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Abstract
In this thesis, the Z → ττ cross section measurement of the lepton-hadron channel is
presented. The results are based on the data set of an integrated luminosity of

∫
L dt =

20.3 fb−1 recorded in a proton-proton collider at a center-of-mass energy of
√
s = 8TeV

with the Atlas detector at the Lhc.
The differential cross sections in dependence of the lepton transverse momentum, the

tau transverse momentum, the visible mass, and the invariant Z mass are calculated for
the electron and muon channel respectively. Furthermore, a fiducial cross section and the
total cross section are determined to allow a comparison to the theoretical expectations.
The total inclusive Z → ττ cross section with an invariant Z mass of 60GeV < M <
2000GeV is 1151.7 ± 4.2 (stat) +57.4

−50.9 (syst) ± 30.4 (lumi) pb for the muon-hadron channel
and 1159.79 ± 7.1 (stat) +102.8

−98.9 (syst)± 32.4 (lumi) pb for the electron-hadron channel and
both are consistent with the theoretical calculations within their uncertainties.

Zusammenfassung
Im Rahmen dieser Masterarbeit werden die Ergebnisse der Z → ττ Wirkungsquerschnitts-
messungen des Lepton-Hadron Kanals präsentiert. Die verwendeten Daten der integrier-
ten Luminosität von

∫
L dt = 20.3 fb−1 wurden bei Proton-Proton Kollisionen bei einer

Schwerpunktsenergie von
√
s = 8TeV mit dem Atlas Detektor am Lhc aufgenommen.

Es werden jeweils für den Elektron und Muon Kanal die differentiellen Wirkungsquer-
schnitte in Abhängigkeit des Lepton-Transversalimpuls, des Tau-Transversalimpuls, der
sichtbaren Masse und der invarianten Z Masse berechnet. Darüberhinaus werden die in-
tegrierten Wirkungsquerschnitte der Signalregion und die totalen Wirkungsquerschnitte
der inklusiven Z → ττ Produktion in Abhängigkeit der beiden Kanäle bestimmt. Im
Fall des Muon-Kanals ergibt sich 1151.7 ± 4.2 (stat) +57.4

−50.9 (syst) ± 30.4 (lumi) pb für den
totalen Wirkungsquerschnitt von Z → ττ bei einer invarianten Z Masse von 60GeV <
M < 2000GeV. Das Ergebnis des Elektron-Kanal ist 1159.79 ± 7.1 (stat) +102.8

−98.9 (syst) ±
32.4 (lumi) pb. Die Ergebnisse stehen mit den theoretischen Ergebnissen innerhalb der
systematischen Unsicherheiten in Übereinstimmung.
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Nomenclature

Variable Meaning Unit1

/ET Missing transverse energy GeV
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√
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Atlas detector
rad

1 In this thesis, natural units are used: ~ = c = 1, where ~ is the reduced Planck constant and c is the
speed of light.

Acronym Meaning

ATLAS A Toroidal LHC ApparatuS
BDT Boosted decision tree
CERN European Organization of Nuclear Research (French: Conseil Eu-

ropéen pour la Recherche Nucléaire)
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1. Introduction

The Higgs particle is found. Is the Standard Model complete?

On the 4th of July 2012, the Atlas and Cms experiments announced the discovery
of a new particle with a mass around 126 GeV [1, 2]. This particle is assumed to be
the predicted Higgs boson, but in order to ensure that it indeed is, further studies are
needed to probe its nature and properties. Recently, the evidence for the fermionic Higgs
coupling H → ττ was confirmed by both collaborations [3, 4]. Furthermore, the precision
of the measurement of the bosonic Higgs coupling was improved. Above all, spin studies
comparing JP = 0+ and JP = 2+ exclude the latter spin configuration with a confidence
level above 99.9 % [5, 6]. These results support that the found particle is indeed the
Standard Model Higgs.
Given the observation of the Higgs, all predicted particles of the Standard Model have

been discovered. While many of the predicted properties of the Higgs have been inves-
tigated, there are several further predictions which yet have to be verified [7–13]. Apart
from first observations of couplings, the Standard Model offers more possibilities to check.
It predicts precisely the strength of the couplings, leading to an enduring challenge to the
experimental measurements and compare them to their theoretical expectations.
As previously indicated, the SM lacks answers to certain questions. Up to now, it does

not provide any candidate for the dark matter [14]. Also gravitation cannot be included
into this theory [15]. Hence, very precise results are desireable as even minor deviations of
theoretical predictions and experimental measurements could points towards extensions
of the SM.
In conclusion, particle physics and in particular Higgs physics is at an advanced stage,

but it is far from being complete. In the scope of my thesis, an attempt to measure the
cross section of Z → τlepτhad at a center-of-mass energy of 8 TeV is made. This result
is an important ingredient for the fermionic Higgs analysis H → τlepτhad, since this Z
decay is an irreducible background for this particular Higgs decay channel. In addition,
the measurement of a known process at unprecedented energies serves as a further cross
check of the Standard Model.
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2. Physics

2.1. Overview of the Standard Model

What is the world made of? The Standard Model of particle physics tries to answer
this fundamental question. This model proposes a classification of all known particles
and their interactions. First of all, this section gives a short and general overview of the
different particle types, as well as their interactions. It will be followed by a bit more
detailed description, which provides the theoretical background for this thesis.

Particles
All fundamental particles can be divided into the following two classes of particles: The
fermions and the bosons. The former are particles with half-integer spin and form the
matter. The electrons e−, muons µ−, and taus τ− carry electric charge and thus they
interact via the electromagnetic force. Each of these charged leptons ` is accompanied
by an uncharged neutrino ν` and together, they form three lepton families. There are six
flavours of electric and coloured charged quarks which interact via the electromagnetic
and the strong interaction. All these particles are sensitive to the weak interaction as
well. For each fermion, there is an anti-partner which has the opposite quantum numbers
based on the CPT-theorem. Therefore, one can assign to every fermion `−, ν`, and q a
corresponding anti-particle `+, ν̄`, q̄.
All fermions have a non-zero mass, nevertheless the neutrino masses are supposed to be

zero within the Standard Model. Indeed the observed neutrino oscillations [16–18] show
that at least two of the neutrinos have non-zero masses since the oscillation is based on
mass-difference of the particles. However, the integration of the masses into the Standard
Model needs the information whether neutrinos are Dirac- or Majorana-particles which is
still an unanswered question [19].
Finally all known bound states from molecules to baryons can be explained by a com-

posite of these 12 fermions and their corresponding antiparticles. To be more specific, the
world that we know is just made of up-/down-quarks and electrons, since all the other
particles cannot form stable bound states in nature.

3



2. Physics

Figure 2.1.: List of all fundamental particles of the Standard Model [20].

The intermediate particles of these three interactions are spin-1 particles, the photons γ
for the electromagnetic force, and W± and Z for the weak interaction, and gluons g for
the strong force. In contrast to the W± and Z bosons, photons and gluons are massless.

In addition to that, there is one spin-0 (scalar) particle, the Higgs boson, which is the
manifestation of the excitation of the Higgs field in the electroweak symmetry breaking
mechanism. It is introduced to the Standard Model in order to give rise the masses of
the gauge bosons.

A complete overview of all particles of the Standard Model is given in Figure 2.1 and
a summary of the matter particles in Table 2.1.

2.2. Formulation of a theory

A very successful way to describe particles and their interactions is the formulation of
quantum field theories. Analog to classical mechanics, the system can be described by a
Lagrange function. Since a field φ is not a localized entity, it is a function of space time
φ(~r, t). Therefore, it is appropriate to describe a system by a Lagrange density L or short
Lagrangian, which depends on the fields φi and their derivatives ∂µφi. The index µ = 0..3
indicates the four dimensions of the space-time. From a given Lagrange density L, the
equations of motion for all fields φi can be derived with the Euler-Lagrange equations

∂µ

(
L

∂(∂µφi)

)
= ∂L

∂φi
. (2.1)

4



2.3. The Standard Model

In quantum field theories, the Lagrange density is the starting point of a theory which
cannot be derived. Nevertheless, the formulation can be restricted by some postulates
which one wants to be fulfilled. These restrictions are commonly formulated by the
invariance of the Lagrangian under certain symmetry transformations, such as the claim
for a relativistic theory which is expressed by the Lorentz invariance. According to the
Noether theorem, imposed symmetries of the Lagrangian become manifest in conservation
laws [21]. Hence, the Lorentz invariance implies the four-momentum conservation. More
generally, one asks for invariance under the proper Poincare group, which additionally
leads to the momentum and angular momentum conservation.
The derivation of the Lagrangian just from symmetry requirements is a common objec-

tive of theoretical physicists. A successful way to describe the fundamental particles and
their interactions is to require the Lagrangian to be symmetric under local gauge trans-
formations. This approach introduces a group G and particles are grouped into multiplets
which form the representation of that group. By requiring the Lagrangian to be invariant
under a local group transformation, massless gauge fields have to be introduced, which
form the mediator of the interaction. These local gauge symmetries imply new conserved
quantities, which can be identified as the charge of the interaction.
A major advantage of local gauge theories is, that one gets renormalizable theories. The

renormalization is the procedure to avoid divergences. One redefines some parameters by
subtracting an infinite but explicitly defined value. If a finite number of renormalized
parameters is sufficient to cancel all divergences, a theory is renormalizable and the per-
turbative approach to calculate probabilities of processes is accredited.

2.3. The Standard Model

All today’s interactions can be reduced to four fundamental forces. In order of magnitude,
these are the gravitational force, the weak interaction, the electromagnetic interaction and
the strong interaction. The gravitational force is the only one which still is described by
a classical field theory instead of a quantum field theory due to the still challenging task
of unifying general relativity with quantum mechanics. Therefore, the classical approach
to describe gravity simply is a low energy approximation which will presumably fail at
the Planck-scale at a distance of O(10−35)m as soon as the quantum characteristics will
become dominant [22]. Since gravity is negligible in the accessible energy scale of today’s
particle physics experiments, it has not yet been necessary to include this interaction into
the field-tested Standard Model of particle physics.
Thus, the Standard Model describes the remaining three fundamental interactions by

5



2. Physics

a quantum field theory. These interactions are modeled by local gauge theories [15]. The
symmetry-group of the Standard Model is

SU(3)C × SU(2)L × U(1)Y . (2.2)

The first factor describes the strong interaction, namely the quantum chromodynamics,
the colour charge, and the coupling strength gs. It is followed by the group product
SU(2)L×U(1) for the electroweak interaction, the unification of the electromagnetic and
the weak interaction. The gauge bosons of the electroweak interaction cannot directly
be identified with the vector bosons since this gauge symmetry is spontaneously broken
and the physical states are linear combinations of these gauge bosons. This leads to
the intermediate gauge bosons W±, Z of the weak interaction, and the photon γ of the
electromagnetic interaction.

2.4. Quantum Chromodynamics

The theoretical description of the strong interaction is quantum chromodynamics (QCD).
This interaction is a non-Abelian gauge theory based on a non-chiral and unbroken local
SU(3)C symmetry-group. It implies that there are eight gauge bosons, the gluons which
couple to colour-charged particles. These are the six flavours of quarks, u, d, c, s, t,
and b. The additional charge can assume three values, namely red, green, blue, and the
corresponding anti-colours. It represents the quantum number according to the triplet
representation of the gauge group.
The Lagrangian of QCD is

L =
∑
q

Ψ̄q,a(iγµ∂µδab − gsγµtCabACµ −mqδab)Ψq,b −
1
4F

A
µνF

Aµν , (2.3)

where γµ are the Dirac matrices, Ψq,a are the quark-field spinors for a quark of the flavour
q and mass mq with a colour index a, which runs from a = 1 to 3. ACµ represent the
C = 1..8 gluon fields with the generators tCab. The last term is the field tensor FA

µν defined
by

FA
µν = ∂µAAν − ∂νAAµ − gsfABCABµACν , (2.4)

with the structure constants fABC of the SU(3) group defined by [23]

[tA, tB] = ifABCt
C . (2.5)

6



2.4. Quantum Chromodynamics

The theory is non-Abelian which results in coloured gluons. Therefore, gluons couple not
only to quarks but also to gluons. This has a critical impact on the coupling constant
of the strong interaction. Higher-order vacuum polarization can be parameterized in an
effective running coupling constant gs(µ2) depending on the renormalization scale µ. The
qq̄ loops shield the charge of the gluon, such that the effective coupling decreases for long
distances (see Figure 2.2). In contrast to that, the gluon self-coupling allows for gluon-
loops which lead to the opposite and furthermore dominant effect. Finally, the coupling
strength of the strong interaction becomes weaker on short distances and stronger on long
distances.

µ2
gs(µ2) gs(µ2)= µ2

gs gs +

µ2

q

µ2

q̄

gs gs + µ2 µ2
gs gs + µ2 µ2

gs gs +...
Figure 2.2.: Effective propagator of a gluon: The first diagram with the quark-loop

leads to a decrease of the effective coupling constant gs(µ2) and the dia-
grams with gluon loops have the opposite but dominant effect.

At long distances |Q| ≈ 1 GeV quarks interact strongly gs = O(1) such that free quarks
form immediately uncoloured bound states. Bound qq̄ states, mesons, with the colour-
configuration rr̄, gḡ or bb̄ and bound states of three quarks, the baryons, with the colour-
configuration rgb or r̄ḡb̄ form colour-neutral hadrons. The assumption that there is no
observation of free quarks is referred to as colour confinement.

In contrast, at short distances and accordingly high energy regions Q � 1 GeV re-
spectively the strong coupling is weak gs � 1. This so-called asymptotic freedom allows
treating bound quarks of hadrons as free point-like particles whose interaction can be
described by perturbative QCD. For example the theoretical description of an electron
in deep inelastic scattering (e−p → e− + X) reduces to a scattering of point-like parti-
cles [24, 25]. The following processes of the remaining hadron and the scattered quark’s
hadronisation are in turn a non-perturbative QCD series which can be treated indepen-
dently of the initial scattering process by hadronisation models.

7



2. Physics

2.5. Electroweak unification

The weak interaction was initially introduced to describe the nuclear β decay which was
first discovered at the end of the 19th century [26, 27]. In 1933, Enrico Fermi made the
first attempt to describe the decay n → pe−ν̄ by direct coupling of these four fermions
proportional to the Fermi coupling constant GF [28, 29]. The original theory could be
adapted successfully to several new observations such as the parity violation [30]. Never-
theless, the weak spot of the theory is the non-renormalizability of the theory, due to the
4-point interaction, which becomes manifest in divergencies. Therefore, Glashow, Wein-
berg, and Salam (GWS) proposed the electroweak unification in the late 1960s, which
offers a common description of the electromagnetic and weak force [31–33].

2.5.1. The GWS-model

The GWS-model is a gauge theory based on the symmetry-group SU(2)L × U(1)Y pos-
tulating a gauge boson triplet W i, i ∈ 1, 2, 3 represented by the three generators of the
SU(2) group with the coupling strength g and furthermore a gauge boson B belonging
to the symmetry group U(1) with the coupling constant g′. The first subscript indicates
that the triplet of bosons couples only to the left-handed particles. Mathematically, the
coupling rotates the particles in a 2-dimensional vector-space of this weak isospin. The
gauge boson B of U(1)Y couples to left- and right-handed particles, but the coupling
depends on the differing weak hypercharge YW .

Within this description, the left-handed particles form weak isospin doublets with T3 =
±1

2 and the right-handed singlets with T3 = 0. The weak isospin, the colour charge, and
the weak hypercharge

YW = Q− T3, (2.6)

give an ensemble of quantum numbers which predicts the possible interactions. The
left-handed fermions can be combined in doublets

Qk =
(
uk
d′k

)
L

, Lk =
(
νk
`′k

)
L

(2.7)

where the k = 1, 2, 3 indicates the family and the prime emphasizes that the particles
are the weak eigenstates which in general do not coincide with observed mass eigenstates,

8



2.5. Electroweak unification

such as quarks. The right-handed particles form singlets

um = (uk)R, dm = (d′k)R, `k = (`k)R (2.8)

Obviously, all these particles carry weak hypercharge. A possible right-handed neutrino
has neither a non-zero weak isospin nor a non-zero hypercharge. Since the colour charge
is zero as well, a right-handed neutrino would not interact within the description of the
Standard Model.

Table 2.1.: Quantum numbers of the matter-particles.
Particle Colour El. charge Q Weak isospin T3 Weak hypercharge YW
νeL, ν

µ
L, ντL 0 0 1

2 −1
2

e−L , µ−L , τ−L 0 −1 −1
2 −1

2
e−R, µ−R, τ−R 0 −1 0 −1
uL, cL, tL r/g/b 2

3
1
2

1
6

dL, sL, bL r/g/b −1
3 −1

2
1
6

uR, cR, tR r/g/b 2
3 0 4

3
dR, sR, bR r/g/b −1

3 0 −2
3

The final Lagrangian density of the elaborated electroweak theory is

L = Lgauge + Lf + Lφ + LY uk, (2.9)

devided in the gauge, fermion, Higgs, and Yukawa terms of the theory. The first term in
Equation 2.9 describes the gauge-fields with the self-interaction of the SU(2)-group since
it is a non-Abelian group

Lgauge = −1
4W

i
µνW

µνi − 1
4BµνB

µν , (2.10)

with the field tensors for the SU(2) and U(1) groups

W i
µν = ∂µW

i
ν − ∂νGi

µ − gεijkW j
µW

k
ν i, j, k = 1, 2, 3 (2.11)

Bµν = ∂µBν − ∂νBµ. (2.12)

The second term Lf is the fermionic sector of the Lagrangian which describes actually
the weak interaction of the fermions. Thus, this part of the Lagrangian describes the
mentioned coupling of the fermions and the gauge bosons.

Lf =
3∑

k=1
(Q̄k /DQk + L̄k /DLk + ūki /Duk + d̄′ki /Dd

′
k + `′ki /D`

′
k), (2.13)

9



2. Physics

/D = γµDµ is the covariant derivative applied to weak-isospin doublets and singlets

DµLk =
(
∂µI2 + ig

2 ~τ ·
~Wµ + ig′Y I2Bµ

)
Lk (2.14)

Dµ`k = (∂µ + ig′Y Bµ) `k, (2.15)

where I2 is the unitary Matrix of R2 and σi, i = 1, 2, 3 are the Pauli matrices.

2.5.2. Spontaneous symmetry breaking

Since the gauge symmetry of the electroweak interactions forbids mass terms for the
gauge bosons and fermions, the symmetry has to be broken [34–36]. This process, named
spontenous symmetry breaking (SSB), can be achieved by the additional Higgs term Lφ in
the Lagrangian in Equation 2.9. Therefore, one has to add a new field with a potential of
a non-zero vacuum expectation value (VEV), which couples to the experimentally massive
gauge bosons. The minimalistic extension of the unbroken model to generate the gauge
boson masses and preserve a U(1)Q symmetry is one weak isospin doublet of complex
scalars

φ =
(
φ+

φ0

)
=
( 1√

2(φ1 + iφ2)
1√
2(φ3 + iφ4)

)
. (2.16)

Thus the contribution of this new field to the Lagrangian is generally

Lφ = (Dµφ)†(Dµφ)− V (φ). (2.17)

The SU(2)L × U(1)Y symmetry, the requirement of a non-zero VEV, and the renormal-
izability of the theory restricts the Higgs potential V (φ) to

V (φ) = +µ2φ†φ+ λ(φ†φ)2. (2.18)

If µ2 < 0, the ground state of this potential is

ν =
√
−µ2

λ
, ν ∈ R (2.19)

In order to maintain vacuum stability, λ > 0 has to be fullfilled [30]. Figure 2.3 shows the
potential reduced to two degrees of freedom instead of four. One can observe a general
rotation symmetry of this mexican-hat potential around zero, which can be read off the
Lagrangian of Equation 2.17.

10



2.5. Electroweak unification

Figure 2.3.: The Higgs potential reduced to two dimensions by using the gauge freedom
to set Φ+ = 0 [37].

If the neutral component of the Higgs doublet φ0 has a non-zero VEV ν, the Higgs doublet
can be chosen in a Hermitian basis such that the non-zero ground state φmin with the
VEV v of Equation 2.19 is

φmin ≡ 〈0|φ|0〉 = 1√
2

(
0
v

)
. (2.20)

To see the particle content directly from the Lagrangian, it is useful to make an expansion
of it around this taken ground state. Since an arbitrary gauge can be chosen, a particular
choice is possible such that three components vanish.

φ = 1√
2

(
φ1 + iφ2

ν +H + iη

)
gaugefreedom−−−−−−−−→ φ′ = 1√

2

(
0

ν +H

)
, (2.21)

where H is the real Higgs field which describes the remaining degree of freedom. The
expansion of the Lagrangian of the Higgs part Lφ in Equation 2.17 results in

Lφ′ = g2ν2

4︸ ︷︷ ︸
m2
W

W µ+W−
µ

(
1 + H

ν

)2
+ 1

2 (g2 + g′2)ν
2

4︸ ︷︷ ︸
m2
Z

[
−g′Bµ + gW 3

µ√
g2 + g′2

]
︸ ︷︷ ︸

ZµZµ

(
1 + H

ν

)2

+ 1
2(∂H)2 − V (φ′) (2.22)

with the expanded Higgs potential

V (φ′) = −µ
4

4λ − µ
2H2 + λνH3 + λ

4H
4. (2.23)
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2. Physics

The Lagrangian in Equation 2.22 describes the same physics as before. Nevertheless, this
representation offers a more intuitive access to the perturbative calculation of possible
processes. The expanded Lagrangian does not preserve three gauge symmetries, since
they are used to fix the representation of Equation 2.21.

Defining the Weinberg angle θW

tan θW = g′

g
(2.24)

the physical fields Z from the weak neutral current and A from the electromagnetic
interaction occur as rotations of the fields W 3 and B

Zµ =
−g′Bµ + gW 3

µ√
g2 + g′2

= − sin θWBµ + cos θWW 3
µ (2.25)

Aµ = cos θWBµ + sin θWW 3
µ . (2.26)

Finally, this expansion of the Lagrangian shows that the spontaneous symmetry breaking
leads to massive gauge bosons W± and Z with the masses at leading order of

mZ = 1
2
√
g2 + g′2 ν = mW

cos θW
(2.27)

mW = 1
2gν (2.28)

which can be interpreted in this scope as interactions of the bosons with the Higgs vac-
uum. The photon indeed remains massless due to the unbroken symmetry. The coupling
constant of the electromagnetic interaction can be specified in terms of the electroweak
theory by

e = g sin θW . (2.29)

As well as one can describe the Fermi-Coupling constant in these terms, which results in

GF =
√

2
8

g2

m2
W

= ν2

2 . (2.30)

The Equations 2.27-2.30 offer an overconstrained system of equations of the three param-
eters g, g′, and ν, such that one could predict the Z mass, which was unknown up to
the publication of this theory. The later observation of the Z boson was the first great
success of the GWS-model [38].

The Higgs doublet added four degrees of freedom to the theory. Three of them manifest
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2.5. Electroweak unification

as the longitudinal components of the gauge bosons. The last one shows up, as one can
see in Equation 2.23, in form of a massive scalar particle of the mass

mH =
√
−2µ2 =

√
2λν . (2.31)

At leading order, the parameter λ does not occur in Equation 2.27-2.30, thus a prediction
of the Higgs mass is not precisely possible. For the first time, the direct observation and
the mass reconstruction of the Higgs boson, with the mass of mH = (126.0± 0.4 (stat)±
0.4 (sys)) GeV according to the observation by the Atlas collaboration, allowed to infer
the missing parameter of the Standard Model [1, 2].

2.5.3. Yukawa coupling

The last term in the electroweak Lagrangian in Equation 2.9 is the Yukawa term which
inserts the fermion masses into the model via the Yukawa coupling.

LY uk = −
3∑

k,n=1

(
ΓuknQ̄kφ̃un + ΓdknQ̄kφdn + ΓeknL̄kφ`n

)
+ h.c. (2.32)

where

φ̃ = iτ 2φ† . (2.33)

The terms Γlkn parametrizes the mixing and the masses of leptons which leads to the break-
ing of almost all symmetries of the fermions. Since there is no known more fundamental
theory which could deliver these parameters, they have to be extracted from experimental
results. Just a few empirical conservation laws as the lepton-number conservation remain.

Analogue to the expansion of the Lagrangian Lφ around the VEV of the Higgs field,
this procedure would show the mass terms of the fermions.

If the mass eigenstates and the weak eigenstates are not the same, the fermions will
be mixed. This occurs when a fermion of weak-isospin T3 = +1

2 couples via the weak
interaction to fermions of T3 = −1

2 of another family as well. In the quark sector this is a
known and well measured phenomenon. It is common to write the transition from weak
to mass eigenstates with the Cabibbo-Kobayashi-Maskawa-Matrix VCKM as a rotation of
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the down-type in a mass eigenstates
(
u
d

)
to the weak eigenstates doublet

(
u
d′

)
by

VCKM


dL

sL

bL

 =


d′L

s′L

b′L

 (2.34)

with the CKM-Matrix VCKM [39]

VCKM =


Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

 (2.35)

=


0.97427± 0.00015 0.22534± 0.00065 0.00351+0.00015

−0.00014

0.22520± 0.00065 0.97344± 0.00016 0.0412+0.0011
−0.0005

0.00867+0.00029
−0.00031 0.0404+0.0011

−0.0005 0.999146+0.000021
−0.000046

 . (2.36)

2.5.4. Precision measurements

The parameters for the particle masses and couplings, which can directly be read from
the Lagrangian, represent just the tree-level approximation. These values arise only if
the leading order contribution is considered in the perturbative approach. Naturally the
measured values imply all elements of a series expansion. Since the correction of higher
order elements are supposed to be small, one parametrizes the correction between the
tree-level value and the effective value commonly in correction factors.
Instead of the four parameters g, g′, λ, and µ2, one cites these values rather in terms,

which are directly measurable in experiments. These are usually the Fermi constant
GF , the fine structure constant α, the W and Z mass, and the Weinberg angle sin2 θW .
The relation of Equation 2.27 only holds at tree-level. Considering loop corrections, the
deviation can be parameterized by

ρ = 1
1− sin2 θW

(
mW

mZ

)2
. (2.37)

The expansion of the correction factor yields at leading order corrections proportional to
m2
t and lnmH

ρ = 1 +O(m2
t ) +O(lnmH) (2.38)
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3.1. The Lhc

The Large Hadron Collider (Lhc) [40] is the world’s most powerful particle accelerator.
It is a synchrotron and corresponds to the final step of an acceleration chain of several
machines located at the European Organization of Nuclear Research (Cern) designed to
accelerate hadrons up to energies of 7 TeV (see Figure 3.1). The whole complex consists
of different accelerators, which are used successively to reach the final energy, and several
particle detectors specialized for different fields.

Figure 3.1.: An overview of the Lhc experiments [41].

The Lhc itself contains two vacuum pipes to circulate two proton beams in opposite di-
rections. They are installed in a roughly 27 km long tunnel which was previously built
for the preceeding Large-Electron-Positron Collider (Lep) [42] between 1984 and 2000.
To hold the beams on the circular path, to focus the beam and finally to accelerate the
hadrons, superconducting dipole- and quadrupole-magnets and cavities are used. The
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operating temperature of such superconducting magnets is 1.8 K, such that the whole
system has to be cooled down, which is realized by using superfluid helium [43].
The two beam pipes have four crossing points where the beam collisions are produced.

There, the experiments Cms [44], Alice [45], Lhcb [46], and Atlas [47] are situated.
Cms and Atlas are both general-purpose particle detectors, as opposed to Lhcb and
Alice which are specialized in b-physics and heavy ion physics.

3.1.1. Beam energy & luminosity

The main characteristics of a particle accelerator in the scope of data analysis are the
beam energy and the luminosity. During the launch of the Lhc in 2008 there was a
quench, the unexpected loss of the superconductivity of the magnets leading to heating
and electric arcs, which resulted in a major mechanical damage of the magnets and the
beam pipe likewise in a loss of a great amount of helium [48]. One consequence was
that the Lhc started after the repairs with lower energy of 3.5 TeV per beam in 2011,
increasing to 4 TeV in 2012. In the beginning of 2013, the Lhc was shut down to prepare
the increase of the beam energy to 7 TeV per beam of Run II.

Figure 3.2.: Luminosity-weighted distribution of the mean number of interactions per
crossing for the 2011 and 2012 data [49].

Besides the energy of the particles the instantaneous luminosity L, a measure of the beam
intensity,

L = fnbN
2

4πσxσy
, (3.1)
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3.1. The Lhc

is a crucial quantity, where f is the frequency, nb is the number of bunches, and N the
number of protons per bunch. Due to the production chain of several accelerators, the
beam consists - in contrast to a continuous beam of several bunches of protons. Depending
on the focus of the packages and number of hadrons, several proton-proton collisions per
bunch crossing are expected. Figure 3.2 shows that the mean number of interactions per
crossing was around 9 at a center-of-mass energy of

√
s = 7 TeV and 21 at

√
s = 8 TeV.

This pile-up has to be taken in account, since the overlay of different scattering processes
can imitate signal processes.

Figure 3.3.: The peak instantaneous luminosity delivered to Atlas per day versus time
during the proton-proton runs of 2010, 2011, and 2012 [49].

Figure 3.4.: Cumulative integrated luminosity versus time delivered to (green), recorded
by Atlas (yellow), and certified to be good quality data (blue) during
stable beams and for pp collisions at

√
s = 7 TeV and 8 TeV in 2011 and

2012 [49].

The instantaneous luminosity describes the beam intensity, such that the expected event
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rate of a process ∂N
∂t

can be calculated by

∂N

∂t
= σL, (3.2)

where σ is the cross section of the explored process. The instantaneous luminosity is
strongly time-dependent, as one can see in Figure 3.3, and has to be well known, since it
enters all measured cross sections. The integrated luminosity

∫
L dt serves as measure to

quantify the amount of recorded data.
Figure 3.4 shows that

∫
L dt = 5.08 fb−1 were recorded at energies of

√
s = 7 TeV and∫

L dt = 21.3 fb−1 for
√
s = 8 TeV by the Atlas experiment.

3.2. Physics at the Lhc

3.2.1. Parton Distribution Functions

The particles in the interaction, the constituents of the protons, carry only a fraction
of the proton’s momentum which is unknown for a single process. But one can give a
statement about the probability that a parton carries a certain fraction of the energy.
This knowledge is summarized in Parton Distribution Functions (PDFs) which return the
probability fi(x,Q) that a parton of flavour i (quark or gluon) carries the momentum
fraction x probed at a 4-momentum transfer square Q2. The PDFs cannot be predicted
from perturbative QCD, such that they are inferred from experimental results of deep
inelastic scattering. There exist different approaches to extract the PDFs, depending on
the choice of a factorization scheme, an order of perturbation theory (Leading order (LO),
Next-to-Leading Order (NLO), NNLO, ...) and the starting scale of perturbative QCD.
As an example, the results from Martin, Stirling, Thorne and Watt for energies of the
Lhc are shown in Figure 3.5.
The ignorance of the longitudinal momentum carried by the scattered partons leads

to a crucial experimental drawback. Just the missing transverse momentum allows to
infer the appearance of such a particle. In contrast to lepton colliders, the longitudinal
momentum of the scattering particles is unknown in hadron colliders. Thus, one can just
use the transverse constraint

∑
i

~p
(i)
T = 0 (3.3)

to draw conclusions from. This motivates the definition of the missing transverse momen-
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tum

~/pT = −
∑

measured i
~p

(i)
T , (3.4)

where the sum only runs over the measured momenta. Moreover, the center-of-mass
energy of the parton-parton collision can not be deduced, since the proton remnants are
typically lost in the beam pipe.

Figure 3.5.: Parton Distribution Functions [50].

3.2.2. Particle production at the Lhc

Proton-proton collisions offer a wide spectrum of produced particles. Figure 3.6 provides
an insight into the cross sections of the different processes depending on the center-of-
mass energy

√
s. Visibly, the production of QCD multijet events is the main contribution

to the total cross section and it is a general challenge to discard such events in order to
study electroweak processes. In the scope of Higgs searches one has to sort through about
1010 events to find on average one event containing a Higgs boson.
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Figure 3.6.: Production cross sections with proton (anti)-proton collisions [50].

3.3. Atlas

Two general purpose detectors are installed at the interaction points of the Lhc. These
are the Compact Muon Solenoid (Cms) and A Toroidal LHC ApparatuS (Atlas)[51, 52].
The physics program of Atlas is very wide. It comprises high precision tests of QCD
and electroweak interactions, flavour physics and the search for supersymmetric particles.
Nevertheless, the benchmark of the technical design is the Higgs search. At the detector’s
design time, the mass of the Higgs particle was unknown, such that it was not clear, which
decay channel would be predestined to observe the Higgs particle. Beyond the discovery
of the Higgs particle, it was intended to measure its couplings, too. These expectations
lead to multifaceted but still precise detection faculties to implement. At the same time
the detector has to handle a peak luminosity of 1034 cm−1s−1, which in addition requires
a radiation hard detector and great computing power to manage the data [53].
It is useful to mention some conventions to describe particles detected by the Atlas

detector. In general, the interaction point of the hadrons is set as the origin of the coordi-
nate system. The z-axis is in the direction of the beam and the x-y-plane is transverse to
it. The positive x-axis points to the center of the Lhc ring and the positive y-axis points

20



3.3. Atlas

Figure 3.7.: The full Atlas detector.

upwards. As usual, the azimuth angle φ is defined around the beam axis and the polar
angle θ is the angle relative to the beam. The pseudo-rapidity η is defined by

η = − ln tan θ2 (3.5)

and the distance ∆R in the η-φ plane is given by

∆R =
√

∆η2 + ∆φ2. (3.6)

Atlas is a forward-backward symmetric detector due to the symmetric beam pipes.
It consists of three detection systems. Starting from the center, these are the inner
detector surrounded by a superconducting solenoid, the calorimeters surrounded by three
superconducting toroids and the muon system.

3.3.1. The Inner detector

The Inner Detector (ID) is composed of three tracking systems surrounded by a solenoid
with magnetic field of 2 T. The ID offers the capacity to measure with high precision
particle momenta and to determine primary and secondary vertices. It is divided into
three independent subsystems, namely the Pixel detector, the Semiconductor Tracker
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(SCT), and the Transition Radiation Tracker (TRT). The pixel detector is the innermost
lying detector and it consists of three layers of silicon modules. The first layer is located
at a distance of 5.05 cm from the intersection point and the last one at 12.25 cm. The
pixels have a size of 50× 400 µm2 (or 50× 600 µm2 on the edge).

Figure 3.8.: The Atlas Inner Detector.

Around the pixel detectors, the SCT is built. The silicon microstrips are located in the
barrel region from 25.5 cm to 54.9 cm in four layers and 9 layers from 25.1 cm to 61.0 cm
in the end-caps. This gives at least four high precision space-point measurements of pass-
ing charged particles. The in plane-lateral resolution is 17 µm and the plane-longitudinal
resolution is 580 µm.

The final subsystem of the ID is the TRT covering the range of |η| < 2.5. The TRT
consists of a straw tube detector of 73 layers interleaved with fibres in the barrel region
and 160 layers with foils in the end-caps. The straws are filled with a Xenon/CO2/O2

gas mixture and they are used as drift chambers. Charged particles with pT > 0.5 GeV
and |η| < 2.0 will traverse at least 36 straws, except for the barrel-end-cap region (0.8 <
|η| < 1.0), where such particles will pass through 22 straws. One expects seven to ten
hits for electrons above energies of 2 GeV. This detector is designed to offer resolutions
of 130 µm. Though the resolution is not comparable to the first layers, the great number
of hits allows to measure particle momenta very precisely in a wide range [54].
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3.3.2. Calorimeter

The calorimeter is composed, on the one hand, of the electromagnetic calorimeter (ECAL)
to detect electrons and photons and, on the other hand, of a hadronic calorimeter (HCAL).
The ECAL is composed of the barrel part, which covers |η| < 1.475, and the two end-caps,
which cover the range 1.375 < |η| < 3.2. This detector is a lead and high granularity
liquid-argon (LAr) detector, arranged in accordion-shape around the beam axis, to cover
the full azimuthal range φ. The incoming electron and photons shower in the lead plates
and are measured with the LAr detectors. The cell-granularity varies in the range of
∆η ×∆φ = 0.0031× 0.1 and 0.1× 0.1. Energy loss in the region |η| < 1.8 due to the ID
is determined by a presampler, an active LAr layer.

Figure 3.9.: The Atlas calorimeter.

The HCAL uses two different techniques to absorb the hadrons. The tile calorimeter of
the HCAL is a sampling calorimeter using steel as an absorber and scintillating tiles as the
active material. It is placed directly behind the ECAL. The barrel region covers |η| < 1.0
and the extended barrels cover 0.8 < |η| < 1.7. The hadronic end-cap calorimeter consists
of two wheels and is situated behind the end-caps of the ECAL, sharing the same LAr
cryostat. To avoid the drop of material density in the transition regions of the different
detector subsystems, this end-cap calorimeter overlaps with the tile calorimeter and the
forward calorimeter through the covering range of 1.5 < |η| < 3.2. The wheels are made
of copper plates with interleaved LAr gaps.
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The forward calorimeter is integrated in the end-caps cryostat and is made of three
modules. The first one is built of copper intended for the electromagnetic interacting par-
ticles followed by two modules made of tungsten, intended to provoke hadron showering.
The active medium is LAr, too.

3.3.3. Muon system

Muons are the only charged particles which are not absorbed by the calorimeter. The
muon spectrometer bends the tracks of muons with large superconducting aire-core toroid
magnets. One can deduce the muon momentum from their measured deflection. Mon-
itored drift tubes are installed for high precision measurements. Near the beam pipe,
the radiation background would be too high for such detectors. Therefore, cathode strip
chambers are used. Additional to this, resistive plate chambers in the barrel region and
thin gap chambers in the end-caps are plugged. These detector types offer a lower precision
for track reconstruction, but they have a fast readout, which predestine these detectors
to be used as trigger-systems.

Figure 3.10.: The muon detection subsystem.
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3.3.4. Trigger systems

As mentioned before, a major challenge is the distinction between interesting events, such
as high-energy electrons or jets, and the vast background of soft QCD-interactions. It is
impossible to retain all the information of the colliding proton beams, since the bunch
spacing is 25 ns which corresponds to a collision rate of 40 MHz. The capacities of final
storage is just up to trigger rates of 200 − 300 Hz which leads to the need to reduce
significantly the event rate. Therefore, a three-level trigger facility is accommodated by
the Atlas data acquisition system which filters interesting events increasing purity and
decreasing rate.

• Level 1
The first trigger level is a hardware-based trigger using reduced granularity infor-
mation of the calorimeter and the muon system. It defines regions of interest (ROI)
leading to detect potential muons, electrons/photons, hadrons or jets with high
transverse momentum, pT , or events of large missing transverse energy, /ET . At this
stage, the trigger takes up to 2 µs to reach its decision and reduces the event rate
down to ∼100 kHz.

• Level 2
In contrast to the level-1 trigger, the level-2 trigger works just with the ROIs defined
at level-1 but with full-granularity information provided by all detectors including
the inner detector. This trigger system uses processor farms and has an average
latency up to 10 ms. The level-2 trigger reduces the event rate down to 1 kHz.

• Level 3
The last trigger before the final storage is the Event Filter (EF) trigger. It collects
the fragments of each passed event and applies offline selection criteria on the full-
event data to discard the uninteresting events. The overall time consumed by the
EF trigger selection executed by processor farms is approximately 1 s per event on
a 1000 MIPS (Million Instructions Per Second) processor.

Between the different trigger-levels, the data has to be stored by buffer systems until the
trigger can process the event. Only the events, which pass all three trigger-levels, are
saved for later analysis [55, 56].
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3.4. Event simulation

Monte Carlo (MC) methods are computational methods that use random numbers to
model stochastic processes or to model deterministic processes which can be approximated
by stochastic ones. These methods are used to describe problems of many coupled degrees
and stochastic phenomena. Therefore, they are widely used in particle physics to create
simulated events based on the known physics. Such produced events serve as basis of a
comparison between data and theory.

Event
Generator

Event: 4-vector

Detector
Simulation

Event: Hits, Energies, ...

Collisions

Detector

Event: Hits, Energies, ...

Event
Recon-
struction

Event: 4-vector

Figure 3.11.: Basic steps in simulation and data analysis.

The generation of such simulated events consists of several steps. As one can see in Fig-
ure 3.11, an event generator calculates the scattering process and it produces the four-
vectors of their products, without considering the interaction of the produced particle
with the environment. The detector response of the simulated events can be calculated
by Geant [57]. Afterwards, the same reconstruction algorithms as for the recorded events
are used.

The generation, by the event generator, has to calculate different sequenced physical
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processes. These are initial-state radiations, the hard scattering process, the decay of
the particle, final state radiation and hadronisation and further decay. In this thesis,
Pythia+Alpgen is mainly used.

Alpgen
Alpgen [58] is a tree-level matrix element calculator which produces events with a fixed
number of partons in the final state for hadronic collisions. It describes the multi-partonic
final states up to four partons without loop corrections, based on the exact evaluation of
the leading-order QCD and electroweak Feynman diagrams. Alpgen does not provide
any calculations of the hadronisation process, such that a further generator has to be
used.

Pythia
Pythia [59] is a general-purpose event generator. It contains a list of hardcoded sub-
processes, that can be switched on seperately. The generator simulates events at leading-
order for up to three legs. Additionally, it can use the four-vectors generated by Alpgen.
Beside the hard processes, Pythia simulates soft processes, initial and final state ra-
diation, parton showering, multi parton interaction, beam remnants, and hadronisation
processes [60].
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This chapter provides a basic description of the theoretical aspects which are mostly
relevant to the subject of this study. These include the production and decay of the Higgs
boson in the Standard Model and the Z gauge boson. Information about the tau lepton
is also provided.

4.1. Electroweak precision measurements

The measurements of Higgs boson and Z boson masses and their production cross sec-
tion are very important since they determine crucial parameters of the Standard model.
All these measurements probe the consistency of the parameters as provided by the elec-
troweak theory. As mentioned above, the presented gauge couplings in (2.27) - (2.30)
between the quantities, which can be experimentally measured, are just valid at tree-level.
Feynman calculations of higher order diagrams lead to a correction to these parameters,
which end up in the effective parameters.
The described electroweak theory is probed in detail by the results of many collider

experiments. A major contribution was provided by two e+e− colliders in the late eight-
ies, the Stanford Linear Collider at Slac in California and the circular Large Electron
Positron collider at Cern in Geneva. These were the first colliders to reach the energy
of the Z boson mass, which allowed precision measurements at the Z-production peak.
Various measurements of asymmetries led to the extraction of the effective parameter of
the electroweak model. Figure 4.1 shows the fit results to the data taken at Lep as a
function of the Higgs mass assuming the Standard Model to be correct.

4.2. The Higgs particle

The Higgs mass was the only missing parameter to complete the electroweak theory as of
the year 2012. High precision measurements of the effective parameters can give an esti-
mation of the Higgs mass due to the dependency at higher order diagrams. This approach
gives results with high uncertainties, since the corrections of the effective parameters de-

29



4. Phenomenology

Figure 4.1.: Fit results of electroweak precision measurements performed at at Lep and
by Sld, CDF, and DØ, as a function of the Higgs-boson mass [61].

pend only logarithmically on the Higgs mass. Apart from that, theoretical conditions do
constrain the Higgs mass. The claim of perturbative unitarity [62, 63] and the triviality
bound [64] give respectively upper bounds of the Higgs mass, as follows

unitarity : mH ≤ 870 GeV (4.1)
trivality bound : mH ≤ 640 GeV. (4.2)

On the other hand, the vacuum stability gives a lower bound on the Higgs mass. In the
case of a cutoff value of ΛC ∝ 103(1016) it leads to a lower bound of

mH ≥ 70(130) GeV (4.3)

In addition to the measurements, direct Higgs searches have been performed by the ex-
periments at the Tevatron at Fermilab. These searches resulted in the exclusion of
Higgs with masses below 170 GeV (95 % CL) [65].

The combined results of the Higgs searches including the results of Slc, the Tevatron,
and Lep, suggests mH = 89+22

−18 GeV or mH < 127 GeV at 90 % confidence level [66]. The
combination of Lep data, taken near the Z resonance and at center-of-mass energies up
to 209 GeV, resulted at a 95 % CL in a lower bound of 114.4 GeV [67].
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4.2.1. Higgs production at the Lhc

The Higgs particle couples to all massive particles, which lead to a broad spectrum of
production and decay processes. The main production processes at proton-proton colliders
are the gluon-gluon fusion (ggF), the vector boson fusion (VBF), theW and Z associated
production (WH, ZH ), and the tt̄ associated production (tt̄H) (Figure 4.2). The cross
section summarized for a Higgs mass ofmH = 125 GeV in Table 4.1, depends in general on
the mass of the Higgs boson and the center-of-mass energy of the collider. Nevertheless,
the gluon-gluon fusion is all across the mass spectrum the dominant process. This leads
at the same time to high theoretical uncertainties due to significant QCD corrections [68].

g1

g2

H

a) gluon-gluon fusion (ggF)
q1

q2

q3

H

q4

b) vector boson fusion (VBF)

WZ

q1

q2

H

WZ

c) W and Z associated production
(VH )

g1

g2

t

H

t̄

d) the tt̄ associated production
(tt̄H)

Figure 4.2.: Main production processes of the Higgs boson at the Lhc.

Table 4.1.: Higgs production cross sections in pb for mH = 125 GeV at different
center-of-mass energies [68].

√
s [TeV] ggF VBF WH ZH tt̄H total

7 15.1+15%
−15% 1.22+3%

−2% 0.58+4%
−4% 0.33+6%

−6% 0.09+12%
−18% 17.4

8 19.3+15%
−15% 1.58+3%

−2% 0.70+4%
−5% 0.41+6%

−6% 0.13+12%
−18% 22.1

14 49.8+20%
−15% 4.18+3%

−3% 1.50+4%
−4% 0.88+6%

−5% 0.61+15%
−28% 57.0

4.2.2. The decay of the Higgs boson

In planning a search for a Higgs boson, the branching ratios of the different decay modes
have to be considered. Figure 4.3 shows the Higgs branching ratio as a function of its
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mass. As one can see, the dominant processes at a Higgs mass as mH = 125 GeV are
H → bb̄ and H → WW ∗, followed by H → gg, H → τ+τ− , H → cc̄, and H → ZZ∗. The
Higgs decays into H → γγ, H → Zγ, and H → µ−µ+ follow with much smaller rates.
Since the Higgs boson couples only to massive particles, the decay into massless particles
or H → γZ has an intermediate loop of vector bosons or fermions which couples to the
Higgs boson.

Figure 4.3.: Decay branching ratios of the Standard Model Higgs boson [69].

The Higgs discovery at the Atlas experiment was based on the decay into γγ, ZZ, and
WW , since the fermionic decay channels were not yet sensitive [1]. In spite of low statis-
tics, the decay channels γγ and ZZ offer the best way to extract the mass of the Higgs
boson. Due to a very clear signature and the absence of any neutrinos in the final states,
a very good resolution can be achieved.

Apparently, the Higgs decay modes leading to the Higgs discovery consist almost only
of the coupling between the Higgs boson to other bosons. Indeed, the H → γγ process
is mainly based on W+W− and tt̄ loops. Furthermore, there are contributions of loop
diagrams of all other charged particles. Due to the Higgs coupling proportional to the
particle’s mass, the heaviest charged particles play the dominant role. Hence, this process
is a good indicator for new physics beyond the Standard Model [70]. But this channel
does not offer a way to directly detect the fermionic Higgs coupling.
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4.2.3. Further Higgs studies

One of the unobserved properties of the Higgs boson, which is indeed predicted by the
Standard Model, is the direct coupling of the Higgs boson to fermions. At the time of the
Higgs discovery, the analyzed data of 4.8(5.1) fb−1 at 7 TeV and 5.9(5.3) fb−1 at 8 TeV by
Atlas (Cms) did not provide a significant contribution of the dominant fermionic Higgs
decays H → bb̄ and H → ττ [1, 2]. The Higgs decay into a b-quark pair has the largest
branching ratio of 57.7 % [71], but the background of QCD multijet production is too
high and it suffers from high theoretical uncertainties. The most promising decay channel
to fermions is the decay into a τ -pair. It is the next dominant fermionic decay channel
with a branching ratio of 6.32 % [71]. Meanwhile, both collaborations, Atlas and Cms,
announce first evidence of h→ ττ [3, 4].

“The Atlas experiment released preliminary results on 26 Nov 2013 that
show evidence, with a significance of 4.1 standard deviations that the Higgs
boson decays to two taus, which are fermions.” from ’Evidence for Higgs Boson
decays to the ττ Final State with the Atlas Detector’ [3]

Figure 4.4.: The measured signal strengths for a Higgs boson of mass mH = 125.5 GeV,
normalised to the SM expectations, for the individual final states and var-
ious combinations [72].
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Figure 4.4 shows the signal strength of the different decay channels of the tau-pairs.
The analysis is divided into the τlepτlep, τlepτhad, and τhadτhad channels. The subscript
indicates, whether the tau decays leptonically or hadronically. The statistical uncertainty
is a contribution to the total uncertainty and will be be reduced by the following run of
the Lhc. Additionally, the systematical error has the same order as the statistical error,
such that even without further data-taking the precision of this measurement could be
increased by reducing systematic uncertainties. One of the most significant systematic
uncertainties comes from the normalization of the process Z → ll and the description of
the final-state particles. Since Z → ττ is an irreducible background, this process has to
be well known. Therefore, the improvement of the description and understanding of this
process is one way to enhance the significance of the result.

4.3. The Z boson

4.3.1. Prediction & observation of the Z boson

The Z boson played a significant role establishing the GWS-model. The model predicted
the existence of neutral currents and even provided a precise estimation of the Z mass.
The first evidence for the existence of the Z boson was provided by the observation of
neutral currents at the Gargamelle experiment in 1974 [73]. At that time, only the indirect
confirmation of the Z boson was possible, since there was no particle accelerator to reach a
sufficiently large center-of-mass energy to produce a Z boson. Only the reconstruction of
the Super Proton Synchrotron (Sps) at Cern into a proton-antiproton collider allowed the
Z boson production. In 1983 the UA1 experiment confirmed the existence of the Z boson
in the expected mass range [38]. Later, more detailed measurements were performed at
the Z resonance by electron-positron colliders. The data taken at the colliders Lep and
Slc consists of 17 million and 600 thousand decays [61]. Today’s best fit of the Z mass
mZ and of the total width ΓZ are [39]

mZ = (91.1876± 0.0021) GeV (4.4)
ΓZ = (2.4952± 0.0023) GeV . (4.5)

4.3.2. Production & decay of the Z boson

At hadron colliders, the main production process of Z bosons is at tree-level the Drell-Yan
process as shown in Figure 4.5. Quark-antiquark pairs annihilate and produce Z/γ bosons
which subsequently decay into fermion pairs. The final state is the same. Therefore, at
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tree-level, the resulting cross section is the result of an interference of two Feynman
diagrams.

Zγ

q

q̄

`+

`−

Figure 4.5.: Z boson production at tree-level.

The inclusive production channels of Z bosons at NLO and NNLO contain additionally
radiated gluons or scattered quarks, such that the produced Z boson can be accompanied
by a number of jets. Feynman diagrams of NLO QCD, shown in Figure 4.6, refer to Z
production with one jet.

q

g

Zγ

q

q

q̄

Zγ

g

Figure 4.6.: Next-to-leading order Feynman graphs of Z boson production.

In case of hadron colliders, one cannot calculate the cross section of Z boson production
only by evaluating the Feynman diagrams at the collider’s center-of-mass energy. As
described in Section 3.2.1, the partons within the hadron carry just a fraction of the mo-
mentum, parameterized by PDFs. Therefore, the cross section of Z production at hadron
level σpp→Z is the result of the convolution of the cross section at parton level σij→Z of
the scattered partons ij and the PDFs f(x, µ), given as follows

σpp→Z =
∑
ij

∫
dx1dx2fi(x1, µ)fj(x2, µ)σij→Z(x1, x2, s, αs(µ), µ) . (4.6)

Figure 4.7 shows the measured cross section of the Drell-Yan process in comparison to
the theoretical expectation of NNLO perturbative QCD calculations. The experimental
results match within the error bands with the theoretical expectation.

The Z boson couples via a V-A structured vertex to all particles except for photons
and gluons. Therefore, it decays in any fermion-antifermion pair which is energetically
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Figure 4.7.: Measured and calculated cross section of the Drell-Yan process [74].

possible. The total decay with of the Z boson is at tree-level

Γ = g2
ZmZc

2

48π~
∑
f

(|cfA|2 + |cfV |2) , (4.7)

where the summation runs over all fermions f and cfA, c
f
V are the axial and vector coupling

constants defined by

cV = T3 − 2Q sin2 ΘW (4.8)
cA = T3 . (4.9)

The mean life time of the Z boson is of the order O(10−25) s. The branching ratios of the
different decay modes are summarized in Table 4.2.

Table 4.2.: Branching ratios of Z boson decay [39].
Mode Theoretical fraction Γi/Γ Experimental fraction

e−, µ−, τ− 3.44 % (3.3658± 0.0023) %
νe, νµ, ντ 6.85 % (20.00± 0.06) %
hadrons 69.13 % (69.91± 0.06) %
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4.4. The τ-lepton

As described above, the τ -lepton plays a major role in measuring the fermionic Higgs
coupling. It is the third lepton of the Standard Model and it has the same quantum
numbers as the two lighter charged leptons, electron and muon. Consequently, it is a
spin-1

2 -particle with weak isospin I3 = −1
2 and the electric charge −1. Its mass mτ and

lifetime ττ are [39]

mτ = (1776.82± 0.16) MeV (4.10)
ττ = (290.6± 1.0)× 10−15 s . (4.11)

Similar to the muon, the tau lepton is not a stable particle, since there are possible
decay products, which are lighter than the mother particle. Nevertheless, the tau-lepton
expands the range of the possible decay modes. In contrast to the muon mass of mµ ≈
105.6 MeV [39], the tau mass is greater than the mass of pions mπ ≈ 139.6 MeV [39].
Therefore τ leptons can decay into several hadronic decay channels beside the leptonic
channels.

W−

τ−

ντ

ū, ν̄e

d, e−

Figure 4.8.: The τ -decay mediated by the W boson into quarks or leptons.

The decay of the tau leptons occurs via a weak interaction and it is mediated by the W
boson depicted in Figure 4.8. The decays are usually grouped into the lepton decay
channels τ− → `−ν̄`ντ and the hadron decay channels τ− → hadrons + ντ . The lepton
channels consist of the two equal decays into an electron or a muon plus neutrinos. The
hadron channel exhibits a wider multiplicity of processes. The conservation of electric
charge leads to decays with an odd number of charged particles plus neutral particles.
The hadronic decays of a tau into one negative charged particle with additional neutral
particles is named 1 prong + X and the decay into three charged particles (two negative
and one positive) with neutral particles is named 3 prong + X. Higher track multiplicities
are highly suppressed. Table 4.3 offers an overview of the dominant decay channels and
their branching ratios.
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Table 4.3.: Branching ratios of dominant τ decay channels [75].
Decay Branching ratio [%]

e−ν̄eντ 17.85± 0.05
µ−ν̄µντ 17.36± 0.05
π−ντ 10.91± 0.07
π−π0ντ 25.51± 0.09
π−2π0ντ 9.29± 0.11
π−π+π−ντ 9.00± 0.06
π−π+π−π0ντ 2.70± 0.08

4.4.1. Discovery of the tau lepton

The first signs for a third member in the lepton family were detected by Martin Lewis
Perl et al. at Slac [76]. The Lbl detector collaboration recorded events from the Spear
collider.
The Lbl detector recorded a significant number of e+e− → µ+e− accompanied by at

least two undetected particles. The interpretation of these events were inexplicable at
that time in the scope of the known processes. Therefore, a new particle was postulated
in 1975. The estimated mass range of this new particle was between 1.6 and 2.0 GeV.
This interpretation was not immediately accepted and other interpretation, such as

pion decays were proposed or the measurement itself was mistrusted [77]. As opposed to
the quark mixing, there was no theoretical need to impose a third lepton.
Finally, the measurement of the τlepτhad channel supported the theory of a heavy lepton.

The measurement of the so-called anomalous muon production e+e− → µ− + hadrons
consolidated the interpretation of these events as tau-decays in 1977 [78, 79]. Nevertheless,
it took until the end of 1978 to establish the tau lepton [80].
The lifetime of taus is measured by the reconstruction of secondary vertices. Its value

in Equation (4.11) leads to a decay length of L = 87 µm. In the case of the Lhc, taus
decay already in the beam pipe, but high resolutions near to the intersection point allow
the extrapolation of charged tracks to the secondary vertex of the tau decay.
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In this thesis, the measurement of the Z → ττ cross section of the lepton-hadron channel
is presented. The analysis is based on the data set of an integrated luminosity of

∫
L dt =

20.3 fb−1 recorded at a proton-proton center-of-mass energy of
√
s = 8TeV with the

Atlas detector at the Lhc.

5.1. Selection of Z → τlepτhad events

Z → ττ events in the semileptonic decay channel are typically characterized by the
production of a highly collimated jet coming from the hadronically decaying tau and one
isolated lepton arising from the leptonic tau decay. The tau jet of the former decay is
almost always composed of the odd number of charged hadrons and neutral pions. In
addition to the tau jet and the lepton of the tau decay, neutrinos are produced which
are experimentally undetectable, giving rise to the missing transverse momentum in the
event.
In summary, the measurement of the Z → τlepτhad cross section is based upon the

reconstruction of various objects: jets, τ candidates, muons, electrons, and the missing
transverse momentum.

5.1.1. Object definitions

Muon candidate

The reconstruction of a muon candidate is based on the association of a muon spectrometer
track with a track of the inner detector. The calculation of the transverse momentum of
the muon candidate is a statistical combination of these two tracks taking the energy loss
in the calorimeter into account [81, 82]. The transverse momentum of a preselected muon
candidate has to be larger than 10GeV and the tracks have to lie in the pseudorapity
region of |η| < 2.5. Furthermore, the candidate has to pass the ‘loose‘ identification
criteria and additional quality requirements on the track quality. The number of hits in
the pixel detector has to be greater than zero, the number of hits in the SCT has to be
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greater than four and the sum of holes of the tracks in these detectors has to be smaller
than three. If the track lies in the region 0.1 < |η| < 1.9, the number of hits in the TRT
has to be greater than 5 from which at most 90 % are allowed to be outliers. In addition,
the longitudinal impact parameter D0 of the candidate has to be smaller than 10mm to
differentiate it from cosmic muons.

The requirements of a selected muon candidate asks for a transverse momentum of
pT > 17GeV. Furthermore, the matching of tracks in the ID and the muon spectrometer
is obligatory.

Electron candidate

Electron candidates are associated to clusters of deposited energy in the EM calorimeter
matched to tracks of the inner detector. A preselected electron candidate has to have a
transverse momentum of at least 15GeV and it has to lie within |η| < 2.47. In addition,
a candidate has to fullfill the ’loose’ identification criteria [83]. Within the crack region
of the 1.37 < |η| < 1.52, the ’medium’ identification criteria is asked for. Finally, a
selected electron candidate has to fullfill the ’tight’ identification criteria and the transverse
momentum of the lepton has to be greater than 20GeV.

Tau candidates

In the context of this analysis, tau refers to a hadronically decaying tau. The reconstruc-
tion of tau candidates is based on jets reconstructed with the anti-kt algorithm [84] within
a cone of ∆R = 0.4 and pT > 15GeV. Quality criteria to distinguish between jets from
tau decay and other sources are the crucial ingredient of the tau candidate definition.

First of all, one asks for one or three tracks, referring to the odd number of charged
decay products, named 1-/3-prong. Additionally, the electric charge of the reconstructed
jet has to be plus or minus one, pT > 20GeV and |η| < 2.47(2.5) in case of one (three)
prong(s). Then, the Boosted Decision Tree (BDT), which is trained to distinguish be-
tween jets from taus and other sources as described in [85], has to rate this candidate at
least with ’medium’ tag. The tau identification criterion represents a signal efficiency of
approximately 45 %. To reject electrons, which can fake tau candidates, an additional
BDT discriminant is applied. For one and three tracks, a separately trained BDT for the
identification is applied.
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Missing transverse momentum

The missing transverse momentum is defined by the vectorial sum of the deposited energy
clusters in the calorimeter and the reconstructed muon tracks [86], as follows

/ET = /E
calorimeter
T + /E

muon
T − /E

energy loss
T . (5.1)

The first term describes the energy deposits within the calorimeter and it is composed of
a topological cluster. The second term is based on the momenta of the muons, since they
deposit just a part of their energy. The last term is a correction term to take into account
the energy loss of the muons in the detector.

Lepton isolation

The leptons arising from tau decays are typically isolated. The isolation of a lepton
can be quantified by the ratio of the deposited energy around the lepton track and the
transverse momentum of the related lepton. In the context of this analysis, two isolation
parameters are used. One uses the energy of tracks around the lepton track within a cone
of ∆R = 0.4, which is constrained to 4% of its own transverse energy,

I0.4
pT
/pT < 0.04 . (5.2)

Since this isolation criterion is based on track information, this cut is only sensitive
for charged particles. Figure 5.1 shows the distribution of the isolation variable within
the preselection (see Figure 5.9) just before the application of the cut on the isolation.
The plot contains only the contribution of the available Monte Carlo samples, since the
estimation of the QCD multijet background is based on a data driven method, which
makes use of the inverse of the lepton isolation. Therefore, the discrepancy of the data and
the simulation can mostly be traced back to the undescribed QCD multijet background.
The track based isolation distribution shows already a clear isolation of the processes
which produce charged leptons. Nevertheless, the cut of Equation 5.2 allows to get a higher
purity of Z → ττ signal events, since contributions of W+jets and QCD background can
be rejected.
In contrast to the track based isolation, the isolation within the calorimeter defined as

I0.2
ET
/pT < 0.04 (5.3)

takes neutral particles into account as well. Due to the shower shape of the particles in
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the calorimeter, the detected particles have a much larger spread and hence a smaller
isolation cone of ∆R = 0.2 in contrast to the track isolation must be required. Fig-
ure 5.2 shows this isolation variable for electrons and muons. As one can see, the main
contribution above the cut of Equation 5.3 is due to (unclassified) QCD multijet events.
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Figure 5.1.: I0.4
pT
/pT : The summed track energy measured in a cone of ∆R = 0.4 around

the lepton track relative to the transverse momentum of the lepton I0.4
pT
/pT ,

used as an isolation variable to select electron and muon candidates.
The coloured stacked histogram describes the expected composition of the
signal region given by MC simulations at preselection stage before the iso-
lation cut (see Figure 5.9). The black dots represent the number of events
at this cut stage measured by the Atlas detector for an integrated lumi-
nosity of

∫
L dt = 20.3 fb−1. Its vertical error bars describe the statistical

uncertainties of the data.
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Figure 5.2.: I0.2
ET
/pT : The deposited energy in the calorimeter in a cone of ∆R = 0.2

around the lepton track relative to the transverse momentum of the lepton
I0.2
ET
/pT . For more information, see Figure 5.1.
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5.1.2. Background

To determine the purity of the Z → τlepτhad events in the signal region, one has to estimate
the background contributions to it. The major contributions to the signal comes from
Z → `` decays (` = e, µ), W → `ν + jets and QCD multijet productions. Apart from
the last contribution, all backgrounds are estimated with MC simulations. A detailed list
of the used MC samples is in Appendix A. The estimation of the QCD jet background is
calculated with a data-driven method.

Electroweak backgrounds

Z decays into charged leptons The decay of Z → `` with ` = e, µ constitutes an
important background of the Z → ττ decay. Within the scope of the lepton-hadron decay
channel, these background contributions are reducible. One can reject all completely
measured and correctly reconstructed Z → `` by imposing a dilepton veto. Hence, only
incomplete or misleading reconstructions can fake Z → τlepτhad events. reconstruction and
The identification of muons is rather unambiguous, so that Z → µµ faking Z → τlepτhad

events are mostly due to a jet faking a hadronic tau and a muon, which is lost in the
beam pipe. These events contribute only lightly to Z → τlepτhad . Indeed, the Z → ee

decay has a larger impact. Electrons do not have such a clear signature and thus can be
easily identified as a hadronic tau. Therefore, a dedicated BDT to distinguish between
electrons and taus is commonly used (see Section 5.1.1).

W+jets The W+jets background is the major background after having applied the
cuts based on the event topology. This process can mimic a Z → τlepτhad event identified
by the presence of exactly one lepton and one hadronic tau mostly in two different ways.
Firstly, a leptonic W decay can provide the muon or the electron of the signal region and
a jet can be misidentified as the hadronic tau. Secondly, the W decays into a hadronic
tau and one of the accompanying jets fakes an electron. The suppression of these events
stands on efficient object reconstruction, but also on kinematic cuts. The latter are based
on the neutrinos, which show up as missing transverse energy. A more detailed description
of these cuts is given in Section 5.1.3.

Other Besides the described electroweak background contributions, there are several
other backgrounds which have only a slight impact on the signal region. Those processes
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will be summarized as ’Other’ in the figures. Events of these processes contribute only
with particular decay channels in case of lost particles in the beam pipe or misidentified
objects. These include the top quark production. In particular, the pair-production such
as the single top production can bring up W as intermediate states which can contribute
to the signal region as described in the previous paragraph. The cross section of tt̄ at
√
s = 8TeV is 241.4 ± 8.5 pb [87] and the associated production of single top quarks

with W boson is 25.0 ± 4.7 pb [88]. Thus one does not expect a significant amount of
background events faking signal events compared to the cross section of the inclusive W
(Z) production of the (charged) lepton decay channel of ∼11 nb (∼1 nb) [89]. Likewise,
one does not expect significant contributions of diboson production, WW , ZZ, ZW ,
whose total production cross section is of the order O(10) pb at

√
s = 8TeV [90, 91]. The

Higgs decay H → ττ is an irreducible background. However, its cross section is of the
order O(1) pb [68, 71] and thus cannot considerably affect the results. Nevertheless, these
processes are included into the analysis for completeness and to improve the validity of
the results.

QCD background

QCD multijet events can mimic Z → τlepτhad decays only in case of incorrectly identified
jets. Jets can be misleadingly identified as leptons as well as hadronic taus. There-
fore, dedicated tuning of BDT algorithm is needed for tau identification, especially in
hadronic environments. Additionally, the theoretical description of QCD suffers from big
uncertainties [92]. Therefore, it is reasonable to use data-driven methods to estimate the
contribution of this background. One data-driven approach to build the fake model is
the template method, from which the shape and the normalization can be deduced using
different control regions. The description and the results of further studies to validate
this method are given in Section 5.2.

5.1.3. Event selection

The event topology of one semileptonic Z → ττ decay offers selection criteria to create
a signal region with high purity. The semileptonic channel is usually characterized by
one isolated lepton. This lepton triggered a single lepton trigger (SLT) or a combined
lepton tau trigger (LTT) and passed the isolation criteria. In addition, impacts of the
dilepton channel of the Z → ττ decay and the decays Z → `` with ` = µ, e are reduced
by imposing a dilepton-veto, the requirement of just one reconstructed lepton per event.
The identification of a hadronic tau is required. To respect the electric neutrality of
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the Z boson, only events with different signs of the electric charge of leading τhad and
lepton are accepted. Since the aim is to measure the inclusive Z → τlepτhad cross section,
additional jets are allowed in the selected events.

Cuts of CommonNtuples

Apart from the mentioned constraints due to the event topology, one can apply several
cuts to enhance the quality and purity of the signal region. For searches of the lepton-
hadron channel of the Z → ττ decay, the data format CommonNtuples is processed
and provided by the Higgs working group. These are preskimmed derived physics data
(D3PD) of the original tau D3PD. Aside from a preselection, the recommended corrections
on the reconstructed 4-momenta are applied. The default selection of CommonNtuples is
presented in the next paragraphs.

GoodRunList The selection of the CommonNtuple is intended to reject events due
to different objectives. First, the general selection rejects events, which do not comply
with the commonly used quality criteria of data. Then, a more particular selection is
aimed to narrow down the data to the relevant parts. This filtering is given through
the GoodRunList of the Atlas Data Quality System. It offers a list in which luminosity
blocks of the data are in accordance with the requirements on beam quality and data
quality.

Trigger Data events are further filtered by using triggers. Respecting the data taking
procedure, as described in Section 3.3.4, one has to consider well defined triggers. The
signal region is determined by the presence of a lepton and a hadronic tau. So, two SLT,
respectively one per lepton channel and two LTT are used:

• EF_e24vhi_medium1
A single electron trigger with a threshold ET > 24 GeV asking for medium selection
criteria. The tag vhi describes certain selection criteria at the first trigger stage L1.
It passed a variable η threshold (v), a hadronic leakage cut (h) and isolation criteria
(i).

• EF_tau20Ti_medium1_e18v_medium1
A combined tau-electron trigger: It comprises a triggered isolated (i) tau with ET >
20 GeV, passed an electromagnetic cluster threshold (T), which fulfills ’medium’
selection criteria and an electron with ET > 18 GeV as above without the isolation
criterion.
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• EF_mu24i_tight
A muon trigger which tags isolated muons with pT > 24 GeV passing further ’tight’
selection criteria.

• EF_tau20_medium1_mu15
A combined tau-muon trigger, which selects medium τ candidate with pT > 20 GeV
and muons with pT > 15 GeV.

Depending on the fired trigger, the event is categorized as an ’electron event’ or a ’muon
event’. If this classification is ambiguous, the event will be rejected.

Event cleaning After this first and rough selection of events, several additional selec-
tions are imposed. Since the Z+jets production is an inelastic scattering process, the
recorded event has to describe a hard scattering event. An event cleaning is applied to
reduce the impact of pile-up events and elastic scattering. It implies, that only events
with at least one primary vertex are considered. To differentiate between vertices coming
from hard scattering or elastic scattering, one uses the number of tracks belonging to the
considered vertex. The event cleaning of the CommonNtuple asks for at least four tracks.

Overlap Removal To ensure the quality of reconstructed objects, an overlap removal
of different selected objects is applied. An overlap of two objects o1 and o2 is given, if the
distance ∆R(o1, o2) is smaller than 0.2. Preselected electrons will be unselected, if they
overlap with selected muons. Hadronic taus are unselected in case of an overlap with a
preselected lepton. The latter overlap removal uses a looser preselection of muons. These
looser criteria comprehend a loose identification with pT > 2GeV without the described
muon quality criteria in Section 5.1.1.

Dilepton veto In respect to the lepton-hadron channel, a dilepton veto is applied. This
implies, that the electron (muon) channel allows only one preselected electron (muon).
The CommonNtuple likewise provides a control region to the dilepton veto. It includes
events with just two isolated1 leptons of the same flavour of different charge and an
invariant dilepton mass between 61GeV and 121GeV.

Final selection Finally to respect the event topology, only events with exact one se-
lected lepton and one selected tau are dumped into the CommonNtuples. The flavour
of the selected lepton offers the categorization of this events. The final classification of

1Analogue to the definition of the isolation criteria in Section 5.1.1 with an energy fraction below 0.6.
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events into muon or electron and SLT or LTT by the CommonNtuple is based on further
kinematic selections, which are described in the following paragraph.

The signal region

Differentiation of the lepton-hadron channel The semileptonic Z → ττ decay
can be split into the following four channels. The differentiation on truth level occurs
based on the lepton flavour. The tau decay can yield an electron (el-channel) or a muon
(mu-channel). On reconstruction level, there are respectively two possibilities for the
two lepton channels to be identified: The SLT and the LTT. Since the event selection in
respect of the triggers of the same flavour is not disjunct, one imposes further selection
criteria to create orthogonal channels. This simplifies the combination of later results of
different channels.

Table 5.1.: Cuts on the kinematics of tau and lepton to guarantee orthogonal signal
regions for the SLT and LTT channel.
electron muon

SLT peT > 25GeV pµT > 22GeV
pτT > 20GeV pτT > 20GeV

LTT 17GeV < peT < 25GeV 17GeV < pµT < 22GeV
pτT > 25GeV pτT > 25GeV

One asks for unambiguousness of the lepton family by rejecting events with an overlap
of the electron and muon trigger. To separate the LTT and SLT channel, the kinematic
cuts of Table 5.1 are imposed. Figure 5.3 shows the distributions of the muon transverse
momentum pµT of the SLT and LTT channel right after the preselection. The Figure 5.4
presents the results of the electron channel. The last bin of the distribution of the SLT
channels contains additionally the overflow events with p`T > 110GeV. Already after
the preselection, the LTT channel is signal dominated. The most dominant background
contributions are W → `ν and QCD multijet events. Indeed, the SLT channels are in
both cases dominated by the W+jets background, followed by the Z → ττ signal and
contributions of QCD and Z → `` . Independent of the trigger channels, the muon
channels are much purer than the electron ones due to better muon identification skills of
the Atlas detector.
The discrimination of the SLT and LTT channel had been envisaged, such that all

results were produced separately for the four channels. Finally, the analysis stopped
before any particular dealing of the SLT and LLT channel. Therefore, the SLT and LTT
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channel are merged from now on in this analysis. The further event selection is for all
channels identical. It is mainly designed to reduce the dominant W+jets background to
get a purer signal selection.
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Figure 5.3.: Lepton transverse momentum pT of the muon channel: the classification
into the SLT and LTT channel. These plots show the comparison of data
and simulated background including QCD multijet after the preselection
depicted in Figure 5.9. For more information, see Figure 5.1.
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Figure 5.4.: Lepton transverse momentum pT of the electron channel: the classification
into the SLT and LTT channel. For more information, see Figure 5.3.
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5.1. Selection of Z → τlepτhad events

W→ `ν background rejection The remaining dominant background after the pres-
election of the CommonNtuple (see Figure 5.9) is coming from the W+jets production.
To reduce its contributions to the signal region, several additional cuts are applied.

Figure 5.5.: a) For Z → τlepτhad , /ET lies between the lepton and tau, since the tau
decay lead to collimated daughter particles. b) and c) In case of W decay,
the momenta of the daughter particles are balanced, so that /ET lies outside
of the angle [93, p. 86].

A powerful observable to distinguish betweenW+jets and Z → τlepτhad events is based on
the angular distance between the missing transverse energy and the reconstructed lepton
∆φ( /ET , `) and tau ∆φ( /ET , τ). The Z boson is heavier than the two taus, so that the
Z → ττ process leads to boosted decay products. Therefore, the further decay of the tau
leptons results in collimated daughter particles. The neutrinos coming from these decays
are summed up experimentally within the missing transverse energy. For Z → ττ events,
the vector of /ET lies generally in the angle between the reconstructed τhad and τlep (see
Figure 5.5). In contrast to that, the vector of /ET of W+jets decays lies outside of the
angle of the identified lepton and tau. This topological character of such events can be
quantified by the following formula. 5.4.

∑
cos ∆φ = cos(φ(`)− φ( /ET )) + cos(φ(τh)− φ( /ET )) (5.4)

Taking this definition, one expects events with ∑ cos ∆φ ≈ 0 in case of back-to-back taus
from non-boosted Z bosons and 0 <

∑ cos ∆φ < 2 for boosted Z bosons. Figure 5.6
shows the distribution of described quantity. The first and the last bin in the plots
imply respectively the underflow and overflow events beyond the plotted spectrum. The
distributions agree with the expectations of a peak of signal events at zero. In contrast
to the idealization of complete collimated daughter particles of the tau decays, there are
signal events below the null value. Finally, a cut of ∑ cos ∆φ > −0.15 allows to reject
many background events coming from the W production with jets.
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b) Electron channel

Figure 5.6.: Distribution of ∑ cos ∆φ before the cut on it (see Figure 5.10): this quan-
tity returns values greater than zero, if the vector of /ET lies inside of the
angle of the reconstructed hadronic tau and lepton. Else, it returns nega-
tive values. It offers a good separation between Z → ττ and W+jets. For
more information, see Figure 5.3.

Another way to distinguish between Z → ττ andW+jets events is a cut on the transverse
mass mT , defined as

mT =
√

2p`T /ET (1− cos ∆φ(`, /ET )) . (5.5)

It is as commonly used variable to describe the mass of W bosons, since neutrinos are
among the daughter particles. One of the advantages is that the mT distribution is
relatively insensitive to the production dynamics of W bosons [94].
The produced Z bosons have under the given experimental terms in general a small pT .

Therefore, the τ leptons coming from the Z decay are expected to be most of the time
back-to-back resulting into a highly balanced missing transverse energy and consequently
a small transverse mass mT . Figure 5.7 shows the distribution of the transverse mass
of the remaining events after the cut on ∑ cos ∆φ. One sees the agreement of these
expectations with the distributions of the transverse mass of the two lepton channels. In
contrast to the contribution of Z → ττ events, the transverse mass of a W+jets sample
peaks around 70GeV. So, the cut of mT < 50GeV has a good background rejection of
W+jets events with a high signal efficiency.
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Figure 5.7.: Distribution of the transverse mass mT before the cut on it (see Fig-
ure 5.10): In contrast to Z → ττ events, the distribution of W+jets
production peaks at 70GeV. Therefore, the signal region is limited to
mT < 50GeV. For more information, see Figure 5.3.

The two previous cuts are based on the angular distribution between the measured par-
ticles and the missing transverse energy. Furthermore, one can use the angle between the
hadronic tau and the lepton ∆φ(τhad, `) to consider directly the back-to-back character
of the Z → ττ decay. The distributions of the angular distance ∆φ is in Figure 5.8. At
this stage of the cutflow, this observable does not offer a quantity with high separation
power, but a cut of ∆φ > π

2 still allows to purify the signal region.
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Figure 5.8.: The distribution of ∆φ(τhad, `) before the cut on it (see Figure 5.10): Z →
ττ events tend to be back-to-back. The event selection cuts on ∆φ > π

2 .
For more information, see Figure 5.3.
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5.1.4. The cutflow

The following tables summarize the complete cutflow of the event selection. Table 5.2
and Table 5.3 show the signal efficiencies and background rejection efficiencies at each cut
stage. An overview of the absolute numbers can be found in Appendix B.
The first cut ’CommonNtuple’ describes the selection of the lepton-hadron Common-

Ntuples. The five subsequent cuts incorporate the preselection of the lepton hadron chan-
nel. It imposes the rough signal selection based on the event topology. So, the selection
up to this point implies the choice of the lepton flavour channel and it rejects the events
of the control regions offered by the selection of the CommonNtuple. The signal efficiency
at this stage of the cutflow is 0.592% (0.322%) (137987 (75083) expected Z → ττ events)
with a background rejection of 99.961% (99.967%) (288522 (217326) expected background
events excluding QCD multijet events) in the muon (electron) channel. The cutflow of
this preselection is shown in Figure 5.9. Since the estimation of the QCD background is
based on the inverted isolation, tau identification and opposite sign criteria, it is therefore
not given at this stage of the cutflow.
The following cuts are set to reach a higher purity of the signal region and to reduce the

W+jets background (Figure 5.10). These four (three) cuts have a signal efficiency of 68.5%
(68.6%) and background rejection of 88.6% (83.4%). The overall selection including the
preselection of the CommonNtuples leads to a signal efficiency of 0.406% (0.221%) (94555
(51527) expected Z → ττ events) with a background rejection of 99.996% (99.995%)
(35389 (43230) expected background events including QCD multijet events) in the muon
(electron) channel. In case of the muon channel, an additional cut ’Tau-is-muon veto’
is applied. As in the preselection of electron candidates, it comprises a BDT trained
to reject muons faking taus. All distributions of the following cross section studies are
constrained to these described signal regions.
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Table 5.2.: Cutflow of the muon channel: signal efficiencies and background rejections.
The first entry describes the preselection of the data type ’CommonNtuple’
followed by cuts of the event topology of the muon-hadron channel of
Z → ττ events. ’Tau-is-muon veto’ is a BDT trained to reject muons
faking taus. The last three cuts are aimed to reject W+jets events.

Cuts Total eff. Total backgr. rej. Efficiency Background rej.
No Cuts 1.00000 0.00000 1.00000 0.00000

CommonNtuples 0.01182 0.99614 0.01182 0.99614
Muon 0.00738 0.99724 0.62433 0.28567

OppositeSign 0.00727 0.99844 0.98433 0.43571
dilepVeto 0.00726 0.99846 0.99989 0.01186

Isolated lepton 0.00592 0.99961 0.81522 0.74363
Tau 0.00592 0.99961 0.99933 0.01003

Tau-is-muon veto 0.00572 0.99963 0.96655 0.04915∑
cos ∆φ > −0.15 0.00464 0.99988 0.81127 0.68017
mT < 50GeV 0.00430 0.99995 0.92758 0.55659

∆φ > π
2 0.00406 0.99996 0.94211 0.15684

Table 5.3.: Cutflow of the electron channel: signal efficiencies and background
rejection. The first entry describes the preselection of the data type
’CommonNtuple’ followed by cuts of the event topology of the
electron-hadron channel of Z → ττ events. The last three cuts are aimed
to reject W+jets events.

Cuts Total eff. Total backgr. rej. Efficiency Background rej.
No Cuts 1.00000 0.00000 1.00000 0.00000

CommonNtuples 0.01182 0.99614 0.01182 0.99614
Electron 0.00444 0.99890 0.37567 0.71433

OppositeSign 0.00435 0.99935 0.97909 0.41309
dilepVeto 0.00435 0.99936 0.99995 0.01321

Isolated lepton 0.00322 0.99967 0.74130 0.48195
Tau 0.00322 0.99967 0.99909 0.01182∑

cos ∆φ > −0.15 0.00260 0.99988 0.80768 0.62033
mT < 50GeV 0.00239 0.99994 0.91721 0.48664

∆φ > π
2 0.00221 0.99995 0.92637 0.14951
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Figure 5.9.: Cutflow of the preselection. The plot shows for every cut stage of the pre-
selection the number of expected events given by MC simulations depicted
by the coloured stacked histogram and the number of measured data events
represented by the dashed line. The QCD jet background estimation can
only be made after the preselection, since the template method works with
inverting the isolation criteria.
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Figure 5.10.: Cutflow of the selection. The plot shows the developments of the signal
composition of the selection cuts applied to predominantly reject W+jets
events. For more information, see Figure 5.9.
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5.1.5. Distributions of the signal region

The differential cross section is studied for the distributions of the lepton transverse
momentum p`T , the tau transverse momentum Eτ

T , visible mass mV is, and the invariant Z
mass mZ , separately for the muon and electron channel. The tau transverse momentum
is based on the identification of a tau jet. Hence, Eτ

T does not comprise the momentum
of the neutrino of the tau decay. Likewise, the visible mass is the invariant mass of the
reconstructed lepton and hadronic tau only. In contrast, the invariant mass mZ describes
the invariant mass of the Z → ττ decay. The missing mass calculator reconstructs mZ on
the basis of the lepton and tau momenta, the missing transverse energy, and the resolution
of the missing transverse energy [95].
The following plots describe the comparison of the full

√
s = 8TeV dataset recorded by

the Atlas experiment and the stacked background simulation, taken from MC and data
driven methods. Below the stacked plots, the ratio between the data and the expected
simulation is shown. The yellow error bands include the systematic uncertainties from
the simulation. These include the scaling uncertainties on the theoretical cross sections,
the statistical uncertainties of the MC data and finally the uncertainties coming from the
template method for the QCD multijet estimation. Further uncertainties, which will be
described in Section 5.3.1 are not included at this point. The black error bars describe
the statistical uncertainties of the data only.
In the main region of signal of [20, 60]GeV, simulation and data of the tau transverse

momentum Eτ
T (Figure 5.11) match within the systematic uncertainties of ±5%. The

simulation of the first two bins results in an underestimation of the expected number of
events and the following two tend to overestimate the expected number of events. In con-
trast, the distributions of the lepton transverse momentum in Figure 5.12 show an obvious
trend from an overestimate to an underestimate of the data within the central region of
[15, 45]GeV to a deviation of ∼10%. These are the most dominant discrepancies and are
reflected in the distribution of the visible mass mV is (Figure 5.13), which consequently
results also in an slight underestimate in low mass mV is < 65GeV and an overestimate
in higher mass region 65GeV < mV is < 100GeV. Likewise, the Z mass distributions in
Figure 5.14 show a good matching of the simulation and data within ±5%. Finally, the
trends of the muon and electron channel show similar behaviours.
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Figure 5.11.: The tau transverse momentum Eτ
T distribution of the signal region after

the final cut (see Figure 5.10). The coloured stacked histogram represents
the simulation of the signal. The hatched area depicts the systematic
uncertainties of the simulations. It comprises the theoretical uncertainties
of the cross sections and uncertainties coming from the template method.
The black dots are the measured data points. The black crosses in the
ratio plot describe the matching of data and simulation. Its error bars
comprise the statistical uncertainties from data. The yellow error band
depicts the systematical uncertainties of the simulation.
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Figure 5.12.: The lepton transverse momentum p`T distribution of the signal region after
the final cut. For more information, see Figure 5.11.
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Figure 5.13.: The visible mass mV is distribution of the signal region after the final cut.
For more information, see Figure 5.11.
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Figure 5.14.: The invariant Z mass mZ distribution of the signal region after the final
cut. For more information, see Figure 5.11.
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5.2. The template method

5.2.1. Concept

The basic concept of the template method to model the fake background is based on the
extrapolation of the number of QCD multijet events from a background enriched control
region to the signal region. Therefore, one defines a region B which is orthogonal to the
signal region A and dominated by the unmodelled background. Commonly, one inverts
the ’opposite sign’ (OS) criterion to the ’same sign’ (SS) to enrich the QCD multijet events
of region B. Due to charge conservation, this region is orthogonal to any Z → `` with
subsequent ` = e, µ, τ decay. One takes the distribution of the wanted observable in this
region and subtracts the other background contributions known from MC simulations. By
construction of region B the remaining events are the unmodelled background, which is
identified as the QCD contribution. Afterwards, one has to scale the obtained distribution
of this QCD multijet background to account for the transition from region B to region
A. Either the scaling factor can be obtained by a fit of the background shape taken
from region B to the data in region A (or another control region) or it is extracted from
another pair of orthogonal control regions C and D. They must be also dominated by
the background and describe the same transition as A and B (see Figure 5.15). Here,
the construction of the region C and D is based on the inversion of the isolation criteria,
which are dominated by a non-simulated process as is discussed in Section 5.1.1.

Figure 5.15.: The signal and control regions of the ABCD method.

In summary, the distribution fA(O) of the observable O of the QCD multijet background
of the signal region A is calculated by

fmultijet
A (O) = fmultijet

B (O) · N
multijet
C

Nmultijet
D

(5.6)
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with number of estimated QCD multijet events Nmultijet
{C,D} occurring in region C and D.

The template method is based on several assumptions. Firstly, the construction of
the control regions B, C, and D subtracting the MC modelled background prevents any
signal leakage. If that was not the case, signal events in region B would be treated as
background. This would lead to an overestimate of the QCD multijet background. A
signal leakage towards the control regions C and D could have a bias on the scale factor
in both directions depending on the degree of signal contamination of the respective
region. Secondly, the template method returns only reliable results in case of uncorrelated
discriminative variables. Otherwise, one could not expect that the relation of the scaling
factor

Nmultijet
C

Nmultijet
D

= Nmultijet
A

Nmultijet
B

(5.7)

is correct. To be specific, the method would be valid in case of a correlation of the
observable O to the discriminative variable of the regions, if one considered a scale factor
depending on O. This approach is highly limited by the statistics, such that uncorrelated
variables are desirable and a global scale factor can be used.

5.2.2. Studies of the assumptions

The above assumptions concerning the correlations between control regions have to be
verified. Here, just the results of the muon channel are discussed in every step. The
non-mentioned tables and plots of the electron channel are summarised in Appendix C.
The first assumption is that the SS/OS criterion and the cut on the lepton isolation are
independent. Otherwise, Equation 5.7 would not be satisfied. The composition of region
A, B, C, and D is summarised in Table 5.4. The entry ’Rest’ is the difference of measured
data events and the MC simulated events. The OS/SS-ratios of the ’Rest’ events are

Nmultijet
A

Nmultijet
B

= 1.11 (5.8)

Nmultijet
C

Nmultijet
D

= 1.141 (5.9)

The deviation of these ratios is less than 3%, which is compatible with expected uncer-
tainties coming from theoretical and statistical uncertainties. Equation 5.7 is fulfilled and
it approves the validity of the control regions. Therefore, the construction of the control
regions B, C, and D by inverting the OS/SS and isolation criteria can be used for the
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template method.

Table 5.4.: Composition of the regions A, B, C, and D of the muon channel in case of
’lepton isolation’ and ’OS/SS’ inversion.

A B C D
Lepton isolation 3 3 7 7

Opposite Sign 3 7 3 7

Data 129541 20470 484757 403134
Ztautau 94554 918 22249 300
Zmumu 1891 1201 323 164
Zee 0 0 2 3
W 17607 6546 3721 1323
Other 2986 496 1095 555
Rest1 / Nmultijet 12500 11307 457366 400787

1 Inconsistencies between the number of data events, MC events and rest come from rounded MC
event numbers, since MC weights lead to non-integer results.

The choice of the control regions seems to be appropriate. Nevertheless, a cross check of
the control region configuration is reasonable. The only other possibility of variable pairs
of the preselection would be the inversion of the OS and the ’medium’ BDT score of the
tau identification. Since the skimming of the used CommonNtuples (see Section 5.1.3)
has rejected these events, one can just use the inversion of a ’tight’ BDT score. Hence,
the control regions B’, C’, and D’ are based on a hypothetical signal region with a ’tight’
tau identification. To use the results of the adopted regions, it is scaled to the number of
control region B.

fmultijet
A (~x) = fmultijet

B′ (~x) · N
multijet
C′

Nmultijet
D′

· N
multijet
B

Nmultijet
B′

(5.10)

The composition of the adopted control regions B’, C’, and D’ are presented in Table 5.5.
Here, the transition factor computed is

Nmultijet
C′

Nmultijet
D′

= 1.30± 0.03 (stat)± 0.05 (sys). (5.11)

It differs significantly from the global extrapolation factor based on the isolation criterion
of 1.141 and the reference value of 1.11 in Equation 5.8 and Equation 5.9. The change of
the tau identification from ’medium’ to ’tau’ may be too strong, but offers a way to com-
pare the following validity checks. Since the approach of inverting the isolation criterion
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seems to be more appropriate, the template method based on the tau identification will
be used as conservative estimation of the systematical error.

Table 5.5.: Composition of the control regions of the muon channel. The signal region
A and the control region B are based on the standard selection. B’, C’,
and D’ relay on the ’tight’ tau identification.

A B B’ C’ D’
BDT score ’medium’ ’medium’ ’tight’ not ’tight’ not ’tight’
Opposite Sign 3 7 7 3 7

Data 129541 20470 7372 53683 13407
Ztautau 94554 918 393 30620 532
Zmumu 1891 1201 402 1116 810
Zee 0 0 0 0 0
W 17607 6546 2066 11366 4689
Other 2986 496 166 1505 392
Rest / Nmultijet 12500 11307 4342 9074 6982

The extrapolation factor

Moreover, the claimed independence between the OS/SS ratio rOS/SS and the distribu-
tion variable has to be verified. Figures 5.16 shows the extrapolation factor rOS/SS in
dependence of the lepton and the tau transverse momentum. Additionally, the global
extrapolation factor (Equation 5.9) is also indicated. Apart from slight trends around the
global factor, the distribution depending on the lepton distribution seems to be consis-
tent with the assumption of a constant extrapolation factor. Indeed, rOS/SS(Eτ

T ) shows a
clearly increasing curve. This means, that for higher tau transverse momenta, there are
more fake lepton tau pairs with opposite signs than pairs with same signs.
While muons exhibit a clear signature in the detector and thus are most likely origi-

nating from (heavy) quark decays, this is not the case for reconstructed tau decays. They
can be easily misidentified from jets. Therefore, one can expect, that the detected muon
comes from the decay from one of the particles of leading transverse momentum of the
event.
A jet faking a hadronic tau decay is the counterpart of the detected muon. Since

its transverse momentum is arbitrary, the ratio of ’opposite sign’ and ’same sign’ tau
candidates should be constant concerning the lepton transverse momentum distribution.
It could even lead to a decreasing ratio with the lepton momentum, since the phase space
of underlying jets increases with increasing lepton momentum leading likewise to more SS
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and OS tau candidates. This would limit the previous dominance of the ’opposite sign’
events.
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Figure 5.16.: The global and binned extrapolation factor rOS/SS of the tau and lep-
ton momenta based on the standard control regions of ’lepton isolation’
inversion of the muon channel.
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Figure 5.17.: The global and binned extrapolation factor rOS/SS of the tau and lepton
momenta based on the alternative control regions of inverted tau identifi-
cation ’tight’ of the muon channel. The ratio points of rOS/SS = 1 without
error bars describe the ratio of two empty bins.

The increase of the ratio with increasing tau transverse momentum is due to the same
effect. The higher the mass of the reconstructed hadronic tau, the higher the chance it is
a high energy jet forming the electric counterpart of the muon.

The same trends can be observed in the control plots based on the inversion of the tau
identification criterion in Figure 5.17. While the statistical uncertainties dominate, the
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increasing trend is easily visible.
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Figure 5.18.: The global and binned extrapolation factor rOS/SS of the tau and lep-
ton momenta based on the standard control regions of ’lepton isolation’
inversion of the electron channel.
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Figure 5.19.: The global and binned extrapolation factor rOS/SS of the tau and lepton
momenta based on the alternative control regions of inverted tau identi-
fication ’tight’ of the electron channel.

The plots for the electron channel in Figure 5.19 show a similar shape, which can be
explained basically in the same way as the muon channel. The difference is the purity
of electron candidates. Since the signature of electrons is not as clear as for muons, jets
can also mimic electrons. Therefore, the described effect should be oppressed, as the jets
fake ’same sign’ and ’opposite sign’ electrons too. The low amount of statistics does not
allow to illustrate this difference. The cross check of the template method by inverting
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the tau identification offers unexpected results in the electron channel. The rOS/SS curve
in dependence of the lepton transverse momentum in Figure 5.19 drops even below 1,
while a ratio greater than 1 is expected due to the expected favoured OS events. The
dominance of the SS events over the OS in high momentum regions cannot be explained
by this effect and this is an open question at this stage of the analysis.
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Figure 5.20.: The global and binned extrapolation factor rOS/SS of the visible mass
distribution of the nominal choice of control regions.
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Figure 5.21.: The global and binned extrapolation factor rOS/SS of the invariant Z mass
distribution of the nominal choice of control regions.

Consequently, the non-flat distributions shapes of the ratio plots of the lepton and tau
transverse momentum have an impact on the shape of the visible mass and the invariant
Z mass. The plots of rOS/SS depending on the visible mass and the Z invariant mass
in Figure 5.20 and Figure 5.21 mirror the clear trends of the ratio plots of the lepton
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and tau transverse momentum. Nevertheless, the peak of the shapes is suspicious. The
distribution seems to reflect the shape of the signal, which could be a hint that there is a
significant amount of signal leakage into the control regions. Indeed, the shapes of these
ratios rOS/SS of the electron channel do not show such a clear similarity to the signal.
On the one hand, the assumption of a constant extrapolation factor rOS/SS over the

whole distributions seems not to be valid in any case. On the other hand, the shape of
the ratios is not fully understood. Both approaches have their motivations, such that the
constant factor is used as the nominal method and the variable factor (of the isolation
based template method) is used to derive the systematics of the method. In the peak
regions, the statistical errors of the variable factors are sufficiently small, that the resulting
systematic uncertainties of the template method remain reasonable.

Shape

The shape of the background estimation originates from region B, which is the same as
the signal region aside of the inversion of the OS criterion. To extract the influence on
the shape of the background processes, one takes the shape of the data (see Figure 5.22)
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Figure 5.22.: The shape of the background estimation is the difference of the data dis-
tribution and the distribution of the stacked MC simulations. The gap
between the data and the simulations is identified as the QCD multi-
jet background distribution of region B of the visible mass of the muon
channel.
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and subtracts all known and simulated background contributions. Assuming a perfect
and complete simulation of all other contributions, the isolation cut would not have any
impact on the background estimation. As this assumption does not hold, the impact of
the arbitrarily chosen isolation cut of 4% must be studied. For this purpose, one varies
the isolation cut from the value of the signal to 5% and 3%. Following the construction
of the control regions of the template method depicted in Figure 5.15, the variation of
the signal region results in a change of region D. Likewise in Equation 5.10, the resulting
background estimation of the varied signal regions is scaled with the number of estimated
background events of the nominal signal region. The different shapes of region B scaled
with the extrapolation factor ROS/SS and when it is necessary with NB/NB′ are shown in
Figure 5.23 a). The background estimation is rather stable against a shift of the isolation
cut. The variations of the extrapolation are included in the systematical error of the
estimation. Figure 5.23 b) shows the nominal QCD multijet estimation based on the
isolation criterion and the estimation based on the tau identification. The two different
control regions lead to a similar shape with different normalizations.
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Figure 5.23.: Comparison of different extrapolated visible mass distribution shapes of

the muon channel: a) shows the impact on the background estimation
of varying the isolation cut, b) shows the difference of the cross check
control regions based on the inversion of tau identification.

5.2.3. Findings

The template method offers an appropriate way to estimate the non-simulated QCD back-
ground. The different approaches of changing the control region from inverted isolation
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to inverted tau identification and the variation of the isolation cut back up the stability
of the method. However, the extrapolation ratios rOS/SS are not completely understood,
which eventually insert larger systematic errors. The final QCD multijet background con-
tribution including all systematics to the visible mass distribution is shown in Figure 5.24.
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Figure 5.24.: The QCD multijet background estimation for the visible mass distribu-
tion of the signal region A of the muon channel including all systematics
coming from varying the isolation cut, the bin-per-bin extrapolation and
the alternative control regions based on the tau identification.

The template method returns the summed number of QCD multijet events of

Nmultijet
A = 12903 ± 163 (stat) +750

−434 (syst)± 141 (lumi) (5.12)

by integrating over the visible mass distribution. Table 5.6 summarises the uncertainties
on this result. The shape and the normalization factor are based on data which is reflected
in the statistical error. The theoretical uncertainties imply the uncertainty on the cross
section (see Section 5.3.1). The entry ’Extrapolation factor’ and ’Shape’ contain the
statistical errors of the MC samples. Thereby, the latter is the dominant uncertainty of
the method itself. ’Alternative shapes’ summarizes the effects of varying the isolation
cut and ’Extrapolation bin per bin’ comes from using the mV is depending extrapolation
factor. The last and largest contribution comes from the alternative configuration of the
template method, which is based on the inversion of the tau identification instead of the
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isolation criterion.

Table 5.6.: Systematic uncertainties of the template method: the errors refer to the
integrated number of estimated QCD multijet events of the visible mass
distribution.

Uncertainty Absolute Relative
Theoretical uncertainties +88 -79 +0.68% -0.61%
Extrapolation factor +2 -2 +0.01% -0.01%
Shape +231 -231 +1.79% -1.79%
Alternative shapes +85 -100 +0.66% -0.78%
Extrapolation bin per bin +56 -49 +0.43% -0.38%
Template Method based on tau idenfication +607 -140 +4.71% -1.08%

The QCD multijet estimation via the template method completes the estimation of an-
other significant background. Figure 5.13 shows the visible mass distribution of the events
passing the signal selection. The simulation of the background processes is good in a sense
that the discrepancies between data and simulation is less than 5% in the region around
the peak. A more detailed discussion about the agreement data and simulation is in
Section 5.1.5.
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5.3. Cross section

This section describes the results of the cross section measurements and the relevant
systematic uncertainties. The four presented distributions lepton transverse momentum
p`T , tau transverse momentum Eτ

T , visible mass mV is, and invariant Z mass mZ of Sec-
tion 5.1.5 are used to calculate two differential cross sections for the muon and electron
channel, respectively. Additionally, the resulting fiducial cross section of the constructed
signal region and the total cross section are presented.

5.3.1. Systematics

The cross section measurement depends in many ways on the quality of modelling of the
measurements. This section presents a list of the dominant systematics, which are con-
sidered within the results of the cross section. The summarized list of these systematical
errors in regard to the fiducial cross section is shown in Table 5.8.

Integrated luminosity

The MC simulated background contributions are scaled with the integrated luminosity.
Likewise, it enters in Equation 5.15. Therefore, its uncertainty has a decisive impact
on every cross section measurement. The uncertainty is determined to ±2.8% from a
calibration of the luminosity scale derived from beam-separation scans as described in [96].
The luminosity is the most dominant contribution to the relative errors of the fiducial
cross section in the muon channel with 2.65%. The electron channel has an uncertainty
of ±2.79%, which is not the most dominant one.

Theoretical uncertainties on the cross sections

On the theoretical part of the calculation, the calculated cross sections of the MC simu-
lated background processes suffer from uncertainties, since they are calculated to a finite
order in perturbative theory. Further uncertainties are added based on the choice of the
PDFs. The cross section enters the analysis by scaling the number of simulated events
with a factor to the integrated luminosity of the data, given by∫

L dt
(
∫
L dt)MC

=
∫
L dt · σMC

NMC
, (5.13)

where NMC is the number of simulated events and σMC is the theoretical cross section of
this process. To estimate the impact on the fiducial cross section, the relative errors in
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Table 5.7 are used.

Table 5.7.: Theoretical uncertainties of the cross sections of the MC simulated
background processes.

Process cross section [pb] Error up Error down
W+jets 36775.4 +4.7% −4.7% [97]
Z → ee 1149.8 +4.5% −4.0% [97]
Z → µµ 1150.1 +4.5% −4.0% [97]
Z → ττ 1149.8 +4.5% −4.0% [97]
single top t-channel 28.4 +3.9% −2.2% [98]
single top s-channel 1.81 +3.9% −3.9% [99]
single top Wt 22.3 +6.8% −6.8% [100]
ttbar 137.3 +6.1% −6.4% [101]
WW 29.1 +5.5% −4.5% [97]
ZZ 1.55 +5.0% −4.1% [97]
WZ 6.79 +7.0% −5.5% [97]
Higgs ggF 0.55 +10.3% −10.4% [102]
Higgs VBF 0.045 +2.6% −2.8% [102]
Higgs WH 0.020 +2.3% −2.3% [102]
Higgs ZH 0.011 +4.0% −4.0% [102]

The summarized errors resulting from the cross sections lead to a relative uncertainty of
+1.72%
−1.52%. It turns out to be the most dominant contribution to the theoretical systematic
uncertainty.

Efficiencies

The efficiencies of the event triggering, the reconstruction, and the identification of elec-
trons, muons, and hadronic taus play a decisive role within this analysis. The trigger
efficiencies are obtained by tag-and-probe studies and correction factors for the MC are
derived [103]. In case of combined triggers, the two components are treated independently
and the efficiencies and correction factors are multiplied to get the combined factor. The
uncertainties result from varying the correction factor upwards and downwards within
their uncertainties. Likewise, the efficiencies of the isolation cuts are measured by us-
ing the tag-and-probe method. The lepton reconstruction and identification efficiency
correction factors are derived from comparisons of MC and data [103].
The trigger uncertainties belong to the significant contributions to the total uncertainty.
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In the muon (electron) channel, the impact of the tau trigger uncertainty is of +0.77%
−0.91%

(+1.25%
−1.43%), likewise the lepton trigger adds an uncertainty of +0.74%

−0.81%.
The identification of hadronic taus and electrons insert further relevant uncertainties

of the order ±1.2% and ±0.1% in the muon channel and ±3% and ±1.5% in the electron
channel (see Table 5.8). Particularly, the electron channel suffers heavily from the iden-
tification uncertainty. Additionally, the distinction of electrons and taus brings up the
uncertainty ’electron faking taus’.

Tau energy scale

The tau energy scaling (TES) is used to infer from the measured energy of a tau to the
energy on hadron level. The TES is calculated by the Tau Working Group using an in-
situ correction by fitting the visible mass for Z → ττ events in data and a decomposition
method [104]. The uncertainties consist of four uncorrelated parts:

• The in-situ interpolation on true taus.

• The particle decomposition component of the single tau interpolation on true taus.

• Modelling of true taus.

• Contribution of fake taus.

In this analysis, these uncertainties are summed up, which results into an error of +1.35%
−1.59%.

Electron energy scale and resolution

Analogue to the TES, the electron energy scale (ElES) and the electron energy resolution
(ElEnRes) have an impact especially on the differential cross sections. It is measured
with J/ψ → ee and Z → ee processes. The result suffers from different uncorrelated
uncertainties. These include among others the imperfect knowledge of the material in the
ECAL, uncertainties for low pT electrons, and the calibration of the presampler [83]. This
quantity is well known, such that it has not a major impact on the result.

Jet Energy scales and resolution

In general, the jet energy scaling (JES) is a major source of uncertainties due to theoretical
uncertainties of the description of the hadronisation [105]. Indeed, this analysis relies
indirectly on JES by using the missing transverse energy. It contributes only with a
relative error of +0.12%

−0.17%.

71



5. Analysis

Likewise, precise knowledge of the jet energy resolution (JER) is a determinant key
for the measurement, since it has a direct impact on the missing transverse energy. It
is measured by studying the transverse momentum balance of events with jets of large
pT [106]. The uncertainty of the JER is determined by smearing every jet with a factor,
which takes into account the uncertainty of the measurement. The resulting effect is
symmetrized and used in this analysis [107].

Jet vertex fraction

The jet vertex fraction (JVF) is defined by the fraction of the tracks of a jet which can
be associated to the primary vertex over the tracks associated to any vertex [108],

JVF =

∑
track of PV

pT∑
any track

pT
. (5.14)

For jets without tracks, one sets conventionally JVF = −1. This quantity is used to
distinguish between jets from hard scattering processes and pile-up. The consideration of
this uncertainty has no influence worth mentioning on the result.

Pile-up

The disadvantage of the high luminosity of the LHC is a high rate of pile-up (PU) events.
There are studies to understand and subtract PU contributions [109], which leave an
uncertainty on its description. Here, it results in a additional systematical error of +0.33%

−0.38%.
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Table 5.8.: Relative uncertainties on the fiducial cross section (see Section 5.3.2).
Uncertainty muon channel electron channel

Data +0.37% -0.37% +0.61% -0.61%
Luminosity +2.65% -2.63% +2.79% -2.79%
Cross sections +1.72% -1.52% +4.56% -4.05%
MC Statistics +0.27% -0.27% +0.60% -0.60%
QCD +0.68% -0.25% +1.15% -0.39%
Efficiency of reco. passing +0.20% -0.20% +0.27% -0.27%
Efficiency of truth passing +0.36% -0.36% +0.50% -0.50%
Correction MC Statistics +0.95% -0.95% +1.28% -1.28%
tau trigger +0.77% -0.91% +1.25% -1.43%
tau identification +1.19% -1.25% +3.09% -3.25%
electrons faking taus - - +2.14% -2.14%
lepton trigger +0.74% -0.81% - -
lepton identification +0.10% -0.10% +1.45% -1.49%
lepton isolation +0.46% -0.47% +0.99% -1.00%
JES +0.12% -0.17% +0.44% -0.40%
JER +0.03% -0.21% +0.01% -0.20%
TES +1.35% -1.59% +3.66% -3.90%
ElES +0.01% -0.04% +0.71% -0.82%
ElEnRes +0.01% -0.01% +0.03% -0.08%
MuSys +0.05% -0.09% +0.01% -0.01%
JVF +0.01% -0.01% +0.01% -0.01%
PU +0.33% -0.38% +0.94% -1.11%
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5.3.2. Fiducial cross section

The fiducial cross section refers to the cross section of Z → ττ events constrained on the
signal region. It is calculated by

σfid = Nobs −Nbkg∫
L dt · C (5.15)

with the observed number of events Nobs, the expected number of background events Nbkg,
the integrated luminosity

∫
L dt and the correction factor C. In this analysis, the fiducial

region is defined by the following requirements:

• Z → τlepτhad decay

• (p`T > 25GeV ∧ pτT > 20GeV) ∨ (17GeV < peT < 25GeV ∧ pτT > 25GeV)

• mT < 50GeV

• ∑ cos ∆φ > −0.15

• ∆φ(`, τ) > π
2

At reconstruction level Eτ
T always refers to the visible transverse momentum of the

hadronic tau in this analysis. At truth level, it is calculated by

pτ,truthT,visible = pτ,truthT − pν,truthT . (5.16)

For better readability, the tag visible and truth is omitted in unambiguous plots for the
remainder of this chapter.
The method to trace back from a distribution on reconstruction level to the correspond-

ing one on truth level is explained only with the p`T distribution. For the pτT distribution,
the plots of the presented intermediate steps are provided in the Appendix D.

The correction

The crucial ingredient to infer from the distribution on reconstruction level to the one on
truth level is the correction factor C. It corrects for detector effects and it compensates
further data quality selection effects.
The correction factor for a measured observable O is based on the assumption that the

background corrected data distribution given by

fbkg corr. data(O) = fsignal(O)− fexp.bkg(O) (5.17)
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is free of any background contribution. Hence, the correction considers only effects on a
pure signal sample.

The correction has to handle fake events, detector resolution and the reconstruction
efficiency. Fakes refer to mis-reconstructed Z → ττ events, which do not have a corre-
sponding event in the signal region on truth level. This effect results in a number of signal
events and thus has to be compensated. The detector effects lead to migrations of events
from one bin to another within the defined histograms. It results from the finite resolu-
tion of the detector and systematical shifts. The last crucial impact on the correction is
the reconstruction efficiency. It describes the fraction of reconstructed and subsequently
identified Z → τlepτhad events over all signal events at truth level.

The easiest approach to get the correction of these effects is a bin-per-bin scaling using
a histogram which is calculated by dividing the MC simulated signal distribution at truth
level with the MC simulated distribution at reconstruction level,

ftruth(O) = freco(O) · fMC, truth(O)
fMC, reco(O)︸ ︷︷ ︸

Cf (O)

. (5.18)
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Figure 5.25.: Correction histogram of p`T to infer from the reconstructed distribution to
the distribution on truth level. The yellow error band includes the errors
of the efficiencies and the black error bars are statistical errors.

The correction of the p`T distribution is shown in Figure 5.25. As mentioned before, the
correction comprises several effects, such that this presentation does not allow to validate
it. Therefore, the three described contributions of the correction histogram are separated
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5. Analysis

by splitting the correction into three corresponding factors, as follows

Cf (O) = freco, matched(O)
freco(O) · ftruth, matched(O)

freco, matched(O) ·
ftruth(O)

ftruth, matched(O) . (5.19)

The correction factors are based on MC simulation. Thus, the label MC, used in
Equation 5.18, is omitted for reasons of readability. The tag matched in Equation 5.19
means that the event belongs to the fiducial signal region at truth level and it passed the
selection at reconstruction level, too. Hence, one assumes that the reconstructed objects
of those events represent the objects on truth level, so that the kinematic differences (here
p`T ) are due to the measurement errors.
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Figure 5.26.: First factor of correction as appeared in Equation 5.19: Fraction of passed
reconstructed events of all reconstructed events.

Figure 5.26 presents the first factor of the correction, freco, matched(p`T )
freco(p`T ) , which describes the

fraction of reconstructed events matching with the underlying Z → τlepτhad truth event.
As might be expected, the fraction of reconstructed events, which are correctly connected
to the underlying truth event, results in a rather high value of 80 − 90%. The values of
the first two bins are significantly smaller. This can explained by the smearing of the mo-
mentum of the lepton due to the reconstruction. Therefore, events in the border areas are
mostly non-matched events. This effect is even enhanced by the initial treatment of four
independent signal channels. The matching between the truth and reconstructed part of
an event is given only if the truth and reconstructed events pass the same SLT or LTT
channel. This treatment has an impact on the individual factors in C. Indeed, the sorting
of an event as matched or non-matched event has no impact on the final correction factor,
it affects only the error. Since the classification of an event as a matched one is simply
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5.3. Cross section

a counting experiment, the error can be estimated on basis of the Binomial distribution.
The error variance is calculated by

σ2 = ε(1− ε)
N

, (5.20)

when N denotes the number of events and the fraction of matched events is ε = Nmatched
N

.
In this situation, the smaller number of matched events leads to a larger error.
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Figure 5.27.: Second factor of correction C as appeared in Equation 5.19: Unfolding of
smearing effects.

a) Muon channel a) Electron channel

Figure 5.28.: Third (inversed) factor of correction C as appeared in Equation 5.19: the
reconstruction efficiency.

The next factor of the correction in Equation 5.18 is the division of the distribution of
the reconstructed p`T and the distribution of the truth p`T of the matched events (see
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5. Analysis

Figure 5.27). The distribution is flat at one and it supports the expectations that the
reconstruction leads to the same shape of the distribution.
The last factor is the inverse reconstruction efficiency shown by Figure 5.28. It comprises

several reconstruction efficiencies given by the event selection. These are the reconstruc-
tion efficiencies of the lepton and the hadronic tau, the trigger efficiencies, and further
efficiencies based on the signal region. As in the first factor, the first bins are dominated
by the channel dependent matching criteria. Furthermore, one sees a slightly increasing
curve, as one expects for the reconstruction efficiency of muons. The error is calculated,
as described for the first factor, by the formula in Equation 5.20.
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Figure 5.29.: Number of reconstructed signal events and number of corrected recon-
structed signal events of the lepton transverse momentum.

Summarized, all factors of the correction seem to be reasonable making the application
of the correction factor valid. The final error estimation of the correction factor is the
composition of the three components to respect the uncertainty of the method. The cor-
rection is used to unfold the background corrected data distribution. The uncorrected and
the corrected distributions are assembled in Figure 5.29. Finally, the correction leads to
an overall scaling by a factor of approximately 6 and a shape correction at the threshold
of the cuts.

Differential cross section

Normalizing to the luminosity (see Equation 5.15) and dividing by the bin width of the
corrected distributions, one obtains the differential fiducial cross section of the studied
variable. The differential cross sections are calculated for the four presented distributions
in Section 5.1.5. The results are summarized in Figures 5.30 - 5.33. Here, the yellow
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5.3. Cross section

error band include the systematic uncertainties which are described in Section 5.3.1. The
vertical black error bars contain all statistical errors derived from the data.
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Figure 5.30.: Differential cross section as a function of the lepton transverse momen-
tum p`T on parton level based on the fiducial cross section calculation in
Equation 5.15. The yellow error band comprised the mentioned theoret-
ical uncertainties on the cross sections and systematical uncertainties of
the template method. Additionally, it includes further systematic uncer-
tainties described in Section 5.3.1.
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Figure 5.31.: Differential cross section as a function of the visible tau transverse mo-
mentum Eτ

T . For more information, see Figure 5.30.
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Figure 5.32.: Differential cross section as a function of the lepton-tau visible massmV is.
For more information, see Figure 5.30.
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Figure 5.33.: Differential cross section as a function of the invariant Z mass mZ . For
more information, see Figure 5.30.

Fiducial cross section

The fiducial cross section can be obtained by the integration of one of the presented dif-
ferential cross sections. This approach would lead to an overestimated systematical error,
since these distributions contain several systematic errors coming from shape differences,
which are not relevant for the fiducial cross section. To avoid extensive consideration of
error correlation between the different bins, the above analysis is executed with a one-
bin histogram. Therefore, the described unfolding procedure leads to a global correction
factor C.
The number of expected background events, Nbkg, suffers from the systematic uncer-

tainties and statistical uncertainties, too. This contribution comes from the data-driven
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technique to estimate the QCD multijet background. The systematic errors on the num-
ber of expected background events Nbkg, the correction C, and the acceptance A consider
only the statistical uncertainties of the MC simulation, the theoretical uncertainties and
the mentioned systematics of the template method. Further systematic uncertainties are
included in the cross sections only, since this quantity is calculated separately for every
additional uncertainty and its deviations are taken into account as systematical errors.
The number of measured signal events Nobs subtracting the number of expected back-

ground events allows to calculate the fiducial cross section σfid with the correction C and
the integrated luminosity

∫
L dt (Equation 5.15). The calculation of the theoretical cross

section replaces Nobs −Nbkg in Equation 5.15 with the expected number of signal events
Nexp, which is based on the MC simulation of the Z → ττ process.
In the muon channel, the theoretical result of Equation 5.25 differs only by ∼0.2% from

the experimental value, whereby this result even brings up an overall uncertainty of ∼4%.
The theoretical expectations of the electron channel differ around 1% against a total
uncertainty of ∼8% of the experimental result. In both channels, the measurements are
consistent with the theoretical expectations. Furthermore, given the deviations and the
computed uncertainties in both channels, we assume, that the estimation of uncertainties
is very conservative and the measurement could be further improved.

Muon channel

Nobs = 129541± 359 (stat) (5.21)
Nbkg = 35389 ± 165 (stat) +2181

−1124 (syst)± 770 (lumi) (5.22)
C = 0.00455± 0.00036 (stat) (5.23)
σfid = 37.97 ± 0.14 (stat) +1.16

−1.17 (syst)± 1.00 (lumi) pb (5.24)
σtheo.fid = 37.89± 0.06 (stat) pb (5.25)

Electron channel

Nobs = 95204± 308 (stat) (5.26)
Nbkg = 43229 ± 198 (stat) +1273

−1031 (syst)± 758 (lumi) (5.27)
C = 0.0797± 0.0037 (stat) (5.28)

σfid = 32.15 ± 0.19 (stat) +2.45
−2.42 (syst)± 0.89 (lumi) pb (5.29)

σtheo.fid = 31.87± 0.05 (stat) pb (5.30)
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Total cross section

In this analysis, the total cross section refers to the inclusive Z → ττ production. This
includes the Z → ττ decay with an invariant mass of 60GeV < M < 2000GeV. The total
cross section is calculated by scaling up the fiducial cross section with the inverse of the
acceptance factor A, as follows

σtotal = Nobs −Nbkg∫
L dt · C · A = σfid

A
. (5.31)

The acceptance describes the selection efficiency from the total number of events to the
fiducial signal region. It is calculated on the basis of MC simulations of the signal process.
Here, the acceptance of the muon (electron) channel is A = 0.0329+0.0014

−0.0013 (0.0277+0.0012
−0.0011).

Hence, the total cross section of the muon channel is

σtotal = 1151.7 ± 4.2 (stat) +57.4
−50.9 (syst)± 30.4 (lumi) pb (5.32)

and the result of the electron channel is

σtotal = 1159.79 ± 7.1 (stat) +102.8
−98.9 (syst)± 32.4 (lumi) pb . (5.33)

The theoretical total cross section based on the MC simulations including k-factors is [97]

σtheototal = 1150 +52
−46(syst) pb . (5.34)
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6.1. Summary

In this thesis, a Z → ττ cross section measurement of the lepton hadron channel in
proton-proton collisions at

√
s = 8TeV was presented. The results are based on the full

data set of
∫
L dt = 20.3 fb−1 recorded by the Atlas detector at the Lhc.

In order to select Z → τlepτhad events, a signal region was defined. It respects the signal
event topology and includes background rejection cuts. Except from the QCD multijet
contributions, all the rest of background events in the signal region was simulated with MC
generators. For the QCD multijet background estimation, a data-driven template method
was used. In order to validate this method of background estimation, its assumptions
were studied and the choice of free parameter was cross checked with alternative cuts and
control regions. At that point of the analysis, some questions remained open. The non-
flat behaviour of the extrapolation factor rOS/SS was a cumbersome result. Furthermore,
the method could be refined by relaxing the preselection of at least as ’medium’ identified
hadronic taus in the CommonNtuple to provide the use of larger control regions. These
circumstances motivated a more conservative estimation of systematics than generally
aimed for.
After validating the background estimation, the differential cross section in dependence

of the lepton transverse momentum, the tau transverse momentum, the visible mass, and
the invariant Z mass were calculated for the electron and muon channel, respectively.
Furthermore, a fiducial cross section and the total cross section was determined to allow
a comparison to the theoretical expectations. The total inclusive Z → ττ cross section
with the invariant Z mass in the interval of 60GeV < M < 2000GeV was calculated to
be 1151.7 ± 4.2 (stat) +57.4

−50.9 (syst) ± 30.4 (lumi) pb for the muon channel and 1159.79 ±
7.1 (stat) +102.8

−98.9 (syst) ± 32.4 (lumi) pb for the electron channel. This measurement is in
good agreement with the theoretical value of 1150 pb +52

−46(syst) pb .
This result is consistent with earlier studies. Both collaborations, Atlas and Cms, have

extracted the cross section of Z → ττ at the center-of-mass energy of
√
s = 7 TeV. Cms

investigated the decay channels into the final states µ+hadrons, e+hadrons, e+µ, and µ+
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µ. On the basis of an integrated luminosity of L = 36 pb−1, they published a cross section
for σ(pp → Z) · B(Z → τ+τ−) of 1.00 ± 0.05 (stat.) ± 0.08 (syst.) ± 0.04(lumi) nb [110].
The results for the same channels and integrated luminosity at

√
s = 7 TeV of the Atlas

collaboration are 0.97 ± 0.07(stat) ± 0.06(syst) ± 0.03(lumi) nb [111]. The results are
consistent and they are in agreement with next-to-next-to-leading order QCD predictions.

6.2. Outlook

The next major step within the Z → ττ cross section measurement is the analysis of the
√
s = 13/14TeV data. Nevertheless, the potential of the 8TeV data has not yet been fully

exploited. The presented results are associated with sizeable systematic uncertainties,
which can be reduced by further studies. One starting point could be the attempt to
reduce the uncertainties coming from the QCD multijet background estimation. But its
impact on the signal region is not so high. A part of the analysis that can undergo
further improvement is the method chosen for the calculation of the cross sections. Since
the calculation of the correction factor depends on the shape of the simulated signal
sample, the implementation of e.g. a bayesian unfolding would lead to a more valid
correction [112, 113].
Independent of the center-of-mass energy,

√
s, Z → ττ studies will become very im-

portant. As an irreducible background of the most promising fermionic Higgs decay,
further Z → ττ studies will be a crucial field of research for prospective Standard Model
measurements.
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6. Conclusion
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6.2. Outlook
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C. Template Method

Control regions

Table C.1.: Electron channel: Composition of the regions A, B, C, and D in case of
’lepton isolation’ and ’OS’ inverting.

A B C D
Lepton isolation 3 3 7 7

Opposite Sign 3 7 3 7

Data 95204 27880 140649 111082
Ztautau 51527 767 18854 422
Zmumu 0 0 0 0
Zee 7915 3377 1945 844
W 13499 4991 4113 1616
Other 2354 464 712 159
Rest 19907 18279 115024 108039

Table C.2.: Electron channel: Composition of the control regions. The signal region A
and the control region B base on the standard selection. B’, C’, and D’
work with the ’tight’ tau identification.

A B B’ C’ D’
BDT score ’medium’ ’medium’ ’tight’ not ’tight’ not ’tight’
Opposite Sign 3 7 7 3 7

Data 95204 27880 9336 45114.9 18880.5
Ztautau 51527 767 349 16761 424
Zmumu 0 0 0 0 0
Zee 7915 3377 1043 4835 2363
W 13499 4991 1546 9036 3621
Other 2354 464 164 1210 358
Rest 19907 18279 6231 13269 12112
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C. Template Method

Extrapolation factors
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a) Muon channel
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b) Electron channel

Figure C.1.: The global and binned extrapolation factor rOS/SS of the visible mass dis-
tribution of the nominal choice of control regions based on the alternative
control regions of inverted tau identification ’tight’.
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a) Muon channel
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b) Electron channel

Figure C.2.: The global and binned extrapolation factor rOS/SS of the invariant Z mass
distribution of the nominal choice of control regions based on the alterna-
tive control regions of inverted tau identification ’tight’.
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Shape
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Figure C.3.: The shape of the background estimation is the subtraction of the data
distribution and the distribution of the stacked MC simulations. The gap
between the data and the simulations is identified as the QCD multijet
background distribution of region B of the visible mass of the electron
channel.
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a) Extrapolated shapes based on
different isolation cuts.
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b) Extrapolated shapes based on
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tau identification.
Figure C.4.: Comparison of different extrapolated visible mass distribution shapes of

the electron channel. a) shows the impact on the background estimation of
varying the isolation cut. b) show the difference of the cross check control
regions based on the inversion of tau identification.
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C. Template Method
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Figure C.5.: The QCD multijet background estimation for the visible mass distribution
of the signal region A of the electron channel including all systematics
coming from varying the isolation cut, the bin-per-bin extrapolation and
the alternative control regions based on the tau identification.
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D. Cross section

Correction of the tau momentum distributions
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a) Electron channel

Figure D.1.: Correction histogram of Eτ
T to infer from the reconstructed distribution

to the distribution on truth level.

Factors of the correction
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Figure D.2.: First factor of correction C: Fraction of passed reconstructed events of all
reconstructed events.
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D. Cross section
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Figure D.3.: Second factor of correction C: Unfolding of smearing effects.

a) Muon channel a) Electron channel

Figure D.4.: Third (inversed) factor of correction C: The reconstruction efficiency.

Corrected signal
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a) Muon channel
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