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Abstract

In this master of science thesis, a combination of measurements of top quark observables
is performed to set bounds on anomalous couplings at the Wtb vertex. These observables
are the W helicity fractions in the top quark decay and the t-channel cross section
for the electroweak production of single top quarks. In the process of combination,
correlations between the different sources of systematic uncertainties of the measurements
are considered to set more precise bounds on the exclusion limits of anomalous Wtb
couplings. In addition, a combination with a measurement of the branching ratio of the
process B̄ → Xsγ is performed. Ensemble tests are used to test the capabilities of the
framework. Four-, two-, and one-dimensional fits of the couplings are performed. The
Standard Model values of the couplings are at least consistent with the resulting smallest
95.5% C.L. bounds. While the combination with the measurement of the B-physics
observable improves the bounds on VL, VR and gL, the sensitivity of the combination of
the two top quark measurements on gR is better than of the B-physics observable alone.
The obtained bounds are used to estimate lower bounds on electroweak physics beyond
the Standard Model.

Zusammenfassung

In dieser Masterarbeit werden zwei Messungen von Top-Quark-Observablen kombiniert,
um Grenzen auf anomale Kopplungen am Wtb-Vertex zu setzen. Diese Observablen sind
die W -Helizitäten im Top-Quark-Zerfall und der t-Kanal-Wirkungsquerschnitt für die
elektroschwache Produktion einzelner Top-Quarks. Dabei werden die Korrelationen zwi-
schen den einzelnen Quellen von Unsicherheiten der Messungen berücksichtigt, wodurch
genauere Ausschlussgrenzen für anomaleWtb-Kopplungen gesetzt werden können. Zusätz-
lich wird das Potential einer weiteren Kombination mit einer Messung des Verzweigungs-
verhältnisses des Prozesses B̄ → Xsγ überprüft. Um die Möglichkeiten des Verfahrens
zu testen, werden Ensembletests durchgeführt. Vier-, zwei-, und eindimensionale Fits
der Kopplungen werden vorgenommen. Die Werte des Standardmodells für die Kopp-
lungen sind mindestens konsistent mit den daraus resultierenden kleinsten 95.5% C.L.-
Grenzen. Während die Kombination mit der Messung der B-Physik-Observablen die
Grenzen auf VL, VR um gL verkleinert, ist die Sensitivität der Kombination beider Top-
Quark-Messungen auf gR höher als die der B-Physik-Observablen einzeln. Die erhaltenen
Grenzen werden dazu verwendet, untere Grenzen auf elektroschwache Physik jenseits des
Standardmodells abzuschätzen.
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Introduction

Since its discovery in 1995 [1, 2], the top quark has been an interesting object in searches
for physics beyond the Standard Model. Many of these searches are based on specific
models, such as supersymmetry, see e.g. Reference [3]. Other interesting approaches are
model independent searches. In this master of science thesis, a combination of two top
quark measurements is performed to constrain the parameters of an effective field theory
based on higher dimensional operators. This theory introduces four anomalous couplings
at the vertex for the coupling of a top quark to a bottom quark and a W boson (called
Wtb vertex): a left-handed and a right-handed vector coupling VL and VR, as well as a
left-handed and a right-handed tensor coupling gL and gR. In this thesis, they are assumed
to be real. In the Standard Model, these couplings have the values VL = Vtb ≈ 1 and
VR = gL = gR = 0 at tree level, where Vtb is the CKM matrix element at the Wtb vertex.
Any deviation of these anomalous couplings from their Standard Model values would hint
at physics beyond the Standard Model.
The combination makes use of Bayesian statistics, implemented in the Bayesian Analysis
Toolkit (BAT) [4, 5]. The two combined top quark measurements are a measurement of
the W helicity fractions [6] and a measurement of the t-channel single top production
cross section [7], both conducted using data taken with the Atlas detector. These
observables are directly dependent on physics at the Wtb vertex [8, 9] and are therefore
ideal candidates for the combination. A detailed study of the correlations between
the measurements with respect to the different sources of systematic uncertainties is
performed to improve the precision of the bounds on the anomalous couplings. In
addition, a combination of these two top quark measurements with the measurement
of the branching ratio of the process B̄ → Xsγ [10], which is also sensitive to anomalous
couplings at the Wtb vertex [11], is performed. Ensemble tests are used to test the
sensitivity of the combination. Four-, two-, and one-dimensional fits of the couplings are
performed.
Ensemble tests show that the correlations between the systematic uncertainties of the two
measurements have to be known precisely in order to perform the combination correctly.
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Introduction

In Chapter 1, the most important concepts of the Standard Model concerning these
studies are presented, as well as the physics of the top quark, the concept of anomalous
couplings in the context of effective field theory, the two top quark observables used for
this combination and the experimental setup. Chapter 2 describes the two top quark
measurements that will be combined: the W -helicity fraction measurement and the t-
channel single top quark production cross section measurement. In addition, the sources
of systematic uncertainties are categorised to allow further comparison between the two
measurements. Chapter 3 describes the dependence of the top quark observables on
anomalous couplings and the combination of the two measurements. Chapter 4 presents
the uncertainties and the correlation matrix used for the fits in the following chapters.
They are determined by the methods for the combination of the uncertainties of the two
measurements described in Chapter 2 and 3. In addition, the ranges of the different fits
are listed. Chapter 5 is a demonstration of the framework’s capabilities using pseudo data.
It contains studies on the effect of the combination of the two top quark measurements
and their correlations. In addition, a study is conducted on how the combination of the
two top quark measurement with the measurement of the branching ratio of the radiative
B meson decay B̄ → Xsγ could improve the limits on anomalous couplings. Chapter 6
contains the result of the combination using experimental data with and without the
B-physics measurement and gives a comparison to similar results. It also provides an
estimation for the minimal energy at which new electroweak physics could exist. The last
chapter provides a conclusion and an outlook.
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1 Fundamentals

This chapter introduces the fundamental theoretical principles of the Standard Model of
elementary particle physics and of anomalous top quark couplings at the Wtb vertex. It
also presents the observables used for the combination, namely the W helicity fractions
and the t-channel production cross section, as well as the experimental setup, namely the
Large Hadron Collider and the Atlas detector. Recent results of top quark physics are
also presented in a short overview.

1.1 The Standard Model of elementary particle
physics

The Standard Model of elementary particle physics (SM) is a renormalizable quantum field
theory describing the elementary particles and three of their four fundamental interactions:
the electromagnetic, weak and strong interactions. Up to this day, attempts to include
the fourth fundamental force, gravity, in the Standard Model have failed.
The elementary particles can be grouped into 12 fermions with spin 1/2 and 13 bosons
with integer spin. The fermions can further be grouped into 3 generations, containing 2
quarks and 2 leptons each. The difference between the generations are the mass, mass
related properties and properties related to the CKM matrix element (for quarks, see
Section 1.1.4) of the particles. The bosons can be grouped into 12 gauge bosons with
spin 1, mediating the fundamental forces of the Standard Model and the Higgs boson
with spin 0 as an excitation of the Higgs field which causes most of the mass of the
elementary particles. This classification of the particles within the Standard Model and
their approximate masses can be seen in Figure 1.1 [12–14].
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1 Fundamentals
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Figure 1.1: All elementary particles described by the Standard Model and their masses. The
abbreviations are: up quark (u), down quark (d), charm quark (c), strange quark (s), top quark
(t), bottom quark (b), electron (e), muon (µ), tau lepton (τ) the neutrinos belonging to the
charged leptons (ν), photon (γ), W boson (W ), Z boson (Z), gluon (g) and the Higgs-boson
(H) [12, 13].

1.1.1 Fundamental Standard Model interactions and gauge
bosons

Gauge bosons are the mediators of fundamental interactions and arise in the Standard
Model from the assumption of local gauge invariance under a certain gauge transformation.
Photons arise in the context of quantum electrodynamics (QED) by implying local U(1)
gauge invariance and the eight gluons arise in the context of quantum chromodynamics
(QCD) by implying local SU(3) gauge invariance. The Z boson and the two W bosons
arise from the UY (1)×SU(2) electroweak theory, which is discussed further in Section 1.1.4.
Photons were first described as quanta of an electromagnetic field by Albert Einstein in
1905 reffering to results of Max Planck’s work [15, 16]. The W and Z boson as they are
known today were predicted in the context of the electroweak model [17–21]. They were
discovered in 1983 at the UA1 and UA2 experiments at Cern [22–25]. Experimental
evidence for the existence of the gluon was found for the first time in 1979 at Desy [26–
29]. For simplicity, the principle of local gauge invariance is demonstrated in the context
of QED [13]:

The Dirac Lagrangian
L = iψ̄γµ∂µψ︸ ︷︷ ︸

kinetic term

− mψ̄ψ︸ ︷︷ ︸
mass term

(1.1)
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1.1 The Standard Model of elementary particle physics

is required to be invariant under the local U(1) gauge transformation

ψ −→ e−iqθ(x)ψ , (1.2)

where ψ is a spinor field representing fermions, q is the charge of the involved fermion,
corresponding to the U(1) gauge group, θ(x) is a real function of the space-time x and γµ

(µ = 0, ..., 3) are the Dirac matrices. The mass term in Equation (1.1) is invariant under
this transformation, but the kinetic term is not. To fix this, additional terms are included
in the Lagrangian. The U(1)-gauge invariant Lagrangian is

L = iψ̄γµ∂µψ −mψ̄ψ︸ ︷︷ ︸
LMatter

−(qψ̄γµψ)Aµ −
1

16πF
µνFµν︸ ︷︷ ︸

LGauge,U(1)

. (1.3)

Under the local U(1) gauge transformation, the new spin-1 field Aµ behaves like

Aµ −→ Aµ + ∂µθ(x) . (1.4)

The last term of Equation (1.3) is the kinetic term for Aµ with F µν = ∂µAν − ∂νAµ. The
particle associated with Aµ has to be massless because a mass term for Aµ would not be
gauge invariant1. Equation 1.3 can also be written as

L = iψ̄γµDµψ −mψ̄ψ −
1

16πF
µνFµν , (1.5)

with
Dµ = ∂µ + iqAµ (1.6)

being the so called covariant derivative. In terms of QED, Equation (1.3) describes spin
1/2 fields (fermions) interacting with Maxwell fields (photons). The charge q is the electric
charge.
The strong (SU(3)) and weak (SU(2)) interaction can be described in a similar way, but
with other charges and group generators. While photons and gluons have no mass, the
electroweak gauge bosons W and Z have non-zero masses of [12]

mW ≈ 80.4 GeV and mZ ≈ 91.2 GeV . (1.7)

As the photon couples to electric charge, the gluons couple to colour charge (red, blue,

1A mass term can always be added by applying spontaneous symmetry breaking. Nevertheless, the gauge
boson of the U(1) (namely the photon) is massless, but spontaneous symmetry breaking can be applied
for the electroweak theory to assign mass to the Z and W bosons (see Section 1.1.3).
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1 Fundamentals

green) and the W and Z bosons couple to the third element of the weak isospin T 3 and to
the weak hypercharge Y , see Table 1.1. The third element of the weak isospin, the weak
hypercharge and the electromagnetic charge are connected by the relation

q = T 3 + Y

2 . (1.8)

1.1.2 Fermions

The fermions in the Standard Model are all spin-1/2 particles. They can be categorised
as shown in Figure 1.1. Because parity is maximally violated in the weak interaction [30],
it is necessary to treat chiral left-handed (for simplicity also called “left-handed”) and
chiral right-handed (“right-handed”) fermions in a different way in the weak interaction.
For the different charges of the left-handed and right-handed fermions, see Table 1.1. The
left-handed quarks (up-type uL, down-type dL) of each generation, as well as the two
left-handed leptons of each generation (charged lepton `−L and the corresponding neutrino
νL) are grouped in weak isospin doublets

Q =
(
uL
dL

)
, L =

(
νL
`−L

)
, (1.9)

while the right-handed fermions are weak isospin singlets. The W bosons only couple to
left-handed fermions. All right-handed particles are produced in the electromagnetic or
the strong interaction because both of these interactions conserve parity. Right-handed
neutrinos do not exist because they can be produced neither in the electromagnetic, nor
the strong interaction. For the masses of the fermions, see Figure 1.1. Note that the
quarks can only be measured in bound states (except for the top quark, see Section 1.2).
Therefore, the masses of the light quarks are measured less precisely than the masses of
the leptons and bosons.

Quarks Quarks participate in all interactions within the Standard Model. Their ex-
istence was proven by deep inelastic scattering experiments at the Stanford Linear Ac-
celerator Center (Slac) in 1968 [31–33]. The reason they also participate in the strong
interaction is that quarks carry colour charge (red, blue or green), and antiquarks carry
anticolour charge (antired, antiblue or antigreen). They exist in colour neutral bound
states as mesons (quark and antiquark) and baryons (three quarks). Baryons and mesons
are also called hadrons. The other charges of the quarks can be seen in Table 1.1, right.
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1.1 The Standard Model of elementary particle physics

Lepton T T3 q Y

νL 1/2 1/2 0 −1

`−L 1/2 −1/2 −1 −1

`−R 0 0 −1 −2

Quark T T3 q Y

uL 1/2 1/2 2/3 1/3

dL 1/2 −1/2 −1/3 1/3

uR 0 0 2/3 4/3

dR 0 0 −1/3 −2/3

Table 1.1: Weak isospin T (with the third component T 3), electric charge q and hypercharge
Y quantum numbers of leptons and quarks [14]. Additionally, quarks carry colour charge (red,
green, blue), while leptons do not carry any colour charge and thus do not participate in the
strong interaction.

The quarks of the first generation, the up (u) and down (d) quarks, are the lightest quarks
and the building blocks of protons (uud) and neutrons (udd). Together with the down-
type quark of the second generation, the strange quark, they were the quarks proposed by
Gell-Mann [34] and Zweig [35, 36] in 1964. The up-type quark of the second generation,
called charm quark, was proposed shortly afterwards to explain the small branching ratio
of the process2 KL → µ+µ− [38, 39]. It was discovered in 1974 as a constituent of the
J/Ψ-meson at Brookhaven National Laboratory [40] and at the SPEAR storage ring at
Slac [41]. The third generation of quarks, including the down-type bottom quark and
the up-type top quark, was proposed in 1973 by Kobayashi and Maskawa to explain CP
violation [42]. The bottom quark was discovered in 1977 [43] and the top quark (see
Section 1.2) was discovered in 1995 [1, 2], both of them at Fermilab.

Leptons In contrast to quarks, leptons do not carry any colour charge and thus do not
participate in the strong interaction. The charged leptons have electric charges of −1
and the neutrinos are electrically neutral. The other charges of leptons can be seen in
Table 1.1, left. In the simplest version of the Standard Model, neutrinos are assumed to
be massless. Nevertheless, neutrinos have in fact a very small mass, which is discussed in
Section 1.1.5.
J.J. Thompson is often credited for the discovery of the electron in 1897 [44], which
is the charged lepton of the first generation. The corresponding electron neutrino was
proposed by Wolfgang Pauli to be able to describe the nuclear beta decay in an energy,
momentum and spin conserving theory [45, 46]. It was finally discovered in 1956 by
2This small branching ratio is explained by the GIM (Glashow, Iliopoulos and Miani) mechanism:
Without the charm quark, the leading order diagram of the process KL → µ+µ− is a box diagram
with an up quark in the loop and the exchange of two W bosons. Introducing an additional box
diagram with a charm quark instead of the up quark almost cancels the contribution of the first diagram
to the branching ratio and explains its low value [37, 38].

7



1 Fundamentals

Clyde Cowan and Frederick Reines in a nuclear reactor experiment [47]. The charged
lepton of the second generation, called muon, was discovered in 1936 by experiments with
cosmic radiation [48, 49]. The corresponding muon neutrino was discovered in 1962 by
Leon M. Lederman, Melvin Schwartz and Jack Steinberger at the Alternating Gradient
Synchrotron (AGS) of the Brookhaven National Laboratory [50]. The tau lepton, being
the third charged lepton, was discovered around 1975 at the SPEAR collider at Slac [51].
The corresponding tau neutrino was discovered at the DONUT experiment at Fermilab
in the year 2000 [52].

1.1.3 Mass generation with a toy theory

Lagrangians describing massive gauge bosons have to contain mass terms. This is the case
for the massive electroweak gauge bosons W and Z. Simply including a mass term as a
term of second order in the gauge field would violate local gauge invariance. Assuming a
toy theory U(1) including a massive photon, it can easily been seen that a mass term

Lmass = m2

8π AµA
µ (1.10)

would violate local U(1) gauge invariance. The same holds for all other Standard Model
symmetries. In addition, mass terms for fermions also violate local UY (1) × SU(2)
invariance, because they couple left-handed to right-handed fields.
Including local gauge invariant mass terms is achieved by applying spontaneous symmetry
breaking to the respective Standard Model symmetry. Returning to the massive U(1) toy
theory, assume a complex scalar field φ(x) = φ1(x) + iφ2(x) that is invariant under local
U(1) transformations. The Lagrangian of this scalar field can be written as

Ltoy = 1
2(Dµφ)∗(Dµφ)−

(
−1

2µ
2(φ∗φ) + 1

4λ
2(φ∗φ)2

)
︸ ︷︷ ︸

V (φ)

, (1.11)

where Dµ is the covariant derivative for the U(1) and V (φ) is the potential, which is
minimal at v := |φ| = µ/λ for µ2 > 0 and λ2 > 0. The minimum v is also called vacuum
expectation value (VEV). To be able to apply perturbative calculus, it is necessary to
transform the origin of the coordinate system into the minimum of the potential by the
relations

φ1(x) = h(x) + v , φ2(x) = ξ(x) . (1.12)

8



1.1 The Standard Model of elementary particle physics

Around the origin of this new coordinate system, the potential is not invariant under
local U(1) transformation. This is called spontaneous symmetry breaking. Writing Equa-
tion (1.11) in the coordinates of 1.12, a scalar field h(x) with the mass mh =

√
2µ

and a massless scalar field, called Goldstone boson, arises. Because it is massless, the
Goldstone boson would always be easily detectable. Nevertheless, in case of the “realistic”
theory of electroweak symmetry breaking, it does not exist because it would have been
already discovered. This problem can be solved by using the local gauge invariance of the
Lagrangian and implying the transformation

φ→ e−iξ(x)/vφ , (1.13)

which causes the Goldstone boson to vanish from the Lagrangian. This is called unitary
gauge. The scalar field couples to the U(1) gauge boson via the covariant derivative.
Therefore, if the mass term for the massive boson would be

Lmass = 1
2(qv)2AµA

µ . (1.14)

This term looks like Equation (1.10) with a mass of m = 2
√
π qv but is invariant under

local U(1) transformations. The degree of freedom from the Goldstone boson is now the
longitudinal degree of freedom of the massive gauge boson of the toy theory U(1) [13].
The same mechanism can be applied to the electroweak model in which it is used to
describe the massive W and Z gauge bosons. The field φ has to be a complex doublet,
which is referred to as the Higgs field. The three Goldstone bosons arising can be gauged
away by implying local SU(2) invariance. The Higgs doublet for the electroweak symmetry
breaking is [53–56]

φ(x) = 1√
2

(
0

v + h(x)

)
. (1.15)

The vacuum expectation value is determined as v ≈ 246 GeV [12] via v = (
√

2GF )−2,
where GF is the Fermi coupling constant [37]. The mass generation for the W and Z

bosons via spontaneous electroweak symmetry breaking while avoiding massless Goldstone
bosons is also referred to as the Higgs mechanism3. The scalar field h(x) plays the role of
the Higgs boson in the electroweak symmetry breaking. The Higgs boson was discovered
in 2012 by the Atlas and Cms collaborations [57, 58].

3Actually, there is no exact definition which part of this mechanism the Higgs mechanism actually is.
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1 Fundamentals

1.1.4 The electroweak model within the Standard Model

Also known as the Glashow-Salam-Weinberg model [17–21], the electroweak model is the
unification of the electromagnetic and the weak interaction. The resulting gauge bosons
are the massless photon, as well as the massive W and Z gauge bosons. It is based on
a UY (1) × SU(2) symmetry, where the UY (1) is not to be confused with the U(1) from
QED. The charge corresponding to the UY (1) group is the weak hypercharge Y , while
the charge corresponding to the SU(2) is the third element of the weak isospin T 3, see
Table 1.1 and Equation 1.8.
As for the U(1) group in Section 1.1.1, it is possible to construct a local UY (1) × SU(2)
gauge invariant Lagrangian by imposing local gauge invariance under transformation of
the fermionic fields like

ψ → exp
(
i
g′

2 Y α(x)
)

︸ ︷︷ ︸
UY (1) part

exp
(
ig ~τ · ~Λ(x)

)
︸ ︷︷ ︸

SU(2) part

ψ , (1.16)

where g′ is the coupling strength corresponding to the UY (1) group, g is the coupling
strength corresponding to the SU(2) group and ~τ are the Pauli matrices as the generators
corresponding to the SU(2) group. The SU(2) part represents a local rotation of the
weak isospin T . Note that the UY (1) group and the SU(2) group are still “separated”.
The 1/2 and the switch of the sign in the exponent of the UY (1) part in comparison to
Equation (1.2) are conventional. It is obvious that left-handed fermionic fields transform
differently than right-handed fields under this symmetry due to their different charges.
The corresponding covariant derivative is

Dµ = ∂µ + i
g′

2 Y Bµ + ig ~τ · ~Wµ , (1.17)

where Bµ is the gauge field corresponding to the UY (1) andW1, W2 andW3 are the gauge
fields corresponding to the SU(2) group.
Up to this point, all gauge fields are still massless. To assign mass to the gauge field, it
is necessary to impose electroweak symmetry breaking like it is sketched in Section 1.1.3.
The coupling of the Gauge fields to the Higgs field (for h(x) = 0) emerges from the
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1.1 The Standard Model of elementary particle physics

covariant derivative like in Equation (1.11)
∣∣∣∣∣
(
−ig2~τ ·

~Wµ − i
g′

2 Bµ

)
φ

∣∣∣∣∣
2

=
(1

2vg
)2
W+
µ W

−µ + 1
8v

2
(
W (3)
µ , Bµ

) g2 −gg′

−gg′ g′2


W

µ(3)

Bµ

 ,

(1.18)

with
W±
µ = 1/

√
2
(
W (1)
µ ± iW (2)

µ

)
. (1.19)

To obtain a massless eigenstate for the photon and a massive eigenstate for another neutral
boson (the Z boson), a rotation via the electroweak mixing angle θW , also called Weinberg
angle, is necessary

Aµ = cos θWBµ + sin θWW (3)
µ ,

Zµ = − sin θWBµ + cos θWW (3)
µ ,

(1.20)

with tan θW = g′/g and sin2 θW ≈ 0.23 [12]. The masses of the massive gauge bosons are

MW = 1
2vg and MZ = 1

2v
√
g2 + g′2 . (1.21)

Making use of the electroweak properties of the Higgs field, gauge invariant mass terms
for the fermions can be constructed via Yukawa couplings to the Higgs field. The mass
eigenstates of the quarks are not the same as their weak eigenstates. This is described by
the CKM matrix which allows flavour changing charged currents across quark generations.
The probability of the transition of a quark of the flavour x to the flavour y depends on the
CKM matrix element Vxy. The 3 × 3-dimensional structure of the unitary CKM matrix
allows CP violation due to complex phases [42].
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1.1.5 Limitations of the Standard Model

There are many phenomena that are not described by the current form of the Standard
Model. The most popular ones are listed here [3, 12, 13, 59].

• Dark Matter: There are many hints due to gravitational behaviour that stable
matter exists in the Universe which interacts mostly via gravity and not via the
electromagnetic or strong interaction. Therefore, it is hard to detect. A possible
candidate for dark matter is for example the lightest supersymmetric particle from
supersymmetric theories.

• Higgs boson mass: Due to fermionic loop corrections, the mass of the Higgs boson at
O(100GeV) is purely accidental in the Standard Model. In the Standard Model, the
bare mass and the loop corrections almost cancel but not completely, which causes
this relatively low value. Supersymmetric models cancel these loop corrections by
introducing a fermionic partner for each boson as well as a bosonic partner for
each fermion. Proving supersymmetry right would give a natural explanation of the
relatively low Higgs boson mass.

• Grand Unification: From an aesthetic point of view, all three gauge couplings should
unite at a higher mass scale. This feature is not provided by the Standard Model,
but by many of its extensions.

• Gravity: Gravity is the only fundamental force that is not included in the Standard
Model. This is because there is no known way to describe general relativity consis-
tently in quantum field theory and gravity does not play a role in current collider
based experiments.

• Origin of electroweak symmetry breaking: Although electroweak symmetry break-
ing describes mass generation in the Standard Model, the origin of the breaking
itself is still unknown.

• Neutrino masses and oscillation: There is experimental evidence that neutrinos in
fact have mass. Assigning this mass to neutrinos, it is necessary to introduce new
mechanisms to the Standard Model. Similar to the quarks, neutrino mass eigenstates
are not their weak interaction eigenstates which leads to neutrino flavour oscillation.
A further question closely related to the fact that neutrinos have non-zero mass is if
neutrinos follow Dirac or Majorana statistics. The Majorana statistic implies that
neutrinos would be their own antiparticles.

12



1.2 The top quark

q

q̄

t

t̄

t

t̄

t

t̄

t

t̄

g

g

t t

g

g

g

g

a) b) c) d)

Figure 1.2: Leading order Feynman diagrams for the top quark pair production at hadron
colliders. Diagram a) is called quark-antiquark annihilation. It was a dominant production
mechanism at the Tevatron. Diagrams b), c) and d) are gluon-gluon fusion processes, which
are typical production mechanisms at the Lhc.

1.2 The top quark

The top quark was discovered in 1995 by the CDF and DØ experiments at the Tevatron
proton-antiproton collider at a centre-of-mass energy of 1.8 TeV [1, 2]. With a mass of
173.34±0.27(stat.)±0.71(syst.) GeV [60], it is the heaviest known elementary particle. It
is assumed to be the third generation up-type quark, although the weak isospin of the top
quark has not been measured yet. Its mass yields a Yukawa coupling to the Higgs field of
almost unity4 which makes it an interesting candidate for investigating the electroweak
symmetry breaking mechanism. The top quark is part of many theories of physics beyond
the Standard Model as a decay product of “new” particles5 or as a particle that decays
into “new” particles. Its mass, together with the W boson mass and the Higgs boson
mass, can be used to probe the vacuum stability of the Standard Model at high energy
scales [12, 61]. The only machine in service being capable of producing top quarks is the
Large Hadron Collider (Lhc) which is often referred to as a “top quark factory”, because
it produced around one million top quarks during the 7 TeV run and around ten million
top quarks during the 8 TeV run. Together with the Tevatron, these were the only
machines ever built being able to produce top quarks [12, 61].

Top quark decay Due to the high mass of the top quark, its lifetime of approximately
0.5×10−24 s is much shorter than the time of hadronisation of approximately 10−23 s [62].
Therefore, it decays before forming bound hadronic states and can be studied as a “bare”
quark. It is the only quark that decays into a realW boson because theW boson is lighter
than the difference of the top quark mass and the other decay product (the bottom quark).
Because the element Vtb of the CKM matrix is almost unity, the top quark decays almost
100% of the time into a W boson and a bottom quark while the decay channels into a W
4The Yukawa coupling of fermions to the Higgs field is gf =

√
2 ·mf/v, where mf is the fermion mass

and v is the vacuum expectation value of the Higgs field [37].
5In this context, “new particles” means particles only described by theories beyond the Standard Model.
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boson and a down quark or a strange quark are heavily suppressed. With this assumption,
the Lagrangian for the top quark decay vertex in the Standard Model can be written as

L =− g√
2
b̄ γµ VtbPL tW

−
µ + h.c. , (1.22)

with the left-handed projection operator PL. The fields for the top quark, the bottom
quark and the W boson are represented by t, b and W−

µ . The vertex described by this
Lagrangian in the Standard Model is called the Wtb vertex. This vertex is not only
present in the top quark decay, but in every process that involves a coupling of a top
quark, a bottom quark and a W boson, for example electroweak top quark production,
see Section 1.5 [12, 61].

Top quark pair production Top quark pair production occurs via the strong inter-
action in gluon-gluon fusion and quark-antiquark annihilation, see Figure 1.2. It was not
yet possible to reach high enough energies at electron-positron-colliders to produce top
quark pairs, so they were not yet produced in pairs via the electroweak interaction. At the
Tevatron, approximately 85% of the top quark pairs were produced via quark-antiquark
annihilation. At higher centre-of-mass-energies the fraction of gluons contribute more and
more to the parton density functions. Therefore at the Lhc, approximately 80% (90%)
of all top pairs are produced via gluon-gluon fusion at a centre-of-mass energy of 7 TeV
(14 TeV).
The W boson can decay into quarks or leptons. Therefore, there are three kinds of decay
channels for top pair events: The all-jets channel includes only jets emerging from six
quarks in the final state of which two jets are b-jets6. The lepton+jets channel includes
jets from four quarks of which two are b-jets, a charged lepton and large missing transverse
momentum from the corresponding neutrino. The dilepton channel includes two b-jets
and two charged leptons as well as large missing transverse momentum from both W

bosons decaying leptonically. The ratio between the probabilities of this channels is7

45.7% : 43.8% : 10.5% (all-jets : lepton+jets : dilepton). Figure 1.3 shows the prediction
for the top-pair production cross section as a function of the centre-of-mass energy for
proton-proton and proton-antiproton collisions compared to the latest experimental Lhc
and Tevatron results [12, 61]. The latest Lhc combination result for

√
s = 8 TeV, using

Atlas and Cms data (using 20.3 fb−1 and 5.3 fb−1 of data, respectively) is σ(tt̄) =
241.5 ± 8.5 pb [70].
6b-jets are jets originating from a decaying hadron containing a bottom quark.
7It is possible that the hadronic decay of a tau lepton looks like the hadronic decay of a W boson and
therefore a dileptonic (lepton+jets) event is interpreted as lepton+jets (all-jets) event.
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Figure 1.3: Theory prediction of the top quark pair production cross section in proton-proton and
proton-antiproton collisions in dependence on the centre-of-mass energy √s and in comparison
to Lhc and Tevatron results [63–73].
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Figure 1.4: The single top quark production mechanisms: a) s-channel, b) t-channel 2→ 2, c)
t-channel 2→ 3 and d) W -associated production.

Single top quark production The cross section for single top quark production is
much lower than that for top quark pair production, because single top quarks are
produced via the charged current weak interaction, see Figure 1.4. The three production
channels are the s-channel, t-channel and the W -associated production channel. In all
processes, |Vtb| from the CKM matrix element is directly involved. The single top quark
production cross sections in the different channels in dependence on the centre-of-mass
energy and in comparison to the results of Atlas measurements are shown in Figure 1.5.
The approximate next-to-next-to leading order (NNLO) predictions for the single top cross

15



1 Fundamentals

 [TeV]s

5 6 7 8 9 10 11 12 13 14

 [p
b]

σ
si

ng
le

 to
p-

qu
ar

k 
cr

os
s-

se
ct

io
n 

1

10

210

t-channel

Wt

s-channel

 MSTW2008 NNLO PDF

 = 172.5 GeV
t

 NLO+NNLL at m

stat. uncertainty

arXiv:1406.7844 -1t-channel 4.59 fb
ATLAS-CONF-2014-007 -1t-channel 20.3 fb

PLB 716 (2012) 142 -1Wt 2.05 fb
ATLAS-CONF-2013-100 -1Wt 20.3 fb

arXiv:1410.0647 -1 s-channel 95% C.L. limit 20.3 fb
ATLAS-CONF-2011-118 -1 s-channel 95% C.L. limit 0.7 fb

ATLAS Preliminary October 2014

single top-quark production
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sections in proton-proton collisions at a centre-of-mass energy of
√
s = 7 TeV are [74–76]

σ(tb̄) = 3.1± 0.1 pb , (1.23)
σ(t̄b) = 1.4± 0.1 pb , (1.24)
σ(tq) = 41.9+1.8

−0.8 pb , (1.25)
σ(t̄q) = 22.7+0.9

−1.0 pb , (1.26)
σ(Wt) = 15.7± 1.1 pb , (1.27)

where (1.23) and (1.24) are s-channel cross sections, (1.25) and (1.26) are t-channel cross
sections (but only for the diagram 1.4 b)) and (1.27) is the cross section for the associated
W production. The s-channel production was recently observed by the CDF and DØ
collaborations at Fermilab at

√
s = 1.96 TeV with a cross section of σs = 1.29+0.26

−0.24

pb [77]. It has not yet been observed at the Lhc, see Section 1.5. The W associated
production (at Atlas using 7 TeV data) was measured with a cross section of σWt =
16.8 ± 2.9 (stat) ± 4.9 (syst) pb [78]. The t-channel cross section is explained in further
detail in Section 1.5. Its latest Atlas measurement is described in Section 2.2 [12, 61].
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1.3 Anomalous couplings at the Wtb vertex

Although the Standard Model is a very successful concept, the limitations described in
Section 1.1.5 indicate that new particles and interactions exist at a yet inaccessible mass
scale Λ below the Planck scale (∼ 1019 GeV). In this case, the Standard Model only
describes physics well up to the mass scale yet accessible. For higher energies, it becomes
an effective low-energy theory where the heavy fields are integrated out. Physics up
to energies of the order of Λ can then be described by an effective Lagrangian, like in
the case of Fermi’s interaction8 [45, 46]. Such a Lagrangian has to be invariant under
Standard Model transformations and has to obey the known conservation laws. This
effective Lagrangian can be expressed at mass scales accessible to current experiments as

Leff = LSM + 1
ΛL1 + 1

Λ2L2 + . . . , (1.28)

where LSM is the dimension-four Standard Model Lagrangian, containing the Standard
Model gauge fields, Standard Model fermion fields, one Higgs doublet and their couplings.
The Lagrangian L1 is of dimension five and L2 is of dimension six etc. [84].

t

b

W+

Figure 1.6: Feynman diagram of the
Wtb vertex.

Because the mass of the top quark is higher than the
mass of all other Standard Model fermions, it is expected
that effective interactions of the top quark are much more
sensitive to physics at higher mass scales than the effective
interactions of other Standard Model fermions. Within
this effective field theory, it is possible to construct a
Lagrangian describing new physics occurring at energies
much greater than 1 TeV introducing anomalous couplings

at the vertex for the coupling of a top quark to a bottom quark and a W boson (called
Wtb vertex, see Figure 1.6). The only term allowed by gauge invariance of dimension five
from Equation (1.28) describes the Majorana mass terms for neutrinos [84]. Therefore, the
Lagrangian for anomalous couplings at the Wtb vertex contains only additional terms of
dimension six and higher. Because the mass scale Λ is expected to be large, all terms of a
higher dimension than dimension six are not considered here [85]. The five dimension-six
operators that have significant effects at order 1/Λ2 on anomalous couplings at the Wtb

8Fermi’s interaction is a low-energy description of the weak interaction.
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vertex are [9, 86]

O
(3)
φq = i

(
φ†τ IDµφ

)(
q̄Lγ

µτ IqL
)
, (1.29)

Oφφ = i
(
φ̃†Dµφ

)(
t̄Rγ

µbR
)
, (1.30)

OuW =
(
q̄Lσ

µντ ItR
)
φ̃W I

µν , (1.31)

OdW =
(
q̄Lσ

µντ IbR
)
φW I

µν , (1.32)

OqW =
(
q̄Lγ

µτ IDνqL
)
W I
µν , (1.33)

where qL is the left-handed quark doublet of the 3rd generation, bR and tR are the right-
handed bottom- and top quark singlets. The field φ (φ̃ = iτ 2φ∗) is the Higgs boson
doublet. Dµ is the covariant derivative including the Standard Model gauge fields. W I

µν =
∂µW

I
ν − ∂νW

I
µ + gεIJKW

J
µW

K
ν is the W boson field strength [85]. τ I (I = 1, 2, 3) are

the Pauli matrices and σµν = i/2(γµγν − γνγµ), where γµ (µ = 0, ..., 3) are the Dirac
matrices. The Lagrangian from Equation (1.28) can be written in a different form for the
Wtb vertex [8]:

L =− g√
2
b̄ γµ (VLPL + VRPR) tW−

µ

− g√
2
b̄
iσµνqν
MW

(gLPL + gRPR) tW−
µ + h.c. ,

(1.34)

with the left- and right-handed projection operators PL and PR and q = pt − pb. The
coefficients VL and VR describe the left- and right-handed vector couplings, gL and gR

describe the left- and right handed tensor couplings and MW is the W boson mass. The
Standard Model values at tree level are

VL = Vtb ≈ 1 and VL = gL = gR = 0 , (1.35)

where Vtb is the CKM matrix element for the Wtb vertex. Deviations from these values
emerge within the Standard Model at the one loop level [87] but are small enough to be
neglected. The deviations from the Standard Model values of VL, VR, gL and gR in terms
of dimension-six operators can be written as [9, 84, 86]

δVL =
(
C

(3)∗
φq + g

2ReCqW
)
υ2

Λ2 , δgL =
√

2C∗dW
υ2

Λ2 ,

δVR = 1
2C
∗
φφ

υ2

Λ2 , δgR =
√

2CuW
υ2

Λ2 ,

(1.36)

where C(3)
φq , Cφφ, CuW , CdW , and CqW are the coefficients9 corresponding to the dimension-

9The contribution of the dimension-six operator Oxy to the dimension-six Lagrangian L2 is CxyOxy.
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Figure 1.7: The Feynman diagrams of the two possible leading order processes for the decay
b→ sγ within the Standard Model. In the case of a top quark running inside the loop, the green
dots mark the Wtb vertices within these Feynman diagrams.

six operators (1.29) - (1.33). For the following investigations, VL, VR, gL and gR are
assumed to be real.
Anomalous Wtb couplings can be probed in the measurements of top quark decay and
production processes, as well as in B-physics measurements. The top quark observables
that can be used for probing these anomalous couplings are for instance single top quark
cross sections, W boson helicity fractions and ratios, angular asymmetries related to the
W helicity fractions, the energy distribution of the charged lepton from the W decay and
CP-violation asymmetries in the top quark decay [8, 86]. Possible measurements from
B-physics for probing anomalous Wtb couplings are Bd,s − B̄d,s oscillation observables,
the branching ratios of Bs → µ+µ− and B → K(∗)νν̄, the forward-backward asymmetry
in B → K∗l+l−, as well as observables from the B → Xsl

+l− and B → Xsγ decay
modes [11, 88]. In this thesis, the measurement of the branching ratio of the process
B̄ → Xsγ is used to further constrain anomalousWtb couplings. Because flavour changing
neutral currents at tree level are not allowed in the Standard Model, the leading order of
the corresponding process b→ sγ is the one-loop level. This loop can contain aWtb vertex
with a virtual top quark and a virtual W boson, see Figure 1.7. For further explanation,
see Section 5.6. The Feynman diagrams of the other B-physics processes mentioned here
also include Wtb vertices with virtual particles.
The latest Atlas results for anomalous couplings at the Wtb vertex derived by a W

boson helicity measurement at a centre-of-mass energy of
√
s = 7 TeV [89] are

Re (VR) ∈ [−0.20, 0.23] ,
Re (gL) ∈ [−0.14, 0.11] and
Re (gR) ∈ [−0.08, 0.04] ,

at 95% C.L., taking only one of the couplings non-zero at a time. See Figure 1.8 for the
two-dimensional fit in the gL-gR plane. The two-dimensional limits on gL and gR from
the latest Lhc combination at

√
s = 7 TeV are shown in Figure 1.9 [89–92].

19



1 Fundamentals

)
L

Re(g

-0.4 -0.2 0 0.2 0.4

)
R

R
e(
g

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1
ATLAS

-1
L dt = 1.04 fb∫

=0
R

=1, VLV

allowed regions

TopFit

68% CL

95% CL

Figure 1.8: Allowed regions for the anomalous couplings gL and gR from the latest W helicity
measurement from the Atlas collaboration [89]. The vector couplings are fixed to VL = 1 and
VR = 0. In the notation of this report, Re (gL) corresponds to gL and Re (gR) corresponds to
gR.

)
L

Re(g
-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4

)
R

R
e(

g

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

=0
R

=1, VLVLHC combination preliminary
-1 - 2.2 fb-1=35 pb

int
=7 TeV,  Ls

68% CL

95% CL

SM

Figure 1.9: Allowed regions for the anomalous couplings gL and gR from the latest Lhc
combination of W helicity measurements at √s = 7 TeV [89–92]. The vector couplings are
fixed to VL = 1 and VR = 0. In the notation of this report, Re (gL) corresponds to gL and
Re (gR) corresponds to gR.

20



1.4 W helicity fractions

1.4 W helicity fractions

The top quark decays at almost 100% of the time into a bottom quark and a real
W boson via the electroweak interaction. This interaction has a (V - A) structure10.
The polarisation (helicity) of the produced W boson can be longitudinal, left-handed or
right-handed. The fractions of W bosons produced in top quark decays with a certain
polarisation are called W helicity fractions. The longitudinal, left-handed and right-
handed W helicity fractions are denoted as F0, FL and FR. In the Standard Model, the
fraction of top quarks decaying into longitudinally polarised W bosons increases for a
bigger Yukawa coupling of the top quark to the Higgs field due to the Goldstone boson
equivalence theorem11 [93–95]. Therefore, a higher top quark mass results in a higher
longitudinal W helicity fraction. The helicity fractions in the Standard Model are [12]

FL ≈
2m

2
W

m2
t

1 + 2m
2
W

m2
t

≈ 30% , F0 ≈
1

1 + 2m
2
W

m2
t

≈ 70% , FR ≈ 0% , (1.37)

assuming the mass of the bottom quark to be approximately zero compared to the top
quark mass. The next-to-next-to-leading order predictions for the W helicity fractions
are F0 = 0.687± 0.005, FL = 0.311± 0.005 and FR = 0.0017± 0.0001 [96].
Considering only the leptonic decays of the W boson, its helicity fractions are determined
by the distribution of the decay products of the top quark:

1
σ

dσ
d cos θ∗ = 3

4(1− cos2 θ∗)F0 + 3
8(1− cos θ∗)2 FL + 3

8(1 + cos θ∗)2 FR , (1.38)

where θ∗ is the angle between the momentum direction of the charged lepton from the
W decay and the reversed momentum direction of the bottom quark from the same top
quark in the W boson rest frame [89, 97].
The different helicity arrangements for theW helicity fractions can be seen in Figure 1.10.
The positively charged lepton from the decay of the W+ is always right-handed because
of the (V - A) structure of the decay. In addition, the z-components of the spin of the
charged lepton and the neutrino have to sum up to spin 1 (the spin of the W boson). If

10The weak vertex factor contains the term γµ(1 − γ5), where γµ are the so called Dirac matrices
(µ = 0, ..., 3). The term γµ represents a vector coupling, whereas the term γµγ5 represents an axial
vector coupling. Therefore, “(V - A)” stands for “vector-minus-axial-vector coupling” [13].

11The Goldstone bosons, turned into the longitudinal polarization mode of the massive gauge bosons by
the Higgs mechanism, still influence the amplitude for emission and absorption of longitudinal polarized
gauge bosons in the high-energy limit [93].
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Figure 1.10: Helicity arrangement in the top quark rest frame for the different W boson helicity
fractions [97]. The grey arrows indicate the momentum directions of the particles, while the
black arrows indicate their spin orientations.

theW+-boson from the top decay is polarised left-handedly, the charged lepton is emitted
dominantly in the opposite direction of the momentum direction of the W+ boson in the
W rest frame12. Therefore, the momentum direction of the charged lepton should be
dominantly the same as the momentum direction of the bottom quark from the same top
quark decay in theW rest frame. This causes (1−cos θ∗)2 to be maximal. If theW+-boson
from the top decay is polarised right-handedly, the charged lepton is emitted dominantly
in the momentum direction of the W+ boson in the W -bosons rest frame. Therefore,
the momentum direction of the charged lepton should be dominantly the opposite of
the momentum direction of the bottom quark from the same top quark decay in the W
rest frame. This causes (1 + cos θ∗)2 to be maximal. Because the bottom quark mass
is very small compared to the top quark mass and the bottom quark is required to be
right-handed13, this W helicity fraction is approximately zero in the Standard Model.
If the W+-boson from the top decay is longitudinally polarised, the charged lepton is
emitted dominantly in a 90◦ angle with respect to the momentum direction of the W+

boson in the W rest frame. Therefore, the momentum direction of the charged lepton
and the momentum direction of the bottom quark from the same top quark decay should
be dominantly in a 90◦ angle in the W rest frame, which causes (1 − cos2 θ∗) to be
maximal [89, 97].
Because the observed W boson emerges from the top quark decaying into a bottom

12Here “the momentum direction of the W boson in the W rest frame” means the momentum direction
of the W boson which is not completely in the W rest frame, but an infinitesimal amount boosted
towards the top quark rest frame to be able to refer to a momentum direction of the W boson.

13In the Standard Model, the bottom quark is produced with a left-handed helicity in the top quark rest
frame due to the (V - A) structure of the Wtb vertex. Nevertheless, due to its mass the bottom quark
can undergo a spin flip, allowing a non-zero right-handed W helicity fraction.
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Figure 1.11: Latest results of W helicity fraction measurements at √s = 7 TeV [89–92].

quark and the W boson, this observable is predestined for probing anomalous couplings
at the Wtb vertex [8, 85]. Figure 1.11 shows the latest results of W helicity fraction
measurements at

√
s = 7 TeV [89–92]. The Cms collaboration recently published a W

helicity measurement at
√
s = 8 TeV [98]. The Atlas measurement of the W helicity

fractions used for the combination presented in this thesis is described in Section 2.1.

1.5 t-channel single top quark production cross
section

The t-channel single top quark production takes place via charged weak currents. It is
the single top quark production process with the highest cross section of all single top
quark productions for proton-proton collisions at

√
s = 7 TeV, see Section 1.2. This cross

section is much higher than the s-channel single top quark production cross section due to
the virtuality of the exchangedW boson. In the Standard Model, it is proportional to the
square of the coupling at the Wtb vertex given by its CKM matrix element Vtb multiplied
by the electroweak coupling constant. Therefore, a measurement of the t-channel single
top quark production cross section (for simplicity also called “t-channel cross section”)
can be used to determine Vtb [7]. Two processes are contained within this channel: the
2→ 2 process (also called “five-flavour scheme”, see Figure 1.4 b)) and the 2→ 3 process
(also called “four-flavour scheme”, see Figure 1.4 c)).
In the 2 → 3 process, a gluon splits into a bottom-antibottom quark pair. One of these
two quarks interchanges a virtual W boson with the light quark also taking part in the
collision. This results in the production of a light down-type quark, an antibottom quark
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and a top quark or a light up-type quark, a bottom quark and an antitop quark [99].
The t-channel 2 → 2 single top production (see Figure 1.4 b)) is the process used for
this combination. At leading order quantum chromodynamics, it takes place either if an
up quark from one proton interacts with a bottom quark from the other proton to a top
quark and a down quark or if a down quark interacts with an antibottom quark to an
antitop quark and an up quark. In this process, the bottom quark is considered as a
constituent of the proton. Therefore, the 2 → 2 process depends strongly on the parton
distribution functions14 (PDFs) of the bottom quarks inside the colliding protons and can
be used to constrain these bottom quark PDFs [7].
Since the up quark density inside the proton is approximately twice as high as the down
quark density, the top quark production is about twice as high as the antitop quark
production in the t-channel [7]. The cross section of this channel is sensitive to many new
physics models such as extra heavy quarks, gauge bosons or scalar bosons [100]. Separate
measurements of the top and antitop quark cross section in this channel can be used to
test the up and down quark PDFs. Because of the exchange of a virtual W boson, it can
also be used to investigate anomalous couplings at the Wtb vertex [85]. The results of
the latest Atlas measurements of the t-channel cross section are shown in Figure 1.3.
The latest Atlas measurement at

√
s = 7 TeV used for this combination is presented in

Section 2.2.

1.6 The Large Hadron Collider and the ATLAS

experiment

The Large Hadron Collider (Lhc) at the European Organisation for Nuclear Research
(Cern) located near Geneva, Switzerland is a superconducting accelerator and collider
for proton-proton and lead-lead ion beams. Its main objectives are to probe the Standard
Model at the TeV energy scale, to search for physics beyond the Standard Model and
to find and measure the properties of the Higgs boson, which was finally observed in
2012 by the Atlas and Cms collaborations [57, 58]. It is located in the former tunnel
of the Large Electron Positron Collider (Lep) with a circumference of 26.7 km and lies
roughly 100 m below the surface. The Lhc hosts four main detectors: the two multi
purpose, 4π detectors A Toroidal LHC ApparatuS (Atlas) and Compact Muon Solenoid
(Cms), as well as A Large Ion Collider Experiment (Alice), which is designed for the

14The parton distribution functions express the distribution of parton momenta within the proton [37].
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1.6 The Large Hadron Collider and the Atlas experiment

Figure 1.12: Schematic layout of the Cern accelerator complex including the circumference
and the year of the first operation of each accelerator © Cern.

lead-lead collisions to study the quark-gluon-plasma and the Large Hadron Collider beauty
experiment (LHCb) to study the decay of hadrons consisting of charm or bottom quarks.
The centre-of-mass energy for proton-proton collisions was 7 TeV in the years 2010 to 2011
and 8 TeV in 2012. From 2013 to 2015, the Lhc undergoes an upgrade with the aim to
reach a centre-of-mass energy of 13 TeV in proton-proton collisions. It is planned to reach
a centre-of-mass energy of 14 TeV later on in the second run. To accelerate the hadrons to
the desired energies and luminosities, the Cern accelerator chain is used (see Figure 1.12).
Protons are first accelerated in the LINAC 2, then in the Proton Synchrotron Booster,
the Proton Synchrotron, the Super Proton Synchrotron and are finally injected into the
Lhc [101].
Compared to circular lepton accelerators of the same size and energy per beam, the
energy loss due to synchrotron radiation of a proton accelerator (like the Lhc) is much
lower because the accelerated particles are heavier. This makes it possible for the Lhc to
reach for much higher centre-of-mass energies than a circular lepton collider of the same
radius, making it an ideal machine to search for new physics at high energy scales. On the
other hand, the energy of the colliding partons inside the protons circulating in the Lhc
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1 Fundamentals

Figure 1.13: Cut-away view of the Atlas detector [103].

is not exactly determined15, making it difficult to determine the energy at which observed
particles are produced [102].

The Atlas detector, see Figure 1.13, is a multipurpose detector for hadron collisions at
the TeV scale, covering almost 4π of the solid angle around the interaction point. It is
designed to deal with bunches containing up to 1011 protons colliding 40 million times
per second at a centre-of-mass energy up to 14 TeV and with luminosities larger than
1034 cm−2 s−1 [102, 103]. Its main tasks are, like for Cms, to record events including
heavy particles for top quark physics, Higgs physics and searches for physics beyond the
Standard Model, but also for B-physics. The Atlas detector consists of the following
detector units (from the inside to the outside) [103]:
The Inner Detector (see Figure 1.14 left) consists of three subdetectors. The detector
with the closest distance from the collision point is the Pixel Detector. It localises the
decay vertices of hadrons and leptons which is important for example for b-tagging16. The
next detectors are the Semi-Conductor Tracker (SCT) and then the Transition Radiation
Tracker (TRT). Both are used to reconstruct the trajectories of charged particles passing
the detector. The TRT is also used to distinguish charged leptons from hadrons via tran-
15They can be estimated from parton distribution functions.
16b-tagging is the method of identifying a decay vertex as a decay vertex of a hadron containing a
bottom quark (secondary vertex). Due to the small CKM matrix elements Vub and Vcb, decays of
such hadrons are suppressed, so the hadron containing the bottom quark has a longer lifetime than
the particles immediately decaying at the interaction point (primary vertex). Secondary vertices that
are well separated from the primary vertices are expected to contain a heavy flavour quark (charm or
bottom). This is very important for detecting top quark decay because they include a W boson and a
bottom quark at almost 100% of the time.
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1.6 The Large Hadron Collider and the Atlas experiment

sition radiation. Together with the 2 Tesla solenoid magnet (see below) surrounding the
Inner Detector, the momentum of charged particles can be determined by the curvature
of their trajectories passing the Inner Detector.
The calorimeter system (see Figure 1.14 right) is used to determine the energy of particles,
such as electrons, photons and hadrons, via the measurement of the energy deposition of
electromagnetic and hadronic showers. The calorimeter system consists of two calorime-
ters (from the inside to the outside): first an electromagnetic calorimeter filled with
liquid argon. The next calorimeter is the hadronic calorimeter consisting of liquid argon
(hadronic endcap calorimeter and forward calorimeter) and scintillating tiles combined
with steel absorbers (tile calorimeter).
The muon system (see Figure 1.15 left) identifies muons, which could pass the detector
without depositing their energy in the calorimeter system17, using trigger chambers. It
also measures their momentum by the curvature of the tracks inside the field of the
toroid (see below) using high-precision tracking chambers. To provide nearly 4π detection
capabilities, the muon detectors are arranged in three cylindrical layers around the beam
axis (central muon system) and in planes perpendicular to the beam (transition and end-
cap regions).
The magnet system (see Figure 1.15 right) is used to determine the momentum of charged
particles via the curvature of their tracks. It consists of the already mentioned solenoid,
providing the 2 Tesla axial magnetic field for the Inner Detector, and superconducting
air-core toroids. The toroids consist of a barrel toroid producing a toroidal magnetic field
of approximately 0.5 Tesla in the central muon system and end cap toroids producing
toroidal magnetic fields of approximately 1 Tesla for the muon detectors in the end-cap
regions.

17This is possible because, in the case of muons in the Atlas detector, the cross section decreases with
the increasing mass of the interacting particle and the muons have a long enough lifetime not to decay
inside the detector.
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Figure 1.14: Left: Cut-away view of the Atlas Inner Detector. Right: Cut-away view of the
Atlas calorimeter system [103].

Figure 1.15: Left: Cut-away view of the Atlas muon system. Right: Atlas magnet system
(displayed in red). The toroid system lies outside and the solenoid system lies inside the
calorimeter system [103].
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2 Current measurements

In this chapter, the top quark measurements used for the combination are presented.
Both measurements use data from the Atlas experiment, taken in the year 2011 at
a centre-of-mass energy of 7 TeV with approximately the same integrated luminosity.
While the measurement of the t-channel single top production cross section has recently
been published [7], the measurement of the W helicity fractions is not yet published [6].
In addition, this chapter includes a description of how the systematic uncertainties are
categorised for the combination presented in this thesis. This categorisation can deviate
from the description within the references of these two measurements. Otherwise, it would
not be possible to create proper correlation and covariance matrices for the combination.

2.1 W helicity fractions

The W boson helicity fractions and the corresponding uncertainties used in this com-
bination are the results of an analysis presented in Reference [6]. This reference is a
master’s thesis and the results are not yet published neither on a preprint server, nor in
a peer reviewed journal. Therefore, these values may differ from the values in the final
publication. The results are

F0 = 0.634± 0.031 (stat.⊕ syst.),
FL = 0.337± 0.022 (stat.⊕ syst.),
FR = 0.030± 0.024 (stat.⊕ syst.).

(2.1)

This analysis uses the full 2011 Atlas data set corresponding to an integrated luminosity
of 4.7 fb−1 taken at a centre-of-mass energy of 7 TeV from tt̄ events in the lepton+jets
(or “single-lepton”) channel. The event selection requires exactly one high energetic and
isolated electron or muon, at least four high energetic jets with at least one identified as
a b-jet and missing transverse momentum.
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Figure 2.1: Templates of cos θ∗ distributions for the different helicity state signal processes
from Reference [6]. Left: signal templates for the electron+jets channel. Right: background
templates for the electron+jets channel. Similar templates also exist for the µ+jets channel

The W helicity fractions are determined using the template method1. In this method,
templates of the cos θ∗ distributions (see Figure 2.1; see also Section 1.4 for the definition
of cos θ∗) for the left-handed, right-handed and longitudinally polarised W boson events
as well as the background processes are fitted to the measured cos θ∗ distribution using
a combined profile likelihood fit. The measured cos θ∗ distribution is reconstructed using
a kinematic likelihood approach impemented in the KLFitter package [104]. The back-
ground contributions are either determined by Monte Carlo simulations or data driven
methods.
The fit is performed in four channels: both electron+jets and muon+jets channels are
divided into a channel with exactly one b-tagged jet and a channel with at least two
b-tagged jets. Three background templates are fitted: W+jets, multijet and “remaining
background”2. The W helicity fractions Fi (i = 0, L, R) are calculated via

Fi = N̂i

N̂0 + N̂L + N̂R

, (2.2)

where N̂i are the best model parameters of the total number of W bosons measured with
a certain helicity, obtained by the profile likelihood fit.
The uncertainty from the profile likelihood fit is used as the total uncertainty of the mea-

1Another common method for determining the W helicity fractions is the method using angular
asymmetries, which is used in several other analyses such as [89]. It is described in Appendix A.2.

2“Remaining background” contains the background processes single top quark, diboson and Z+jets.

30



2.1 W helicity fractions

surement. Nevertheless, knowing the influence of each source of systematic uncertainty
on the result is important in order to combine the two measurements taking into account
correlations between the sources of systematic uncertainties. This information is not
provided by the profile likelihood fit. However, the uncertainties obtained by ensemble
tests, which are also conducted3 in Reference [6], are used to study the individual influence
of each systematic source on F0, FL and FR. These uncertainties are larger than the ones
quoted in (2.1), which are obtained from the profile likelihood fit.
In this ensemble test, pseudo data is obtained from Monte Carlo simulations by separately
varying the sources of systematic uncertainties up and down within one standard deviation
(1σ) of their uncertainties. From this data, ensembles are created by fluctuating each bin
of the pseudo data distribution according to Poissonian statistics. For each ensemble, a
template fit is performed to determine the total number of W bosons measured with
a certain helicity Ni [105]. This is also called a “pseudo measurement”. The fitted
parameters of Ni are written into histograms. From this template fit, the W helicity
fractions Fi (i = 0, L, R) are calculated by

Fi = 〈Ni〉
〈N0〉+ 〈NL〉+ 〈NR〉

, (2.3)

where 〈Ni〉 is the mean value of the Ni-distribution from the ensembles. The difference
between the Fi with the value of a systematic source varied by ±1σ of its uncertainty and
the nominal sample is taken to be the corresponding systematic uncertainty. Figure 2.2
illustrates this procedure for the jet energy scale.

3In this reference, this was a test of the improvement of the profile likelihood fit towards the rather
classical analysis using ensemble tests.
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Figure 2.2: Example for the evaluation of systematic uncertainties for the W helicity measure-
ment, taken from Reference [6]. It shows the distributions of the number of counted W bosons
with a longitudinal polarisation from nominal pseudo data and pseudo data for the jet energy
scale varied by ±1σ (“JESup”/“JESdown”).

2.2 t-channel single top quark production cross
section

The latest Atlas measurement of the t-channel cross section at
√
s = 7 TeV uses a dataset

corresponding to an integrated luminosity of 4.59 fb−1, collected in 2011 [7]. Considering
only the 2→ 2 process to contribute, the results are

σt = 46± 6 pb (stat.⊕ syst.),
σt̄ = 23± 4 pb (stat.⊕ syst.),

σt/σt̄ = 2.04± 0.18 pb (stat.⊕ syst.),
σt+t̄ = 68± 8 pb (stat.⊕ syst.),

(2.4)

where σt and σt̄ are the total top and antitop quark production cross sections and σt+t̄ is
the inclusive production cross section. The preselection includes events with one charged
lepton (electron or muon), large missing transverse momentum and two or three jets with
high transverse momentum. The cross sections are obtained using a binned maximum-
likelihood fit to the output distributions of neural networks. The main background
processes are W+jets production and top quark pair production. This measurement also
provides differential t-channel cross sections for the top and antitop quark as a function of
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2.2 t-channel single top quark production cross section

the transverse momentum and the absolute value of the rapidity of the (anti)top quark, as
well as a determination of the CKMmatrix element of theWtb vertex to |Vtb| = 1.02±0.07.
Cross section measurements are basically counting experiments. The neural network
trained with simulated events, discriminates between signal and background events. The
number of signal events is determined by fitting the output distributions for signal and
background from the neural network to the selected data set. Dividing this total number
of signal events N by the integrated luminosity of the dataset

∫
L, the branching fraction

of the observed decay channel BR(t→ . . .), as well as by the efficiency and acceptance4,
the cross section σ can be calculated by the formula (e.g. [97])

σ = N

ε · BR(t→ . . .) ·
∫
L
. (2.5)

To determine the systematic uncertainties for each source of systematic uncertainty i,
a distribution δi of a certain number of values is generated according to a standard
normal distribution. Each value of δi specifies the strength (and sign) of a systematic
deviation. The systematic deviation for each process5 j arises from the scaling with the
corresponding acceptance uncertainties εij+ (and εij−). These are the relative differences
in the acceptance between the nominal samples and the samples in which the source of
systematic uncertainty is shifted up (and down), normally by one standard deviation of
its uncertainty. The distributions νij of the number of events of the process j depending
on the source of systematic uncertainty i is

νij = ν̃j · [1 + |δi| · (H(δi)εij+ +H(−δi)εij−)] , (2.6)

where ν̃j is the predicted number of events for the process j. The function H(δi) is the
Heaviside function. If one value of νij turns out to be negative, δi is calculated again.
For the source of systematic uncertainty i, the maximum-likelihood fit is performed for
all values of the distribution of νij for each process j. This fit yields a scale factor

βi = σi
σ̃
, (2.7)

where σi is the distribution of the cross section depending on the source of systematic
uncertainty i and σ̃ is the predicted value of the cross section. The corresponding
systematic uncertainty (∆σ/σ)i is the standard deviation6 of the distribution of βi [106].

4The latter two are merged here into the coefficient ε for simplicity
5These are the signal and background processes contributing to the determination of the cross section.
6In the data used here, the statistical uncertainty is included in each of these distributions, so it has to
be subtracted quadratically from the standard deviation.
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2 Current measurements

2.3 Categorisation of the uncertainties

For both of the measurements described above, different conventions for describing the
systematic uncertainties were chosen by the authors. To be able to compare these mea-
surements in terms of the uncertainties, it is necessary to order the sources of systematic
uncertainties in a reasonable way. 19 categories for the systematic uncertainties are
created, containing several sources of systematic uncertainties each. These categories
are listed in Table 2.1. Appendix A.1 contains lists of which source of systematic uncer-
tainty belongs to which of these 19 categories. To obtain the size of the uncertainty of
each category, the uncertainties of all systematic sources within the category are added
quadratically. In addition, one category for the statistical uncertainties and one category
for the uncertainties of the predicted Standard Model values are included in the total
uncertainty of each observable.
The total systematic uncertainties are taken from the references of the two measure-
ments [6, 7]. For the t-channel cross section, the total systematic and statistical un-
certainties are given separately7. For the W helicity fraction measurement, the total
uncertainty is taken from the profile likelihood fit, while the correlations of the systematic
uncertainties can only be determined using data from the ensemble test, see Section 2.1.
The uncertainties from the profile likelihood fit are much smaller than the ones from
the ensemble test and do not provide any information about the individual uncertainties
of the categories. To determine the “total systematic uncertainties” of the W helicity
fraction measurement, the statistical uncertainties from the ensemble tests are subtracted
quadratically from the uncertainties from the profile likelihood fit. This was done to treat
the correlations of the statistical uncertainties properly. Note that these “total systematic
uncertainties” are not actually the total systematic uncertainties from the profile likelihood
fit but adding the statistical uncertainties quadratically yields the total uncertainties of
the observables using profiling.
The biggest systematic uncertainties stem from the jet energy scale, the jet energy
resolution, lepton uncertainties (only cross section, “other lepton uncertainties”), jet
reconstruction uncertainties, missing transverse energy, PDF uncertainties (only cross
section) and Monte Carlo uncertainties (only cross section).

7See Table III in Reference [7].
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2.3 Categorisation of the uncertainties

# ∆F0 ∆FL ∆σt/σt ∆σt̄/σt̄

1) JES 0.0352 0.0158 0.073 0.087

2) BJES 0.0030 0.0051 0.008 0.008

3) JER 0.0351 0.0234 0.021 0.013

4) lepton identification 0.0039 0.0023 0.004 0.003

5) other lepton uncertainties 0.0088 0.0017 0.028 0.030

6) jet reco uncertainties 0.0190 0.0080 0.020 0.025

7) missing ET 0.0157 0.0062 0.021 0.034

8) W+jets heavy flav. comp. 0.0066 0.0025 - -

9) W+jets shape variation - - 0.003 0.005

10) JVF scale factor 0.0002 0.0002 0.006 0.003

11)
ISR/FSR Whel

ISR/FSR Xsec

0.0072

-

0.0024

-

-

0.002

-

0.004

12) template statistics 0.0106 0.0064 - -

13) top quark mass 0.0020 0.0130 0.010 0.013

14) background normalisation - - 0.011 0.026

15)
multijet bkg. Whel

multijet bkg. Xsec

0.0100

-

0.0062

-

-

0.011

-

0.017

16) PDF 0.0020 0.0010 0.033 0.057

17)
Monte Carlo Whel

Monte Carlo Xsec

0.0075

-

0.0022

-

-

0.031

-

0.039

18) luminosity - - 0.015 0.012

19) underlying event 0.0053 0.0038 - -

total systematic unc. 0.0218 0.0170 0.120 0.149

statistical unc. 0.0220 0.0140 0.031 0.054

unc. of SM prediction 0.0050 0.0050 0.039 0.043

TOTAL unc. 0.0314 0.0226 0.130 0.164

Table 2.1: The 19 different categories for the systematic uncertainties plus the total systematic
uncertainties taken from the References [6] and [7], the statistical uncertainties and the
uncertainty of the predicted Standard Model (SM) value for each observable. This table also
includes the total uncertainty for each observable.
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2 Current measurements

It has to be mentioned that some categories have the same or similar names as in the
references of the two measurement but yield different values for the uncertainties. This
has several reasons:

• The sources of systematic uncertainties are sometimes categorised differently from
the categorisations in the two references. Often, categories from the references are
separated into two or merged into one category.

• Sometimes the data for the uncertainties provided by the authors is handled differ-
ently in the corresponding measurements than it is done in this combination.

Some categories of the two measurements are not correlated and some are also composed
of slightly different systematics. These categories are listed separately in Table 2.1 for each
measurement. Some categories only exist for one measurement. The reason is that some
systematic uncertainties only play a role for one measurement (template statistics), are
included in another category for one measurement (background normalization and lumi-
nosity) or are neglected in the analysis (underlying event). The categories “W+jets heavy
flavour composition” and “W+jets shape variation” are treated as one category without
correlation (see below). The categories for the sources of systematic uncertainties are:

1) Jet energy scale Collimated sprays of energetic hadrons, called jets, are produced
by fragmentation of quarks and gluons and play an important role in high energy proton-
proton collisions at the Lhc. It is necessary to calibrate the jet energy corresponding
to the stable particles in the Atlas detector. It needs to be consistent in all regions of
the detector and independent of additional events produced at high energy and high
luminosity. The jet energy scale (JES) is the systematic uncertainty of the energy
measurement of the jets in the calorimeter. It is dependent on the transverse momentum
pT and the pseudorapidity8 η of the jet. For the 4.6 fb−1 of data taken in 2011 with the
Atlas detector at a centre-of-mass energy of

√
s = 7 TeV, the calibration is conducted

using photons and Z bosons as reference objects. The smallest JES uncertainty is less
than 1% for jets with |η| < 1.2 and 55 ≤ pT ≤ 500 GeV. The resulting uncertainty is
the largest for low-pT jets at |η| = 4.5 and amounts to 6% [107, 108].
For the W helicity measurement, the uncertainty stemming from the JES uncertainty is
evaluated by conducting ensemble tests, varying the JES within its uncertainties [6]. The

8The pseudorapidity η = − ln[tan(θ/2)] is a coordinate describing the position inside the detector, where
θ is the angle between the beam axis and the line between the position in the detector and the collision
point. In the highly relativistic limit, the difference in pseudorapidity of two particles is Lorentz invariant
for boosts along the beam axis.
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2.3 Categorisation of the uncertainties

influence on the t-channel cross sections is evaluated by scaling the energy of each jet up
and down by 1σ, propagating this change to the missing transverse energy and conducting
the measurement with these varied values [106].

2) b-jet energy scale The b-jet energy scale (bJES) is similar to the JES, but for jets
induced by bottom (b) quarks. The bJES does not only influence energy measurements,
it also influences the b-tagging calibration. The knowledge of the properties of the b-jets
emerging from the top quark decay is necessary for conducting precise top quark measure-
ments. The bJES is determined using Monte Carlo simulations and tracks associated to
b-tagged jets in the data set used for calibration [107–109]. The influence of its uncertainty
on the observables, which is evaluated in the same way as for the JES, is about one order
of magnitude smaller than of the other JES uncertainties together [6, 106].

3) Jet energy resolution The jet energy resolution (JER) is determined using in
situ methods [110]. For the W helicity measurement, this uncertainty was obtained by
smearing the jet momenta in Monte Carlo with a Gaussian function, according to a 10%
uncertainty9. It is a one-sided uncertainty because the resolution cannot be improved
after simulation. For better handling of the data, the uncertainty is symmetrised [6, 110].
For the cross section measurement, a similar method is used [106].

Lepton uncertainties: “4) lepton identification” and “5) other lepton un-
certainties” These are the uncertainties due to the lepton scale factors, which scale
the Monte Carlo description to match the lepton trigger/ID efficiencies in data. Their
uncertainties only affect measurements using leptonic decay channels including electrons
and/or muons. Some of them are applied especially for one of these two leptons [6]. The
lepton scale factors are split into “lepton identification” and “other lepton uncertainties”.
“Lepton identification” includes the uncertainties related to the lepton identification effi-
ciencies. “Other lepton uncertainties” includes uncertainties of the lepton reconstruction
and trigger efficiencies, as well as electron energy scales and resolutions, the muon energy
resolution systematic smearing in the Inner Detector and muon spectrometer, the uncer-
tainty of the charge measurement of electrons and other systematic uncertainties [6, 106].
In theW helicity measurement, the lepton energy scales are determined by the comparison
with the corrections from Z → e+e− and Z → µ+µ− events [111, 112]. These events are
also used to determine the lepton scale factors. The lepton energy resolution is obtained

9This is the relative difference of the JER in real data and Monte Carlo data.

37



2 Current measurements

by smearing Monte Carlo data to match the resolution in data [6]. In the cross section
measurement, the lepton energy scales are determined by scaling the transverse momenta
of the leptons by ±1σ and re-applying the event selection. The uncertainties of the scale
factors applied to the lepton trigger and ID efficiencies are evaluated by re-computing the
predicted Monte Carlo event yields and acceptances using shifted scale factors [106].

6) Jet reconstruction (reco) uncertainties Usually, the jet reconstruction uncer-
tainty includes the jet energy resolution, the jet reconstruction efficiency (JEFF) and
the jet vertex fraction (JVF) scale factors [6]. However, for the combination presented
in this thesis, the category “jet reconstruction uncertainties” contains the JEFF and
the b-tagging scale factor uncertainties for the W helicity measurement, as well as the
scale factors for light-, charm- and b-tagging (flavour tagging scale factors) for the cross
section measurement. The uncertainties on the JVF scale factors are not included in
this uncertainty. The flavour tagging scale factors are corrected by the tagging and
mistagging efficiencies of the different quark flavours [106]. In theW helicity measurement,
the b-tagging scale factor uncertainties are evaluated by investigating the influence of
the eigenvectors of the uncertainty matrix on the cos θ∗-distribution. The cross section
measurement uses a profile likelihood fit to determine the uncertainty from the b-tagging
scale factors. The cross section measurement also includes the uncertainty due to different
acceptances between b-jets and anti-b-jets. The JEFF takes into account that the jet
reconstruction of the detector is not perfectly modelled. It is determined by randomly
dropping reconstructed jets from the events before the event selection is performed. This
uncertainty is also one-sided and is symmetrised for better handling of the data [6, 106].

7) Missing transverse momentum The total momentum of the collision products of
elementary particles colliding head-on with the same energy each would be zero. Because
protons are not elementary particles, the energy and momentum of two colliding partons
within the colliding protons at the Lhc is unknown. Therefore, even though both colliding
protons at the Lhc have the same energy, the total momentum of the collision products
is typically different from zero. Another criterion is the momentum transverse to the
beam axis, called transverse momentum (~pT ). Assuming the colliding partons to have
approximately no momentum transverse to the beam axis, the total transverse momentum
of the collision products should be zero. In the highly relativistic limit the transverse
energy is ET = |~pT |. Therefore, ET is often referred to as the “magnitude of the transverse
momentum” or simply as the “transverse momentum” in high energy physics.
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Some particles cannot be detected by the Atlas detector systems. The only Standard
Model particles that behave like this are neutrinos. Other examples could be the elec-
trically neutral lightest supersymmetric particle (LISP) from supersymmetric extensions
of the Standard Model or dark matter particles in general. If some of these particles
are produced, the reconstructed total transverse momentum is different from zero. The
deviation from zero is called missing transverse momentum ( 6ET ). It cannot only be caused
by non-interacting particles, but also by dead material or gaps in the detector and by very
forward particles escaping the detector under very high rapidities or even escaping into
the beam pipe.
For both measurements, the uncertainty for the missing transverse momentum is deter-
mined from the cell-out term variations10, assuming them to be fully correlated with the
soft-jet uncertainties11. Additionally for theW helicity measurement, they contain pile-up
variations12 [6, 106].

W+jets uncertainties The W+jets process is one of the main backgrounds for both
of the combined measurements. Estimating the contribution of this process incorrectly
can have a huge influence on the results. The W helicity measurement and the t-channel
cross section measurement treat the sources of systematic uncertainties from the W+jets
estimation in different ways. Therefore, this category does not have a correlation between
both measurements. The categories for the two measurements are:

8) W+jets heavy flavour composition: The uncertainty for theW helicity mea-
surement includes six components modifying the shape of the W+jets background
templates. They stem from the uncertainty on the W+jets heavy flavour scale
factors. These scale factors are used to determine the heavy flavour composition of
the associates jets. Especially the fractions of the processes Wbb̄+jets, Wcc̄+jets,
Wc+jets and W+light jets have high uncertainties [6].

9) W+jets shape variation: This uncertainty for the t-channel cross section
measurement is determined by varying several parameters in the generation of the
W+jets background samples, reweighting them according to these parameters and
taking the largest variation as systematic uncertainty [106].

10Uncertainty stemming from the global calibration scheme used for deposited energy in the calorimeter
which cannot be associated with physics objects.

11Calorimeter calibration uncertainty for jets with low pT .
12Uncertainty stemming from the multiple interaction per bunch crossing.
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Figure 2.3: Illustration of ISR/FSR shown for an arbitrary process. The blue curled lines (left)
show possible gluons emerging from initial state radiation. The red curled lines (right) show
possible gluons emerging from final state radiation.

10) Jet vertex fraction (JVF) scale factor The jet vertex fraction (JVF) is the
summed transverse momentum of all tracks matched to a certain vertex divided by the
total transverse momentum of the tracks matched to a certain jet in the calorimeter. It
measures the probability that a jet originates from a particular vertex [113, 114]. For 2011
data, as it is used for both measurements, |JVF| > 0.75 is required to reject jets from
pileup. The JVF scale factors are corrections for the efficiency and miss-tag efficiencies
of the JVF cut [6].

11) Initial and final state radiation (ISR/FSR) This systematic uncertainty de-
scribes the influence of additional jets from initial and final state radiation on the back-
ground processes. Initial/final state radiation is the radiation of gluons in the initial/final
state resulting in additional jets in the event, see Figure 2.3. The amount of these
additional jets is dependent on the strong coupling αs. In the W helicity measurement
and the t-channel cross section measurement, there are two different categories for the
ISR/FSR, because the expected background processes and their generators differ from
each other. For the W helicity measurement, the QCD cut-off parameter ΛQCD, which is
directly related to αs, is varied between 0.5 ·ΛQCD and 2 ·ΛQCD for the Monte Carlo event
generation. The systematic uncertainties are the resulting differences divided by two for
each helicity fraction [6]. For the t-channel cross section measurement, a similar approach
is used [106].

12) Template statistics These are the uncertainties of the templates used for the fit to
the measured cos θ∗ distribution of the W helicity measurement. Therefore, this category
does not exist for the t-channel cross section measurement. The uncertainties stem from
the limited statistics of the Monte Carlo samples and the binning of the cos θ∗ distribution.
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To evaluate this uncertainty, the templates are normalised to the Monte Carlo luminosity
and the individual bin contents are fluctuated within Poissonian probability. Ensemble
tests with simultaneously fluctuating templates and fixed pseudo data are performed. The
widths of the parameter distributions from the resulting fit are taken as the uncertainties.
The templates of F0 and W+jets cause the largest uncertainties [6].

13) Top quark mass The uncertainties on the W helicity fractions, caused by the
choice of the top quark mass in the analysis, are obtained by ensemble tests at different
top quark masses13 and a linear fit on the resulting helicity fractions. The result is
the slope multiplied by14 1.4 GeV [6]. For the t-channel cross section measurement, the
dependence of the observables on the top quark mass is described by the function

σt/t̄(172.5GeV + ∆mt) = σt/t̄(172.5GeV) + p1 ·∆mt + p2 ·∆m2
t , (2.8)

where σt/t̄(mt) is the measured top or antitop cross section in dependence on the top quark
mass used for the analysis. For the top quark cross section, the coefficients are p1 = −0.27
[pb/GeV] and p2 = −0.04 [pb/GeV2], and for the antitop cross section, the coefficients
are p1 = −0.19 [pb/GeV] and p2 = −0.02 [pb/GeV2] [7]. For an easy comparison with
the W helicity measurement, the uncertainty due to the choice of the top quark mass for
the t-channel cross section measurement is chosen to be(

∆σt/t̄
σt/t̄

)
mt

=
σt/t̄(172.5GeV + 1.4GeV)− σt/t̄(172.5GeV)

σt/t̄(172.5GeV) . (2.9)

14) Background normalisation This is an uncertainty for the t-channel cross section
measurement due to the normalisation of the different background processes. The uncer-
tainties of the event yields of the processesWbb̄, Wcc̄, W+light jets, Wc+jets, tt̄, Z+jets,
diboson, as well as for the W -associated production and s-channel single top production
are included in this uncertainty, as well as the uncertainties of the ratio W+2 jets/W+3
jets for the different flavours [106]. For the W helicity measurement, this uncertainty is
included in the statistical uncertainty [6].

13The different top quark masses used are 167.5 GeV, 170 GeV, 172.5 GeV, 175 GeV and 177.5 GeV.
14This is the uncertainty of the Lhc top mass combination at the time this W helicity analysis was
conducted [115].
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15) Multijet background This category describes the uncertainties stemming from
the multijet background, often also referred to as the “QCD background”. Both measure-
ments are not correlated with respect to this uncertainty, because it is treated separately
for the W helicity measurement and for the t channel cross section measurement. For the
W helicity measurement, the uncertainties are studied separately for the electron+jets and
the muon+jets channel using ensemble tests. For the muon+jets channel, two different
methods are compared, which differ in the estimation of the real efficiencies and the fake
efficiencies. For the electron+jets channel, the variations of the real efficiencies and fake
efficiencies are determined separately and added up quadratically [6]. For the t-channel
cross section measurement, systematic uncertainties stemming from the choice of multijet
background estimates, the different treatment of forward and central electrons and the
different charge estimations in the multijet background are taken into account [106].

16) Parton distribution functions (PDFs) This category describes the uncertainties
stemming from the parton distribution functions. For the t-channel cross section measure-
ment, simulated events are reweighed according to the PDF uncertainty eigenvectors and
the uncertainties are calculated according to Equation 43 in Reference [116]. Then, the
envelope is calculated as the final PDF uncertainty [106]. For theW helicity measurement,
a similar approach is used [6].

17) Monte Carlo This category describes the systematic uncertainties caused by the
Monte Carlo generators and parton shower algorithms, as well as by the different renor-
malisation and factorisation scales of the different Monte Carlo generators. It is treated
in two different categories for the W helicity measurement and the t-channel cross section
measurement, because the single top and tt̄ Monte Carlo samples are not correlated. For
the t-channel cross section measurement, this category also includes the uncertainty due to
the limited size of the Monte Carlo samples of the t-channel cross section measurement15.
For the W helicity measurement, the uncertainties are determined by creating ensembles
from different generators to compare the uncertainties due to the Monte Carlo generator
and the showering algorithm. The uncertainties due to the choice of tt̄ generators are
obtained by taking the difference of Fi (i = 0, L, R) between Mc@nlo and Alpgen +
Herwig (both full detector simulation) for each helicity fraction. The uncertainties from
the choice of the showering algorithms are determined in the same way by taking the
difference of the ensemble test results from Powheg + Pythia and Powheg + Herwig
15For the measurement of theW helicity fractions, the Monte Carlo statistics are included in the template
statistics.
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(both fast detector simulation) [6]. For the t-channel cross section measurement, these
uncertainties are determined in a similar way. The uncertainties for the generator choice
and the showering are determined by comparing Powheg-Box interfaced to Pythia with
aMc@nlo + Herwig, showered with Herwig and Jimmy.
The renormalisation scale is a momentum scale µR chosen to avoid singularities during
renormalisation [93]. The factorisation scale µF corresponds to the resolution with which
the hadron is being probed: each parton carries a fraction x of the momentum of the
hadron, with a number density f(x, µF ) [117]. For the W helicity fractions, the corre-
sponding uncertainties are determined by varying the renormalisation and factorisation
scales within Mc@nlo up and down. Ensemble tests according to Section 2.1 are then
conducted to determine the uncertainties [6]. For the t-channel cross section measurement,
the uncertainties of the renormalisation and factorisation scales16 µR and µF are calculated
by varying both independently by factors of 0.5 and 2.0 for Powheg-Box interfaced with
Pythia. The scale of the parton shower is varied according to the renormalisation scale
as well. The resulting uncertainty is the envelope of all variations. The Monte Carlo
uncertainty of the tt̄ background is determined by comparing Powheg-Box interfaced to
Pythia with Alpgen interfaced to Herwig [7].

18) Luminosity This is a source of systematic uncertainty for the t-channel cross
section measurement. It is determined by van der Meer scans using calorimeter-based
techniques conducted in References [118] and [119]. The uncertainty of the luminosity for
the data from 2011 is 1.8%. The values shown in Table 2.1 (1.5% for the top quark cross
section and 1.2% for the antitop quark cross section), stemming from the data provided
from the authors of Reference [7], deviate from these values, although a value of 1.8% is
also quoted in Reference [7]. Nevertheless, the values shown in Table 2.1 are also the ones
used for the analysis from Reference [7], assuming the deviations to cancel together with
other effects [106]. For theW helicity measurement, the luminosity uncertainty is included
in the treatment of the statistical uncertainty and therefore not listed here [6, 120].

16For the determination of these uncertainties on the cross section measurement, the renormalisation and
factorisation scales µR and µF are set to µR = µF = 4 ·

√
m2
b + p2

T,b, where mb is the bottom quark
mass and pT,b is the transverse momentum of the bottom quark.
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19) Underlying event Multiple parton interactions cause soft-scale events, called
underlying events (UE). For the W helicity measurement17, pseudo data with different
tunes for UE is generated using Powheg + Pythia. The uncertainty for the underlying
events is determined by conducting ensemble tests as described in Section 2.1 [6]. For the
t-channel cross section measurement, the influence of this source of systematic uncertainty
is too small to be mentioned [106].

Statistical uncertainties The statistical uncertainties have a big influence on the total
uncertainties of both measurements. For the W helicity measurement, the influence of
the binning of the cos θ∗ distribution18 and the estimators of the likelihood fit are main
sources of statistical uncertainties. The statistical uncertainties are determined for this
measurement by conducting the template fit without nuisance parameters [6]. For the
t-channel cross section measurement, pseudo measurements with a different amount of
entries are generated. With these pseudo measurements, a distribution βi according to
Equation (2.7) is calculated. The RMS of the βi-distribution is the statistical uncer-
tainty [106].

Uncertainties of the Standard Model prediction This category includes the un-
certainties of the Standard Model predictions from References [96] and [74]. It is not
included in the evaluations of the original measurements but is added for this combination
to take into account the uncertainties of the actual Standard Model values in the model
of the observables in dependence on anomalous couplings, see Section 3.2. It describes
how the results can vary if the reference value of the Standard Model, which causes
(VL, VR, gL, gR) = (1, 0, 0, 0), varies. The uncertainties are symmetrized by taking the
largest absolute value of the upper- and lower limits of each uncertainty. For the t-
channel cross section measurement, the Standard Model uncertainties are divided by the
measured cross sections to be consistent with the convention in Table 2.1.

17The values of the uncertainties are twice as big as quoted in the reference [6]. This deviation occurs
because the results of the ensemble tests are divided by two in the reference. Nevertheless, the author
recommended not to do this and to simply take the ensemble test results as they are [120].

18The binning of the cos θ∗ distribution is a source of statistical uncertainty because less bins lead to less
shape sensitivity, causing a higher statistical uncertainty [6].
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3 Combination and fitting
framework

This chapter describes the framework used in this analysis to obtain bounds on anomalous
Wtb couplings from the combination of the two top quark measurements presented in
Chapter 2. Section 3.1 describes the method to combine both measurements. Section 3.2
presents the models describing the W helicity fractions and the t-channel cross section in
terms of the anomalous couplings. Section 3.3 explains the method used to obtain the
correlations between both measurements in terms of their sources of uncertainties.

3.1 The Bayesian method for the combination of
measurements

For the combination of the two measurements, setting bounds on anomalous Wtb cou-
plings, a method based on a Bayesian interpretation similar to the best linear unbiased
estimate (BLUE) method [121] is used1. This method is implemented using the C++
software package Bayesian Analysis Toolkit (BAT) [5]. The method is described in this
section.
Assume N free predictions of observables2

~y(VL, VR, gL, gR) = (y1(VL, VR, gL, gR), ..., yN(VL, VR, gL, gR)) , (3.1)

depending on the model parameters, which are in this case the anomalous couplings. The
corresponding posterior probability in dependence on the n measurements from the data

1Nevertheless, the BLUE method is based on a frequentist interpretation and therefore, it is difficult to
include prior information in this method.

2These are in this case the W helicity fractions and the single top t-channel production cross section as
described in Section 3.2. In additional studies, the branching ratio of the process B̄ → Xsγ will be
combined with the two top quark measurements in this way, see Sections 5.6 and 6.1.2 .
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set ~x = (x1, ..., xn) is determined via the equation of Bayes and Laplace [122]

p(~y(VL, VR, gL, gR)|~x) = p(~x|~y(VL, VR, gL, gR)) · p(~y(VL, VR, gL, gR))
p(~x) . (3.2)

The term p(~x) is a normalisation constant referred to as the evidence. p(~y(VL, VR, gL, gR))
is the prior probability of the predictions ~y(VL, VR, gL, gR). It can contain constraints
from previous analyses3. If the prior is set to unity, the global mode of the posterior
corresponds to the BLUE solution. The Likelihood is constructed as

p(~x|~y(VL, VR, gL, gR)) =
∫
p(~x|~y) · δ(~y − ~y(VL, VR, gL, gR)) d~y . (3.3)

The term p(~x|~y) inside the integral is again a likelihood for a more general form of ~y

− 2 ln p(~x|~y) =
n∑
i=1

n∑
j=1

[~x− U~y]iM
−1
ij [~x− U~y]j , (3.4)

where Mij = cov[xi, xj] is the positive-semidefinite covariance matrix and the elements
Uij of the n×N -matrix U are unity if the measurement xi corresponds to the prediction
yj and zero otherwise. The likelihood p(~x|~y) from Equation (3.4) has a multidimensional
Gaussian shape. If the prior has no uniform probabilities or if the observables or the
model parameters are constrained, it is possible that the posterior differs from the Gaus-
sian shape. If there are M sources of uncertainties, the covariance matrix is a sum of
contributions of each source

Mij =
M∑
k=1

cov(k)[xi, xj] =
M∑
k=1

ρ
(k)
ij σ

(k)
i σ

(k)
j , (3.5)

where ρ(k)
ij is the correlation between the ith and the jth measurement with respect to the

kth uncertainty (note that ρ(k)
ii = 1) and σ(k)

i is the size of the kth uncertainty of the ith

measurement [4].
The impact of each measurement can be determined by removing it from the combination
and calculating the relative increase of uncertainty4 of the posterior with respect to the
complete combination. The same can be done with the impact of each uncertainty by
comparing the relative loss of uncertainty of the posterior while removing it from the
correlation [4].

3For the studies presented in this thesis, the priors are set to unity.
4This can be determined by the change of the volume of the smallest hyper-sphere covering a certain
amount of the posterior probability.
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Figure 3.1: Dependence of the W boson helicity fractions F0 (left) and FL (right) on the
anomalous couplings VL, VR, gL and gR with three couplings fixed at their Standard Model
values at a time. This model is taken from Reference [8]. The wide grey band shows the
expected region from NNLO calculations [96] with the black line as the favoured value. The
function is matched in a way that it is equal to this prediction at VL = 1 and VR = gL = gR = 0.

3.2 Modelling of the observables

To conduct the combination as presented in Section 3.1, it is necessary to model the
observables as functions of the anomalous couplings VL, VR, gL and gR. This section
describes the modelling for both the W boson helicity fractions F0 and FL, as well as the
2→ 2 t-channel production cross section for top and antitop quarks. For the calculation
of the models, the following parameters were used:

mt = 172.5 GeV, mb = 4.8 GeV, mW = 80.4 GeV,
√
s = 7 TeV, (3.6)

where mt, mb and mW are the masses of the top quark, the bottom quark and the W
boson and it is assumed that the four couplings are real.

W helicity fractions The model used in the combination can be found in Reference [8].
It is used in the latestW helicity measurement from Atlas [89] (see also Figure 1.8). The
distributions for F0 and FL are multiplied by a constant in order to match the favoured
value of the NNLO predictions [96] at VL = 1 and VR = gL = gR = 0. Assuming the
couplings to be real, the expressions of the helicity fractions in this model are power series
of second order in the anomalous couplings.
The dependencies of theW boson helicity fractions F0 and FL on the anomalous couplings
in this model can be seen in Figure 3.1 with three couplings fixed at their Standard Model
values at a time. The wide grey band shows the expected region from NNLO calculations
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Figure 3.2: Dependence of the 2→ 2 t-channel production cross section for a single top (left)
and antitop (right) quark on the anomalous couplings VL, VR, gL and gR with three couplings
fixed at their Standard Model values at a time. This model is taken from Reference [9]. The
wide grey band shows the expected region from approximate NNLO calculations [74] with the
black line as the favoured value. The function is matched in a way that it is equal with this
prediction at VL = 1 and VR = gL = gR = 0.

with the black line as the favoured value. The dependence of the W helicity fractions on
VL is too small to be visible in the figures and the dependence of the longitudinal fraction
F0 on VR is also weak. In contrast, the dependence on the tensor couplings gL and gR

(as well as on the vector coupling VR for FL) is much stronger. The helicity fractions
as a function of gR acquire the values of the NNLO prediction twice: at gR ∼ 0 and at
gR ∼ 0.75. This explains the two areas for the tensor couplings from the latest W helicity
measurement from Atlas [89] in Figure 1.8.

2 → 2 t-channel top production cross section The model used in the combina-
tion can be found in Reference [9]. The coefficients are obtained via a LO calculation
using Whizard [123]. Like in the case of the W helicity fractions, the distributions are
multiplied by a constant in order to match the favoured value of the approximate NNLO
predictions [74] at VL = 1 and VR = gL = gR = 0. The dependence of the 2→ 2 t-channel
top and antitop production cross sections on the anomalous couplings in this model can
be seen in Figure 3.2 with three couplings fixed at their Standard Model values at a time.
The wide grey band shows the expected region from approximate NNLO calculations with
the black line as the favoured value.
Unlike the model of the W helicity fractions, the model of the t-channel cross section is
strongly dependent on all four anomalous couplings. Additionally, this model does not
allow the right-handed tensor coupling to have a value of about gR ∼ 0.75. Nevertheless,
the model of the t-channel cross sections has an additional allowed region around VL ∼ −1,
where it acquires the Standard Model values.
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3.3 Strategy for the combination of the
measurements

In this section, the strategy for obtaining the correlations between the W helicity mea-
surement and the t-channel single top quark production cross section measurement5 is
presented. The conventions for naming and sorting the sources of systematic uncertainties
differ for the two measurements and the correlations are defined in a different way. There-
fore, a way to compare the sources of systematic uncertainties of the two measurements
is included in this strategy. Sorting the sources of systematic uncertainties was already
done in Section 2.3.
The correlation matrix

ρ =



ρ (F0, F0) ρ (F0, FL) ρ (F0, σt) ρ (F0, σt̄)

ρ (FL, F0) ρ (FL, FL) ρ (FL, σt) ρ (FL, σt̄)

ρ (σt, F0) ρ (σt, FL) ρ (σt, σt) ρ (σt, σt̄)

ρ (σt̄, F0) ρ (σt̄, FL) ρ (σt̄, σt) ρ (σt̄, σt̄)



=

A C

CT B



(3.7)

is a 4×4 matrix describing the correlations between the sources of systematic uncertainties
of the four observables F0 (helicity fraction for the longitudinally polarised W bosons),
FL (helicity fraction for the left-handedly polarised W bosons), σt (t-channel top quark
production cross section) and σt̄ (t-channel antitop quark production cross section), were
ρ(x, y) = ρ(y, x) is the correlation between the observables x and y (ρ(x, x) = 1) with
respect to their sources of uncertainties. The matrix ρ can be divided into four 2 × 2
matrices: C and its transpose, A and B. The matrices A and B describe the correlation
between the two observables of one measurement, whereas C describes the correlations
between two observables of the two different measurements6. The main challenge is the
5This is an abbreviation of the expression “the correlations between the measurements with respect to
their sources of uncertainties”, as it is used in this thesis.

6The two measurements are the W helicity measurement containing the two observables F0 and FL, as
well as the t-channel cross section measurements, containing the two observables σt and σt̄. Therefore, A
describes the correlation between F0 and FL and B describes the correlation between σt and σt̄. Every
element of the matrix C describes the correlation between one observable of theW helicity measurement
and one observable of the t-channel cross section measurement.
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determination of the matrix C. One 4 × 4 correlation matrix has to be determined for
each source of systematic uncertainty and these matrices have to be combined in order to
obtain the total correlation matrix.
To be able to determine the correlations between the sources of systematic uncertainties of
the different observables, it is important to develop a general expression for the influence
of each source of systematic uncertainty on the observables. If varying the effect of one
source of systematic uncertainty up causes two observables to increase, then the two
observables have a positive correlation (“are correlated”) with respect to this source. On
the other hand, if increasing one source of systematic uncertainty causes one of the two
observables to increase and the other one to decrease, the two observables have a negative
correlation (“are anticorrelated”) with respect to this source.
The sets of sources of systematic uncertainties are different for the t-channel cross section
measurement and the measurement of the W helicity fractions. Before matching these
sources of systematic uncertainties into categories equivalent for both measurements, it
is necessary to determine the influence of each source of systematic uncertainty on each
observable to be able to determine the correlations between the sources of systematic
uncertainties of the two different measurements. To achieve this, it is necessary to
introduce a parameter τ , called “trend”. The trend τ is an integer that can take either
the value “+1” or “−1”. If varying the effect of one source of systematic uncertainty up
(down) causes the observable to increase (decrease), the trend is τ = +1 and if varying the
effect of one source of systematic uncertainty up (down) causes the observable to decrease
(increase), the trend is τ = −1. This is an approximation to be able to determine the
correlations between the sources of systematic uncertainties of the different measurements.
This approximation is necessary because these correlations cannot be determined exactly
due to the different categorization and treatment of the systematic uncertainties of the
two measurements.
The trends τ of the sources of systematic uncertainties of the two measurements are
determined in the following way:

• Correlation for the W helicity measurement: The influence of the variations of the
sources of systematic uncertainties on the W helicity fractions is determined using
ensemble tests. Different ensembles are produced where one source of systematic
uncertainty at the time is either varied up or down by 1σ, see Section 2.1. This
variation causes the mean value of the observable to vary. If this variation of the
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source of systematic uncertainty is positively correlated (negatively correlated)7 with
the variation of the mean value of the observable, the trend of this source is set to
τ = +1 (τ = −1) for this systematic uncertainty and this observable. There are
two exceptions from this rule:

1. There are some sources of systematic uncertainties that can only be varied in
one direction (called “one-sided”) because the nominal value is assigned to the
optimum. Two examples for these sources are the jet energy resolution and the
jet reconstruction efficiency. If a one-sided variation causes the observable to
increase (decrease), the trend of this source is set to τ = +1 (τ = −1) for this
observable.

2. There is a correlation between the different helicity fractions because the de-
nominator in Equation (2.2) in Section 2.1 is the same for all helicity fractions
and is dependent on all three of them. This leads to the case that it is possible
that both increasing and decreasing the source of systematic uncertainty leads
to a variation of a helicity fraction in the same direction. In this case, the trend
has to be set to τ = 0.

• Correlation for the t-channel cross section measurement: The systematic uncertain-
ties are calculated as described in Section 2.2. If the correlation between the
distributions δi and βi is bigger than 0.01, the trend is set to τ = +1 and if the
correlation is smaller than −0.01, the trend is set to τ = −1. If the correlation
lies between −0.01 and 0.01, the trend is set to τ = 0 to avoid taking into account
δi-βi-correlations that are only non-zero to due the statistical uncertainties of the
δi- and βi-distributions.

The next step is to obtain the correlation and covariance matrices. First, the 2 × 2
correlation matrices A and B and the corresponding covariance matrices are computed
separately for each source of systematic uncertainty. For the W helicity fractions, the

7In this case, “positively correlated” means that varying the source of systematic uncertainty up (down)
causes the mean value of the observable to increase (decrease) and “negatively correlated” means that
varying the source of systematic uncertainty up (down) causes the mean value of the observable to
decrease (increase).
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correlation between F0 and FL is determined via the formula8

ρ(FL, F0) = ∆F 2
R −∆F 2

L −∆F 2
0

2∆FL∆F0
, (3.8)

where ∆Fi (i = 0, L, R) is the uncertainty of the W helicity fraction Fi. To compute the
off-diagonal elements of the correlation matrix for the t-channel cross section measurement
ρ(σt, σt̄), the correlation factor between the δi distributions of the top and and antitop
cross section has to be determined for each source of systematic uncertainty i. The
diagonal elements are set to one for both measurements.
The 2× 2 covariance matrices corresponding to A and B are calculated by the formula

Mdiag(x, y) =

 (∆x)2 ρ(x, y) ·∆x ·∆y

ρ(y, x) ·∆y ·∆x (∆y)2

 , (3.9)

where ∆x and ∆y are the uncertainties of the observables x and y (F0 and FL or σt and
σt̄) corresponding to the source of systematic uncertainty. For the W helicity fractions
(not one-sided), they are symmetrised by taking the highest uncertainty as the value for
up and down. For the cross section and one-sided W helicity uncertainties, the value is
taken for the up and down uncertainty.
For each category9, the 2 × 2 covariance matrices of the related sources of systematic
uncertainties are summed up for both measurements. The uncertainties of the categories
are the square roots of the diagonal elements of the two summed up covariance matrices,
similar to Equation (3.9).
The next step is to compute the off-diagonal 2× 2 correlation matrix

C =

ρ (F0, σt) ρ (F0, σt̄)

ρ (FL, σt) ρ (FL, σt̄)



=

τimp (F0) · τimp (σ (t)) τimp (F0) · τimp
(
σ
(
t̄
))

τimp (FL) · τimp (σ (t)) τimp (FL) · τimp
(
σ
(
t̄
))
 ,

(3.10)

8This formula was derived assuming FR = 1− F0 − FL and therefore ∆F 2
R = ∆F 2

L + ∆F 2
0 + 2 ρ(FL, F0) ·

∆FL∆F0. In some cases (e.g. for small uncertainties, where fluctuations are of the same order of
magnitude as the actual value), the correlation can be above (below) (−)1. In these cases, correlations
above (below) (−)0.99 are set to (−)0.99. Higher (lower) correlations than (−)0.99 can lead to technical
issues performing the combination.

9The categories of the sources of systematic uncertainties are defined in Section 2.3.
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3.3 Strategy for the combination of the measurements

where τimp(x) is the trend of the “most important” source of systematic uncertainty of
the category, corresponding to the observable x. For theW helicity fractions, ∆F 2

0 +∆F 2
L

has to be maximal and for the t-channel cross section, ∆σ2
t + ∆σ2

t̄ has to be maximal
to be the “most important” source of systematic uncertainty of the category. Due to
its construction, the correlations ρ(x, y) from the matrix C can either be −1, 0 or 1.
The trend τ is used to approximate the correlations between the sources of systematic
uncertainties of the two measurement due to the fact that the systematic uncertainties
are described in different ways in the references of the two measurements.
The corresponding 2× 2 off-diagonal covariance matrix is determined by

Moff =

ρ (F0, σt) ·∆F0 ·∆σt ρ (F0, σt̄) ·∆F0 ·∆σt̄

ρ (FL, σt) ·∆FL ·∆σt ρ (FL, σt̄) ·∆FL ·∆σt̄

 . (3.11)

The 4 × 4 covariance matrix for each category of sources of systematic uncertainties
constructed as

Msys =

Mdiag(F0, FL) Moff

Moff Mdiag(σt, σt̄)

 . (3.12)

The 4×4 covariance matrix for all sources of systematic uncertaintiesMtot
sys is obtained by

summing up all 4× 4 covariance matrices of each category. The 4× 4 correlation matrix
of all sources of systematic uncertainties is computed by dividing the matrix elements of
the covariance matrixMtot

sys by the square roots of its diagonal elements, representing the
total systematic uncertainties of all categories10, according to Equations (3.9) and (3.11).
Next, the correlation matrices of the statistical uncertainties and the uncertainties of
the Standard Model prediction are determined. For the statistical uncertainties, the
correlation matrix from Table 3.1 is chosen. The correlation between the two statistical
uncertainties of theW helicity fractions is determined via Equation (3.8), where ∆F stat

0 =
0.022, ∆F stat

L = 0.014 and ∆F stat
R = 0.010 [6]. For the uncertainty of the Standard Model

prediction, the correlation between F0 and FL is set to −0.99 in the same way11 using
∆F SM

0 = 0.005, ∆F SM
L = 0.005 and ∆F SM

R = 0.0001 [96]. The other off-diagonal entries
of these correlation matrices are set to zero. To determine the results including these
two additional uncertainties, the covariance matrices of the statistical and the Standard
Model uncertainties are computed as shown in Equation (3.9) and (3.11) and added
to the covariance matrix of all sources of systematic uncertainties. From this total

10Note that this is not the total systematic uncertainty quoted in Table 2.1, as explained in Section 2.3.
11Actually, the correlation is −0.9998 but it is set to −0.99 to match the convention.
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3 Combination and fitting framework

F0 FL σt σt̄

F0 1 -0.942 0 0

FL -0.942 1 0 0

σt 0 0 1 0

σt̄ 0 0 0 1
Table 3.1: Correlation matrix for the statistical uncertainties of the four observables.

covariance matrix, the total correlation matrix and the total uncertainties can be obtained
as described above (see again Equation (3.9) and (3.11)) for the systematic uncertainties.

This combination is an approximation due to the concept of the trend. However, this
is necessary because the provided data does not allow an exact determination of the
correlations between the sources of uncertainties of the W helicity and the cross sec-
tion measurement. The choice of categorisation has an effect on the total off-diagonal
correlation matrix C. Splitting a category into two, e.g. JES and b-JES, causes the
biggest uncertainty of each category to contribute to the total off-diagonal correlation
matrix. If both categories would be merged into one, only be the biggest uncertainty
of both categories together would contribute to the total off-diagonal correlation matrix
and the other uncertainty would not. Nevertheless, the choice of categorisation does
not affect the total on-diagonal correlation matrices A and B because the trend is not
involved in the determination of their correlations. Therefore, categories only described
by one measurement or with no correlation between the two measurements can be merged
without loss of information.
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4 Standard setup of the analysis

In this chapter, the total uncertainties, the total correlation matrix resulting from the
combination and the ranges of the fits are presented. The total uncertainties and total
correlation matrix are determined as described in Sections 2.3 and 3.3 and will be used
from now on in the sensitivity studies (Chapter 5) and in the evaluation of the experi-
mental values (Chapter 6). Some entries of the total correlation matrix are varied from
these standard values for some of the sensitivity studies.
The total uncertainties of the observables are

∆F total
0 = 0.0314 , ∆F total

L = 0.0226 ,(
∆σt
σt

)total

= 0.130 and
(

∆σt̄
σt̄

)total

= 0.164 .
(4.1)

They contain the total uncertainties of the measurements taken directly from the Refer-
ences1 [6] and [7] and the uncertainties of the Standard Model prediction of the observ-
ables [74, 96], all shown in Table 2.1. The total correlation matrix is shown in Table 4.1.
The correlation between the sources of uncertainties of the two W helicity fraction ob-
servables is as expected. Other values quoted for this correlation are e.g. −0.96 [89] and

F0 FL σt σt̄

F0 1 -0.834 0.222 0.265

FL -0.834 1 -0.118 -0.164

σt 0.222 -0.118 1 0.375

σt̄ 0.265 -0.164 0.375 1
Table 4.1: Total correlation matrix between the sources of uncertainties of the four observ-
ables. It contains the combined systematic uncertainties, the statistical uncertainties and the
uncertainties from the Standard Model prediction.

1For the t-channel single top production cross section, the statistical and the total systematic uncertainties
are added quadratically, while for the W helicity fraction measurement, the uncertainty from the profile
likelihood fit is taken.
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4 Standard setup of the analysis

−0.86 [92]. The correlation2 between the sources of systematic uncertainties of the two
measurements ranges from 11.8% to 26.5%.
Table 4.2 lists the different ranges of the one-, two- and four-dimensional fits used for
the studies in the Chapters 5 and 6. The binning for the one- and two-dimensional
fits is 400 bins for each dimension and for the four-dimensional fits, the binning is 200
bins for each dimension. The ranges of the plots are very important for fits of the W
helicity measurement, because its observables are unconstrained in the direction of the
left-handed vector coupling VL. Therefore, the posterior distributions from the fits of this
measurement including VL are dependent on the range of these fits. The same applies to
the ranges of the fits for the B-physics measurement3.

2The convention of how the alternating sign is treated is shown below in Table 5.3 in Section 5.4.
3This additional measurement is introduced in Section 5.6.
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Fit VL VR gL gR

W helicity fractions only, 1D [−1.5, 1.5] [−0.8,−0.8] [−0.4, 0.4] [−0.3, 1.0]

t-channel cross section only, 1D [−1.5, 1.5] [−1.0,−1.0] [−0.8, 0.8] [−0.7, 0.9]

both combined, 1D [−1.5, 1.5] [−0.8,−0.8] [−0.4, 0.4] [−0.2, 0.2]

B-physics only, 1D [0.7, 1.3] [−0.0045, 0.0055] [−0.003, 0.0025] [−1, 1.25]

top and B-physics combined, 1D [0.75, 1.2] [−0.005, 0.005] [−0.0035, 0.003] [−0.2, 0.2]

W helicity fractions only, VL-VR, 2D [−1.5, 1.5] [−1.125, 1.125]

W helicity fractions only, VL-gL, 2D [−1.5, 1.5] [−0.75, 0.75]

W helicity fractions only, VL-gR, 2D [−1.5, 1.5] [−2.3, 3.24]

W helicity fractions only, VR-gL, 2D [−1.5, 1.5] [−1.0, 1.0]

W helicity fractions only, VR-gR, 2D [−1.5, 1.5] [−1.0, 1.2]

W helicity fractions only, gL-gR, 2D [−1.0, 1.0] [−1.0, 1.2]

t-channel cross section only, VL-VR, 2D [−1.5, 1.5] [−1.2, 1.2]

t-channel cross section only, VL-gL, 2D [−1.5, 1.5] [−1.0, 1.0]

t-channel cross section only, VL-gR, 2D [−1.5, 1.5] [−2.3, 3.24]

t-channel cross section only, VR-gL, 2D [−1.6, 1.6] [−1.33, 1.33]

t-channel cross section only, VR-gR, 2D [−1.6, 1.6] [−1.0, 1.2]

t-channel cross section only, gL-gR, 2D [−1.33, 1.33] [−1.0, 1.2]

both combined, VL-VR, 2D [−1.5, 1.5] [−0.75, 0.75]

both combined, VL-gL, 2D [−1.5, 1.5] [−0.45, 0.45]

both combined, VL-gR, 2D [−1.5, 1.5] [−0.92, 0.81]

both combined, VR-gL, 2D [−1.0, 1.0] [−0.6, 0.6]

both combined, VR-gR, 2D [−1.0, 1.0] [−0.4, 0.3]

both combined, gL-gR, 2D [−0.6, 0.6] [−0.4, 0.3]

B-physics only, VL-VR, 2D [−1.5, 1.5] [−0.06, 0.03]

B-physics only, VL-gL, 2D [−1.5, 1.5] [−0.01, 0.03]

B-physics only, VL-gR, 2D [0.5, 1.5] [−0.4, 0.4]

B-physics only, VR-gL, 2D [−0.004, 0.004] [−0.005, 0.005]

B-physics only, VR-gR, 2D [−0.01, 0.01] [−0.5, 0.5]

B-physics only, gL-gR, 2D [−0.005, 0.005] [−0.5, 0.5]

top and B-physics combined, VL-VR, 2D [−1.5, 1.5] [−0.06, 0.03]

top and B-physics combined, VL-gL, 2D [−1.5, 1.5] [−0.01, 0.03]

top and B-physics combined, VL-gR, 2D [0.5, 1.5] [−0.4, 0.4]

top and B-physics combined, VR-gL, 2D [−0.004, 0.004] [−0.005, 0.005]

top and B-physics combined, VR-gR, 2D [−0.01, 0.01] [−0.4, 0.3]

top and B-physics combined, gL-gR, 2D [−0.005, 0.005] [−0.4, 0.3]

t-channel cross section only, 4D [−1.5, 1.5] [−1.5, 1.5] [−1.0, 1.0] [−1.0, 1.0]

both combined, 4D [−1.5, 1.5] [−1.5, 1.5] [−1.0, 1.0] [−1.0, 1.0]

Table 4.2: Ranges of the different one-, two- and four-dimensional (1D, 2D and 4D) fits. For
the two-dimensional distributions, the fitted couplings are listed, while the other two couplings
are fixed at their Standard Model values.
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5 Sensitivity studies using pseudo
data

This section shows studies of the framework described in Section 3 using pseudo data
and ensemble tests, demonstrating its capabilities. The bounds on anomalous couplings
resulting from such an ensemble test are the average bounds expected if the anomalous
couplings would acquire their Standard Model values, allowing the results of the measure-
ments to fluctuate according to their assumed uncertainties. Therefore, it is referred to as
the “expected” distribution. The setup of these ensemble tests can be the standard setup
described in Chapter 4 or a variation of it. Each set of pseudo data contains possible
results of the measurements, conducted under the same conditions as the measurements
presented in Chapter 2, assuming the anomalous couplings to acquire their Standard
model values and allowing the results to fluctuate according to their uncertainties. The
setup of the pseudo data sets can be the standard setup or a variation of it. Each set is
therefore a part of the ensemble test.
Section 5.1 describes the generation of the pseudo data. In Section 5.2, it will be shown
how much the smallest credibility level (C.L.) intervals of the two dimensional fits of the
anomalous couplings improve by combining theW helicity fraction measurement with the
t-channel cross section measurement. The next step, presented in Section 5.3, is to com-
pare fits of some randomly chosen sets of pseudo data with the outcome of the ensemble
test for the combination of the two top quark measurements to give some examples of
typical deviations of (pseudo) measurements from the expectation. In Section 5.4, the
effect of the correlations between the sources of uncertainties of the two measurements
on the smallest C.L. intervals of gL and gR are studied to show the importance of an
exact determination of these correlations. Following, in Section 5.5, it is discussed if
it is necessary to treat the top and antitop cross section measurements as two different
measurements or if both cross sections can be summed up to an inclusive cross section to
treat the two measurements as one. The last section in this chapter (Section 5.6) contains
the study on the combination of the two top quark measurements with the branching
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5 Sensitivity studies using pseudo data

ratio measurement of the process B̄ → Xsγ and its effect on the smallest C.L. intervals
of the fits of the anomalous couplings. For all of these studies, the anomalous couplings
are assumed to be real.
In this chapter, if not mentioned differently, “the Standard Model values” means in fact
“the Standard Model values of the anomalous Wtb couplings”.

5.1 Generation of the pseudo data

Each sample of the pseudo data contains pseudo measurements. These are pseudo mea-
surements of the observables F0, FL, top and antitop t-channel cross section. For the
studies conducted in Section 5.6, pseudo measurements for the branching ratio of the
process B̄ → Xsγ are created, which is described in that section. The uncertainties and
their correlations are taken from Chapter 4.
The pseudo data is created by choosing random numbers from a multidimensional Gaus-
sian distribution P (~x) around zero

P (~x) = 1
(2π)n/2

√
|M|

exp
(
−1

2 ~xM
−1 ~x

)
, (5.1)

using the covariance matrix1 M obtained from the uncertainties and the correlation
matrix in Chapter 4. The vector ~x contains all n total uncertainties of the observables
considered for the corresponding ensemble test. To obtain the mean value for each
observable from the pseudo measurement, the corresponding random number is added
to the “Standard Model” mean value of the observable. The size of the uncertainty is not
affected by the random number.
The “Standard Model” mean values used for generating the pseudo data for the top
quark observables are the values from the models in Section 3.2 with the couplings set
to the Standard Model value (VL = 1, VR = gL = gR = 0). The Standard Model values
are [74, 96]

F0 = 68.7% , FL = 31.1% ,

σt = 41.9 pb and σt̄ = 22.7 pb .
(5.2)

The ensemble tests consist of the fits of 1000 pseudo data sets each. To get the distribu-
tions of posterior probabilities from the ensemble test as the expectation of the fit, the
obtained distributions from the fits of each pseudo data set are summed up.

1The expression |M| is the determinant of the covariance matrix.
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5.2 Combination of both observables

5.2 Combination of both observables
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Figure 5.1: Comparison between the ensemble test results of the posterior probabilities of the gL-
gR-distributions with VL = 1 and VR = 0 from the separate fits of the W helicity measurement
(black lines), the t-channel cross section measurement (grey lines) and from the combination of
both measurements (coloured contour plot), using the correlation matrix from Table 4.1.

In this section, the outcome of three different ensemble tests are compared. The first
ensemble test describes the fit only of the W helicity measurement, the second one
describes the fit only of the t-channel cross section measurement. The third ensemble
test describes the fit of the combination of the two measurements.
Figure 5.1 shows the comparison between the posterior probabilities of the gL-gR-dis-
tributions (vector couplings set to VL = 1 and VR = 0) from the separate ensemble
tests of the W helicity measurement, the t-channel cross section measurement and from
the combination of both measurements, assuming the correlation matrix from Table 4.1.
The combination was conducted as described in Section 3.1. The posterior probability
from the W helicity fractions as the only input of the fit shows resemblances with the
result from References [89] and [92], see Figures 1.8 and 1.9. In all three plots, the
second “island” around gL ∼ 0, gR ∼ 0.8 is clearly visible, as predicted in Section 3.2,
while the first “island” is consistent with the Standard Model values of the anomalous
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5 Sensitivity studies using pseudo data

couplings. For the posterior probability from the t-channel cross sections as the only
input of the fit, this “island” does not exist, but the overall area of the smallest 68.3% C.L.
interval, consistent with the Standard Model values, is much larger than for theW helicity
fractions. When combining the two measurements, the second “island” from the fit to the
W helicity measurement disappears and the posterior distribution around the Standard
Model values gets narrower. Therefore, the combination of the measurements will exclude
a large fraction of the available parameter space which both single measurements will not
be able to exclude.
The comparison between the other two-dimensional distributions (with the other two
couplings fixed to their Standard Model values) are shown in Figure 5.2. The posterior
distributions from the W helicity measurement in the Subfigures 5.2a, 5.2b and 5.2c are
dependent on the ranges of the fits because they are unconstrained in the direction of VL.
The range of these fits for VL is chosen to be [−1.5, 1.5]. For all of the six two-dimensional
plots, the improvement of the combination towards the fits of the separate measurements
is clearly visible. Additional to the comparison of the gL-gR-distribution, which is also
shown in Subfigure 5.2f, the comparisons of the other distributions yield the following
conclusions:

• VR-gR-distribution (Subfigure 5.2e): This distribution looks similar to the gL-gR-
distribution presented above, where the right-handed vector coupling VR behaves
similar to the left-handed tensor coupling gL. The W helicity measurement also
allows a second 68.3% C.L. region around VR ∼ 0 and gR ∼ 0.8, while the other
68.3% C.L. region is consistent with the Standard Model values. The smallest 68.3%
C.L. region from the cross section measurement is wider than the smallest 68.3%
C.L. region from the W helicity measurement but does not have a second “island”
around VR ∼ 0 and gR ∼ 0.8. Combining these two measurements causes the second
“island” from the fit to the W helicity fractions to vanish and the bounds on the
couplings become much narrower compared to the fit to the t-channel cross sections.

• VL-VR-, VL-gL- and VL-gR-distributions (Subfigures 5.2a, 5.2b and 5.2c)): The pos-
terior distributions from the fits of the W helicity measurement are unconstrained
in the direction of VL, so the distributions depend on the ranges of the fits (see
above). Nevertheless, the smallest 68.3% C.L. regions from the W helicity fractions
are consistent with the Standard Model values for a fit with the range of −1.5 ≤
VL ≤ 1.5. The cross section measurement allows two half-moon-shaped smallest
68.3% C.L. regions in each of the three plots. One of them is always consistent with
VL ∼ −1, as predicted in Section 3.2, with the other coupling to be approximately
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Figure 5.2: Comparison between the ensemble test results of the posterior distributions from the
separate two-dimensional fits of the W helicity measurement (black lines), the t-channel cross
section measurement (grey lines) and from the combination of both measurements (coloured
contour plot), using the correlation matrix from Table 4.1. The other two couplings are fixed to
their Standard Model values.
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zero, while the other region is always consistent with the Standard Model values.
The combination yields a big improvement: The cross section measurement con-
strains the distributions along the axis of VL, while the W helicity measurement
further constrains the distributions along the axis of the other couplings. For the
VL-VR- and VL-gL-distributions, there are two smallest 68.3% C.L. regions each,
which are much narrower than considering only the cross section measurement. One
region is consistent with VL ∼ −1 and a vanishing of the other coupling, while the
other one consistent with the Standard Model values. For the VL-gR-distribution,
there are now four smallest 68.3% C.L. regions; one around VL ∼ −1 and gR ∼ 0,
one around VL ∼ −0.8 and gR ∼ −0.6, one around VL ∼ 0.8 and gR ∼ 0.6 and one
consistent with the Standard Model values.

• VR-gL-distribution (Subfigure 5.2d): The smallest 68.3% C.L. region for the com-
bined measurements is much narrower than the smallest 68.3% C.L. regions for the
separate measurements. The W helicity measurement constrains the left-handed
tensor coupling gL stronger than the cross section measurement, while the cross
section measurement constrains the right handed vector coupling VR stronger than
the W helicity measurement. All three smallest 68.3% C.L. regions are consistent
with the Standard Model values.

It can be seen in these figures that the local mode is not identical to the Standard
Model value of the anomalous couplings, as it would be for the posterior distribution
of measurements measuring exactly the Standard Model values. The reason is that
the model of the W helicity fractions in dependence on the anomalous couplings is not
symmetric around the Standard Model values, see Figure 3.1. This asymmetry has a
stronger effect on VR and gL for smaller W helicity fractions, causing more asymmetric
posterior distributions with a local mode deviating more from the Standard Model value
than for bigger W helicity fractions2. Half of the values for F0 and FL from the pseudo
data are higher than the Standard Model value and the other half is smaller, so for the
average distributions shown in Figures 5.1 and 5.2, the local mode is not identical with
the Standard Model values of the couplings.
Table 5.1 shows the smallest 95% C.L. bounds from the one-dimensional fits of the
anomalous couplings from these ensemble tests, where three couplings are fixed to their
Standard Model values for each fit. It also includes the numerical uncertainties, estimated
from the range and the binning of the posterior distributions. It shows again that the

2The model is also asymmetric in dependence on gR but the effect on the local mode is too small to
be visible in the plots. This is because the model in dependence on gR does not have its maximum or
minimum at the Standard Model value, as it is for VR and gL.
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observables → F0, FL, σt, σt̄ only F0, FL only σt, σt̄
smallest 95% C.L.

bounds
lower
bounds

upper
bounds

lower
bounds

upper
bounds

lower
bounds

upper
bounds

VL − 1
-0.17(1)

-2.16(1)

0.17(1)

-1.82(1)
- -

-0.19(1)

-2.17(1)

0.17(1)

-1.81(1)

VR -0.27(1) 0.31(1) -0.29(1) 0.33(1) -0.52(1) 0.53(1)

gL -0.17(1) 0.14(1) -0.18(1) 0.14(1) -0.41(1) 0.41(1)

gR -0.085(1) 0.081(1)
-0.08(1)

0.73(1)

0.08(1)

0.80(1)
-0.31(1) 0.51(1)

Table 5.1: The smallest 95% C.L. bounds from the one-dimensional fits of the anomalous
couplings from the ensemble tests of the W helicity measurement, the t-channel cross section
measurement and both measurements combined, where three couplings are fixed to the Standard
Model values at the time. The numerical uncertainties shown here are estimated from the range
and the binning of the posterior distributions.

W helicity fractions are not sensitive to the left-handed vector coupling VL and allow
two smallest 95% C.L. regions for the right-handed tensor coupling gR (around gR ∼ 0
and around gR ∼ 0.8). The t-channel cross sections again allow two regions for VL (one
around VL ∼ 1 and one around VL ∼ −1). The smallest 95% C.L. bounds on VR, gL
and gR from the W helicity measurement are narrower than the bounds from the cross
section measurement. The combination of both measurements constrains all anomalous
couplings. Furthermore, there are still two allowed regions for VL but only one allowed
region for gR. Apart from this, the bounds on VR, gL and gR compared to the fit to theW
helicity fractions only, as well as on VL compared to the fit to the t-channel cross sections
do not get narrower within the numerical uncertainties. All of these bounds are consistent
with the Standard Model values.

5.3 Expectation compared to pseudo data fits

If the distributions for the real measurement deviate from the expectation shown in
Figure 5.1, it is still possible that this caused by the deviations due to statistical and
systematic uncertainties. This section shows how much the actual outcome of the fits can
deviate from its expectation due to the uncertainties. Six pseudo data sets are randomly
picked from the ensemble test. The outcome of the fits from each of these pseudo data sets
is compared to the outcome of the ensemble test. The pseudo data used here represents the
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Set # F0 [%] FL [%] σt [pb] σt̄ [pb]

1 64.6 35.9 50.1 22.3

2 73.5 28.6 46.8 30.3

3 63.0 34.9 40.8 22.0

4 69.4 30.3 43.2 24.8

5 64.4 34.0 46.0 29.3

6 70.4 29.4 38.4 21.7

SM 68.7 31.1 41.9 22.7
Table 5.2: Mean values of the observables from the six randomly chosen pseudo data sets in
comparison with the Standard Model values from References [74] and [96]. The uncertainties of
these values, as well as the correlation matrix are shown in Chapter 4.

combination of the two top quark measurements with the setup presented in Chapter 4.
Figure 5.3 (for the gL-gR-distributions), as well as Figures A.1-A.5, (for the other distribu-
tions) show comparisons between the outcome of the ensemble tests and the six randomly
picked pseudo data sets. The mean values of the observables in these samples are shown in
Table 5.2. The black lines indicate the smallest credibility level intervals of the ensemble
test result while the coloured contour plots indicate the distributions from the fits of the
randomly picked pseudo data sets.
The outcome of the ensemble test, being the average distribution, marks the expected re-
sult of a measurement in the case that the Standard Model values from References [74, 96]
are the exact values existing in nature. The randomly picked pseudo data sets represent
outcomes of measurements influenced by the uncertainties from (4.1). The deviation
between the distributions from pseudo data and the ensemble test result makes it obvious
that the outcome of the combination has a strong dependence on possible deviations
due to the statistical and systematic uncertainties of the measurement. Nevertheless,
all smallest 68.3% C.L. intervals from the single pseudo data sets and the ensemble test
overlap in all of the six examples. For set #1, the Standard Model values of the anomalous
couplings do not lie within the smallest 95.5% C.L. intervals for the gL-gR-, VL-gR- and
VR-gR-distributions but they still lie inside the smallest 99.7% C.L. intervals. For the
other distributions of the six pseudo data samples, the smallest 95.5% C.L. intervals are
consistent with the Standard Model values of the anomalous couplings.
The distributions from the ensemble tests are slightly wider than the ones from the
randomly picked pseudo data samples. The reason is that the distribution from the
ensemble test is the average of 1000 distributions from pseudo data, which can in fact
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smallest 99.7% interval(s) data
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Figure 5.3: Comparison between the posterior probability from the two-dimensional fits of gL
and gR with VL = 1 and VR = 0 from the ensemble test (“expectation”, black lines) and six
randomly picked pseudo data sets (“data”, coloured contour plots). The mean values of the
observables are shown in Table 5.2, the uncertainties and the correlation matrix in Chapter 4.

67



5 Sensitivity studies using pseudo data

σt σt̄

F0 ρ ρ

FL −ρ −ρ
Table 5.3: Definition of the correlation ρ between the sources of uncertainties of the observables
from the W -helicity measurement (F0 and FL) and the t-channel cross section measurement
(σt and σt̄) in Section 5.4. The minus sign appears because F0 and FL are anticorrelated.

be wider than a single distribution from a pseudo data set. This is acceptable, as long
the ensemble test result is interpreted as the average result and not as the most likely
distribution.

5.4 Effect of the correlation

An important feature of this combination is the determination of the correlations between
the sources of systematic uncertainties of the W helicity and the t-channel cross section
measurement as shown in Sections 2.3 and 3.3. In this section, the influence of this
correlation is studied.
Figure 5.4 shows the smallest intervals from the two-dimensional fits of the anomalous left-
handed and right-handed tensor coupling gL and gR in dependence on the correlation ρ (see
Table 5.3) between the sources of uncertainties from the W helicity measurement and the
cross section measurement3 using ensemble tests. The vector couplings are fixed to VL = 1
and VR = 0. While the one coupling is plotted in dependence of the correlation, the other
coupling is integrated over to be removed from the plot. The correlation was varied from
−70% up to 70% in steps of 10%. For each correlation, 1000 pseudo measurements were
created. The widths of the smallest limits are maximal for a correlation of ρ ∼ −30% and
minimal for ρ ∼ 70% inside the observed interval. This is an example of how correlations
will affect the resulting bounds on anomalous couplings from the fits of the combination.
Figure 5.5a shows the comparison between two two-dimensional fits of gL and gR from
ensemble tests: The coloured contour plot is the distribution taking into account the
correlation matrix from Table 4.1. The black line indicates the smallest credibility level
intervals of the distribution setting the correlation ρ between the uncertainties of the

3Because F0 and FL are anticorrelated, the sign of the correlation differs between F0 and the cross
sections, and FL and the cross sections. For simplicity, the value meant with “correlation between the
sources of uncertainties of the W helicity fractions and the t-channel cross section ρ” is in fact the
correlation between F0 and the two t-channel cross sections. The correlation between FL and the two
t-channel cross sections has exactly the opposite sign (−ρ).
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Figure 5.4: Smallest intervals of the anomalous left-handed (5.4a) and right-handed (5.4b)
tensor couplings gL and gR in dependence on the correlations ρ (see Table 5.3) between the
W helicity fraction measurement and t-channel cross section with respect to the systematic
uncertainties using an ensemble test. The vector couplings are fixed to VL = 1 and VR = 0,
while the coupling not shown is integrated over to be removed from the plot.

two measurements to zero. The average distribution from the ensemble test taking
into account the real correlations is slightly narrower than the average distribution from
the ensemble setting ρ to zero. This difference is relatively small because of the small
correlation between the two measurements of the real correlation matrix of approximately
ρ ∼ 20%. Figure 5.5b is a more extreme case. Here, the same ensemble test results, but
for ρ = −40% and ρ = 70% are compared. The two distributions clearly have a different
size and shape; the distribution for ρ = 70% is much narrower than the one for ρ = −40%.
This figure shows how much the posterior distributions can deviate due to the correlation
between the two measurements with respect to their sources of uncertainties.
These studies show that the knowledge of the correlation between the sources of systematic
uncertainties is necessary to set precise bounds on anomalous couplings at theWtb vertex.
This requires an insight into the analyses of the measurements.

69



5 Sensitivity studies using pseudo data

L
g

-0.6 -0.4 -0.2 0 0.2 0.4 0.6

Rg

-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

smallest 99.7% interval(s) real correlation
smallest 95.5% interval(s) real correlation
smallest 68.3% interval(s) real correlation
local mode real correlation

 = 0%ρsmallest 68.3% interval(s) 
 = 0%ρsmallest 95.5% interval(s) 

Standard Model value

(a) Coloured contour plot: correlation matrix
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Figure 5.5: Comparison between ensemble test results of the gL-gR-distributions with VL = 1
and VR = 0 from the combination of the W helicity fractions and the t-channel cross section
for different correlations ρ between the measurements. For the correlation between FL and F0,
as well as the correlation between σt and σt̄, the correlation was taken from Table 4.1.

5.5 Effect of merging the top and antitop cross
sections into one observable

For the combination presented in this thesis, the t-channel top quark cross section and the
t-channel antitop quark cross section are treated as two different observables. The effect
of merging the two cross sections into one is studied in this section. An ensemble test
is performed with only three observables: F0, FL and the inclusive t-channel production
cross section σt+t̄ for both top and antitop quark together. For the generation of the
pseudo data, the values of the cross sections are generated separately for top and antitop
as described in Section 5.1. They are added to determine the inclusive cross section. Its
uncertainty is determined by adding the uncertainties in quadrature, which leads to

∆σt+t̄ =
√

∆σ2
t + ∆σ2

t̄ + 2 · ρ(σt, σt̄) ·∆σt ·∆σt̄
≈ 8.18 pb ,

(5.3)

taking into account the total correlation between the top and antitop cross section ρ(σt, σt̄) =
37.5% from Table 4.1 in Chapter 4. This value is consistent with the uncertainty of the
inclusive cross section in Reference [7]. Together with the experimental values of the top
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5.5 Effect of merging the top and antitop cross sections into one observable

and antitop cross sections σmeasured
t and σmeasured

t̄ [7], the relative uncertainty is

∆σt+t̄
σt+t̄

=
∆σt+t̄

σmeasured
t + σmeasured

t̄

≈ 0.119 , (5.4)

which is smaller than both of the separate relative uncertainties, see Table 2.1. The
correlations coefficients ρ(F0, σt+t̄) and ρ(FL, σt+t̄) between the W helicity fractions and
the inclusive cross section are determined by taking the averages

ρ(F0, σt+t̄) = ρ(F0, σt) + ρ(F0, σt̄)
2 and

ρ(FL, σt+t̄) = ρ(FL, σt) + ρ(FL, σt̄)
2 .

(5.5)

The only difference between this approach and the one using the separate cross sections is
that the correlations between theW helicity fractions and the two cross section observables
are not treated separately for top and antitop in this approach.
The results of the ensemble test are shown in Figure 5.6. These are fits of all possible
combinations, leaving two couplings free and fixing the other two at their Standard Model
values. The black lines indicate the smallest intervals from the fits of the ensemble test
using the inclusive cross section σt+t̄. The coloured contour plots show the results of the
ensemble test treating the top and the antitop cross sections as two different observables.
It has to be resumed that taking the inclusive cross section as one observable does not
result in changes visible in these plots. The reason is that the uncertainties of the
W helicity measurement are much smaller than the uncertainties of the cross section
measurement. Therefore, the influence of the W helicity measurement on the constraints
on the anomalous couplings is much bigger and small changes in the posterior distributions
from the cross sections do not have a big influence on the posterior distributions from the
combined distributions.
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Figure 5.6: Two-dimensional fits for the comparison between the ensemble tests using the top
and antitop cross section as two separate observables (coloured contour plot) and using the
inclusive cross section σt+t̄ (black lines).
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5.6 Combination of the top quark measurements
with a B-physics measurement

Some B-physics observables can be used to constrain anomalous Wtb couplings if the
corresponding processes include Wtb vertices. Their measurements can be combined with
the two top quark measurements in order to improve the bounds on anomalous couplings.
Possible observables of these kind are Bd,s − B̄d,s oscillation observables, the branching
ratios of Bs → µ+µ− and B → K(∗)νν̄, the forward-backward asymmetry in B → K∗l+l−,
as well as observables from the B → Xsl

+l− and B → Xsγ decay modes [11].
As a representative example of these observables, the branching ratio of the radiative
penguin decay process B̄ → Xsγ is chosen4. This decay involves the process b → sγ.
Because flavour changing neutral currents on tree level are forbidden by the Standard
Model, the leading order of this decay process is the one-loop level. Besides possible
particles predicted by theories beyond the Standard Model that could contribute to this
process via the loop, the loops including a W boson and a top quark are the dominant
contributions from the Standard Model because of the large CKM matrix element Vtb.
The corresponding Feynman diagrams are shown in Figure 1.7. It is assumed that no
anomalous couplings for the other vertices in these Feynman diagrams exist [11, 88].
The model for describing this branching ratio in terms of anomalous couplings is shown
in References5 [88] and [124]. Considering only the anomalous couplings VL, VR, gL and
gR from this reference and using a top quark pole mass of 172.5 GeV instead of the 171.4
GeV used in the reference, the model of the branching ratio, requiring minimum photon
energies6 above and at 1.6 GeV, is [124, 125]

Br(B̄ → Xsγ) = [(3.15± 0.23)− 8.16 · (VL − V ∗tb) + 428.51 · VR
− 839.71 · gL + 1.93 · gR ]× 10−4.

(5.6)

The CKM matrix element V ∗tb is set to be 1. For the calculation of the coefficients in
Equation (5.6), the MS mass of the top quark is used instead of its pole mass. The
MS mass used in Reference [124] is 161.9 GeV at a renormalisation scale of 160 GeV. To
calculate an appropriate MS mass for a pole mass of 172.5 GeV, this pole mass is scaled

4A neutral B̄ meson consisting of a bottom quark b and an anti-up quark decays into a hadron Xs

containing a strange quark s and into a photon γ.
5Actually, there is a mistake in Equation (14) from Reference [88]. The correct one is Equation (14) in
Reference [124].

6If not mentioned differently, this requirement is always assumed for this branching ratio from now on.
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down by a factor of 161.9 GeV
171.4 GeV . The bottom quark pole mass is taken from the reference7.

The value of (3.15± 0.23)× 10−4 within Equation (5.6) is the theoretical Standard Model
value and its uncertainty taken from Reference [126]. It has to be remarked that the
branching ratio of the process B̄ → Xsγ is sensitive to more possible sources of physics
beyond the Standard Model due to the high amount of vertices and virtual particles inside
the loop than the two top quark measurements [8, 124].

This B-physics measurement is combined with the two top quark measurements. No corre-
lations are assumed between the B-physics measurement and the top quark measurements
because the value of the branching ratio considered for the fits of real data in Chapter 6 is
not obtained from Atlas measurements, but is a combination of measurements performed
with the CLEO, Belle and BaBar detectors (see Appendix A.5) not located at the Lhc.
The correlations between the sources of uncertainties of the two top quark measurements
are the same as usual, see Table 4.1.
To obtain the pseudo data, values are generated according to a Gaussian distribution
around zero with the total uncertainty as the standard deviation. This total uncertainty
is the quadratic sum of the uncertainty of the Standard Model theory prediction (2.3 ×
10−5 [126]), the combined statistical and systematic uncertainty (2.4 × 10−5 [10]) and
the systematic uncertainty of the average8 (0.9 × 10−5 [10]), which yields 3.4 × 10−5.
The randomly generated values are then added to the theoretical Standard Model value.
This pseudo data generation is analogous to the generation of the top quark pseudo data
described in Section 5.1 but is independent from it because no correlations occur between
the B-physics measurement and the top quark measurements.
Table 5.4 shows the smallest 95% C.L. bounds from the one-dimensional fits of the
couplings from the ensemble tests of the combination of the two top physics measurements,
the B-physics measurement and the three measurements combined, where three couplings
are fixed to the Standard Model values at the time. As it is also obvious from Equation 5.6,
the B-physics observable is much more sensitive to the right-handed vector coupling
VR and the left-handed tensor coupling gL than the combination of both top quark
measurements. The smallest 95% C.L. bounds on VR and gL from the fit of the B-physics
measurement are two orders of magnitude narrower than the smallest 95% C.L. bounds
from the combination of the top physics measurements only. Furthermore, the sensitivity

7This inconsistency has to be accepted due to the large renormalisation scale of 160 GeV and due to the
fact that the reference uses a 1S mass of 4.68 GeV, which is approximately as large as the pole mass
used for the W helicity and cross section measurements, while the pole mass is around 4.16 GeV [125].

8For the combination of real measurements in Chapter 6, an average value from Reference [10] is used,
see Appendix A.5.
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observables → top and B-physics
measurements

only top physics
measurements

only B-physics
measurements

smallest 95% C.L.
bounds

lower
bounds

upper
bounds

lower
bounds

upper
bounds

lower
bounds

upper
bounds

VL − 1 -0.094(1) 0.096(1)
-0.17(1)

-2.16(1)

0.17(1)

-1.82(1)
-0.12(1) 0.12(1)

VR -0.0022(1) 0.0022(1) -0.27(1) 0.31(1) -0.0022(1) 0.0022(1)

gL -0.0011(1) 0.0011(1) -0.17(1) 0.14(1) -0.0011(1) 0.0011(1)

gR -0.084(1) 0.079(1) -0.085(1) 0.081(1) -0.49(1) 0.50(1)

Table 5.4: The smallest 95% C.L. bounds from the one-dimensional fits of the anomalous
couplings from the ensemble tests of the combination of the two top quark measurements, the
B-physics measurement and the three measurements combined, where three couplings are fixed
to the Standard Model values at the time. The numerical uncertainties shown here are estimated
from the range and the binning of the posterior distributions.

to the left-handed vector coupling VL is higher and VL does not have a second “island”
around VL ∼ −1 for the B-physics measurement. Only the smallest 95% C.L. region for
the right-handed tensor coupling gR from the combination of the top quark measurements
is approximately five times narrower than the smallest 95% C.L. region from the fit of
the B-physics observable. The combination of the two top quark measurements with the
B-physics measurement yields even stricter bounds for VL and the second “island” for
VL ∼ −1 disappears. Furthermore, the bounds on VR and gL are the same9 as for the fit
of the B-physics measurement alone and the bounds on gR are the same9 as for the fit of
the combination of only the two top quark measurements.
Figures 5.7 (for the gL-gR-distributions) and A.6 (for all distributions) show the two-
dimensional fits only for the B-physics measurement and for the combination of the three
measurements, where the other two couplings are fixed to their Standard Model values.
All posterior distributions from the fits of the B-physics measurement have in common
that they are unconstrained in one direction. The posterior distributions are therefore
dependent on the ranges of the fits. This behaviour is due to the fact that the model for
the branching ratio Br(B̄ → Xsγ) is linear in the couplings. Therefore, the branching
ratio in dependence on two couplings is a flat, two-dimensional plane intersecting the
plane described by the Standard Model value of the branching ratio. The intersection
results in a line causing the behaviour seen in the figures. Combining the B-physics
measurement with the two top quark measurement constrains these distributions much
better due to the fact that the models for both top quark observables are of quadratic
order. For the VL-VR-distribution (see Subfigure A.6a) and the VL-gL-distribution (see

9 They are the same within the numerical uncertainties.
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Figure 5.7: Posterior distributions of the two-dimensional fits of gL and gR with VL = 1 and
VR = 0 for the ensemble test, including the Br(B̄ → Xsγ) measurement. The plot shows the
comparison between the distribution only with the B-physics measurement (coloured contour
plot) and with the B-physics measurement and the top physics measurements combined (black
lines). The intervals resulting only from the B-physics measurement are dependent on the range
of the plots since the distribution exceeds the range.

Subfigure A.6b), there are two smallest 68% C.L. intervals for each fit. One of them is
consistent with the Standard Model values of the anomalous couplings, the other “island”
is around (VL ∼ −1, VR ∼ −0.04) and (VL ∼ −1, gL ∼ 0.02), respectively. Because of
the high sensitivity of the B-physics observable to VR and gL, the VR-gL-distribution is
very narrow. Even though the posterior distribution from the ensemble test of the three
combined measurements is constrained in all directions of the anomalous couplings, it does
not fit into the plot completely. Therefore, the distribution from the combination of the
three measurements looks the same as the distribution from the fit only to the B-physics
measurement. In general, the combination of the B-physics measurement with the two
top quark measurements constrains the anomalous couplings in all directions. All smallest
68.3% C.L. intervals are consistent with the Standard Model values. All distributions for
the combination of the two top quark measurements with the B-physics measurement are
narrower than the distribution with the two top quark physics measurements only.
From the plots of the two-dimensional fits (Figures 5.7 and A.6), it can be seen that VL
and VR, VL and gR, VR and gL, as well as gL and gR are correlated, while VL and gL, as well
as VR and gR are anticorrelated. This behaviour is explained by Equation (5.6): For the

76



5.6 Combination of the top quark measurements with a B-physics measurement

two-dimensional fits, two couplings are varied at the time, while the other ones are fixed
to their Standard Model values. For a fixed branching ration, the couplings entering with
a different sign in Equation (5.6) are correlated for these fits and the couplings entering
with the same sign are anticorrelated.

In conclusion, the measurement of the branching ratio of the process B̄ → Xsγ sets
much narrower one-dimensional bounds on VR and gL than the combination of the two
top quark measurements. The combination of the three measurements helps to further
constrain the one-dimensional limits of VL and gR from the B-physics measurement. It also
constrains the two-dimensional distributions of the couplings which are all unconstrained
in one direction for the fits only with the B-physics observable. On the other hand,
the combination with the B-physics measurement further constrains the bounds from
the two top quark measurements. As already mentioned, all bounds including the B-
physics measurement can also be influenced by other physics beyond the Standard Model
contributing to the loop of the process b→ sγ. They are therefore more sensitive to other
new physics phenomena than the bounds including only the top quark measurements.
Therefore, the bounds including the B-physics measurement have to be regarded with
care.
This example also shows that it is relatively easy to combine the two top quark measure-
ments with further measurements of observables sensitive to anomalous Wtb couplings, if
these measurements and the two top quark measurements are uncorrelated with respect to
the sources of systematic uncertainties. It can be considered for future studies to combine
further uncorrelated measurements with these measurements.
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6 Results

This chapter presents the results of one-, two- and four-dimensional fits to the mea-
sured values of the W helicity fractions [6] and the t-channel single top production cross
section [7], as well as to the combination of both measurements using the combination
method presented in this thesis (see Section 2.3 and Chapter 3). These fits set bounds on
the anomalous couplings VL, VR, gL and gR at the Wtb vertex. The anomalous couplings
are assumed to be real. The uncertainties and the total correlation matrix are shown in
Chapter 4. In additional fits, the combination of the two top quark measurements with
the average value of the branching ratio of the process B̄ → Xsγ is used to set further
bounds on the anomalous couplings. In addition to these fits, a comparison between
two other recent and similar results of the combination of top quark measurements, and
the combinations presented in this thesis is performed. Also, the obtained bounds on
anomalous couplings are used to estimate lower limits on new electroweak physics.
In this chapter, if not mentioned differently, “the Standard Model values” means in fact
“the Standard Model values of the anomalous Wtb couplings”.

6.1 Results of the fits to real data

This section presents the bounds on the anomalous couplings VL, VR, gL and gR using
real data. These bounds are obtained from one-, two- and four-dimensional fits. The
four-dimensional fits are conducted via Markov Chain Monte Carlo using the Metropolis
algorithm1, see References [5, 127–129]. The fits of the combination of the W helicity
fractions with the t-channel cross section are performed using the experimental values
from References [6] and [7], the correlation matrix and the uncertainties from Chapter 4
and the framework presented in Chapter 3. The combination of the two top quark
measurements with the average value of the branching ratio of the process B̄ → Xsγ

1The reason why there is no ensemble test for the four-dimensional fit is that this fit takes much more
CPU time because of the Metropolis algorithm. Also, there are no four-dimensional fits including the
B-physics measurement due to numerical issues arising in these fits.
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observables → F0, FL, σt, σt̄ only F0, FL only σt, σt̄
smallest 95% C.L.

bounds
lower
bounds

upper
bounds

lower
bounds

upper
bounds

lower
bounds

upper
bounds

VL − 1
-0.05(1)

-2.17(1)

0.17(1)

-1.94(1)
- -

-0.09(1)

-2.14(1)

0.15(1)

-1.90(1)

VR -0.30(1) 0.31(1) -0.29(1) 0.29(1) -0.49(1) 0.49(1)

gL -0.19(1) 0.16(1) -0.19(1) 0.16(1) -0.37(1) 0.38(1)

gR -0.094(1) 0.029(1)
-0.08(1)

0.75(1)

0.04(1)

0.80(1)
-0.30(1) 0.46(1)

Table 6.1: The smallest 95% C.L. bounds on anomalous Wtb couplings from the one-
dimensional fits of the W helicity measurement, the t-channel cross section measurement and
both measurements combined, including their numerical uncertainties and using measured data
from Reference [6] and [7]. Three couplings are fixed to the Standard Model values at a time.
The numerical uncertainties shown here are estimated from the range and the binning of the
posterior distributions.

taken from Reference [10] is also presented in this section.

6.1.1 Combination of the W helicity measurement with the
t-channel cross section measurement

This subsection presents the results of the combination of the W helicity measurement
with the t-channel single top production cross section measurement using the data from
References [6] and [7]. The one-dimensional fit results, fixing the other three couplings at
their Standard Model values, are presented in Table 6.1. All smallest 95% C.L. intervals
are consistent with the Standard Model values. For the fits of theW helicity measurement,
VL is unconstrained and the right-handed tensor coupling has a second interval at gR ∼ 0.8.
For the fits of the t-channel cross section measurement, there is a second 95% C.L. interval
for VL around VL ∼ −1. The combination of the two top quark measurements constrains
VL, allowing a second region around VL ∼ −1. The second interval around gR ∼ 0.8
allowed by the W helicity measurement does not exist. Apart from this, the bounds on
VR, gL and gR compared to the fit to the W helicity measurement only, as well as on
VL compared to the fit to the t-channel measurement do not get narrower within the
numerical uncertainties. All of these bounds are consistent with the Standard Model
values. The smallest 95% C.L. bounds overlap with the ones from the expectation shown
in Table 5.1.
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Figure 6.1: Comparison between the results of the posterior probabilities of the gL-gR-
distributions with VL = 1 and VR = 0 from the separate fits of the W helicity fractions,
the t-channel cross sections and from the combination of both measurements, using real data.

The two-dimensional fit results to real data are shown in Figure 6.1 and Figure 6.2, where
the other two couplings are fixed to their Standard Model values. Their properties are
the following:

• VR-gR- and gL-gR-distributions (Subfigures 6.2e and 6.2f, as well as Figure 6.1): The
distributions from the fits of theW helicity measurement have a smallest 95.5% C.L.
interval around gR ∼ 0.8 each, while the other smallest 95.5% C.L. intervals are
consistent with the Standard Model values. The smallest 68.3% intervals of both
distributions are not consistent with these Standard Model values. The smallest
68.3% intervals from the fits of the t-channel cross section measurement are much
wider than the ones for the fit of theW helicity measurement for both fits. They are
consistent with the Standard Model values and do not have a second region around
gR ∼ 0.8. The combination of the two top quark measurements yields no second
region around gR ∼ 0.8 and it causes the general areas to shrink with respect to
the separate fits of the observables. The resulting smallest 95.5% C.L. intervals are
consistent with the Standard Model values, but the smallest 68.3% C.L. intervals
are not.
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Figure 6.2: Comparison between the results of the two-dimensional fits of the measurements of
theW helicity fractions, the t-channel cross sections and the combination of both measurements,
using real data.
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• VL-VR- ,VL-gL- and VL-gR-distributions (Subfigures 6.2a, 6.2b and 6.2c): The poste-
rior distributions from the fits of the W helicity measurement are unconstrained in
the direction of VL, so the distributions are dependent on the ranges of the fits. The
range of these fits for VL is chosen to be [−1.5, 1.5]. The smallest 95.5% C.L. intervals
are all consistent with the Standard Model values for the given range of VL, but the
smallest 68.3% C.L. intervals of the VL-gL-distribution are not. For the fits of the t-
channel cross section measurement only, there are two smallest 68.3% C.L. intervals
each: one around the Standard Model values and one consistent with VL ∼ −1
and VR/gL/gR ∼ 0. For the VL-gR-distribution, both of these areas are slightly
tilted, covering a relatively large area of the parameter space. The combination
with the W helicity measurement causes these two intervals to shrink and for the
VL-gR-distribution, the combination of both measurements yields four “islands”: one
consistent with the Standard Model values, one consistent with VL ∼ −1 and gR ∼ 0,
one consistent with VL ∼ −0.8 and gR ∼ −0.6 and one consistent with VL ∼ 0.8
and gR ∼ 0.6. The resulting smallest 95.5% C.L. intervals are all consistent with
the Standard Model values, but the smallest 68.3% C.L. intervals of the VL-gL-
distribution are not.

• VR-gL-distribution (Subfigure 6.2d): For the two fits of the separate measurements,
the smallest 68.3% C.L. intervals are consistent with the Standard Model values and
for their combination, the smallest 68.3% C.L. interval is not consistent with the
Standard Model values, but the smallest 95.5% C.L. interval is.

The smallest 68.3% C.L. intervals from the two-dimensional fits of the combination of the
two measurements, using real data, overlap with the ones of the expected distributions,
determined by the ensemble tests presented in Chapter 5, see Figure 6.3 and Figure A.7.
Even though some of the smallest 68.3% C.L. intervals of these fits are not consistent with
the Standard Model values, it is possible that the deviation of the distributions from the
expectation is due to the uncertainties of the measurement, see Section 5.3.
Figure 6.4 shows the plots of the four-dimensional fit for the combined measurements
and for the cross section measurement only. The couplings not displayed in the different
subfigures are integrated over. The distributions for the W helicity fractions are not
shown here because they do not depend on VL, so all plots would depend on the defined
range of VL. Taking into account only the cross section measurement, the smallest 68.3%
C.L. intervals of the VR-gR- and gL-gR-distributions are not consistent with the Standard
Model values, but their smallest 95.5% C.L. intervals are. For the combination of the
two top quark measurements, all smallest 68.3% C.L. intervals are consistent with the
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Figure 6.3: The posterior distribution from the two-dimensional fit of the two tensor couplings
for the real measurements (coloured contour plot, vector couplings fixed to Standard Model
value) in comparison to the posterior distribution of the ensemble test (black lines) presented in
Chapter 5 as the expected outcome of the fit assuming the anomalous couplings acquiring their
Standard Model values.

Standard Model values, except for the VR-gL-distribution. Nevertheless, the smallest
95.5% C.L. interval of the VR-gL-distribution is consistent with the Standard Model values.
The combination with the W helicity measurement causes the bounds on the anomalous
couplings to become narrower.
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Figure 6.4: Plots of the four-dimensional fit of the t-channel cross section measurement only
(black lines) and the combination of both top quark measurements (coloured contour plots).
The couplings not displayed in the different plots are integrated over.
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6.1.2 Combination of the two top quark measurements with the
B-physics measurement

In this subsection, the measurement of the branching ratio of the process B̄ → Xsγ is
combined with the two top quark measurements (W helicity and t-channel cross section
measurement) and fits are conducted to set further limits on anomalous Wtb couplings.
The combination and the model of the branching ratio in dependence on the anomalous
couplings are shown in Section 5.6. The value from the B-physics measurement is a
combined value2 taken from Reference [10]. The combination of the measurements of the
branching ratio Br(B̄ → Xsγ) to obtain the value used here is described in Appendix A.5.
The value3 used for this combination is

Br(B̄ → Xsγ) = (3.55 ± 0.24︸ ︷︷ ︸
stat&sys

± 0.09︸ ︷︷ ︸
comb

± 0.23︸ ︷︷ ︸
pred

)× 10−4

= (3.55 ± 0.34)× 10−4 ,

(6.1)

with the combined statistical and systematic uncertainty (“stat&sys”), the systematic
uncertainty of the average (“comb”, both from Reference [10]) and the uncertainty of the
Standard Model prediction (“pred”) from Reference [126], which is added to describe the
uncertainty of the reference value.
Table 6.2 shows the results of three one-dimensional fits: the fits of the combination of
only the two top quark measurements, of the B-physics measurement only and of the three
measurements combined. All smallest 95% C.L. intervals are consistent with the Standard
Model values and overlap with the smallest 95% C.L. intervals from the expectation, see
Table 5.4. The intervals for the combination of the top quark measurements only are the
same as shown in Table 6.1. The intervals for the fits of the B-physics measurement
are consistent with the results from Reference [124], also shown in Table 6.3 within
the numerical uncertainties. The comparison is possible because the fit conducted in
this thesis uses a constant prior. Possible deviations could stem from the fact that the
top quark mass used in the reference is different from the one used here and that the
combined value for the branching ratio is from a less recent combination [130] with larger
uncertainties. As already mentioned in Section 5.6, the smallest 95% C.L. bounds from

2Taking a combined value for the B-physics measurement for this combination does not cause any
problems because all sources of uncertainties are assumed to be uncorrelated between the top physics
and B-physics measurements, as already explained in Section 5.6. The combined value can therefore be
treated as the result of a single measurements with the advantage of smaller uncertainties.

3The influence of CP violation is taken to be small to be able to assume Br(B̄ → Xsγ) = Br(B → Xsγ),
see Appendix A.5.
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observables → top and B-physics
measurements

only top physics
measurements

only B-physics
measurements

smallest 95% C.L.
bounds

lower
bounds

upper
bounds

lower
bounds

upper
bounds

lower
bounds

upper
bounds

VL − 1 -0.081(1) 0.058(1)
-0.05(1)

-2.17(1)

0.17(1)

-1.94(1)
-0.13(1) 0.04(1)

VR -0.0006(1) 0.0025(1) -0.30(1) 0.31(1) -0.0006(1) 0.0025(1)

gL -0.0013(1) 0.0003(1) -0.19(1) 0.16(1) -0.0013(1) 0.0003(1)

gR -0.086(1) 0.035(1) -0.094(1) 0.029(1) -0.14(1) 0.56(1)

Table 6.2: The smallest 95% C.L. bounds from the one-dimensional fits of the anomalous cou-
plings from the combination of the two top physics measurements, the B-physics measurement
and the three measurements combined, including their numerical uncertainties and using data
from the References [6, 7, 10]. The three other couplings are fixed to the Standard Model values
at a time. The numerical uncertainties shown here are estimated from the range and the binning
of the posterior distributions.

95% C.L. bounds VL − 1 VR gL gR

upper bound 0.03 0.0025 0.0004 0.57

lower bound -0.13 -0.0007 -0.0013 -0.15

Table 6.3: 95% C.L. bounds on anomalous couplings using the branching ratio of the decay
B̄ → Xsγ, taken from Reference [124].

the B-physics measurement on the right-handed vector coupling VR and the left-handed
tensor coupling gL are two orders of magnitude narrower than for the combination of
the two top quark measurements. Also, the bounds on the left-handed vector coupling
VL are narrower and do not allow a second “island” around VL ∼ −1 for the fit of the
B-physics measurement. Only the smallest 95% C.L. bounds on the right-handed tensor
coupling gR are narrower for the combination of the top physics measurement. For the
combination of the three measurements, the smallest 95% C.L. bounds on VR and gL

are the same4 as those obtained from the fit of the B-physics measurement only. The
smallest 95% C.L. bounds on gR are the same4 as from the combination of the two top
quark measurements only. Furthermore, the second “island” around VL ∼ −1 disappears
and the smallest 95% C.L. bounds on VL are even narrower than those from the fit of the
B-physics measurement.
Figures 6.5 and A.8 show the posterior distributions from the two-dimensional fits of the
B-physics measurement only and of the combination of the B-physics measurement with
the two top quark measurements. As already discussed in Section 5.6, all distributions
of the B-physics measurement are unconstrained in one direction because the model of
4 They are the same within the numerical uncertainties.
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Figure 6.5: Posterior distributions of the two-dimensional fits of gL and gR with VL = 1 and
VR = 0 for the data from References [6, 7, 10], including the Br(B̄ → Xsγ) measurement.
The plot shows the comparison between the distribution only with the B-physics measurement
(coloured contour plot) and with the B-physics measurement and the top physics measurements
combined (black line as smallest 68.3% credibility level interval). The intervals resulting only
from the B-physics measurement are dependent on the range of the plots since the distribution
exceeds the range.

the branching fraction is linear in the anomalous couplings. For the combination of
the B-physics measurement with the top quark measurements, all distributions are fully
constrained. The smallest 95.5% C.L. intervals of all fits are consistent with the Standard
Model values of the anomalous couplings. The VL-VR- and the VL-gL-distributions allow a
second island each around VL ∼ −1 and VR ∼ −0.04/gL ∼ 0.02. The posterior distribution
for the fit of VR and gL together could not be fully displayed in the plot because the
distribution is too narrow. Figure A.9 shows the comparison between the fits of the data
from the real measurements with the expectation obtained from the ensemble tests, which
shows that the smallest 68.3% C.L. intervals for “result” and “expectation” overlap each
other.
All distributions for the two-dimensional fits of the combination of the two top quark
measurements with the B-physics measurement are narrower than these distributions for
the two top quark physics measurements only. As already mentioned in Section 5.6, all
bounds including the B-physics measurement are sensitive to more possible sources of
physics beyond the Standard Model than the top quark measurements, so these bounds
have to be regarded with care.
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6.2 Comparison with similar results setting bounds on anomalous Wtb couplings

6.2 Comparison with similar results of the
combination of top quark measurements setting
bounds on anomalous Wtb couplings

There are several publications which also set bounds on anomalous Wtb couplings via the
combination of top quark measurements. In this section, the results from this thesis will
be compared to the results of two recent publications.
The combination presented in Reference [131] uses six top quark measurements to con-
strain the four anomalous couplings VL, VR, gL and gR, as well as an additional coefficient
C4f for four-fermion couplings. In addition, a study on anomalous gtt̄ couplings5 is
conducted in this reference. The six measurements used for the combination are a W
helicity measurement conducted by the Cms collaboration at

√
s = 8 TeV [132], one t-

channel single top cross section measurement for
√
s = 7 TeV and

√
s = 8 TeV each

(both conducted by the Cms collaboration) [133, 134], one combination of s-channel
single top cross section measurements at

√
s = 1.98 TeV conducted by the CDF and DØ

collaborations [77] and one measurement of the W -associated single top cross section at
√
s = 7 TeV and

√
s = 8 TeV each (both conducted by the Cms collaborations) [135, 136].

A value of an anomalous coupling ci = VL−1, VR, gL, gR, C4f is considered to be excluded
at 95% confidence level by the measurement of the observable x, if

xMG5(ci)− xMG5(0) > xexp − xth + 2
√

(∆xexp)2 + (∆xth)2 or

xMG5(ci)− xMG5(0) < xexp − xth − 2
√

(∆xexp)2 + (∆xth)2 ,
(6.2)

where xMG5(ci) is the observable in dependence on the coupling ci modelled using Feyn-
Rules [137] and MadGraph 5 [138], xexp is central value of the experimental result and
xth theoretical Standard Model value with the respective uncertainties ∆xexp and ∆xth.
For the W helicity measurements, the method described here is modified to take into
account the correlation between F0 and FL. Correlations between the measurements are
not taken into account.
In Reference [139], two Cms measurements are combined to determine bounds on the
four anomalous couplings VL, VR, gL and gR using the TopFit package [140]. These two
measurements are aW helicity measurement [132] and a t-channel single top cross section
measurement [134], both using data taken at a centre-of-mass energy of 8 TeV. They are
also used in the combination presented in Reference [131]. Correlations between these
5This describes the coupling of the gluon to two top quarks.
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observables → this combination
top and B-physics

this combination
only top physics Reference [131] Reference [139]

smallest 95% C.L.
bounds

lower
bounds

upper
bounds

lower
bounds

upper
bounds

lower
bounds

upper
bounds

lower
bounds

upper
bounds

VL − 1 -0.081(1) 0.058(1)
-0.05(1)

-2.17(1)

0.17(1)

-1.94(1)
-0.098 0.081 - -

VR -0.0006(1) 0.0025(1) -0.30(1) 0.31(1) -0.112 0.162 -0.13 0.18

gL -0.0013(1) 0.0003(1) -0.19(1) 0.16(1) -0.081 0.049 -0.09 0.06

gR -0.086(1) 0.035(1) -0.094(1) 0.029(1) -0.142 0.023 -0.15 0.01

Table 6.4: The smallest 95% C.L. bounds on anomalousWtb couplings from the one-dimensional
fits of the combination presented in this thesis (with and without the B-physics measurement),
as well as from the combinations presented in Reference [131] and in Reference [139]. Three
couplings at the time are fixed to the Standard Model values.

measurements are not taken into account. In addition, imaginary parts of the couplings
are studied, as well as the influence of the combination of these measurements with a
measurement of the W -associated single top cross section [136] and Tevatron results
for the W helicity fractions [141] and the single top quark cross section (s- and t-channel
combined) [142]. For the comparison, the combination of the two Cms measurements at
√
s = 8 TeV, assuming the anomalous couplings to be real, is chosen.

The results of the one-dimensional fits from these two combinations in comparison with
the combination of the two top quark measurements presented in this thesis (with and
without the B-physics measurement), are listed in Table 6.4. If not specified differently,
“the combination presented in this thesis” means actually “the combination of the two top
quark measurements, without the B-physics measurement, presented in this thesis”. The
results for the two-dimensional fits of the gL-gR-distributions6 are listed in Figure A.10 for
Reference [131] and in Figure A.11 for Reference [139]. For the two-dimensional fits from
the two references, the top quark measurements are not combined. The overlap of the
distributions of the separate fits mark the allowed regions from all measurements. To be
able to compare the results, this overlap is interpreted as the approximated distribution
from the fit for the combined measurements. Although the bounds from the two combi-
nations are based on frequentist reasoning, they can be compared with the combination
from this thesis, which is based on Bayesian reasoning, because the prior of the posterior
distribution is constant.

6Both references also include two-dimensional fits of the VL-VR-distributions. They are not used for
the comparison because the model of the W helicity fractions is not sensitive to VL and therefore, the
resulting distributions are sensitive to the range of the fits.
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• Comparison with the combination presented in Reference [131]:
The one-dimensional 95% C.L. bounds on VL, VR and gL from this reference are
narrower than the bounds from the combination presented in this thesis, while the
right-handed tensor coupling gR is better constrained by the combination presented
in this thesis. In the two-dimensional fits of the gL-gR-distributions, the overlap
of the 95% C.L. regions of this reference constrains gR approximately7 as good
as the combination presented in this thesis. The bounds on gL are narrower for
the overlapping distributions presented in Reference [131] than for the combination
presented in this thesis.

• Comparison with the combination presented in Reference [139]:
The one-dimensional 95% C.L. bounds on the anomalous couplings VR and gL from
this reference are narrower than the bounds from the combination presented in
this thesis. The bounds on gR from this reference are wider than the bounds
from the combination presented in this thesis. Also, there are no one-dimensional
bounds listed for VL in this reference. The one-dimensional 95% C.L. bounds
on VR and gL from this reference are wider than the ones from Reference [131]
because this combination only uses two measurements instead of six. The one-
dimensional 95% C.L. bounds on gR are slightly narrower than the ones from
Reference [131], which could be due to the rounding or due to the different models
and combination techniques used in Reference [131]. Regarding the two-dimensional
95% C.L. fits, the limits on gR from the overlapping regions presented in this
reference are approximately of the same size as for the overlapping regions presented
in Reference [131] and the combination presented in this thesis. The bounds on
gL are narrower for the overlapping fits presented in this reference than for the
combination presented in this thesis, and they are approximately of the same size
as the ones from the combination presented in Reference [131].

The reason the combination presented in Reference [131] yields the narrowest bounds
on the anomalous couplings VL, VR and gL compared to the other two combinations is
assumed to be the fact that six measurements are combined instead of two. Although
the uncertainties of the Cms measurements8 from References [132] and [134], used in
the combination from both references, are approximately of the same size as the ones of
the Atlas measurements used in this thesis, the bounds from the combination of these

7This is a rough estimation by eye. When estimating this range for the x-y-distribution, the maximal
(minimal) values of x are the 95% bounds with the biggest deviations from the Standard Model value
of the coupling x in the positive (negative) direction for all y.

8F0 = 0.659± 0.027, FL = 0.350± 0.026, σt+t̄ = 83.6± 7.7 pb
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two Cms measurements presented in Reference [139] are narrower for VR and gL. This
can be due to the different model parameters of the t-channel cross section for

√
s = 8

TeV compared to the parameters used in this thesis for
√
s = 7 TeV. A more direct

comparison can be made for the W helicity measurements, because the same model with
the same particle masses is used for both combinations and this model is independent
from the centre-of-mass-energy. The model in dependence on the anomalous couplings,
fixing three couplings at the time, is shown in Figure 3.1. For constant ∆F0 and ∆FL,
higher F0 and FL result in narrower bounds on gL because of the quadratic behaviour in
gL peaking at the Standard Model values of theW helicity fractions. The same holds true
for FL in dependence on VR (but not for F0). On the other hand, the bounds on gR from
the combination presented in this thesis are narrower than the bounds from the Cms
measurement, because the uncertainty on FL from the Atlas measurement is smaller
than for the Cms measurement and gR does not have the described property of VR and
gL peaking at the Standard Model values. For a better comparison, sensitivity studies of
the combinations presented in References [131] and [139], assuming the Standard Model
values to be the real measured values, analogous to Chapter 5, would be necessary.
Besides the comparison of the three combinations only taking into account top quark
measurements, the combination presented in this thesis including the two top quark
measurements and the B-physics measurement yields the best bounds on the anomalous
couplings for all of the combinations presented in this section, see Table 6.4. As it is
expected, especially the bounds on VR and gL are two orders of magnitude narrower than
these bounds from the three presented combinations taking into account only top quark
measurements.

As already demonstrated in Section 5.4, it is very important to treat the correlations
between the combined measurements with respect to their sources of uncertainties in the
right way in order to obtain precise bounds on anomalous couplings from the fits. Even
though the combinations from References [131] and [139] yield narrower bounds on VR and
gL, they assume these correlations to be zero. Considering these correlations would result
in more precise and therefore better bounds on the anomalous couplings for both of these
combinations. However, it is necessary to have a further insight into the measurement’s
analysis for the correct determination of these correlations, which is only possible for
members of the experiment’s collaborations.
These combinations also do not take into account the uncertainties due to the Standard
Model prediction of the observables. Therefore, the uncertainty of the actual position
of (VL, VR, gL, gR) = (1, 0, 0, 0) is not considered in the distributions emerging from the
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fits of these combinations. Including these uncertainties would loosen the bounds on the
anomalous couplings.

Even though the bounds on VL, VR and gL from the combination presented in this
thesis are not the narrowest ones of these three combinations, they can be considered
to be the most reliable ones because of the consideration of the correlations between the
two measurements with respect to the sources of uncertainties and the inclusion of the
uncertainties of the Standard Model values of the observables. In addition, the bounds
on the right-handed tensor coupling gR are the best ones of these three combinations. In
contrast to the other two combinations, the studies presented in this thesis also include
two- and four-dimensional fits of the combination, with the possibility to also conduct
three-dimensional fits.
As it is pointed out in Reference [139], the combination of the Lhc measurements with
Tevatron measurements can improve the Lhc limits by roughly 20%. This combination
can also be considered to improve the limits presented in this thesis. Nevertheless, there
are some sources of systematic uncertainties for which the correlations between the Atlas
measurements and the measurements of DØ and CDF have to be studied. Possible
correlations can arise e.g. for Monte Carlo data, for Monte Carlo based uncertainty
components of the jet energy scale or for the treatment of fragmentation processes. This
requires some insight into these analyses and it has to be checked if the needed data is
available in order to conduct this combination. A study of correlations between the sources
of systematic uncertainties of Atlas, Cms, CDF and DØ measurements is performed for
instance in Reference [60] for a top quark mass combination.

6.3 Energy scale of the effective operators

As described in Section 1.3, the higher dimensional operators in the effective field theory
of anomalous Wtb couplings are suppressed by orders of the mass scale where new
electroweak physics is expected. From the one-dimensional limits on the anomalous
couplings, lower limits of the energy scale for the effective operators from Equations (1.29)
to (1.33) can be estimated the way it was done in Reference [131]. Above these lower
limits, there is still room for new physics. With the rough estimation of C(3)∗

φq ≈ 1 and
ReCqW ≈ 0 using VL, C∗φφ ≈ 1 using VR, C∗dW ≈ 1 using gL and CuW ≈ 1 using gR, one
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6 Results

|VL − 1| ≤ 0.17(1), Λ & 600 GeV

|VR| ≤ 0.31(1), Λ & 300 GeV

|gL| ≤ 0.19(1), Λ & 700 GeV

|gR| ≤ 0.094(1), Λ & 1000 GeV

(a) Constraints only from the two top quark
measurements.

|VL − 1| ≤ 0.081(1), Λ & 900 GeV

|VR| ≤ 0.0025(1), Λ & 3500 GeV

|gL| ≤ 0.0013(1), Λ & 8200 GeV

|gR| ≤ 0.086(1), Λ & 1000 GeV

(b) Constraints from the two top quark measure-
ments and the B physics measurement.

Table 6.5: Constraints on the energy scale of the effective operators from the four anomalous
couplings at 95% C.L..

can write the Equations from (1.36) as

Λ ≈ 246 GeV√
VL − 1

, Λ ≈ 293 GeV
√
gL

,

Λ ≈ 174 GeV√
VR

, Λ ≈ 293 GeV
√
gR

,

(6.3)

with the Higgs vacuum expectation value v ≈ 246 GeV [12]. For this estimation, the
limits9 from the one-dimensional fits of the combination of the two top quark measure-
ments and of the combination of the two top quark measurements with the B-physics
measurement shown in Tables 6.1 and 6.2 are used.
The results from this estimation of the lower 95% C.L. bounds can be seen in Table 6.5.
Table 6.5a shows the constraints from the combination of the W helicity fraction mea-
surement with the t-channel production cross section measurement. Table 6.5b shows
the constraints from the combination of these two top quark measurements with the
measurement of Br(B̄ → Xsγ). The lower 95% C.L. limits for the energy scale Λ, taking
into account only the top quark measurements, vary from 300 GeV to 1000 GeV. These
lower limits are in principle possible to test via direct searches at the Lhc, e.g. in searches
for new particles. Including the measurement of Br(B̄ → Xsγ) improves these limits by far
because of the much higher sensitivity to VR and gL of the used B physics measurement.
A lower limit of 8.2 TeV, like it emerges from VR in the latter combination, is not possible
or at least extremely difficult to test in direct searches at the Lhc, even at a centre-of-mass
energy of

√
s = 14 TeV, because the partons inside the colliding protons contributing to

the relevant interactions only carry a fraction of the energy of the protons. The lower
95% C.L. limits for the energy scale Λ from Reference [131] varies from 430 GeV to 1 TeV.
These limits are of the same order of magnitude as the lower limits obtained here from

9The largest absolute value of the lower and upper value is taken for each coupling. For VL, only the
limits around the Standard Model value are considered, which is valid because this is just an estimation.
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6.3 Energy scale of the effective operators

Model e,µ,τ,γ Jets Emiss
T
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MSUGRA/CMSSM 0 2-6 jets Yes 20.3 m(q̃)=m(g̃) 1405.78751.7 TeVq̃, g̃

MSUGRA/CMSSM 1 e,µ 3-6 jets Yes 20.3 any m(q̃) ATLAS-CONF-2013-0621.2 TeVg̃

MSUGRA/CMSSM 0 7-10 jets Yes 20.3 any m(q̃) 1308.18411.1 TeVg̃

q̃q̃, q̃→qχ̃01 0 2-6 jets Yes 20.3 m(χ̃01)=0 GeV, m(1st gen. q̃)=m(2nd gen. q̃) 1405.7875850 GeVq̃

g̃g̃, g̃→qq̄χ̃01 0 2-6 jets Yes 20.3 m(χ̃01)=0 GeV 1405.78751.33 TeVg̃

g̃g̃, g̃→qqχ̃±
1→qqW±χ̃01 1 e,µ 3-6 jets Yes 20.3 m(χ̃01)<200GeV, m(χ̃

±)=0.5(m(χ̃01)+m(g̃)) ATLAS-CONF-2013-0621.18 TeVg̃

g̃g̃, g̃→qq(ℓℓ/ℓν/νν)χ̃01 2 e,µ 0-3 jets - 20.3 m(χ̃01)=0GeV ATLAS-CONF-2013-0891.12 TeVg̃

GMSB (ℓ̃ NLSP) 2 e,µ 2-4 jets Yes 4.7 tanβ<15 1208.46881.24 TeVg̃

GMSB (ℓ̃ NLSP) 1-2 τ+ 0-1 ℓ 0-2 jets Yes 20.3 tanβ>20 1407.06031.6 TeVg̃
GGM (bino NLSP) 2 γ - Yes 20.3 m(χ̃01)>50GeV ATLAS-CONF-2014-0011.28 TeVg̃
GGM (wino NLSP) 1 e,µ+ γ - Yes 4.8 m(χ̃01)>50GeV ATLAS-CONF-2012-144619 GeVg̃
GGM (higgsino-bino NLSP) γ 1 b Yes 4.8 m(χ̃01)>220GeV 1211.1167900 GeVg̃
GGM (higgsino NLSP) 2 e,µ (Z) 0-3 jets Yes 5.8 m(NLSP)>200GeV ATLAS-CONF-2012-152690 GeVg̃

Gravitino LSP 0 mono-jet Yes 10.5 m(G̃)>10−4 eV ATLAS-CONF-2012-147645 GeVF1/2 scale

g̃→bb̄χ̃01 0 3 b Yes 20.1 m(χ̃01)<400GeV 1407.06001.25 TeVg̃

g̃→ tt̄χ̃01 0 7-10 jets Yes 20.3 m(χ̃01) <350GeV 1308.18411.1 TeVg̃

g̃→ tt̄χ̃01 0-1 e,µ 3 b Yes 20.1 m(χ̃01)<400GeV 1407.06001.34 TeVg̃

g̃→bt̄χ̃+
1 0-1 e,µ 3 b Yes 20.1 m(χ̃01)<300GeV 1407.06001.3 TeVg̃

b̃1b̃1, b̃1→bχ̃
0
1 0 2 b Yes 20.1 m(χ̃01)<90GeV 1308.2631100-620 GeVb̃1

b̃1b̃1, b̃1→ tχ̃
±
1 2 e,µ (SS) 0-3 b Yes 20.3 m(χ̃±

1 )=2 m(χ̃
0
1) 1404.2500275-440 GeVb̃1

t̃1 t̃1(light), t̃1→bχ̃
±
1 1-2 e,µ 1-2 b Yes 4.7 m(χ̃01)=55GeV 1208.4305, 1209.2102110-167 GeVt̃1

t̃1 t̃1(light), t̃1→Wbχ̃
0
1 2 e,µ 0-2 jets Yes 20.3 m(χ̃01) =m(t̃1)-m(W)-50 GeV, m(t̃1)<<m(χ̃±

1 ) 1403.4853130-210 GeVt̃1
t̃1 t̃1(medium), t̃1→ tχ̃

0
1 2 e,µ 2 jets Yes 20.3 m(χ̃01)=1 GeV 1403.4853215-530 GeVt̃1

t̃1 t̃1(medium), t̃1→bχ̃
±
1 0 2 b Yes 20.1 m(χ̃01)<200GeV, m(χ̃

±
1 )-m(χ̃

0
1)=5GeV 1308.2631150-580 GeVt̃1

t̃1 t̃1(heavy), t̃1→ tχ̃
0
1 1 e,µ 1 b Yes 20 m(χ̃01)=0 GeV 1407.0583210-640 GeVt̃1

t̃1 t̃1(heavy), t̃1→ tχ̃
0
1 0 2 b Yes 20.1 m(χ̃01)=0 GeV 1406.1122260-640 GeVt̃1

t̃1 t̃1, t̃1→cχ̃
0
1 0 mono-jet/c-tag Yes 20.3 m(t̃1)-m(χ̃

0
1 )<85GeV 1407.060890-240 GeVt̃1

t̃1 t̃1(natural GMSB) 2 e,µ (Z) 1 b Yes 20.3 m(χ̃01)>150GeV 1403.5222150-580 GeVt̃1
t̃2 t̃2, t̃2→ t̃1 +Z 3 e,µ (Z) 1 b Yes 20.3 m(χ̃01)<200GeV 1403.5222290-600 GeVt̃2

ℓ̃L,R ℓ̃L,R, ℓ̃→ℓχ̃01 2 e,µ 0 Yes 20.3 m(χ̃01)=0 GeV 1403.529490-325 GeVℓ̃
χ̃+
1 χ̃

−
1 , χ̃

+
1→ℓ̃ν(ℓν̃) 2 e,µ 0 Yes 20.3 m(χ̃01)=0 GeV, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1403.5294140-465 GeVχ̃±

1
χ̃+
1 χ̃

−
1 , χ̃

+
1→τ̃ν(τν̃) 2 τ - Yes 20.3 m(χ̃01)=0 GeV, m(τ̃, ν̃)=0.5(m(χ̃±

1 )+m(χ̃
0
1)) 1407.0350100-350 GeVχ̃±

1
χ̃±
1 χ̃
0
2→ℓ̃Lνℓ̃Lℓ(ν̃ν),ℓν̃ℓ̃Lℓ(ν̃ν) 3 e,µ 0 Yes 20.3 m(χ̃±

1 )=m(χ̃
0
2), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1402.7029700 GeVχ̃±

1 , χ̃
0
2

χ̃±
1 χ̃
0
2→Wχ̃01Zχ̃01 2-3 e,µ 0 Yes 20.3 m(χ̃±

1 )=m(χ̃
0
2), m(χ̃

0
1)=0, sleptons decoupled 1403.5294, 1402.7029420 GeVχ̃±

1 , χ̃
0
2

χ̃±
1 χ̃
0
2→Wχ̃01h χ̃01 1 e,µ 2 b Yes 20.3 m(χ̃±

1 )=m(χ̃
0
2), m(χ̃

0
1)=0, sleptons decoupled ATLAS-CONF-2013-093285 GeVχ̃±

1 , χ̃02
χ̃02χ̃

0
3, χ̃

0
2,3 →ℓ̃Rℓ 4 e,µ 0 Yes 20.3 m(χ̃02)=m(χ̃

0
3), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

0
2)+m(χ̃

0
1)) 1405.5086620 GeVχ̃0

2,3

Direct χ̃+
1 χ̃−
1 prod., long-lived χ̃±

1 Disapp. trk 1 jet Yes 20.3 m(χ̃±
1 )-m(χ̃

0
1)=160 MeV, τ(χ̃

±
1 )=0.2 ns ATLAS-CONF-2013-069270 GeVχ̃±

1
Stable, stopped g̃ R-hadron 0 1-5 jets Yes 27.9 m(χ̃01)=100 GeV, 10 µs<τ(g̃)<1000 s 1310.6584832 GeVg̃

GMSB, stable τ̃, χ̃01→τ̃(ẽ,µ̃)+τ(e,µ) 1-2 µ - - 15.9 10<tanβ<50 ATLAS-CONF-2013-058475 GeVχ̃0
1

GMSB, χ̃01→γG̃, long-lived χ̃01 2 γ - Yes 4.7 0.4<τ(χ̃01)<2 ns 1304.6310230 GeVχ̃0
1

q̃q̃, χ̃01→qqµ (RPV) 1 µ, displ. vtx - - 20.3 1.5 <cτ<156 mm, BR(µ)=1, m(χ̃01)=108GeV ATLAS-CONF-2013-0921.0 TeVq̃

LFV pp→ν̃τ +X,ν̃τ→e+µ 2 e,µ - - 4.6 λ′
311=0.10, λ132=0.05 1212.12721.61 TeVν̃τ

LFV pp→ν̃τ +X,ν̃τ→e(µ)+τ 1 e,µ+ τ - - 4.6 λ′
311=0.10, λ1(2)33=0.05 1212.12721.1 TeVν̃τ

Bilinear RPV CMSSM 2 e,µ (SS) 0-3 b Yes 20.3 m(q̃)=m(g̃), cτLS P<1 mm 1404.25001.35 TeVq̃, g̃
χ̃+
1 χ̃

−
1 , χ̃

+
1→Wχ̃01, χ̃

0
1→eeν̃µ,eµν̃e 4 e,µ - Yes 20.3 m(χ̃01)>0.2×m(χ̃

±
1 ), λ121 0 1405.5086750 GeVχ̃±

1
χ̃+
1 χ̃

−
1 , χ̃

+
1→Wχ̃01, χ̃

0
1→ττν̃e,eτν̃τ 3 e,µ+ τ - Yes 20.3 m(χ̃01)>0.2×m(χ̃

±
1 ), λ133 0 1405.5086450 GeVχ̃±

1
g̃→qqq 0 6-7 jets - 20.3 BR(t)=BR(b)=BR(c)=0% ATLAS-CONF-2013-091916 GeVg̃

g̃→ t̃1t, t̃1→bs 2 e,µ (SS) 0-3 b Yes 20.3 1404.250850 GeVg̃

Scalar gluon pair, sgluon→qq̄ 0 4 jets - 4.6 incl. limit from 1110.2693 1210.4826100-287 GeVsgluon
Scalar gluon pair, sgluon→ tt̄ 2 e,µ (SS) 2 b Yes 14.3 ATLAS-CONF-2013-051350-800 GeVsgluon
WIMP interaction (D5, Dirac χ) 0 mono-jet Yes 10.5 m(χ)<80GeV, limit of<687GeV for D8 ATLAS-CONF-2012-147704 GeVM* scale

Mass scale [TeV]10−1 1√s = 7 TeV
full data

√s = 8 TeV
partial data

√

both top quark- and B-physics measurements

both top quark measurements VL   VR   gL   gR

s = 8 TeV
full data

ATLAS SUSY Searches* - 95% CL Lower Limits
Status: ICHEP 2014

ATLAS Preliminary

√s = 7, 8 TeV

*Only a selection of the available mass limits on new states or phenomena is shown. All limits quoted are observed minus 1σ theoretical signal cross section uncertainty.

Figure 6.6: 95% C.L. mass exclusion limits on new states or phenomena for several supersym-
metric models [143] in comparison to the bounds from Table 6.5. The red lines indicate the
lower 95% C.L. bounds on the energy scale of the effective operators from the combination
of the two top quark measurements for the different couplings and the blue lines indicate the
lower 95% C.L. bounds from the combination of the top quark measurements with the B-physics
measurement for the different couplings.

the combination of the two top quark measurements.
Figures 6.6 and 6.7 show the 95% C.L. mass exclusion limits on new states or phenomena
for several models of physics beyond the Standard Model from different measurements in
comparison to the bounds from Table 6.5. It has to be pointed out that in this thesis, the
limits on the energy scale of the effective operators are obtained by a rough approximation
and also do not set bounds on any of these specific models listed here. The comparison
only serves the purpose to give an idea of the meaning of these bounds and to show of
which order of magnitude the 95% C.L. bounds on physics beyond the Standard Model
from direct searches are in comparison to the bounds obtained here.
These bounds are rough approximations, only hinting where new physics affecting the
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6 Results

Model ℓ, γ Jets Emiss
T
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ADD GKK + g/q − 1-2 j Yes 4.7 n = 2 1210.44914.37 TeVMD

ADD non-resonant ℓℓ 2e,µ − − 20.3 n = 3HLZ ATLAS-CONF-2014-0305.2 TeVMS

ADD QBH → ℓq 1 e,µ 1 j − 20.3 n = 6 1311.20065.2 TeVMth

ADD QBH − 2 j − 20.3 n = 6 to be submitted to PRD5.82 TeVMth

ADD BH high Ntrk 2 µ (SS) − − 20.3 n = 6, MD = 1.5TeV, non-rot BH 1308.40755.7 TeVMth

ADD BH high pT ≥1 e,µ ≥2 j − 20.3 n = 6, MD = 1.5TeV, non-rot BH 1405.42546.2 TeVMth

RS1 GKK → ℓℓ 2 e,µ − − 20.3 k/M Pl = 0.1 1405.41232.68 TeVGKK mass

RS1 GKK → WW → ℓνℓν 2 e,µ − Yes 4.7 k/M Pl = 0.1 1208.28801.23 TeVGKK mass

Bulk RS GKK → ZZ → ℓℓqq 2 e,µ 2 j / 1 J − 20.3 k/M Pl = 1.0 ATLAS-CONF-2014-039730 GeVGKK mass

Bulk RS GKK → HH → bb̄bb̄ − 4 b − 19.5 k/M Pl = 1.0 ATLAS-CONF-2014-005590-710 GeVGKK mass

Bulk RS gKK → tt 1 e,µ ≥1 b, ≥1J/2j Yes 14.3 BR = 0.925 ATLAS-CONF-2013-0522.0 TeVgKK mass

S1/Z2 ED 2 e,µ − − 5.0 1209.25354.71 TeVMKK ≈ R−1

UED 2 γ − Yes 4.8 ATLAS-CONF-2012-0721.41 TeVCompact. scale R−1

SSM Z′ → ℓℓ 2 e,µ − − 20.3 1405.41232.9 TeVZ′ mass

SSM Z′ → ττ 2 τ − − 19.5 ATLAS-CONF-2013-0661.9 TeVZ′ mass

SSM W ′ → ℓν 1 e,µ − Yes 20.3 ATLAS-CONF-2014-0173.28 TeVW′ mass

EGM W ′ → WZ → ℓνℓ′ ℓ′ 3 e,µ − Yes 20.3 1406.44561.52 TeVW′ mass

EGM W ′ → WZ → qqℓℓ 2 e,µ 2 j / 1 J − 20.3 ATLAS-CONF-2014-0391.59 TeVW′ mass

LRSM W ′
R → tb 1 e,µ 2 b, 0-1 j Yes 14.3 ATLAS-CONF-2013-0501.84 TeVW′ mass

LRSM W ′
R → tb 0 e,µ ≥1 b, 1 J − 20.3 to be submitted to EPJC1.77 TeVW′ mass

CI qqqq − 2 j − 4.8 η= +1 1210.17187.6 TeVΛ

CI qqℓℓ 2 e,µ − − 20.3 ηLL = −1 ATLAS-CONF-2014-03021.6 TeVΛ

CI uutt 2 e,µ (SS) ≥1 b, ≥1 j Yes 14.3 |C|= 1 ATLAS-CONF-2013-0513.3 TeVΛ

EFT D5 operator (Dirac) 0 e,µ 1-2 j Yes 10.5 at 90% CL for m(χ) <80GeV ATLAS-CONF-2012-147731 GeVM∗

EFT D9 operator (Dirac) 0 e,µ 1 J, ≤1 j Yes 20.3 at 90% CL for m(χ) <100GeV 1309.40172.4 TeVM∗

Scalar LQ 1st gen 2 e ≥2 j − 1.0 β= 1 1112.4828660 GeVLQ mass

Scalar LQ 2nd gen 2 µ ≥2 j − 1.0 β= 1 1203.3172685 GeVLQ mass

Scalar LQ 3rd gen 1 e,µ, 1 τ 1 b, 1 j − 4.7 β= 1 1303.0526534 GeVLQ mass

Vector-like quark TT → Ht + X 1 e,µ ≥2 b, ≥4 j Yes 14.3 T in (T,B) doublet ATLAS-CONF-2013-018790 GeVT mass

Vector-like quark TT → Wb + X 1 e,µ ≥1 b, ≥3 j Yes 14.3 isospin singlet ATLAS-CONF-2013-060670 GeVT mass

Vector-like quark TT → Zt + X 2/≥3 e,µ ≥2/≥1 b − 20.3 T in (T,B) doublet ATLAS-CONF-2014-036735 GeVT mass

Vector-like quark BB → Zb + X 2/≥3 e,µ ≥2/≥1 b − 20.3 B in (B,Y) doublet ATLAS-CONF-2014-036755 GeVB mass

Vector-like quark BB → Wt + X 2 e,µ (SS) ≥1 b, ≥1 j Yes 14.3 B in (T,B) doublet ATLAS-CONF-2013-051720 GeVB mass

Excited quark q∗→ qγ 1 γ 1 j − 20.3 only u∗and d∗, Λ = m(q∗) 1309.32303.5 TeVq∗mass

Excited quark q∗→ qg − 2 j − 20.3 only u∗and d∗, Λ = m(q∗) to be submitted to PRD4.09 TeVq∗mass

Excited quark b∗→ Wt 1 or 2 e,µ 1 b, 2 j or 1 j Yes 4.7 left-handed coupling 1301.1583870 GeVb∗mass

Excited lepton ℓ∗→ ℓγ 2 e,µ, 1 γ − − 13.0 Λ = 2.2TeV 1308.13642.2 TeVℓ∗mass

LSTC aT → W γ 1 e,µ, 1 γ − Yes 20.3 to be submitted to PLB960 GeVaT mass

LRSM Majorana ν 2 e,µ 2 j − 2.1 m(WR) = 2TeV, no mixing 1203.54201.5 TeVN0 mass
Type III Seesaw 2 e,µ − − 5.8 |Ve|=0.055, |Vµ|=0.063, |Vτ|=0 ATLAS-CONF-2013-019245 GeVN± mass

Higgs triplet H±± → ℓℓ 2 e,µ (SS) − − 4.7 DY production, BR(H±± → ℓℓ)=1 1210.5070409 GeVH±± mass
Multi-charged particles − − − 4.4 DY production, |q|= 4e 1301.5272490 GeVmulti-charged particle mass

Magnetic monopoles − − − 2.0 DY production, |g|= 1gD 1207.6411862 GeVmonopole mass

Mass scale [TeV]10−1 1 10√s = 7 TeV √s = 8 TeV

ATLAS Exotics Searches* - 95% CL Exclusion
Status: ICHEP 2014

ATLAS Preliminary

L dt = (1.0 - 20.3) fb−1 √s = 7, 8 TeV

*Only a selection of the available mass limits on new states or phenomena is shown.

both top quark- and B-physics measurements

both top quark measurements VL   VR   gL   gR

Figure 6.7: 95% C.L. mass exclusion limits on new states or phenomena for several other models
of physics beyond the Standard Model [144] in comparison to the bounds from Table 6.5. The
red lines indicate the lower 95% C.L. bounds on the energy scale of the effective operators from
the combination of the two top quark measurements for the different couplings and the blue
lines indicate the lower 95% C.L. bounds from the combination of the top quark measurements
with the B-physics measurement for the different couplings.

Wtb vertex could still exist. To be able to set better limits, the values of the coefficients
C

(3)
φq , CdW , Cφφ, CuW and CqW have to be known to some extent.
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Summary, conclusion and outlook

In this thesis, anomalous couplings at the Wtb vertex are constrained by combining
measurements sensitive to this vertex. These couplings emerge from an effective field
theory assuming new electroweak physics to exist at mass scales not yet accessible. The
left-handed vector coupling VL, the right-handed vector coupling VR, the left-handed
tensor coupling gL and the right-handed tensor coupling gR are studied in this thesis,
assuming them to be real. While the left-handed vector coupling acquires the value
VL ∼ 1 in the Standard Model, the other three couplings vanish in the Standard Model.
For the combination, two measurements conducted by the Atlas collaboration are chosen:
a measurement of the W helicity fractions and a measurement of the t-channel single top
quark production cross section. In the process of the combination, it is necessary to obtain
the correlations between the sources of systematic uncertainties of the two measurements.
Because the sources of systematic uncertainties are categorised and processed in different
ways for the two measurements, a more general categorisation of these sources has to be
figured out in order to compare them and to determine the correlations. After taking
into account the uncertainties of the Standard Model predictions, the total correlation
matrix and the total uncertainties are obtained. The total correlation between the two
measurements with respect to their sources of systematic uncertainties is approximately
20%. The combination is conducted with the Bayesean Analysis Toolkit (BAT) using
Bayesian reasoning.
Ensemble tests confirm that the correlations between the systematic uncertainties of
the two measurements have to be known precisely in order to perform the combination
correctly. As a further study, a measurement of the branching ratio of the weak radiative B
meson decay B̄ → Xsγ is added to the combination of the two top quark measurements.
This B-physics measurement can be used to set bounds on anomalous Wtb couplings
because of the virtual top quark and W boson in the loop of the process b→ sγ included
in this decay. Assuming that no other new physics phenomena contribute to the loop,
the model of this observable is much more sensitive to VR and gL than the two top quark
measurements.
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Summary, conclusion and outlook

The fits to the experimental data are conducted in one, two and four dimensions of the
anomalous couplings. The combination of the two measurements leads to an obvious
improvement of the bounds on anomalous Wtb couplings, where huge areas of parameter
space can be excluded with respect to the bounds from the single measurements. For
the two- and four-dimensional fits, the Standard Model values of the anomalous couplings
always lie within the smallest 95.5% credibility level intervals of all posterior distributions.
The smallest 95% C.L. bounds from the one-dimensional fits of the combination of the
two top quark measurements are

− 0.05(1) ≤ VL − 1 ≤ 0.17(1) ,
− 0.30(1) ≤ VR ≤ 0.31(1) ,
− 0.19(1) ≤ gL ≤ 0.16(1) and
− 0.094(1) ≤ gR ≤ 0.029(1) ,

which is consistent with the Standard Model values of the anomalous couplings. There is
also a second 95% C.L. interval for the left-handed vector coupling which is −2.17(1) ≤
VL − 1 ≤ −1.94(1). The combination of the two top quark measurements with the
measurement of the branching ratio of the process B̄ → Xsγ yields tighter bounds
compared to the fit of the two top quark measurements only, especially for VR and gL, and
constrains the two-dimensional distributions from the fits to the B-physics measurement
only.
The comparison between this and two other recent combinations setting bounds on
anomalous couplings yields that the bounds on gR obtained in this thesis are the narrowest
ones compared to the other two combinations. Also, the other combinations do not take
into account the correlations between the combined measurements, which is necessary
to set precise bounds on anomalous couplings. The combination of the two top quark
measurements constrains new electroweak physics to exist above energies between 300 GeV
and 1000 GeV.

The combination of the two top quark measurements might not set the tightest bounds
on all anomalous Wtb couplings, but the determination of the correlations between the
two measurements, which took in fact the most effort of the whole combination, leads
to more precise bounds than the bounds from other combinations which just combine
a lot of measurements without taking into account their correlations. To determine
these correlations, an insight into the measurement’s analysis is required. Therefore it is
necessary that these kind of combinations are conducted by the collaborations conducting
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the combined measurements.
It is possible to consider further measurements uncorrelated to the two top quark measure-
ments for the combination. One example shown here is the combination with a B-physics
measurement. Another possibility is to combine the two measurements with Tevatron
results. For this purpose, correlations between the DØ, CDF and Atlas measurements
have to be taken into account and it has to be checked if it is possible to get the required
insight into the Tevatron measurements. Apart from the correlations, especially the
combination with a W helicity measurement from the Tevatron could be conducted
without much effort since the model in dependence on anomalous couplings is already
implemented in the framework presented in this thesis. It is also possible to include prior
knowledge from other fit results of anomalous Wtb couplings in the posterior probability.
Possibilities for further studies are to take into account the imaginary parts of VL, VR,
gL and gR or include other anomalous Wtb couplings. The framework presented in this
thesis can also be used to combine measurements to constrain other anomalous couplings
for example for the gtt̄, Ztt̄, γtt̄ or Htt̄ vertices10. One of the next steps for these studies
is taking into account the acceptance in dependence on the anomalous couplings. This
will have an effect on the observables of the t-channel cross section measurement.

10gtt̄ vertex: coupling of a gluon to two top quarks.
Ztt̄ vertex: coupling of a Z boson to two top quarks.
γtt̄ vertex: coupling of a photon to two top quarks.
Htt̄ vertex: coupling of a Higgs boson to two top quarks.
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