets(light) 0.82±0.29 0.91±0.28
Z+jets 0.98±0.28 0.88±0.28
VV 1.18±0.29 1.07±0.29

Table 6.4: The scale factors for neural network discriminator fit in the electron channel. The
uncertainty quoted on the scale factor is the statistical uncertainty for the signal and background.

Combined (3j2t-2j1t) 2j1t
Process Scale Factor Scale Factor
βsignal 0.99±0.03 1.00±0.03
s-channel 0.93±0.29 0.98±0.29
tW 1.36±0.25 0.96±0.29
tt̄ 1.14±0.01 1.22±0.04
W+jets(heavy) 1.34±0.09 1.23±0.13
W+jets(light) 1.02±0.29 1.02±0.29
Z+jets 1.03±0.29 1.03±0.29
VV 1.08±0.29 1.02±0.29

The fitted scale factors with the corresponding statistical uncertainties on each process
are given in the Table 6.3 and Table 6.4 for muon and electron channel respectively. For
comparison reasons we also display the fit results when using only the 2j1t region. It can
clearly be seen that the precision of the fit results, especially for the main background, tt̄,
increases when fitting in the signal and tt̄ control region simultaneously. In the following
the results of this simultaneous fit are used. Figure 6.37 shows the NN discriminator
distributions in the two channels and two regions (2j1t and 3j2t) as measured in data and
for comparison the signal and background templates normalized to the fit results.
As a cross check we estimate the t–channel cross-section from the discriminator templates
using a Bayesian method. The posterior of the signal strength is extracted by marginaliz-
ing all nuisance parameters via a Markov Chain Monte Carlo (MCMC) integration. The
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50% quantile of the posterior is taken as best estimate for the signal strength βsignal. The
cross-section is calculated with

σmeasured = βsignal × σSM, (6.5.1)

where σSM is the predicted t-channel cross-section at 8 TeV. The quoted uncertainties
are statistical uncertainties which are extracted from the 84% and 16% upper and lower
quantile limits of the signal strength posterior. The measured inclusive cross-section and
statistical uncertainties in both channels are given in Table 6.5.

Table 6.5: The measured inclusive cross-sections and statistical uncertainties in muon and electron
channel.

Muon channel Electron channel
Cross-section [pb] 87.25 ± 2.05 87.48 ± 2.70

In order to enrich the selected sample in signal events a proper value for the cut on the

NN discriminator has to be found. As a figure of merit the significance
S√
S+B

is used

to find the optimal cut value. For that purpose the NN discriminator is scanned from
-1 to 1 for both the channels and the resulting significances are compared, see Fig. 6.38.
In muon(electron) channel a value of Discriminator > 0.3 (0.4) was found to yield the
best significance. Tables 6.6 and 6.7 list the number of events for each process in the
signal region with the additional requirement of Discriminator > 0.3 (0.4) is applied for
muon(electron) channel. The numbers are determined based on the templates in the 2j1t
region and the fitted scale factors for each process.

127



Chapter 6. Differential Cross-section Measurement 6.5. Fitting the NN Discriminator

NN-Discriminator

E
nt

rie
s/

0.
1

0

20

40

60

80

100

310×  at 8 TeV-119.7 fb
Data
t-channel
s+tW

tt
W-heavy
W-light
Z+Jets,VV
QCD

NN-Discriminator

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

D
at

a
D

at
a-

M
C

-0.05

0

0.05

µ+jets

NN-Discriminator

E
nt

rie
s/

0.
1

0

10000

20000

30000

40000

50000

60000

 at 8 TeV-119.7 fb
Data
t-channel
s+tW

tt
W-heavy
W-light
Z+Jets,VV
QCD

NN-Discriminator

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

D
at

a
D

at
a-

M
C

-0.05

0

0.05

e+jets

NN-Discriminator

E
nt

rie
s/

0.
1

0

2000

4000

6000

8000

10000

 at 8 TeV-119.7 fb
Data
t-channel
s+tW

tt
W-heavy
W-light
Z+Jets,VV
QCD

NN-Discriminator

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

D
at

a
D

at
a-

M
C

-0.2
-0.1

0
0.1
0.2

µ+jets

NN-Discriminator

E
nt

rie
s/

0.
1

0

1000

2000

3000

4000

5000

6000

7000

8000
 at 8 TeV-119.7 fb

Data
t-channel
s+tW

tt
W-heavy
W-light
Z+Jets,VV
QCD

NN-Discriminator

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

D
at

a
D

at
a-

M
C

-0.4
-0.2

0
0.2
0.4

e+jets

NN-Discriminator

E
nt

rie
s/

0.
1

0

200

400

600

800

1000

1200

1400

1600

1800
 at 8 TeV-119.7 fb

Data
t-channel
s+tW

tt
W-heavy
W-light
Z+Jets,VV
QCD

NN-Discriminator

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

D
at

a
D

at
a-

M
C

-0.1
0

0.1

µ+jets

NN-Discriminator

E
nt

rie
s/

0.
1

0

200

400

600

800

1000

1200

 at 8 TeV-119.7 fb
Data
t-channel
s+tW

tt
W-heavy
W-light
Z+Jets,VV
QCD

NN-Discriminator

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

D
at

a
D

at
a-

M
C

-0.2
-0.1

0
0.1
0.2

e+jets

Figure 6.35: The NN discriminator output shown for the 2j0t, 2j1t and 3j2t region. The templates
are normalized to the data.
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Figure 6.36: The NN discriminator output for the muon (electron) channel in the 2j1t region. The
templates are normalized to the fit results.
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Figure 6.37: The NN discriminator output in the muon and electron channel in 3j2t region. The
templates are normalized to the fit results.
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Table 6.6: The event yield in the muon channel after cutting the scaled neural network templates
at Discriminator> 0.3. The quoted uncertainties are the statistical uncertainties from the fit.

Muon Channel Process Events Unc.
t-channel 6618 ± 135
s-channel 75 ± 31
tW 508 ± 95
tt̄ 3638 ± 76
W+jets(heavy) 3366 ± 200
W+jets(light) 253 ± 90
Z+jets 172 ± 51
VV 58 ± 17
Multijet QCD 1083 ± 55
Total MC 15772 ± 297
Data 15843

Table 6.7: The event yield in the electron channel after cutting the scaled neural network templates
at Discriminator > 0.4. The quoted uncertainties are the statistical uncertainties from the fit.

Electron Channel Process Events Unc.
t-channel 3307 ± 92
s-channel 43 ± 15
tW 260 ± 53
tt̄ 1985 ± 57
W+jets(heavy) 1360 ± 104
W+jets(light) 129 ± 39
Z+jets 57 ± 18
VV 26 ± 9
Multijet QCD 375 ± 40
Total MC 7540 ± 170
Data 7548
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6.5.1 Top-quark-pT for Different NN Cut Values

The possible impact of the cut value on the NN discriminator on the distribution of
the transverse momentum of the top-quark is studied in both channels by comparing
the shapes of this distribution for various cut values (see Fig. 6.39, 6.40). Within the
uncertainties no shape differences could be observed.
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Figure 6.39: Muon channel: The top-quark pT shape in the 2j1t region for various cut values of the
discriminator. The comparison is shown for data (top left), signal MC (top right), and background
monte carlo simulation.
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Figure 6.40: Electron channel: The top-quark pT shape in the 2j1t region for various cut values
of the discriminator. The comparison is shown for data (top left), signal MC (top right), and
background monte carlo simulation.
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6.5.2 Top-quark-|y| for Different NN Cut Values

The possible impact of the cut value on the NN discriminator on the distribution of the
rapidity of the top-quark is studied in both channels by comparing the shapes of this
distribution for various cut values (see Fig. 6.41, 6.42). Within the uncertainties no shape
differences could be observed.
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Figure 6.41: Muon channel: The top-quark-|y| in the 2j1t region for various cut values of the
discriminator. The comparison is shown for data (top left), signal MC (top right), and background
monte carlo simulation.
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Figure 6.42: Electron channel: The top-quark-|y| in the 2j1t region for various cut values of the
discriminator. The comparison is shown for data (top left), signal MC (top right), and background
monte carlo simulation.
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6.6 Unfolding

Unfolding is a method used in experimental high energy physics to correct measured
distributions for detector and background effects. The TUnfold algorithm [189] can be in-
terfaced and used in the ROOT package and is based on least-square fitting and Tikhonov
regularization [190]. Due to the detector effects it is not possible to have a 100% recon-
struction efficiency and as a result there is a nonzero probability for events to be found
in the wrong reconstructed bin. In each bin we have a linear combination of signal and
background events. We are interested to see a physical observable in the detector without
having any detector effects and backgrounds. In all such cases the observed numbers of
events in each bin have to be corrected for the detector effects. The physics problem comes
out to be solving an inverse problem i.e. getting a true distribution from a measured one.
Mathematically, the problem can be written as:

ȳi =
m

∑
j=1

Aij x̄j; 1 ≤ i ≤ n, (6.6.1)

where ȳi represents the averages expected event count at the detector level m represents
the number of bins, x̄j represents the true distribution and Aij represents the matrix which
transforms the true distribution to the reconstructed or measured ones. Schematically the
unfolding can be represented as shown in Fig. 6.43.
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Figure 6.43: The Schematic view of migration effects and statistical unfolding [189].

However the situation gets more complicated when the backgrounds are included. With
the inclusion of backgrounds, yi now gets the additional contribution, which can be writ-
ten mathematically as:

ȳi =
m

∑
j=1

Aij x̄j + bi; 1 ≤ i ≤ n, (6.6.2)

where bi is the background showing up in the bin i. Both background and probability
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matrix have systematic uncertainties which are to be treated in addition to statistical un-
certainties.

If ȳi → yi and x̄i → xi in equation 6.6.1 and in equation 6.6.2 one can solve for the values
of xj by inverting the probability matrix but the statistical fluctuations are amplified in yi.
Those statistical fluctuations are often damped by imposing the smoothness conditions on
xj. In technical terms this process is called “Regularization”. The TUnfold algorithm used
in this thesis tries to estimate xj using the least square method with Tikhonov regularisa-
tion [190] and an optional area constraint. Since the process of estimating the xj is based
on least square minimization and to get best from least square minimization the numbers
of degrees of freedom m − n has to be greater than zero, i.e., m − n > 0. This would
mean that the data yi has to be measured with finner binning. Since the unfolding results
depend largely on the number of bins taken into account in the measured distribution
and true distribution. In this analysis, the number of bins used for measured distribution
are twice as compared to the true distribution. There are some other algorithms available
in which the condition n = m is chosen as compared to n > m [191,192]. Examples which
do not use n = m condition can be found at [193, 194].

Algorithm

The algorithm gives an estimator of a set of truth parameters by using a single measure-
ment of a set of observables. Let y1 be a vector of random variables of n rows. The
random variables y are taken to have a multi-variant Gaussian distribution with mean
ỹ = Ax̃, where x̃ is a vector corresponding to set of true values and A is a matrix usually
called migration matrix. The variance covariance matrices of x,y are given by Vxx,Vyy.
The algorithm tries to find out the stationary point of the Lagrangian. Mathematically it
can be written as:

L(x, λ) = L1 + L2 + L3 where (6.6.3)

L1 = (y−Ax)TVxx(y−Ax)

L2 = τ2(x− fbx0)
T(LTL)(x− fbx0)

L3 = λ(Y− eTx) and

Y = ∑
i

yi,

ej = ∑
i

Aij,

where L1 term arises from least square minimisation. The covariance matrix Vxx is a
diagonal matrix in most of the cases and the diagonal elements are the uncertainties. The
vector x is the corresponding unfolding result which has m rows. The elements Aij of
the matrix A describe for each row j of x the probabilities to migrate to bin i of y. As de-
scribed earlier the migration matrix, A, is determined from the MC simulations. The L2
describes the regularisation which acts as a damping factor for x. The L3 is an optional
area constraint, λ is the Lagrangian parameter, Y gives the sum over all observations, e is

1The matrices and vectors are written in bold.
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the efficiency vector which has m rows and is calculated from A.

This thesis describes the measurement of the differential cross-section as a function of
top-quark-pT and |y|. The Transverse momentum distributions and the pseudorapidity
distribution of the top-quark at the generator level and at the reconstruction level are
shown in Fig. 6.45(a) and Fig. 6.45(c). Similarly the Fig. 6.45(b) and Fig. 6.45(d) represents
transverse momentum distributions and the pseudorapidity distribution of the top-quark
at the generator level and at the reconstruction level but for the same bins in which the
unfolding will be performed. Due to the detector acceptance and selection efficiencies
the reconstruction of top-quark kinematics is not perfect. Therefore the distributions
have to be corrected before they can be compared to the theoretical predictions. The reg-
ularized unfolding method is used for the treatment of imperfections arising during the
reconstruction process. In the following we describe the various steps of the unfolding
procedure.
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Figure 6.44: The transverse momentum and the absolute value of the rapidity of the top-quark
after cutting on the NN discriminator in the lepton+jets channel. The different processes are
normalized to the fit results.

The distributions of the transverse momentum and the absolute value of the rapidity
of the reconstructed top-quark four-vectors are shown in Fig. 6.44. In addition to the
contamination from background processes, resolution effects and ambiguities in the re-
construction affect the shape of these kinematic distributions. To enable comparison to
theory predictions, these effects have to be corrected.

Background Subtraction

In the first step, the reconstructed spectra are corrected for background contributions.
Background templates, normalized to the respective fitted amount of background events,
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are subtracted from the reconstructed data distributions. The statistical uncertainties and
correlation between the fit parameters in the fit results are taken into account. Therefore
the background templates ~bi, where i represents the different background processes, are
transformed into orthogonal templates ~b′j with uncorrelated normalization uncertainties.
For this purpose the covariance matrix of the background estimation fit Vb is used:

~b′j =
N

∑
i=1

sj(~vji · ~bi), (6.6.4)

where ~vji is the ith element of the eigenvector ~vj of the covariance matrix and sj are scale
factors chosen such that the normalizations of the original contributions are preserved
during the transformation. These properly normalized templates are than subtracted
from the data distribution with the assumption that uncertainties on background rates
and on statistical fluctuations in background processes are Gaussian.

Regularized Unfolding

The distributions of the transverse momentum and of the absolute value of the rapidity
of the top-quark at the different stages of the analysis are shown in Fig. 6.45. From these
distributions it can be seen that how the selection and reconstruction steps introduces
distortions in the original distributions. We correct these distortions by applying a regu-
larized unfolding procedure [195]. The regularized unfolding actually solves the inverse
problem by correcting the migration and selection efficiencies by applying the general-
ized matrix inverse method [196, 197]. We try to get the true underlying distribution
from the measured distribution. It can be written mathematically as ~w = S~x, where ~x is
the true underlying spectrum and S is the smearing matrix which takes into account the
migration (see Fig. 6.47) and selection efficiency (see Fig. 6.46). The smearing matrix is
obtained by multiplying the migration matrix with a diagonal matrix with the selection
efficiencies on the diagonal elements. The problem is solved by transforming the ~w = S~x
into a least-square problem by minimizing:

χ2(~x) = (S~x− ~w)TV−1
w (S~x− ~w), (6.6.5)

where Vw is the covariance matrix of the measured distribution ~w. In general the solution
can be written as:

~xχ2 = S†~w, where S† = (STV−1
w S)−1STV−1

w . (6.6.6)

However, the solution is not stable and it shows large fluctuations with a small change
in ~w. To make the solution more stable, two additional terms are introduced in the χ2

function to reduce the fluctuations.

χ2(~x, κ) = χ2(~x) + τ||L(~x−~xbias)||2 + κ(Nobs −
n

∑
i=1

(S~xi))
2 . (6.6.7)

The two additional terms are the regularization term proportional to the regularization
parameter τ and the normalization term proportional to the normalization constant κ. In
the regularization term a matrix L is introduced such that L(~x−~xbias) is proportional to
the second derivatives of (~x − ~xbias) . This is a standard regularisation method to force
the solution to be smoother and to suppress unphysical fluctuations. The term ~xbias sig-
nifies a bias distribution generated from our MC signal sample and allows the curvature
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to be weighted correctly despite remaining inequity in the statistics of the bins. The bias
distribution is normalized to the observed number of events divided by the overall scalar
selection efficiency. The parameter τ denotes the strength of the applied regularisation
and its value is determined by the Minimum of Global Correlation method [190,191,195],
where the optimal value of τ is found as the value which minimizes the mean value of
the global correlation coefficient. The global correlation coefficient can be defined as the
measure of the total amount of correlation between an element of ~x and all other elements.

The second additional term fixes the norm of the solution. The number of observed
events is given by Nobs. The parameter κ is a Lagrangian multiplier. The minimization
is performed with respect to ~x and κ simultaneously. The constraint on the normaliza-
tion is important for a reconstructed distribution ~w with non-Gaussian errors, which is
for instance the case for small numbers of observed events in some bins of w where the
statistical uncertainties are Poisson-like and cannot be approximated by Gaussian uncer-
tainties [198].

Twelve bins are used for the reconstructed spectrum and six bins are used for the un-
folded distributions. How reasonable the chosen binning scheme is can be estimated by
looking at the purity P and the stability S of each bin out of the six bins in the unfolded
spectra. The purity is defined as:

P =
Nrec,gen

Nrec
, (6.6.8)

and purity measures the probability for events with a reconstructed top-quark pT (or |y|)
value in a certain range, also have a generated value in this range. As we use twice the
number of reconstructed bins compared to the generated spectrum always two recon-
structed bins are compared to one generated bin. The stability is defined as:

S =
Nrec,gen

Ngen
, (6.6.9)

and stability measures the probability for events with a generated top-quark pT (or |y|)
value in a certain range also have a reconstructed value in this range. Values above 50%
for both quantities are considered ”good”.
For the measurement in top-quark pT we found purity values between 50 and 75% and
stability values between 50 and 85%. For the measurement in top-quark |y| the purity
lies between 53 and 67% and the stability between 41 and 81%, only the sixth bin is
a bit low here with only 32%. While events with top-quark-pT (top-quark-|y|) values
beyond 240 GeV (2.1) are collapsed into the last visible bin in the reconstructed distribu-
tions shown in Fig. 6.44 (overflow bin), these events are not considered in the unfolding,
i.e. only events with top-quark-pT < 240 GeV (top-quark-|y| < 2.1) are used to get the
unfolded differential cross-sections.

Performance Test of Unfolding Method

The results of the unfolding method are tested using pseudo experiments with simu-
lated pseudo data sets. For each pseudo experiment the unfolded top-quark pT (|y|) is
compared to the true value. We checked the pull and relative difference between the gen-
erated and unfolded distribution of top-quark pT (|y|) in six bins of top-quark pT (|y|).
The pull for each of the six bins is defined as the difference of unfolded and generated
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spectrum in that bin divided by the uncertainty on the unfolded spectrum in that bin.
The relative difference is the difference between unfolded and generated pT (|y|) spectra
divided by the generated spectrum in that bin. The pull and relative difference are shown
for six bins in top-quark pT (|y|) in Fig. 6.50 (Fig. 6.51) and Fig. 6.48 (Fig. 6.49). For the
pull distribution a mean around zero and a width around one indicate that the errors are
estimated correctly. Similarly a mean of the relative difference around zero indicates that
the unfolding is unbiased.
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Figure 6.45: Shape comparison of the transverse momentum ((a) and (b)) and the absolute value
of the rapidity ((c) and (d)) of the single-top-quark on generator level without any selection,
generated after selection cuts, and reconstructed after selection cuts in the combined lepton+jet
channel. The comparison is shown in two different binning:(a) and (c) 50 bins; (b) and (d) six bins.
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Figure 6.46: (a) The selection efficiency as a function of the true transverse momentum and |y|
distribution of top-quark for the combined lepton+jets channel.
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Figure 6.47: The migration matrix gives the probability of an event with a certain true top-quark
pT to show up in one of the bins of the reconstructed top-quark pT (a). The migration matrix for
the top-quark |y| unfolding (b).
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Figure 6.48: The relative difference between unfolded and true top-quark pT in the combined
lepton+jets channel.
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Figure 6.49: The relative difference between unfolded and true top-quark |y| in the combined
lepton+jets channel.
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Figure 6.50: The pull distribution for the unfolded and generated top-quark transverse momen-
tum in 6 different bins in the combined lepton+jets channel.
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Figure 6.51: The pull distribution for the unfolded and generated top-quark|y| in 6 different bins
in the combined lepton+jets channel.
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6.7 Systematics Uncertainties

The resulting spectra of the top-quark pT and top-quark η can be affected by various
sources of systematic uncertainties, either due to detector resolution and reconstruction
efficiencies or theoretical uncertainties in the modeling of signal and background pro-
cesses. As the result is a normalized differential cross-section, where the resulting spec-
trum is divided by the measured inclusive cross-section, some of the systematic variations
cancel out. Nevertheless one expects changes in the result due to variations in various
parameters. The impact of the individual sources on the spectra is estimated in the fol-
lowing way. The full chain of the analysis is repeated on the measured data, using signal
and/or background templates for the background estimation and the unfolding proce-
dure that are affected by the systematic uncertainty under study. The varied background
templates are used for the background subtraction, normalized to the new background
yields that are estimated using the very same varied templates. The smearing matrix for
the unfolding is determined from the varied signal MC templates, in case the source of
systematic uncertainty under study affects also the signal process.

The various sources of systematic uncertainty that have been studied are:

• Jet Energy Scale (JES): The uncertainty due to JES is estimated from the jet energy
corrections (JEC). The effect is propagated to E/T.

• Jet Energy Resolution (JER): Jet asymmetry measurements suggest that resolutions
in jet pT are about 5% to 29% worse in data compared to simulation, depending
on the jet’s |η| value. For that reason the distribution of reconstructed pT for a
fixed generated jet pT is broader by the given percentage. The uncertainty on this
measurement is about 6 to 20 percent points, again depending on the jet |η|. To
account for this difference, all jets in the simulated samples are scaled accordingly.
The systematic uncertainty on this correction is estimated based on further smearing
within the uncertainties of the used correction factors [199].

• Unclustered Energy in E/T: The energy contribution from all jets with pT < 10 GeV
and PFCandidates not clustered to jets is called “unclustered energy”. This energy
contribution is varied by ±10% and the resulting uncertainty is propagated to the
calculation of the missing transverse energy.

• Pileup Modelling (PU): All monte carlo simulation used in this analysis are re-
weighted such that the number of simulated pileup events matches the number of
pileup events inferred from data. To account for uncertainties in the pileup distri-
bution of data events, the measurement is performed with samples re-weighted to
shifted versions of the data pileup distribution, as described at [200]. This corre-
sponds to a ±6% variation in reference to the nominal total inelastic cross-section
of 69.4 mb.

• b-tagging: In order to estimate the uncertainty related to b-tagging, the applied b-
tagging scale factors are varied within their uncertainties [201]. The variations are
performed simultaneously for a̧nd b–quark jets, and they are combined in a com-
mon uncertainty. The scale factors for light-flavor jets are varied independently from
the heavy-flavor scale factors and are treated as an independent mis-tag uncertainty.

• Top-quark pT Re weighting: Differential cross-sections measurements have shown
that the pT spectrum of the top-quarks in tt̄ events is significantly softer than the
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one generated by simulation programs. To correct for this effect the used events
are re weighted according to scale factors derived from these measurements. As a
measure of the resulting uncertainty, the measurement is performed with samples
lacking any re-weighting and with samples that have been re-weighted twice.

• top-quark Mass: Impact of different top-quark mass on the nominal one of 172.5 GeV
is estimated by using different samples for t-channel and tt̄ with a top-quark mass
of ±1.5 GeV.

• Electron and Muon Trigger Efficiencies: The uncertainties on the globally derived
scale factors for electron and muon trigger, isolation and ID are added in quadrature
to the already applied scale factors.

• Q2 scale: The uncertainties on the renormalization and factorization scales are stud-
ied with dedicated samples for tt̄, W+jets and t-channel. These samples are gener-
ated with twice and half the nominal Q value of the hard scattering process.

• Matching Threshold: The impact of a higher and lower matching threshold for
MADGRAPH processes is studied with dedicated samples for tt̄ and W+jets.

• Muon Resolution: The reconstruction of muons has been studied in Z decays. A
transverse momentum resolution uncertainty of 0.6% is applied to all muons.

• QCD Multijet Modeling: The estimated rate of the QCD mulitjet template is scaled
up by a factor of two to account for a potential mis-modeling from the anti-isolated
region.

• Parton Distribution Functions (PDFs): The impact of different PDF sets (CT10,
NNPDF2.1 and MSTW2008) and their uncertainty bands has been taken into ac-
count for the signal modeling according to the PDF4LHC recommendation.

A breakdown of the different contributions to the systematic uncertainty in each bin of the
unfolded distribution is given in Table 7.3 for top-quark pT and in Table 7.4 for top-quark
|y|.
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Chapter 7

Results and Conclusions

In the following, the results for the inclusive and differential cross-sections of the single-
top-quark t-channel production are presented, which are based on the event selection
described in Chapter 4. Both the inclusive and differential cross-section measurements
use the same amount of data L = 19.7 fb−1.

7.1 Inclusive Cross-section Measurement

The measured inclusive production cross-section of the t-channel single-top-quark pro-
duction is:

σt−ch. = 83.6± 2.3 (stat.)± 7.4 (syst.) pb. (7.1.1)

The measured single t and t production cross-sections in the t-channel is

σt−ch.(t) = 53.8± 1.5 (stat.)± 4.4 (syst.) pb. (7.1.2)

σt−ch.(t) = 27.6± 1.3 (stat.)± 3.7 (syst.) pb. (7.1.3)

The top-quark(t) and the anti-top-quark(t) are separated on the basis of charge of lep-
ton which is coming from the decay of W-boson which is subsequently coming from the
decay of the top-quark. The lepton inherits its charge from the top-quark. Thus, if one
can determine the charge of lepton, indirectly it is actually the charge of the top-quark.
The inclusive cross-section measurements done are than compared with standard model
expectations where the QCD is computed at NLO using a package known as Monte Carlo
for FeMtobarn (MCFM) in the 5-flavour scheme (5FS) and at NLO+NNLL (next-to-next-
to-leading-logarithmic). Further details can be found at [202, 203].

The inclusive measurement is also compared with the previous measurements done at
CMS at

√
s = 7 TeV and the measurements done at the Tevatron at

√
s = 2 TeV [204–

207]. Figure 7.1 shows the NLO t-channel production cross-section plotted as a func-
tion of center-of-mass energy for Tevatron and LHC experiments. The measurements
are compared with QCD expectations computed at NLO with MCFM in the 5FS and at
NLO+NNLL. The error band shown in the plot is the uncertainty arising due to the top
mass variations [208,209], and the PDF uncertainties are estimated according to the HEP-
DATA recommendations [171]. Similarly the scale uncertainty is estimated by varying the
factorization and renormalization scales simultaneously up and down by a factor of two.
The theoretical predictions made for the inclusive cross-section of the single-top-quark
in a proton-proton collision can also be compared with the pp because the cross-section
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Figure 7.1: The NLO t-channel production cross-section plotted as a function of center-of-mass
energy for Tevatron and the LHC experiments.

does not depend on the origin of light quark whether it originates from a proton or from
an anti-proton.

7.2 Cross-section Ratio

The ratio of inclusive production cross-section of the single-top-quark t-channel at
√

s = 8
and 7 TeV is extracted from the measurement done in this thesis and to the result reported
in [204] for the single-top-quark t-channel cross-section at

√
s = 7 TeV. The R8/7 ratio is

obtained from the three measurements, two multivariate analysis Boosted Decision Trees
(BDT), Artificial Neural Networks (ANN) and ηj′ analysis, are combined together. The
three analysis make use of same selection and methodology so that the final result can
be combined together. However the correlation among the various sources of systematics
uncertainties considered in the inclusive measurements done at

√
s = 8 TeV and those

taken into account in [204] are determined as follows. The uncertainties which are
related to the signal extraction and background estimation from data are considered as
fully uncorrelated for the 7 TeV and 8 TeV analysis, while the rest of the uncertainties in 7
and 8 TeV are considered as fully correlated with respect to its 7 TeV ηj′ analysis. Similarly
the choices are taken for 8 TeV ηj′ analysis and the two 7 TeV multivariate analysis. The
measured cross-section ratio R8/7 is

R8/7 = σt−ch.(8 TeV)/σt−ch.(7 TeV) = 1.24± 0.08 (stat.)± 0.12 (syst.). (7.2.1)

The measured cross-section for the top-quark(t) and the anti-top-quark(t) when separated
on the basis of their charge at

√
s = 8 TeV is

Rt−ch. = σt−ch.(t)/σt−ch.(t) = 1.95± 0.10 (stat.)± 0.19 (syst.). (7.2.2)

A comparison of measured production cross-section for the top-quark(t) and the anti-top-
quark(t) with the predictions obtained using different the parton distribution functions
(PDF) MSTW2008NLO [210], HERAPDF1.5 NLO [211], ABM11 [212], CT10 and CT10w
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Table 7.1: The impact of systematic uncertainties in the combined lepton+jets channel.

Uncertainty source σt-ch (%)
Stat. Uncertainty ± 2.7

JES, JER, MET, and Pileup ± 4.3
b-tagging and mis-tag ± 2.5

Lepton reconstruction/trig. ± 0.6
QCD multijet estimation ± 2.3

W+jets, tt̄ extraction ± 2.2
Other backgrounds ratio ± 0.3

Signal Modeling ± 5.7
PDF uncertainty ± 1.9

Simulation sample size ± 0.7
Luminosity ± 2.6

Total Systematics ± 8.9
Total Uncertainty ± 9.3

Measured cross-section ± uncertainty 83.6±7.8 pb

Table 7.2: The relative impact of systematic uncertainties on the t and t production cross-section
and on their ratio.

Uncertainty source σt-ch(t) (%) σt-ch(t) (%) Rt-ch (%)
Stat. Uncertainty ± 2.7 ± 4.9 ± 5.1

JES, JER, MET, and Pile-up ± 4.2 ± 5.2 ± 1.1
b-tagging and mis-tag ± 2.6 ± 2.6 ± 0.2

Lepton reconstruction/trig. ± 0.5 ± 0.5 ± 0.3
QCD Multijet estimation ± 1.6 ± 3.5 ± 1.9

W+jets, tt̄ extraction ± 1.7 ± 3.6 ± 3.0
Other backgrounds ratio ± 0.1 ± 0.2 ± 0.6

Signal Modeling ± 4.9 ± 9.4 ± 6.1
PDF uncertainty ± 2.5 ± 4.8 ± 6.2

Simulation sample size ± 0.6 ± 1.1 ± 1.2
Luminosity ± 2.6 ± 2.6 -

Total systematics ± 8.2 ± 13.4 ± 9.6
Total uncertainty ± 8.7 ± 14.2 ± 10.9

Measured cross-section or ratio 53.8±4.7 pb 27.6±3.9 pb 1.95±0.21
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[213], and NNPDF [186] is shown in Fig. 7.2. For MSTW2008NLO, NNPDF, ABM, and
CT10w the fixed 4-flavour scheme (4FS) PDFs are used together with the PowHEG 4-
flavour scheme calculation. The PowHEG calculation in the 5-flavour scheme is used for
all other PDFs, as they are derived from a variable flavour scheme. The error bars on
the different PDF sets includes the statistical uncertainty, uncertainty due to mass of the
top-quark and factorization and renormalization scale. The uncertainty due to mass of
the top-quark is derived by varying the top quark mass between 172.0 and 174.0 GeV.
The nominal value used for the top-quark mass is 173.0 GeV. The factorization and renor-
malization scale uncertainty is derived by varying both of them by a factor of 1/2 and
2.

)t(
-ch.t

σ(t)/
-ch.t

σ = -ch.tR
1 1.2 1.4 1.6 1.8 2 2.2

-1 = 8 TeV, L = 19.7 fbsCMS, 

CT10w

CT10

ABM11

MSTW2008

NNPDF 2.3

HERAPDF

CMS
 0.19 (syst.)± 0.10 (stat.) ±1.95 

Figure 7.2: The comparison of measured Rt−ch. with the predictions obtained using different
PDF function. The yellow band shows the statistical uncertainty and the green band shows the
systematic uncertainty on the measurement.

7.3 Extraction of |Vtb|
The three single-top-quark production modes have a unique feature of Wtb vertex and
the production cross-section is directly proportional to the |Vtb|. Thus measuring the
production cross-section allows us to measure indirectly the CKM matrix element |Vtb|.
Anomalous form factors can be produced due to the anomalous couplings present at
Wtb vertex. These anomalous form factors [214–216] which are parametrised as fLv,
where “Lv” stands for the left handed coupling strength. Under the assumption that
|Vtd|, |Vts| � |Vtb| the top-quark decaying into Wb with a branching ratio B to be almost

equal to 1, we get | fLvVtb| =
√

σt−ch./σ theo.
t−ch.. In the SM case, fLv = 1, the measurement

of cross-section puts a direct constraint on |Vtb|. Inserting the measured and theoretical
cross-section values we get:

| fLvVtb| = 0.979± 0.045 (exp.)± 0.016 (theo.) (7.3.1)
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7.4 Differential Cross-section Measurements
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Figure 7.3: The unfolded top-quark pT (a) and the top-quark |y| (b) spectra in the combined
lepton+jets channel. The distributions are normalized to 1.0 by multiplying with one over the
inclusive cross-section corresponding to the fitted event yields. (The uncertainties show statistical
and systematic uncertainties.)

The unfolded distributions of the transverse momentum and the absolute value of
the rapidity of the top-quark in the combined lepton+jets channel are shown in Fig. 7.3,
normalized to the measured inclusive cross-section of the t-channel single-top-quark pro-
duction, being the integral over all bins. The distributions from data are compared to
the distribution generated with different MC generators: two NLO event generators,
PowHEG and aMC@NLO, and CompHEP [127, 217]. The main difference between the
two NLO generators is the used flavor scheme. aMC@NLO uses the four-flavor scheme
while PowHEG uses the five-flavor scheme, i.e. the b quarks in the initial state are in-
cluded in the proton PDF. The CompHEP sample consists of two separate samples, one
with simulated 2→ 2 processes and one with simulated 2→ 3 processes, matched based
on the pT spectrum of the second b-quark. For all three generators, the hadronization
and parton shower is modelled by Pythia. All three simulations describe the unfolded
data distribution well within the statistical and systematic uncertainties. The results of
the individual channels can be seen in Appendix A and in Appendix B.
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Table 7.5: Normalized differential cross-section 1
σ ×

dσ
dpT

as function of the transverse momentum
pT of the top-quark compared to different theory predictions.

Normalized differential cross-section: 1
σ ×

dσ
dpT

pT Unfolded Generated PowHEG
[0.0, 40.0] 0.323± 0.020 (stat.)+0.067

−0.040 (syst.) 0.330
[40.0, 80.0] 0.394± 0.011 (stat.)+0.013

−0.030 (syst.) 0.373
[80.0, 120.0] 0.182± 0.006 (stat.)+0.017

−0.023 (syst.) 0.179
[120.0, 160.0] 0.072± 0.004 (stat.)+0.019

−0.024 (syst.) 0.074
[160.0, 200.0] 0.023± 0.003 (stat.)+0.013

−0.011 (syst.) 0.031
[200.0, 240.0] 0.007± 0.004 (stat.)+0.007

−0.006 (syst.) 0.014

Table 7.6: Normalized differential cross-section 1
σ ×

dσ
d|y| as function of the rapidity of the top-quark

compared to different theory predictions.

Normalized differential cross-section: 1
σ ×

dσ
d|y|

|y| Unfolded Generated PowHEG
[0.0, 0.35] 0.216± 0.009 (stat.)+0.025

−0.030 (syst.) 0.233
[0.35, 0.7] 0.222± 0.007 (stat.)+0.013

−0.022 (syst.) 0.219
[0.7, 1.05] 0.200± 0.007 (stat.)+0.006

−0.011 (syst.) 0.193
[1.05, 1.4] 0.162± 0.007 (stat.)+0.018

−0.012 (syst.) 0.158
[1.4, 1.75] 0.119± 0.008 (stat.)+0.023

−0.010 (syst.) 0.118
[1.75, 2.1] 0.081± 0.006 (stat.)+0.019

−0.008 (syst.) 0.078

7.5 Summary and Outlook

In this thesis the measurements of the inclusive and differential cross-sections of the elec-
troweak production of the t-channel single-top-quarks at a

√
s = 8 TeV with a muon or

electron in the final state at the CMS detector has been presented. The data set used in
this thesis corresponds to a total integrated luminosity of L = 19.7 fb−1. In the final state,
there is one isolated lepton (muon or electron) along with the corresponding neutrino
coming from the decay of W-boson, a light quark jet and exactly one b-jet stemming from
the decay of the top-quark.

The production cross-section of the single-top-quark t-channel and the ratio of t and t
comes out to be in very good agreement with the standard model predictions. The CKM
matrix element extracted from the cross-section measurements is than combined with the
7 TeV measurements to get the most precise value of |Vtb|. The assumption |Vtb| < 1, the
95% confidence level limit is found to be |Vtb| > 0.92. The measurements of differential
cross-section as a function of pT and |y| of the top-quark come out in very good agree-
ment with various SM predictions.

The single-top-quark t-channel inclusive and differential cross-sections are well under-
stood at 8 TeV. The LHC will start operating in 2015 at a center-of-mass energy of
13 TeV. The single-top-quark t-channel production cross-section at this energy is σt−ch.
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≈ 217.04 pb, which is almost 3 times more than at 8 TeV. As a result there will be lot more
statistics which will be available for the higher precision of the cross-section measurement
and the study of the various top-quark properties. Next to the inclusive cross-section
measurement with higher statistics one can study the fiducial cross-section measurement
and CP violation in the single-top-quark t-channel production.
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Appendix A

Differential Cross-section Measurements
in Muon Channel

The main results of this analysis are the differential cross section measurements in the
combined lepton+jets channel. For that purpose the background contributions fitted in
the muon and electron channels are subtracted from the combined lepton+jets distribu-
tions. These background subtracted distributions are than subjected to the unfolding
procedure, where efficiency and migration matrix (the two components of the smearing
matrix used in the unfolding) are constructed from the single efficiencies and migration
matrices in the two exclusive channels (muon+jets and electron+jets), taking the relative
contribution of each channel to the combined lepton+jets channel into account.

However, also the results of the individual channels are of interest and for that reason this
Appendix shows the reconstructed distributions, the inputs to the unfolding and the final
results, including the estimation of the systematic uncertainties. The unfolding is done as
described for the combined lepton+jets channel with the exception that efficiencies and
migration matrices are determined exclusively on events of the respective channel.
The Figure A.1 shows the reconstructed top quark pT and top quark |y| distributions
in muon+jets channel along with the templates for the signal and background processes
normalized to the fit results. For the unfolding procedure in the muon+jets channel, effi-
ciency and migration matrix are determined based solely on simulated muon+jets events.
Figure A.2 shows the selection efficiencies as a function of the true top quark pT and top
quark |y| in the muon+jets channel, while the migration matrices are presented in fig-
ure A.3. These inputs are used to apply the unfolding to the distributions shown in Fig-
ure A.1. The resulting differential cross section distributions for the exclusive muon+jets
channel are shown in Figure A.4.
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Figure A.1: Muon channel: The transverse momentum and the pseudorapidity of the top quark
after cutting on the NN discriminator in the muon+jets channel. The templates for the different
processes are normalized to the fit results.
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Figure A.2: Muon channel: The selection efficiency as a function of the true top quark pT (a) and
as function of the true top quark |y| (b) for the muon+jets channel.
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Figure A.3: Muon channel: The migration matrix gives the probability of an event with a certain
true top quark pT to show up in one of the bins of the reconstructed top quark pT (a). The
migration matrix for the top quark |y| unfolding (b).
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Figure A.4: Muon channel: Unfolded top quark pT (a) and top quark |y| (b) spectra in the
muon+jets channel. The distributions are normalized to 1.0 by multiplying with one over the
inclusive cross section corresponding to the fitted event yields.
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Differential Cross-section Measurements
in Electron Channel
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Figure B.1: Electron channel: The transverse momentum and the rapidity of the top-quark after
cutting on the NN discriminator in the electron+jets channel. The templates for the different
processes are normalized to the fit results.

The Figure B.1 shows the reconstructed top-quark pT and top-quark |y| distributions in
the electron+jets channel along with the templates for the signal and background pro-
cesses normalized to the fit results. For the unfolding procedure in the electron+jets
channel, efficiency and migration matrix are also determined based solely on simulated
electron+jets events. Figure B.2 shows the selection efficiencies as a function of the true
top-quark pT and top-quark |y| in the electron+jets channel, while the migration matrices
are presented in Fig. B.3.
The resulting differential cross section distributions for the exclusive electron+jets channel
are shown in Figure B.4.
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Figure B.2: Electron channel: The selection efficiency as a function of the true top-quark pT (a)
and as function of the true top-quark |y| (b) for the electron+jets channel.
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Figure B.3: Electron channel: The migration matrix gives the probability of an event with a
certain true top-quark pT to show up in one of the bins of the reconstructed top-quark pT (a). The
migration matrix for the top-quark |y| unfolding (b).
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Figure B.4: Electron channel: Unfolded top-quark pT (a) and top-quark |y| (b) spectra in the
electron+jets channel. The distributions are normalized to 1.0 by multiplying with one over the
inclusive cross section corresponding to the fitted event yields.
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