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Abstract

The Higgs boson is a particle that’s predicted to exist by spontaneous electroweak symmetry

breaking. Electroweak symmetry breaking is an essential part of the Standard Model of

particle physics, as it generates masses for the electroweak gauge bosons. Finding the Higgs

boson is integral to our understandings of the fundamental particles and their interactions.

Searches for the Higgs boson are conducted by the ATLAS experiment using proton-proton

collisions at the Large Hadron Collider. One of these searches is performed using the H → ττ
decays, which has a clean detection signature and, with H → bb̄, is one of the only two viable

fermonic search channels. Using collision the 4.7 f b−1 of data collected at
√

s = 7 TeV, the

H → ττ analysis excludes the Higgs boson at approximately 3 times the expected cross

section for 100 < mH < 120 GeV and 5 to 12 times the expected cross section for 130 < mH

< 150 GeV. The H → ττ search results are combined with those from the other channels to

achieve better sensitivities.

The combined results have excluded most Higgs masses between 110 and 500 GeV. The

only region that is not excluded is at mH = 126 GeV, where an excess above the background

expectations is observed in multiple bosonic channels. This excess has a combined local

significance of 5.9 σ. ATLAS claims this observed excess as a discovery of a new bosonic

particle, whose properties have thus far been measured to be consistent with that of the

Higgs boson.
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Preface

The ATLAS collaboration consists of approximately 3000 scientists from 164 institutions

worldwide. The experimental work is manpower intensive and as such, analyses are usually

performed in groups. The standard practice is for individuals to join analysis groups, where

they are are assigned specific roles that contribute to the group’s overall research goals.

The collaborative nature of this setup also allows results to be cross checked.

The work in chapter 5 was performed by the author with the data-driven cross checks

provided by the other collaborators of the Z → ττ → ll + 4ν sub-group. The cross section

measurements presented in chapter 6 was performed by the author in collaboration with the

same group. The author had direct contributions to all the work presented, except for the

data-driven estimates of the W → lν and tt̄ cross sections and the estimation of the eµ

multijet background, which were performed by the other group members.

The H → ττ → ll + 4ν analysis, presented in chapter 8, was performed by the author in

collaboration with the H → ττ → ll + 4ν sub-group. All work presented had direct

contributions from the author, with exception to the Z → ττ and γ∗/Z → ee,µµbackground

estimates, which were developed and performed by the other members of the group. The

combined H → ττ search results, presented in chapter 9, includes results from the hadronic

H → ττ sub-channels. These analyses were performed by the collaborators of the hadronic

H → ττ sub-groups. Finally, the results from the non-H → ττ search channels, presented in

chapter 10, were performed by the collaborators of the other Higgs analysis groups.
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Introduction

The Higgs boson is a particle that’s hypothesised to exist as a consequence of the

spontaneous electroweak symmetry breaking. Electroweak symmetry breaking was first

proposed as a way of generating masses for the electroweak gauge bosons. Ever since its

prediction, many experiments have searched for this particle.

At the time at which the analyses in this thesis were performed, the ATLAS experiment

searched for the Higgs using proton-proton collisions at the Large Hadron Collider (LHC).

ATLAS is general purpose detector that’s designed to measure and search for a wide range

of phenomena, which includes searching for the Higgs boson. The main analyses presented

in this thesis used collision data collected at a centre-of-mass energy of
√

s = 7 TeV.

Precision electroweak measurements have so far preferred a low mass Higgs boson (. 140

GeV/c2). For these masses, H → ττ, H → bb̄, H → γγ, H → WW and H → ZZ are all

viable search channels. Analyses are performed in each of these channels by the ATLAS

experiment and their results are combined to achieve the best statistical significance.

Observations of the Higgs boson in multiple decay modes is also required to confirm any

discovery. This thesis will focus on the H → ττ analyses and in particular the

H → ττ → ll +4ν sub-channel. The H → ττ search channel is important because it has a

high branching ratio, a clean signature and provides an essential test for the Yukawa Higgs

couplings to the fermions.

For Higgs masses below 130 GeV, the most dominant background to the H → ττ analyses

comes from the Z → ττ process. This background is irreducible, due to the similar topology

and kinematics of its final state particles. To ensure that this background is well modelled,

the Z → ττ production cross section is measured using the Z → ττ → ll +4ν and Z → ττ →
lτh + 3ν decay modes. This thesis will focus on the Z → ττ → ll + 4ν analysis, where the

cross section is measured using the eµand µµsub-channels. The eechannel is not used for

this measurement because the signal to background ratio is too low.

Multijet processes are significant backgrounds for both the H → ττ → ll + 4ν and Z →
ττ → ll + 4ν analyses, due to its high production cross section. The contributions from

this background are measured using data-driven methods in both analyses, where some

assumptions are made about the composition and efficiencies of these events. To validate

xxiii



these assumptions, the composition of the multijet background is measured using simulated

multijet samples.

Chapter 1 describes the theoretical motivations behind existence of the Higgs and Chapter

2 describes the expected production mechanisms of the Higgs and its backgrounds at the

LHC. This is followed by descriptions of the LHC accelerator complex and the ATLAS detector

in Chapter 3. The simulated and data samples used in this thesis along with any applied

corrections are described in Chapter 4. Following this, Chapter 5 details the study of the

multijet composition. The Z → ττ → ll +4ν analysis is detailed in Chapter 6 and Chapter 7

briefly describes the Z → ττ → lτh + 3ν analyses and the combined Z → ττ cross section

measurement. The H → ττ → ll + 4ν analysis is detailed in Chapter 8 and the combined

results of all the H → ττ search channels are presented in Chapter 9. Finally, the combined

results from all search channels in ATLAS are presented in Chapter 10.
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1
Theoretical motivation

Particle physics is a study of fundamental particles and their interactions. Particle

interactions are described by quantum field theory (QFT), where particles are represented

by quantised fields and their interactions are mediated by the exchange of spin-1 gauge

fields. The Standard Model (SM) of particle physics is the best current theory for describing

fundamental particles and their interactions, excluding gravity. This chapter provides an

overview of the SM and will introduce the Higgs mechanism as a way of generating the

masses for the weak gauge bosons.

1.1 Standard Model

The SM is a local gauge invariant QFT that combines the strong, electromagnetic and weak

interactions into a single framework that’s invariant under SU(3)C ⊗SU(2)L ⊗U(1)Y. The

SU(3)C group describes the strong interaction and the SU(2)L⊗U(1)Y group describes the

electroweak interactions. The properties of the gauge bosons are given in Table 1.1.

Gauge boson Interaction Electric charge Mass

g Strong 0 0

γ Electromagnetic 0 0

W± Weak ±1 80.385± 0.015 GeV

Z Weak 0 91.188± 0.002 GeV

Table 1.1: The properties of the SM gauge bosons [1].
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Matter particles consists of twelve spin-1
2 fermions, which are uniquely distinguished by an

internal quantum number, flavour. There are main two types of fermions and they are

quarks, which interact with all the SM gauge fields, and leptons, which only interact with the

electroweak fields. There are six flavours of quarks and leptons, which are each arranged

into three sets of doublets or generations. These generations are arranged in ascending

order based on the fermion masses. The basic properties of the quarks and leptons are

given in Table 1.2.

Leptons Quarks

Flavour Electric Charge Mass Flavour Electric Charge Mass

e -1 0.511 MeV u +2/3 2.3+0.7
−0.5 MeV

νe 0 < 0.3 eV d -1/3 4.8+0.7
−0.3 MeV

µ -1 106 MeV c +2/3 1.28± 0.03 GeV

νµ 0 < 0.3 eV s -1/3 0.95± 0.05 GeV

τ -1 1.78 GeV t +2/3 174± 1 GeV

ντ 0 < 0.3 eV b -1/3 4.18± 0.03 GeV

Table 1.2: The properties of the SM quarks and leptons [1]. Uncertainties on the charged
lepton masses are greatly smaller than the quoted values andare not shown.

1.1.1 The electromagnetic interaction

Quantum Electrodynamics (QED) is a local gauge invariant QFT that describes electromag-

netic interactions. QED is invariant under U(1)Q and has the following Lagrangian:

LQED = ψ̄q(iγµ /DQED,µ−mq)ψq−
1
4

FµνFµν, (1.1)

where ψq and ψ̄q are the fermion and anti-fermion fields, respectively, with electric charge q

and mass mq. Fµν is the electromagnetic field tensor, which is given by:

Fµν = ∂µAν −∂νAµ, (1.2)

where Aµ is the photon gauge field introduced to maintain local U(1) gauge invariance.

The covariant derivative of QED that describes the fermion interactions with the photon me-

diator and is given by:

/DQED,µ = ∂µ+ iqAµ. (1.3)
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1.1.2 The electroweak interaction

In the SM, the electromagnetic and weak interactions are simultaneously described by the

electroweak interaction. The electroweak interaction is invariant under SU(2)L ⊗U(1)Y

gauge transformations and has the following Lagrangian:

LEW = ∑
f

ψ̄ f iγµ /DEW,µψ f −
1
4
Wa

µνW
µν
a − 1

4
BµνBµν, (1.4)

where ψ f represents the fermion fields. The fermion fields of the electroweak interaction are

given by:

ℓn
L =

(

νn
L

en
L

)

,en
R, Qn

L =

(

un
L

dn
L

)

,un
R,dn

R, (1.5)

where ℓ denotes the lepton fields with e and ν representing the charged lepton and neutrino

fields, respectively, with generation n and chirality L or R. Similarly, Q represents the quark

fields with u denoting the up-type quarks and d denoting the down-type quarks. Equation 1.5

contains no right-chiral neutrinos terms, νR, because right-chiral neutrinos have never been

observed.

For the theory to remain invariant under SU(2)L ⊗U(1)Y gauge transformations, the covari-

ant derivative /DEW,µ requires the introduction of the Bµ and Wi
µ gauge fields:

/DEW,µ = ∂µ+ ig
Y
2

Bµ+ ig′ τi
L

2
Wi

µ, (1.6)

where g and g’ are the weak coupling constants, Y is the weak hypercharge and τi
L are the

generators of SU(2). The weak hypercharge is defined to be Y = 2(Q− I3), where Q denotes

the electric charge and I3 is the third component of weak isospin. For the fermion fields that

are doublets in SU(2)L, the νn
L and un

L components have I3 = +1/2 and en
L and dn

L have I3 =

-1/2. For the remaining right-chiral fermion fields, which are singlets in SU(2)L, I3 = 0. The

third component of weak isospin is a conserved quantity in all SM interactions.

The Wi
µ and Bµ fields are not the gauge boson fields of the electroweak interaction. Instead,

the electroweak gauge boson fields, W±
µ , Zµ and Aµ, are linear combinations of Bµ and Wi

µ:

W±
µ =

1√
2
(W1

µ ∓ iW2
µ ), (1.7)

Zµ = cos(θW)W3
µ −sin(θW)Bµ, (1.8)

Aµ = sin(θW)W3
µ +cos(θW)Bµ, (1.9)
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where θW = cot(g′
g ) is the Weinberg angle which has been experimentally been measured

to be cos(θw) = 0.88173±0.00032at Q = 91.2 GeV[1].

1.1.3 Higgs mechanism

The Lagrangian of the electroweak interaction describes interactions for massless gauge

bosons. The weak gauge bosons are known to have mass so a complete theory must reflect

this. The Higgs mechanism offers a way of generating mass terms for the weak gauge bosons

in a way that preserves unitarity and renormalisation [2]. This is achieved by introducing a

complex scalar field into the Lagrangian:

LHiggs = (∂µφ)†(∂µφ)−µ2φ†φ−λ(φ†φ)2, (1.10)

where φ is a SU(2) doublet:

φ =
1√
2

(

φ1 + iφ2

φ3 + iφ4

)

. (1.11)

The last two terms of equation 1.10 is the potential of the Higgs field and is denoted by V.

For V to be minimised requires

∂V
∂φ

= φ(µ2 +λφ2) = 0. (1.12)

Equation 1.12 has two sets of solutions, which depends on µ2. If we consider µ2 < 0, this has

the solution

φ2 =
−µ2

λ
≡ v2, (1.13)

where v is defined to be the value of φ at which the potential is minimised.

Equation 1.11 contains 4 real fields φ1,φ2,φ3 and φ4. The simplest choice is to assign φ3 = v

and φ1 = φ2 = φ4 = 0, which gives the vacuum, φ0, a non-zero expectation value

φ0 =
1√
2

(

0

v

)

. (1.14)

To obtain Higgs interaction terms, one must consider expanding around the minimum poten-

tial as follows:
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φ(x) =
1√
2

(

0

v+H(x)

)

, (1.15)

where H(x) is the Higgs field, which can also be interpreted as excitations of the vacuum.

By choosing φ3 = v, the symmetry of the potential is broken. This mechanism is known

as spontaneous symmetry breaking and its consequences are described by the Goldstone

theorem [3]. For any Lagrangian with global or local symmetries, spontaneous symmetry

breaking will generate terms for a scalar particle with mass

m2
H = −2µ2 =

2v2

λ
. (1.16)

This massive scalar is the Higgs boson and its existence is a prediction of spontaneous

symmetry breaking.

Spontaneous symmetry breaking can be applied to the Lagrangian of the electroweak

interaction by replacing ∂µ in equation 1.10 with /DEW,µ and φ with φ(x). The

SU(2)L ⊗U(1)Y symmetries of the electroweak interaction contains three local symmetries.

For Lagrangians with local symmetries, spontaneous symmetry breaking generates one

gauge boson mass term for each broken local symmetry. Therefore, three mass terms are

generated through the electroweak symmetry breaking, which are required for the three

weak gauge bosons. The mass terms of the weak gauge bosons can be written as a

function of v and the weak coupling constants g and g′:

mW± =
1
2

vg, mZ =
v
2

√

g2 +g′2. (1.17)

The scalar field φ contains four degrees of freedom. After symmetry breaking, three of those

degrees of freedom became mass terms for the weak gauge bosons and the last remaining

degree of freedom became the Higgs boson. From equation 1.16, the mass of the Higgs

boson depends on v and λ, which are free parameters that can only be experimentally

measured. Therefore to find the Higgs boson, one must search for it across a wide range of

possible masses.

After symmetry breaking SU(2)L and U(1)Y are broken symmetries. However by

construction, the U(1)Q symmetry is preserved and the photon remains massless. For this

reason, the electromagnetic interaction can still be accurately described by QED. The Higgs

couplings to the weak gauge fields are given by:
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LHB =
vg2

2
W+

µ W− µH +
g2

4
W+

µ W− µH2 +
vg2

4cos2θW
ZµZµH +

g2

8cos2θW
ZµZµH2,

LHB = gmWW+
µ W− µH +

g2

4
W+

µ W− µH2 +
gmW

2cos2θW
ZµZµH +

g2

8cos2θW
ZµZµH2,

(1.18)

where the first and third terms describe the three-point interactions between the weak gauge

bosons and the Higgs field and the second and fourth terms describe the four-point interac-

tions.

For the fermions to attain mass terms that are invariant under SU(2) transformations, the

following Yukawa couplings are added to the Lagrangian:

LYukawa= −gi, j
e L̄i

eφej
R−gi, j

d Q̄i
Lφd j

R−gi, j
u Q̄i

Lφu j
R+Hermitian conjugate, (1.19)

where i and j are the generation indices of the fermions and gi, j
e,u,d are 3× 3 matrices

containing the fermion coupling constants. Since no mass mixing has ever been observed in

the charged lepton and quark sectors, ge,u,d are diagonal matrices.

The right-chiral neutrino does not exist in the SM Lagrangian and therefore neutrinos do not

attain mass via Yukawa couplings to the Higgs field. In the SM, neutrinos are modelled as

massless particles, since their masses are known to be small and are negligible in most

calculations. The most recent experiments place an upper limit on the combined masses of

the three neutrino flavours to be less than 0.3 eV [4].

By replacing φ equation 1.19 with φ(x), the following fermion terms are generated:

LYukawa =
3

∑
i

gi
ev√
2

ēi
Lei

R+
gi

e√
2

ēi
Lei

RH,

+
3

∑
j

g j
uv√
2

ū j
Lu j

R+
g j

u√
2

ū j
Lu j

RH

+
3

∑
k

gk
dv√
2

d̄k
Ldk

R+∑
k

gk
d√
2

d̄k
Ldk

RH +Hermitian conjugate. (1.20)

The first term of each line in equation 1.20 are the fermion masses and the second terms

are the fermion couplings to the Higgs field. Equation 1.20 can be rewritten in terms of the

fermion masses, mf , to become:
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LYukawa = ∑
f

mf f̄L fR+
mf

v
f̄L fRH, (1.21)

LYukawa = ∑
f

mf f̄L fR+
gmf

2mW
f̄L fRH. (1.22)

Equation 1.22 shows a linear relationship between the fermions’ masses and their coupling

strengths to the Higgs field. Therefore more massive fermions will have proportionally

stronger couplings to the Higgs field. The coupling strengths of the Higgs directly affects its

branching ratio, which is described in the next section.

1.2 Higgs decay modes

The branching ratios of the Higgs boson decays will depend on its mass and its relative

coupling strengths to other particles. The coupling strengths of the Higgs are shown in

equation 1.18 for the gauge bosons and in equation 1.22 for the fermions. A plot of the

Higgs branching ratios as a function of its mass, mH , is shown in Figure 1.1. Although the

Higgs boson does not couple directly to gluons or photons, the H → gg and H → γγ decay

modes can occur through higher order loop diagrams.
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Figure 1.1: Branching ratios for the Higgs boson as a functionof mH [5].

7



1.3 Direct searches and best fit masses

Before the analyses that are presented in this thesis were conducted, there was no

experimental evidence for the Higgs boson. Prior to the LHC, the experiments at LEP and

Tevatron searched for the Higgs over a range of possible masses. These searches have

provided limits on the Higgs masses, which are shown in Figure 1.2. This plot shows the

masses that are excluded at 95% confidence [6] [7].

Precision electroweak measurements have favoured a Higgs with mH . 140 GeV. Combining

the precision measurements with direct searches from LEP and Tevatron, the most likely

Higgs mass is found to be 120+12
−5 GeV, which is also shown in Figure 1.2. In this mass

region, H → ττ, H → bb̄, H → γγ, H → WW and H → ZZ are all viable search channels.

However, H → ττ and H → bb̄ are the only fermionic search channels. Measurements of

the fermionic decay modes are essential for testing the Higgs’ Yukawa couplings in order to

confirm any observed resonance as the Higgs boson.

The H → ττ search channel has some advantages over H → bb̄. The H → bb̄ channel is

dominated by the bb̄ background. The H → ττ channel has a cleaner signature and less

backgrounds, so a better signal to noise ratio can be achieved.
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Figure 1.2: Indirect determination of the Higgs mass showing the∆χ2 of the fit as a function
of mH [8]. Excluded masses are represented by the hatched grey areas.
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1.4 H → ττ decay modes

Tauons are the heaviest charged leptons and can decay hadronically or leptonically.

Leptonically decaying tauons will produce a tau-neutrino and either an electron with an

anti-electron-neutrino or a muon with an anti-muon-neutrino. The branching fractions the

tauon’s leptonic decay modes are given Table 1.3.

For reasons already discussed, this thesis will focus on searching for the Higgs boson in the

H → ττ channel and more specifically, the sub-channels where both the tauons decay

leptonically. Leptonically decaying tauons have cleaner signatures than their hadronic

counterparts. So despite having lower branching ratios, the sensitivities of the di-leptonic

sub-channels are comparable to the sub-channels with hadronically decaying tauons.

There are three distinct H → ττ → ll + 4ν final states and these are referred to as the ee,

eµand µµchannels. All three channels are used for the H → ττ → ll +4ν analysis.

Decay mode Branching ratio (%)
τ → eν̄eντ 17.85± 0.05
τ → µν̄µντ 17.36± 0.05
τ → τhντ 63.86± 0.15

Table 1.3: The leptonic decay modes ofτ leptons and their branching ratios [1].

1.5 Summary

This chapter has described the importance of the Higgs boson to electroweak symmetry

breaking as part of the SM. The theoretical interactions of the Higgs boson with other SM

particles has also been described with particular focus on the H → ττ decay modes. Chapter

2 will use the Lagrangians introduced in this chapter to describe the expected production

mechanisms of the Higgs boson and its backgrounds at the LHC.
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2
Higgs production and backgrounds

This chapter will describe Higgs boson production mechanisms at the LHC and the topology

of the H → ττ events. Backgrounds to the H → ττ events are also described with particular

focus on the irreducible Z → ττ background.

2.1 Higgs production at the LHC

There are several different ways of producing the Higgs boson. This section will focus on the

production mechanisms that are most relevant for proton-proton collisions at the LHC. (The

proton structure function is further discussed in appendix A.)

At the LHC, there are three main Higgs production mechanisms: gluon-gluon fusion (ggH);

vector boson fusion (VBF); and Higgsstrahlung (VH). Feynman diagrams for each of these

processes are shown in figures 2.1, 2.2 and 2.3, respectively. The ggH production has the

highest cross section followed by the VBF and the VH. The expected production cross

sections are shown in Figure 2.4, which are calculated using the PDF4LHC prescriptions [9].

Ht,b

g

g

Figure 2.1: Feynman diagram of the gluon-gluon fusion Higgsproduction. Any fermion can
be placed in the triangle loop, however leading contributions come from the heavier top and
bottom quarks.

11



q

q

q

q

H
V

V

q

q

q

q

H
V

V

q

q

q

q

H

V V

Figure 2.2: Leading order Feynman diagrams for the Higgs production via VBF. q denotes
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Figure 2.3: Leading order Feynman diagrams for the VH processes.
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is shown in green (grey).
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2.2 H → ττ → ll +4ν search topology

The H → ττ → ll + 4ν events are characterised by two oppositely charged leptons with

Emiss
T from the four neutrinos. The large mass difference between the Higgs and the tauon

provides the daughter tauons with significant boosts. The charged leptons and neutrinos

from the tauon decays are focused by this boost. If the Higgs is produced at rest in the

transverse plane, then the tauons are mostly back-to-back in the φ-direction and the Emiss
T is

soft. However, if the Higgs is produced with some radial momenta, then the tauons will be

focused along this direction, producing higher pT leptons and stronger Emiss
T .

Higgs bosons produced via the VBF mechanism are further characterised by the presence

of two additional jets formed by the two spectator quarks. Since these quarks do not take

part in the hard scattering process, they are likely to retain most of their initial longitudinal

momenta. Jets formed by these quarks travel close to the beam line and are referred to as

"forward" jets.

The VH production mechanisms creates a W or Z boson in conjunction with a Higgs. VH

events with hadronically decaying bosons are additionally characterised by the presence of

two jets with an invariant mass approximately equal to the masses of the vector bosons.

The gluon-gluon fusion Higgs production mechanism does not have any additional features

that further distinguishes it from background processes. As such, the ggH events are

expected to have a lot of background.

2.3 Z → ττ background

The topology of the Z → ττ → ll + 4ν events is extremely similar to that of the H → ττ →
ll +4ν process. For mH < 140 GeV, this background is irreducible. For VBF and VH events,

the presence of forward jets and jets from a vector boson decay are strong discriminants

against this background. However, for the ggH production, only a slight difference in the

kinematics of the leptons and the amount of Emiss
T can be used as discriminants.

The main production mechanism for Z bosons at the LHC is via quark anti-quark annihilation.

A Feynman diagram of this process is shown in Figure 2.5. Since the final state particles of

the Z→ ττ → ll +4ν and H → ττ → ll +4ν events are the identical, this background affects

all dilepton channels equally.
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Figure 2.5: A feynman diagram of theZ → ττ lepton decay modes [10].

2.4 Other backgrounds

All SM processes that can produce two oppositely charged leptons can be considered as

backgrounds to the H → ττ → ll + 4ν analysis. When measuring the cross section of the

Z → ττ → ll + 4ν process, these processes are also backgrounds to that analysis. The

expected production cross sections of the signal and the main backgrounds are shown in

Figure 2.6. This plot highlights the orders of magnitude differences in the production rates

of the signal and various background processes. Brief descriptions for each of the major

backgrounds are given below:

• Multijets: Multijets refer to physical processes that produce quarks and gluons via

the strong interaction. These processes can produce real leptons from heavy

flavoured quark decays or charged hadrons that fake leptons. Both mechanisms will

produce events with two oppositely charged leptons. Lepton candidates from multijets

are expected to have low selection efficiencies. However, the large production cross

section of this background allows it to have significant contributions in all dilepton

channels.

• γ∗/Z → ee,µµ+ jets: The leptonic decay modes of γ∗/Z processes produce two

oppositely charged leptons of the same flavour. This process is expected to be the

dominant background in the ee and µµ channels. Although the eµ channel is less

affected, contributions from this background can occur if one of the leptons is not

detected and additional jets fake a lepton.

• W → eνe,µνµ + jets: Leptonically decaying W bosons that are produced with

additional jets can mimic the signal if any of the additional jets fake a lepton. Since
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jets are more likely to fake electrons than muons, contributions from this background

are more prominent in the eeand eµchannels.

• W → τντ + jets: Tauons produced from W boson decays can decay either leptonically

or hadronically. Hadronically decaying tauons produce mainly charged kaons or pions,

which can fake electrons or muons. Leptonically decaying tauons directly produce an

electron or muon. For two oppositely charged leptons to be present, additional jets

are required to produce a second lepton. Jets are more likely to fake electrons than

muons, so this background is expected to affect the eeand eµchannels more so than

the µµchannel. This background will also produce more Emiss
T than the W → eνe and

W → µνµ backgrounds.

• tt̄ : Top anti-top pairs decays can produce either zero, one or two leptons. The two

lepton decay modes affects all three dilepton channels. Contributions from the zero

and one lepton decay modes are more likely to affect the eeand eµchannels.

• Dibosons (WW, WZ, ZZ): W+W− pairs where both bosons decay leptonically produce

two leptons of opposite charge. For the WZ and ZZ processes, there are various

combinations of decay modes that produce two or more charged leptons. For the decay

modes that produce more than two charged leptons, the signal can be mimicked if the

additional leptons escape detection.

• Single top: Two oppositely charged leptons can be produced from single top events if

the top quark decays leptonically and additional jets fake a lepton. Contributions from

this background are found to be negligible for the Z → ττ analysis. For the H → ττ
analysis, contributions from the single top t-channel, s-channel and Wt production

mechanisms are considered.

2.5 Summary

This chapter has described the main production mechanisms and topologies of the H → ττ
process and its backgrounds. These will be become important later in this thesis when

discussing the event selections of the H → ττ → ll +4ν and Z → ττ → ll +4ν analyses.
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Figure 2.6: The cross sections of the main SM processes shownas a function of
√

s [11].
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3
The ATLAS Experiment

The ATLAS experiment is one of four major experiments on the Large Hadron Collider (LHC)

ring. It is operated by a collaboration of approximately 3000 scientists from 164 institutions

and 38 countries. The LHC is located at CERN, Switzerland. The main goal of the LHC

experiments is to search for the Higgs boson and find new physics beyond the SM. This

chapter will provide an overview of the LHC accelerator, the ATLAS detector and the software

used by the ATLAS collaboration for particle reconstruction.

3.1 The Large Hadron Collider

The LHC is currently the world’s most energetic particle collider. It is designed to accelerate

two separate beams of protons to energies of up to 7 TeV per beam. In 2010 and 2011, the

LHC operated at 3.5 TeV per beam with a peak luminosity of 3.9×1033cm−2s−1 [12] [13].

In 2012, the operating energies were higher at 4.0 TeV per beam with a peak luminosity of

7.7×1033cm−2s−1.

There are four interaction points along the LHC ring where collisions can occur. At each of

these points there is a detector that utilises these collisions for physics studies, as shown in

Figure 3.1. These four main LHC experiments are:

• ATLAS and CMS, which are general purpose detectors [14] [15],

• ALICE, which is designed to study the physics of heavy ion collisions [16] and

• LHCb, which is designed for studying heavy flavour physics through precision

measurements of CP violation and rare decays [17].
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Figure 3.1: Layout of the four main experiments on the LHC ring [18].

The LHC uses a multistage acceleration process to boost protons to the desired collision

energies. The process begins by ionizing hydrogen atoms to produce protons and

accelerating them to a momentum of 50 MeV using a linear accelerator, LINAC2. They are

then passed into the Proton Synchrotron Booster where they are accelerated to a

momentum of 1.4 GeV. Following this, they are then accelerated through the Proton

Synchrotron where they leave with a momentum of 25 GeV and go into the Super Proton

Synchrotron where they are combined into bunches and accelerated to 450 GeV. The

protons enter the main LHC ring from the SPS via one of the two 2.5 km injection tunnels,

depending on the desired fill direction. Once there, the protons are accelerated to their final

desired collision energies using the main LHC magnets. A detailed schematic of the LHC

acceleration processes is shown in Figure 3.2.

There are 1232 superconducting dipole magnets along the LHC ring for bending and

accelerating the beam. The coils of these magnets are made of niobium-titanium (NbTi),

which is superconducting at a temperature of 1.9 K. The dipole magnets are "twin bore" in

design, which allows them to accelerate two separate beams in opposite directions. For the

twin bore magnet system, the energies of the two beams will always be entwined. In

addition to the dipole magnets, the LHC ring also contains 392 quadrupole magnets for

focusing and correcting the beam as well as many sextupole, octupole, decapole and

dodecapole magnets for higher-order beam corrections.

A key aspect of the LHC is the ability to deliver a high luminosity for physics studies. The

luminosity of a collider is the measure of the number of interactions it can provide per unit

time. It is related to the number of generated events as follows:
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Figure 3.2: The LHC ring complex showing the chain of particle accelerators used to boost
the particles to the required energies [19].

Nevent= Lσevent, (3.1)

where σevent is the cross section of the given process measured in units of area and L is

the machine luminosity measured in units of inverse area and inverse time. For a Gaussian

beam the luminosity can be approximately be given by:

L =
N2

pnb frevγr

4πεnβ∗ F, (3.2)

where Np is the number of particles per bunch, nb is the number of bunches, frev is the

revolution frequency of the particles around the ring, γr is the relativistic gamma factor, εn is

the normalized transverse beam emittance, β∗ is the beta function at the collision point and F

is the geometric luminosity reduction factor due to the crossing angle at the interaction point

(IP):

F =

(

1+

(

θcσz

2σ∗

)2
)−1/2

, (3.3)

where θc is the full crossing angle at the IP, σz is the RMS of the bunch length and σ∗ is the

transverse RMS of the beam size at the IP.
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At design, a maximum of 2808 bunches circulates the main ring with collisions occurring

every 25 ns. Each bunch contains approximately 1.15× 1011 protons, which gives an

expected number of 19 interactions per bunch crossing. The majority of these interactions

are proton-proton scatterings that don’t create particles with high pT . These soft

interactions, although uninteresting, do affect detector responses. Interactions that occur

within the bunch collisions on top of the hard scattering process is known as the underlying

event. Detector responses are also affected by previous bunch crossings since most

detector elements have readout latencies that are higher than 25 ns. The combination of

multiple interactions and readout latencies is referred to as pileup. The effects of pileup are

significant on physics analyses and must be correctly accounted for to accurately describe

the observed interactions. A summary of the LHC design specifications is shown in Table

3.1.

LHC machine parameters
Circumference 26.7 km

Dipole magnetic field 8.33 T
Dipole magnet temperature 1.9 K
Quadrupole magnetic field 6.85 T

Quadrupole magnet temperature 1.9 K
Number of main dipole magnets 1232

Number of main quadrupole magnets 392
Number of other magnets 7970

Proton beam parameters
Proton energy 7 TeV

Number of protons per bunch 1.15× 1011

Number of bunches 2808
Time between bunch crossings 25 ns

Circulating beam current 0.582 A
Stored energy per beam 362 MJ

Peak luminosity parameters
RMS bunch length (σz) 7.55 cm
RMS bunch size (σ∗) 16.7µm

Beta function (β∗) 0.55 m
Relativistic gamma factor (γr ) 7461

Normalized transverse emittanceεn 3.75µm
Full crossing angle (θc) 285µrad

Geometric luminosity reduction factor (F) 0.836
Peak luminosity 1034cm−2s−1

Interaction parameters
Inelastic cross section 60 mb

Total cross section 100 mb
Average interactions per bunch crossing 19.02

Table 3.1: Summary of the main LHC specifications for proton-proton collisions running at
design energy and luminosity at the ATLAS and CMS IPs [12]
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3.2 The ATLAS detector

ATLAS is a general purpose detector designed to accommodate a broad scope of physics

studies using collisions provided by the LHC. To accomplish this task, ATLAS was designed

to have the following features [14]:

• High pseudorapidity and full azimuthal coverage. The physics processes of interest

have low production cross sections so a large detector acceptance maximises the

number of reconstructed events. A full azimuthal coverage is also essential for

measuring missing transverse energy, which is a key component in many SM and

beyond the SM analyses.

• Detector elements must have fast readouts and be radiation-hard to cope with the high

collision rates of the LHC. A high detector granularity is also required to handle the

high particle fluxes and to reduce the effects of pileup.

• An inner detector tracking system with good momentum resolution and reconstruction

efficiency. Tracking elements must also be present close the interaction point to

reconstruct secondary vertices from τ-leptons and b-jets.

• Good electromagnetic calorimetry for electron and photon identification and energy

measurements. Electron and photon channels have clean signatures and are expected

to play key roles in SM analyses and searches for new physics.

• Good hadronic calorimetry for accurate reconstructions of jet and missing transverse

energy. Jets are ever-present in the LHC collision environment and must be well

reconstructed for any physics analysis.

• Good muon identification, charge determination and momentum resolution over a wide

range of momenta. Muons have the cleanest signatures amongst all the common final

state particles and are crucial components in physics analyses.

• An efficient triggering on low pT objects with high background rejection rates to retain

the maximum number of interesting physics events.

The key performance aspects of the ATLAS detector are quantified and summarised in Table

3.2 and a layout of the detector is shown in Figure 3.3. This chapter provides a brief overview

on the main sub-systems of the ATLAS detector, which have been designed to fulfil the

described performance requirements. A more comprehensive description of the detector can

be found in references [14] and [20] and the expected performance of the detector can be

found in reference [21].

21



Detector component Required resolution
η coverage

Measurement Trigger
Tracking σPT /PT = 0.05%⊕ 1% ± 2.5 -

EM calorimetry σE/E = 10% /
√

E⊕0.7% ± 3.2 ± 2.5
Hadronic calorimetry

barrel and endcap σE/E = 50 % /
√

E⊕3% ±3.2 ± 3.2
forward σE/E = 100 % /

√
E⊕10% 3.1 < |η| < 4.9 3.1 < |η| < 4.9

Muon spectrometer σPT /PT = 10 % atpT = 1 TeV ± 2.7 ± 2.4

Table 3.2: The general performance goals of the ATLAS detector. For high-pT muons, the
muon spectrometer performance is independent of the tracking system.

Figure 3.3: A cut away view of the ATLAS detector.

3.2.1 Coordinate system

The ATLAS collaboration uses a standard right-handed Cartesian coordinate system to

describe the detector and the particles created during collisions. The z-axis points along the

beam line with the positive direction anti-clockwise along the LHC ring when viewed from

above. The x and y axes are perpendicular to the beam line with the positive y-direction

pointing upwards and the positive x-direction pointing towards the centre of the main ring.

The ATLAS detector is divided into two sides, which is split directly down the middle of the

detector across the z-axis. The side with z > 0 is called Side A and the side with z < 0 is

called Side C.
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It is convenient to describe the ATLAS detector in terms of a cylindrical coordinate system

(R,φ,z), where R is the transverse distance from the beam line and φ ∈ [0,2π) is the

azimuthal angle with 0 starting at the x-axis. Spherical coordinates (R,φ,θ) can also be

used with θ ∈ [0,π) being the polar angle with 0 starting at the beam line.

At hadron colliders, particle vectors are often described by the parameters (pT ,φ,η), where

pT is the momentum in the transverse direction and η is the pseudorapidity defined by η =

−ln[tan(θ/2)]. Pseudorapidity is often used in collider experiments because the cross sec-

tions of physical processes are approximately constant in η. It is related to rapidity, which is

given by y = 1
2ln[(E + pz)/(E− pz)].

Figure 3.4: The Cartesian coordinate system used by the ATLAScollaboration.

3.2.2 Magnet system

The ATLAS detector uses a superconducting magnet system that consists of a standard

central solenoid surrounded by a three air-core toroidal system. Two toroids are in the

end-caps and one is in the barrel. The magnetic field of the inner detector is supplied by the

central solenoid, while the toroid system provides the magnetic field for the muon

spectrometer. The layout of the magnet system is depicted in Figure 3.5.

The central solenoid is positioned just in front of the electromagnetic calorimeter and provides

a 2 T magnetic field. The toroid magnets have peak magnetic fields of 3.9 and 4.1 T for the

barrel and end-cap toroids respectively. Each toroid consists of eight coils placed radially

symmetric around the beam line.

The superconducting magnets of the ATLAS detector are made of NbTi. To achieve

superconductivity, the magnets need to be cooled to a temperature of 4.5 K. The main

cooling is provided by flowing 4.5 K helium gas through tubes welded onto the casings of

the coil windings. To provide additional cooling, the central solenoid magnet is also coupled

to a refrigerator while the toroid magnets have extra helium pumps.
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Figure 3.5: Geometry of the toroid magnets shown in red surrounding the central solenoid
shown in blue. The coloured layers represent the calorimeter layers that enclose the central
solenoid [14].

3.2.3 Inner detector

The inner detector is the closest system to the interaction point and provides momentum,

direction, vertex and charge measurements for particles within the pseudorapidity range |η|
< 2.5. It is contained within a cylinder of length 5.5 m and radius 1.15 m and is immersed

in an almost homogeneous 2 T magnetic field that points parallel to the beam line. During

LHC operations, approximately 1000 particles will emerge from the interaction point within

the coverage of the inner detector per proton-proton collision. To handle such high particle

densities and to meet the performance goals of ATLAS, the inner detector has been designed

to be radiation-hard and attain high-resolution measurements with fine detector granularity.

There are three sub-detector systems for the inner detector and they are: the pixel detectors,

the Silicon Microstrip (SCT) detectors and the Transition Radiation Tracker (TRT). A diagram

of the inner detector is shown in Figure 3.6.

The pixel detectors are located closest to the interaction point and use semiconducting silicon

detectors. Each module provides a 2-dimensional read out tangential to the plane of the

module. There are 1744 identical pixel modules in the inner detector providing an overall

coverage of up to |η| < 2.5. Track density is higher for the pixel detectors than for any other

system and as such, they have been designed to be the most intrinsically accurate system

with a resolution of 10µm in the azimuthal direction and 115µm in the z-direction.

The SCT detectors lie between the pixel detectors and the TRT and use silicon strips similar

to the pixel detectors. The 15912 SCT modules of the inner detector spread across the
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barrel and endcaps provides tracking coverage in the range |η| < 2.5. Unlike the pixel

modules, each SCT wafer can only provide a 1-dimensional position read out. To achieve a

2-dimensional position measurement two wafers are glued back-to-back at a relative angle

of 40 mrad. The SCT modules have an intrinsic accuracy of 17µm in the azimuthal direction

and 580µm in the z direction.

The TRT is the furthest inner detector sub-system from the interaction point and is positioned

in front of the calorimetry system. It covers the range |η| < 2.2 and uses drift (straw) tube

technology to detect charged particles. Each straw is 4 mm in diameter and is filled with a

gas mixture of 70% Xe, 27% CO2 and 3% O2. At the centre of each straw there is a 31µm

diameter tungsten wire coated with gold, which acts as the anode. The straw walls are coated

with a thin layer of Al, which acts as the cathode. Charged particles traversing through the

TRT straws will ionize the gas contained within them and these ions will drift towards the

central wire. The TRT can achieve an accuracy of 30 µm. One of the main purposes of this

technology is to provide discrimination between electrons and pions. Transition radiation is

emitted by charged particles when they cross the boundaries between media with different

dielectric constants. Transition radiation photons produced from highly relativistic particles

have frequencies in the X-ray bands. These photons further ionises the TRT gas mixture,

which are measured as high threshold hits. The intensity of the transition radiation is directly

proportional to the particle’s Lorentz factor, so electrons produce more high threshold hits

than pions.

Figure 3.6: An illustration of the ATLAS Inner detector [14].
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3.2.4 Calorimetry

The ATLAS calorimetry system surrounds the inner detector and provides energy

measurements for electromagnetic and hadronic particles. The calorimeters consist of a

number of sampling layers with full φ coverage around the beam axis and a pseudorapidity

coverage of up to |η| < 4.9. There are three cryostats that house the calorimeters, one for

the barrel and two for the end-caps. The barrel cryostat contains the electromagnetic barrel

calorimeter while the end-cap cryostats contain the electromagnetic end-cap calorimeters,

the hadronic end-cap calorimeters and the forward calorimeters. These calorimeters all use

liquid argon (LAr) as the active detector medium and thus require cryostats for active

cooling. The hadronic calorimetry is provided in the barrel and extended barrel regions by

the Tile calorimeter, which uses polystyrene scintillator tiles that operate at room

temperature. A cut-away view of the ATLAS calorimetry system is shown in Figure 3.7.

Figure 3.7: A cut-away view of the ATLAS calorimetry system [14].

The electromagnetic calorimeter uses lead in combination with liquid argon (LAr) to maximise

electromagnetic showering. The barrel section covers the range |η| < 1.475 and is divided

into two identical half-barrels separated by a small gap of 4 mm at z = 0. The end-cap

sections are mechanically divided into two coaxial wheels with the outer wheels covering

1.375 < |η| < 2.5 and the inner wheel covering 2.5 < |η| < 3.2. The detector pieces are

arranged in an accordion geometry to ensure complete azimuthal coverage. The thickness
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of the lead plates varies as a function of η and has been designed for optimal performance

in energy resolution. The EM calorimeter is segmented into multiple layers, three for the

region |η| < 2.5 and two for the higher-η regions, 2.5 < |η| < 3.2. In the region |η| < 1.8,

an additional presampler detector is placed in front of the first EM calorimetry layer, which is

used to correct for energy losses caused by material interactions. The presampler provides

an extra sampling and consists of an active LAr layer of thickness 1.1 cm in the barrel and

0.5 cm thickness in the endcaps. The total depth of the EM calorimeter is approximately 22

to 30 radiation lengths (X0) in the barrel and 24 to 33 X0 in the endcaps, which is sufficient to

contain the majority of EM showers at ATLAS.

The hadronic calorimetry system consists of three different detector types: the Tile

calorimeter, the LAr hadronic endcap calorimeter and the LAr forward calorimeter. The Tile

calorimeter is placed directly behind the barrel LAr calorimeter and covers the

pseudorapidity rangess |η| < 1.7. The LAr hadronic endcap calorimeter is positioned

directly behind the EM endcap calorimeter and covers the pseudorapidity range 1.5 < |η| <

3.2. The higher-η regions, 3.1 < |η| < 4.9, are covered by the LAr forward calorimeter, which

surround the beam pipe starting from approximately 4.7 m away the interaction point. The

LAr hadronic endcap calorimeter slightly overlaps with both the Tile and forward

calorimeters to ensure minimal leakage in the transition regions.

The Tile calorimeter uses steel as the absorber material and is divided azimuthally into 64

modules. They are segmented into three layers with approximately 1.5, 4.1 and 1.8

interaction lengths (λ) for the barrel and 1.5, 2.6 and 3.3 λ for the extended barrel. The total

thickness of the entire detector at the outer edge of the tile calorimetry system is

approximately 9.7 λ at η = 0.

The LAr hadronic endcap calorimeter consists of two independent wheels per endcap, each

assembled from 32 identical wedge-shaped modules. Each wheel is segmented into two

layers with the first layer containing 24 parallel copper plates, each 25 mm thick, and the

second layer containing 16 copper plates, each 50 mm thick. The total thickness of the LAr

hadronic endcap calorimeter is approximately 14 to 18 λ.

The LAr forward calorimeter consists of three 45 cm thick modules. The first module is used

to measure electromagnetic particles and mainly uses copper as the absorber material. The

second and third modules are used to measure hadronic particles and mainly uses tungsten

as the absorber material. The interaction lengths of each module in order from the first to the

third are 2.66 λ, 3.68 λ and 3.60 λ.
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3.2.5 Muon spectrometer

The muon spectrometer is the furthest sub-detector from the interaction point and

encompasses the calorimetry system. Muons interact weakly with matter and can pass

through the detector systems with minimal energy losses. The muon spectrometer provides

measurements of muon tracks, which is used to determine their charge and momentum.

There are four main complementary sub-detectors that comprise the muon spectrometer:

the Monitored Drift Tubes (MDTs), the Cathode Strip Chambers (CSCs), the Resistive Plate

Chambers (RPCs) and the Thin Gap Chambers (TGCs). A cut-away diagram of the ATLAS

muon spectrometer system is shown in Figure 3.8.

The MDTs provide precision tracking measurements with coverages of up to |η| < 2.0 for

the inner most layer and |η| < 2.7 for the remaining layers. This sub-detector uses drift tube

technology, which consists of bundles of pressurised tubes filled with a gas mixture of 93%

Ar and 7% CO2 at a pressure of 3 bar. Each tube is 29.970 mm in diameter and contains a

central tungsten-rhenium wire with a width of 50 µm. The tubes are made of aluminium which

acts as the cathode while the central wire acts as the anode with a wire potential of 3080 V.

The maximal drift time from the wall to the wire is about 700 ns. The MDTs are aligned along

the φ direction and have an intrinsic resolution of approximately 35 µm in the z-direction.

The RPCs’ primary function is to provide triggering for the barrel regions within |η| < 1.05.

It also provides the azimuthal coordinate measurement for tracks within its coverage. The

RPC detectors consist of three layers. The first two layers, placed relatively close together,

are designed to provide triggering for tracks with pT between 6 and 9 GeV. The third layer

Figure 3.8: A cut away view of the ATLAS muon spectrometer [14].
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is placed much further away and provides triggering for tracks with pT greater than 9 GeV.

The RPC uses gaseous parallel electrode-plate detectors that consist of two resistive plates

made of phenolic-melaminic plastic laminate, which are separated by 2 mm using insulating

spacers. The gas mixture in between the plates consists of 94.7% C2H2F4, 5.0% Iso-C4H10

and 0.3% SF6. The chosen composition allows an operating voltage of around 4.9 kV/mm

between the plates. The signal is read out through metallic strips placed on the outer faces of

the plates. Each strip is approximately 25-35 mm wide and is separated from neighbouring

strips by 2 mm with a 0.3 mm ground strip in the centre for improved readout decoupling. To

provide measurements in φ and η, each RPC layer consists of two perpendicularly aligned

RPC detectors. The RPC has a resolution of approximately 10 mm in the z and φ directions.

The CSCs provide precision tracking for the end cap regions within the range 2.0 < |η| <

2.7. They are multi-wire chamber detectors with their anode wires orientated in the radial

direction. The two cathodes either side of the wires are both segmented into strips. One set

of strips is orientated perpendicular to the wires and the other parallel to them. This provides

2-dimensional measurements in φ and η. There are two disks of CSC detectors, one in

each endcap. These disks are segmented equally into eight large chambers overlapped with

eight small chambers. Each chamber contains four layers of CSC detectors resulting in four

independent measurements of η and φ along each track. The CSC has an intrinsic resolution

of approximately 40 µm in R and 5 mm in φ.

The TGCs provide triggering and azimuthal coordinate measurements in the regions 1.05 <

|η| < 2.4. They are multi-wire chamber detectors that have a wire-to-cathode distance of 1.4

mm and a wire-to-wire distance of 1.8 mm. A gas mixture of CO2 and n-C5H12 (n-pentance)

is used for these detectors with a wire potential of approximately 2.9 kV. The cathodes of the

TGC modules are made of graphite with one side grounded and the other side connected

to readout strips for measurements in φ. The anode wires provide the measurements in η.

The high voltage and small wire-to-wire distances have been chosen to achieve quick time

resolutions, which are essential for triggering purposes. The TGC has an intrinsic resolution

of approximately 2-6 mm in R and 3-7 mm in φ. A summary of the muon spectrometer

sub-detector parameters is given in Table 3.3.

Chamber resolution (RMS) Measurements/track Number of
Type Function z/R φ time barrel end-cap chambers channels
MDT tracking 35µm (z) - - 20 20 1150 354k
CSC tracking 40µm (R) 5 mm 7 ns - 4 32 30.7k
RPC trigger 10 mm (z) 10 mm 1.5 ns 6 - 606 373k
TGC trigger 2-6 mm (R) 3-7 mm 4 ns - 9 3588 318k

Table 3.3: Parameters of the four sub-systems of the muon spectrometer [14]. Resolutions
do not include chamber-alignment uncertainties.
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3.3 Particle reconstruction and identification

The subsystems of the ATLAS detector each play key roles in reconstructing and identifying

the particles created by the LHC collisions. The ATLAS detector is capable of reconstructing

and identifying electrons, photons, muons, hadronically decaying tauons and jets, which

originate from hadrons, gluons and quarks. For particles with no detectable signatures, their

presence can be inferred through the calculation of missing transverse energy. This section

briefly describes the methods used to reconstruct and identify the particles that are relevant

for the analyses in this thesis.

Track reconstruction

Tracks in the inner detector are groups of sequential detector hits left by traversing charged

particles. The track reconstruction process begins by taking adjacent hits found on pixel

and SCT detectors and grouping them into clusters [22]. Clusters are then used to form 3-

dimensional space points. For the pixel detectors, a 3-dimensional space point is determined

by the centre of a cluster, while for the SCT detectors, two clusters from each side of the

modules are combined to form a space point. For the TRT, the recorded drift times are

converted into drift distances.

Once the space points are reconstructed, a pattern recognition algorithm begins searching

for possible track candidates from the space points closest to the IP and extending radially

outwards. This is referred to as the "inside-out" algorithm. Track candidates are seeded

from three consecutive space points and are used to guide the search for more space points.

Once the last silicon space points have been identified, a more sophisticated fit is performed,

which also removes any overlapping track candidates. The silicon track is used to define the

direction for a possible TRT extension. If a TRT extension is found, then the track is refitted

including the TRT drift distances. The inside-out procedure can reconstruct track candidates

with pT > 100 MeV.

Following the inside-out sequence, an "outside-in" algorithm is performed on the space

points and drift circles that have not yet been associated to any track. The outside-in

procedure begins at the TRT and extrapolates towards the interaction point. The purpose of

this algorithm is to pick up any tracks that may have originated away from the interaction

point, such as photon conversions and long-lived hadron decays. The outside-in procedure

can reconstruct track candidates with pT > 300 MeV.

The status of a track at any point in the inner detector can be fully described using five

independent track parameters. The five parameters used commonly in ATLAS tracking

system are (d0, z0, φ, θ, q/p), where d0 and z0 are the radian and longitudinal impact

parameters, respectively. The impact parameter is the track’s closest distance of approach
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to the interaction point. The two angles, φ and θ, describe the direction of the track. The

charge and momentum of the track is denoted by q and p, respectively, which in

combination describes the track curvature.

Energy reconstruction

Hadrons, electrons and photons produce a cascade of secondary particles when they interact

with the calorimeters. Energy deposits are produced in groups of neighbouring calorimeter

cells, which are known as clusters. Cluster reconstruction algorithms aim to include as much

of the released energy as possible by maximising the signal to noise ratio. ATLAS uses

two main clustering algorithms: the sliding window algorithm and the topological clustering

algorithm [23].

The sliding window algorithm is best used for particles with well defined energy deposition

patterns, such as electrons and photons. This algorithm searches for clusters by

incrementally scanning across the electromagnetic calorimeter using a fixed sized window.

A search window of 5×5 calorimeter towers is used, where a calorimeter tower is a line of

cells that begins at the inner most calorimeter layer and ends at the outer most layer.

Regions with a local ET maximum greater than 3 GeV are used as precluster seeds. If two

precluster seeds are found within 2× 2 towers of each other, then the precluster with the

higher ET is kept. The precluster seed defines the centre of a cluster where the energies of

the neighbouring cells, in a predefined cluster size, are summed. For electrons, a cluster

size of ∆η×∆φ = 0.075×0.175 is used for the barrel region and ∆η×∆φ = 0.125×0.125

is used for the endcaps.

The topological clustering algorithm bases clustering on the significance of energy contents

within neighbouring cells, which results in variable cluster sizes. This type of clustering is

more suitable for hadronic showers where the energy response is more varied. Topological

clusters are seeded by cells with a signal to noise ratio greater than 4. Neighbouring cells

with a signal to ratio greater than 2 are iteratively added to the cluster. The thresholds are

optimised to minimise noise and to maximise the efficiency. To prevent energy deposits from

close particles being amalgamated into a single cluster, clusters are split between any local

maxima measurements.

3.3.1 Electron reconstruction and identification

Electrons will leave tracks in the inner detector and deposit energy in the electromagnetic

calorimeter. The tracks are required to have silicon hits with a TRT extension and the

clusters are reconstructed using the sliding window algorithm. The electron reconstruction

algorithm [24] begins by searching for a cluster in the electromagnetic calorimeter, which is
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then matched to an inner detector track. The matching is based on the closeness of the

track’s extrapolated position to the cluster barycenter. For clusters with multiple track

candidates, the track with the closest ∆R=
√

∆η2 +∆φ2 match is chosen.

Electrons used in the analyses described in this thesis are required be within the

pseudorapidity range of |η| < 2.47 but outside the range 1.37 < |η| < 1.52. The first

requirement ensures all electrons are within the tracking acceptance of the detector and the

second ensures them to be outside the transition region between the barrel and endcap

calorimeters, where the efficiency and resolution of the instruments are poor. Furthermore,

electrons are removed if they fall within regions of the calorimeter with known

instrumentation issues, such as readout problems, dead electronics or noisy cells. The

energies of electrons are measured from their clusters and their directions are measured

from their tracks.

In the Z → ττ → ll +4ν and multijet analyses, electron candidates are required to pass the

"medium" identification requirement. This requires the candidates to have cluster shapes that

are consistent with electron showers, a track with at least seven silicon hits and a basic track

to cluster matching. For the H → ττ → ll + 4ν analysis, the electrons are required to pass

the "tight" identification requirement. This requirement is more stringent on all the criteria

used by the "medium" identification and in addition, uses the number of high threshold TRT

hits as a discriminant. A tighter selection is used for the H → ττ → ll +4ν analysis because

a stronger background suppression is required.

Electron isolation Tracking and calorimeter activities around reconstructed electrons are

measured using the pTcone and ETcone algorithms. The pTcone algorithm sums the pT

of all reconstructed tracks in a predefined cone size around the electron, while the ETcone

algorithm similarly sums the ET of all energy deposits. Each algorithm operates using one

of three standard cone sizes defined by the angular separation ∆R = 0.2, 0.3 and 0.4, which

are labeled as "20", "30" and "40", respectively. For example, pTcone40 uses a cone size of

∆R= 0.4 and ETcone30 uses a cone size of ∆R= 0.3.

3.3.2 Muon reconstruction and identification

Muons will usually leave a track in the inner detector, small energy deposits in the

calorimeters and a track in the muon spectrometer. Muon reconstruction begins by

reconstructing a track in the muon spectrometer. For muons described in this thesis, this

reconstruction is performed using the STACO algorithm [25].

Track reconstruction in the muon spectrometer is a multi-stage process. The first stage is to

identify regions where at least one TGC or RPC hit has occurred in both the η and φ
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coordinates. For the tracking stations within these regions, straight track segments are

reconstructed locally within each station with a loose interaction point constraint. The track

segments from neighbouring stations are connected to provide a rough momentum

estimation. Starting with this estimation and adding slight variations, the segments from

each station are extrapolated to all other stations to provide initial track candidates. A global

fit is then performed on the track hits that belonged to the best candidate. At this stage, all

the hits are classified as good or bad and only the good hits are kept. Finally, the track is

refitted again with material effects incorporated for a more precise measurement.

Muons can also be reconstructed using the inner detector. The inner detector and muon

spectrometer tracks can be connected to form combined muon tracks. The matching

procedure is performed using a χ2 minimisation. Muon candidates described this thesis are

required to be combined muons and within the muon spectrometer coverage of |η| < 2.4.

The difference between the z-positions of the muon track extrapolated to the beam line and

the primary vertex is required to be less than 10 mm to remove atmospheric muons. To

ensure the muon track is well reconstructed and to reduce the fakes from hadrons, the inner

detector segment is required to have: at least two pixel hits; at least six SCT hits; and at

least 90% of the TRT hits to lie within 1σ of the best fit track.

Muon isolation The same pTcone and ETcone algorithms used to measure electron

isolation are similarly available for muons. The expected muon energy losses in the

calorimeters are subtracted from the ETcone calculations.

3.3.3 Jet reconstruction

Jet reconstruction aims to recover the original four-momentum of fragmenting partons by

summing up the energies of their daughter particles. All jets described in this thesis are

reconstructed using the Anti-kT algorithm.

Anti-kT is a sequential recombination algorithm that groups particles into jets based on their

energies and angular separations [26]. All clusters with a matching track are considered as

protojets. Each protojet is assigned an ordering parameter as follows:

di = E2
T,i, (3.4)

where ET,i is the transverse energy of the ith protojet. All combinations of protojet pairs are

also added to the same list and their ordering parameter is given by:

di j = min(E2k
T,i,E

2k
T, j)[(ηi −η j)

2 +(φi −φ j)
2]/∆R2, (3.5)
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where ∆R is the distance scale (∆R =
√

∆φ2 +∆η2) and k is the relative power of the

momentum and distance scales. The Anti-kT algorithm uses a particular setting of k = −1

[27]. After calculating d for all protojets and protojet combinations, the list is put in a

descending order. If the smallest item in the list is a di j object, then the protojets i and j are

combined to form a new protojet and the list is updated. If the smallest item on the list is a di

object, then the protojet i is removed from the protojet list and added to the list of jets.

These steps are repeated until there are no more objects in the protojet list. The jets in this

thesis are all reconstructed using a distance scale of ∆R= 0.4 and are required to be within

the calorimeter pseudorapidity coverage of |η| < 4.5.

In the H → ττ → ll + 4ν analysis, the jet vertex fraction (JVF) is used as an additional

requirement on jet selection. This requirement ensures that the jets are produced by the

hard scattering interaction and not from the underlying event. The JVF is defined as follows:

JVF =

NPV,tracks

∑
i=1

pT,i( jet)

Ntracks

∑
j=1

pT, j( jet)

, (3.6)

where NPV,tracks is the number of jet tracks that are associated with the primary vertex and

Ntracks is the number of jet tracks associated to any vertex.

3.3.4 Flavour tagging

The identification of jets that originate from b-flavoured quark decays is an important

discriminant for many processes, such as tt̄ events. When b quarks are produced,

hadronisation quickly occurs to form b-hadrons. The lifetimes of b-hadrons are relatively

long and, if significantly boosted, will decay at measurable distances away from the primary

vertex. Such displacements can be used to discriminate b-flavoured jets from other jets.

There are many different flavour tagging algorithms, however this section will only describe

two of these: the IP3D and JetFitter algorithms [28], which are relevant to this thesis.

The IP3D algorithm uses the radial and longitudinal impact parameter significances, d0/σd0

and z0/σz0, to provide a likelihood measurement of a jet being b-flavoured, where σd0 and

σz0 denote the uncertainties on the radial and longitudinal impact parameters, respectively.

The distributions for each jet type are obtained from MC with corrections applied to account

for discrepancies with the observed data [29].

The JetFitter algorithm reconstructs the intermediate decay chains within a jet to identify b-

jets. The tracks of the jet are used to find a common flight path, where the b-hadron decay

and its subsequent c-hadron decays are assumed to lie [30]. With this approach, several
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secondary vertices may be reconstructed for a single jet, forming a rough decay chain. This

decay chain is used to discriminate between different flavoured jets based on:

• the number of vertices with at least two tracks,

• the total number of tracks at these vertices,

• the number of additional single track vertices on the flight axis,

• the invariant mass of all particles attached to the chain,

• the fraction of the jet’s total energy that exists as part of the decay chain,

• the displacement significance, d/σd, where the position is a weighted average of all

the secondary vertices.

In this thesis, b-jets are identified using a combination of the IP3D and JetFitter likelihoods.

This combination is based on an Artificial Neural Network technique [31].

3.3.5 Missing transverse energy reconstruction

The reconstruction of missing energy is important for inferring the presence of particles which

cannot be directly detected, such as neutrinos. For a hadron collider, the initial momentum

of the system is unknown in the z-direction, as the colliding partons each carry a varied

fraction of the proton’s total momentum. However, in the transverse direction, the momenta

of the partons are negligible and assumed to be zero. Therefore the missing energy can

be measured in the radial direction by applying this initial condition and the conservation of

energy and momentum [32].

In the Z → ττ → ll + 4ν analysis, the missing transverse energy (Emiss
T ) is calculated by

combining the energy deposits in the calorimeters with the momenta of the muon tracks. The

missing transverse energy terms are given by:

Emiss
x(y) =

Ncell

∑
i=1

Ecalo
i sinθicosφi +

Nµ

∑
j=1

[pµ
x, j −Eµ,loss

x, j ], (3.7)

Emiss
y =

Ncell

∑
i=1

Ecalo
i sinθisinφi +

Nµ

∑
j=1

[pµ
y, j −Eµ,loss

y, j ], (3.8)

Emiss
T =

√

(Emiss
x )2 +(Emiss

y )2, (3.9)
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where Ecalo is the energy of measured in the calorimeter cells, pµ is the momentum of the

muon tracks and Eµ,loss is a correction term that accounts for the muon energy losses within

the calorimeters.

In the H → ττ → ll + 4ν analysis, the Emiss
T is calculated using a more precise algorithm,

which was not available at the time when the Z → ττ → ll + 4ν analysis was performed.

This algorithm calculates the Emiss
T by combining the contributions from all reconstructed

electrons, photons, muons, hadronic tauons, jets and energy deposits that are not associated

with any reconstructed particles. The x and y components of the Emiss
T are given by:

Emiss
x(y) = Emiss,e

x(y) +Emiss,γ
x(y) +Emiss,τ

x(y) +Emiss,jets
x(y) +Emiss,softjets

x(y) +Emiss,calo,µ
x(y) +Emiss,cellout

x(y) ,

(3.10)

where

• Emiss,e contains the contributions from reconstructed electrons,

• Emiss,γ contains the contributions from reconstructed photons,

• Emiss,τ contains the contributions from hadronically decaying tauons,

• Emiss,jets contains the contributions from jets,

• Emiss,softjetscontains the contributions from low pT jets,

• Emiss,calo,µ contains the energy losses of muons crossing the calorimeters and

• Emiss,cellout contains the contributions that are not associated with any of the terms

mentioned above.

3.4 Trigger and data acquisition system

At the LHC design luminosity, the rate of proton-proton collisions (40 MHz) far exceeds the

rate at which data can be recorded (200 Hz). However, most collisions produce only inelastic

proton scatterings, which are uninteresting for physics studies. To select only the events

that are relevant for the desired analyses, ATLAS uses a specialised three-level trigger and

data acquisition system (TDAQ). Further details of the level one (L1) and Higher-level trigger

systems (HLT) can be found in references [33] and [34], respectively.

The first level trigger, L1, searches events for high pT muons; electrons and photons; jets;

and hadronically decaying tauons, as well as high amounts of missing transverse energy.

Only the detector systems with fast response times are used by the L1 trigger. Muon pT
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is calculated using only the dedicated RPC and TGC trigger systems, while for the other

particles, only the calorimeter clusters are used to measure their ET . The L1 trigger assesses

an event within 2.5 µs, reducing the event rate to a maximum of 75 kHz.

The L1 trigger also identifies areas of the detector where significant activity has occurred,

known as Region of Interests (ROIs). To increase the processing speed, the level two trigger

(L2) only applies its assessments on the ROIs. The L2 trigger reduces the event rate to

around 3 kHz and has an average processing time of 40 ms. For muons, this reduction

mainly comes from the refinement of muon’s pT using additional tracking information from

the inner detector and the precision muon chambers. For electrons and tauons, a high pT

matching track is required, which reduces the number of possible candidates. In the case

of photons, jets and the missing transverse energy, the rejection power at the L2 trigger is

limited, since the tracking systems do not provide further discrimination. A dedicated system

of programmable processors are used to process the L2 reconstructions within the desired

time frame.

The final stage of the trigger system is performed by the Event Filter (EF). Here, offline

algorithms and methods adapted for the online environment are used to reconstruct the

particle candidates. The most recent calibrations, alignments and magnetic field maps are

also incorporated by the EF. The more stringent selections reduce the event rate to the

targeted 200 Hz, with each event having an average processing time of about 4s. To

complete the reconstruction within the required time frame, a large farm of CPUs is

dedicated to the EF. Events that satisfy the EF triggers are moved to permanent storage by

the TDAQ system. At capacity, an output data rate of approximately 100 MB/s is recorded.

LEVEL 2
TRIGGER

LEVEL 1
TRIGGER

CALO MUON TRACKING

Event builder

Pipeline
memories

Derandomizers

Readout buffers
(ROBs)

EVENT FILTER

Bunch crossing
rate 40 MHz

< 75 (100) kHz

~ 1 kHz

~ 100 Hz

Interaction rate
~1 GHz

Regions of Interest Readout drivers
(RODs)

Full-event buffers
and

processor sub-farms

Data recording

Figure 3.9: Schematic view of the ATLAS TDAQ system [20].
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4
Simulation and data samples

This chapter will describe the data and simulated samples used for the multijet composition,

Z → ττ → ll + 4ν and H → ττ → ll + 4ν analyses. All collision data used in the analyses

described in this thesis were collected at
√

s= 7 TeV during LHC operations in 2010 and 2011

and all simulated samples are generated at
√

s = 7 TeV to match the data. The corrections

applied to the simulated samples and the methods used to derive them are also described in

this chapter.

4.1 Simulation

4.1.1 Event generation

Monte Carlo (MC) simulations of collision events are used extensively throughout the analy-

ses described in this thesis. Event simulation is a multistep process that begins with gener-

ating the initial state partons. The Q2 transfer of the hard-scattering parton interaction varies

from collision to collision and for the simulations used by the analyses described in this the-

sis, this variation is modelled by either CTEQ [35] or MRST [36].

The next step of the simulation involves generating the final state partons. Final state

partons are created from hard-scattering interactions and spectator quarks. The application

of this step varies from generator to generator. In the analyses described in this thesis, a

number of different generators are used, which include PYTHIA [37],

HERWIG[38]/JIMMY[39], ALPGEN [40], POWHEG [41] [42], AcerMC [43] and MC@NLO

[44]. All these programs use leading order matrix elements, except for MC@NLO and

POWHEG, which use next-to-leading order matrix elements.

Once the final state partons have been generated, parton radiation and showering effects

are simulated. This process consists of adding initial and final state radiation partons onto
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existing partons. The generation of parton showers are determined probabilistically and

continues until the energies of all partons are below a predetermined threshold.

After showering, all final state partons will undergo hadronisation. ALPGEN and MC@NLO

use HERWIG/JIMMY to simulate this process, while AcerMC and POWHEG use PYTHIA.

HERWIG is used in conjunction with JIMMY in order simulate the effects of multiple

hard-scattering interactions. For all simulated samples, τ-lepton decays are additionally

simulated using the TAUOLA package [45] and all generators are interfaced with PHOTOS

[46] to simulate final state QED radiation.

Pileup effects from multiple proton collisions per bunch crossing are also considered at the

generator level. This is modelled by overlaying simulated underlying events over the original

hard-scattering process.

4.1.2 Detector simulation

To simulate detector responses and material effects, all events are passed through the

ATLAS detector simulation [47], which is based on GEANT4 [48]. Relevant records of

material interactions, such as charge and energy depositions, are converted into simulated

detector responses. These responses are tuned to mimic the real detector as closely as

possible using results gathered from laboratory tests, test beam data and cosmic ray runs.

The detector simulation is also updated with the latest detector conditions, which are

provided by on-going data studies.

All simulated datasets contain two types of event information: truth and reconstructed. Truth

data refers to the information that describes events at the generator level. The exact

kinematics, interactions and decay chains of all generated particles are recorded in truth

data. Reconstructed data refers to events that are reconstructed from simulated detector

responses. Only measurements that can be made with the real detector can be observed in

reconstructed data.

4.2 Z → ττ → ll +4ν and multijet analysis samples

The simulated samples used in the Z → ττ → ll + 4ν analysis are all generated using

PYTHIA, except for the t̄t sample, which used MC@NLO and the diboson samples, which

used HERWIG/JIMMY. All simulated samples are generated with a varied number of

collision interactions to simulate different pileup conditions [10].

The cross sections of the W and Z production are calculated at NNLO using FEWZ [49].

For the Drell-Yan production, additional scale corrections are taken from reference [50] to

obtain the NNLO cross section. The cross sections of the tt̄ and diboson processes are
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both calculated using MC@NLO with additional scale corrections applied to the tt̄ sample to

match the NNLO order predictions given in references [51] and [52].

Simulated samples of multijet processes are used to estimate the composition of the multijet

background (see chapter 5) and for comparison purposes in the Z → ττ → ll +4ν analysis.

The multijet samples, Mulitjet(µ), are filtered at the truth level to contain at least one prompt

muon with pT > 8 GeV and |η| < 3. These samples are sliced into mutually exclusive sub-

samples that cover different pT ranges of the leading jet. The filtered samples offer an

increase in the MC statistics but have the drawback of omitting contributions where both

leptons are fake. The electron filtered Multijet(e) samples are similarly available and are

filtered and sliced in the same way.

The main results of the multijet composition study are measured using a simulated sample of

Minimum Bias events that’s filtered on the presence of at least one 6 GeV final state particle.

This sample contains 40 million events of all known QCD processes combined in the best

known proportions. The advantage of using this dataset is that it is unbiased against events

with fake leptons. A summary of the simulated samples used the Z → ττ analyses and the

multijet composition study is shown in Table 4.1.

Process Generator σ× BR ×εF [nb]
Z → ee(mll > 60GeV) PYTHIA 990
Z → µµ(mll > 60GeV) PYTIHA 990
Z → ττ (mll > 60GeV) PYTHIA 990

W → eν PYTHIA 1046
W → µν PYTHIA 1046
W → τν PYTHIA 1046

tt̄ MC@NLO 91.50
γ∗/Z → ee(15GeV< mll < 60GeV) PYTHIA 146.2
γ∗/Z → µµ(15GeV< mll < 60GeV) PYTHIA 146.2
γ∗/Z → ττ (10GeV< mll < 60GeV) PYTHIA 396.7

WW HERWIG 11.3
WZ HERWIG 3.5
ZZ HERWIG 1.0

Multi jet(µ) 8-17 GeV PYTHIA 8.48×105

Multi jet(µ) 17-35 GeV PYTHIA 8.14×105

Multi jet(µ) 35-70 GeV PYTHIA 2.21×105

Multi jet(µ) 70-140 GeV PYTHIA 2.85×105

Multi jet(e) 17-35 GeV PYTHIA 9.11×105

Multi jet(e) 35-70 GeV PYTHIA 2.50×105

Multi jet(e) 70-140 GeV PYTHIA 3.57×105

Minimum Bias 6 GeV PYTHIA 2.54×107

Table 4.1: Summary of the MC samples used in theZ→ ττ→ ll +4ν analysis. The generator
of each sample is shown along with the expected theoretical cross sections multiplied by the
branching ratio (BR) and filter efficiencies (εF ).
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4.3 H → ττ → ll +4ν simulated samples

The H → ττ → ll + 4ν analysis was performed after the Z → ττ → ll + 4ν analysis where

more accurate simulations were available.

The ggH, VBF and VH signal samples are generated using POWHEG. For the γ∗/Z → ll

(l = e,µ,τ) simulated samples, the ALPGEN generator is used because it provides a better

description of the associated jet production than the other generators. The MC@NLO

generator is used for all the top related samples and HERWIG is used to generate the

diboson samples. The pileup setup of the H → ττ → ll + 4ν simulated samples have

smaller bunch crossing spacings to match the increased luminosities of the 2011 data.

The cross sections used for the Higgs processes was described earlier in Section 2.1. For

the background processes, the cross sections are calculated using the same methods as the

Z → ττ → ll +4ν analysis. A summary of the MC samples used for the H → ττ → ll +4ν
analysis is shown in Table 4.2.

Process Generator σ× BR [pb]
gg→ H → ττ, mH = 120 GeV POWHEG 1.18

VBF→ H → ττ, mH = 120 GeV POWHEG 9.0×10−2

WH→ H → ττ, mH = 120 GeV POWHEG 4.7×10−2

ZH → H → ττ, mH = 120 GeV POWHEG 2.6×10−2

γ∗/Z → (mll > 10 GeV,l = e,µ,τ) ALPGEN 31.5×103

tt̄ MC@NLO 15.0×103

Single-top t-channel MC@NLO 64.6
Single-top s-channel MC@NLO 4.6

Single-top Wt MC@NLO 15.7
WW HERWIG 44.9
WZ HERWIG 18.0
ZZ HERWIG 5.6

Table 4.2: Summary of the MC samples used in theH → ττ → ll + 4ν analysis. The
generator of each sample is shown along with the expected theoretical cross sections
multiplied by the branching ratio (BR) and filter efficiencies (εF ).

4.4 Data samples

Data collected during LHC operations are required to satisfy basic quality requirements.

These requirements include the functionality of all ATLAS sub-detector systems relevant for

the analyses presented in this thesis [53].
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The Z → ττ → ll +4ν analysis is performed on most of the data collected during the 2010

LHC runs, which was almost all the data that was available at the time. The data has an

integrated luminosity of 35.5 pb−1 with an uncertainty of 3.4%. The specific data periods

used in the analysis and their corresponding integrated luminosities are shown in Table 4.3.

2010 data period Integrated luminosity (pb−1)
E 0.514
F 1.743
G 5.531
H 6.984
I 20.735

Total 35.507

Table 4.3: The data periods used for theZ → ττ → ll +4ν analysis [54].

The H → ττ → ll + 4ν analysis is performed on the data collected in 2011. This data has

an integrated luminosity of 4.7 f b−1[55] with an uncertainty of 3.9%. The data collected in

2010 is not used because they were collected under different pileup conditions, which are not

replicated in the simulations used by this analysis. The data periods used for this analysis

shown in Table 4.4.

2011 data period Integrated luminosity (pb−1)
B 11.7
D 161.9
E 48.8
F 136.1
G 537.6
H 259.5
I 324.8
J 226.4
K 561.7
L 1387.7
M 1005.1

Total 4661.3

Table 4.4: The data periods used for theH → ττ → ll +4ν analysis [56].

4.4.1 Primary vertex selection

Primary vertices in the Z → ττ → ll + 4ν and H → ττ → ll + 4ν analyses are required to

have a minimum of three associated tracks. This ensures the vertices come from collisions

rather than from background sources such as cosmics. All events are required to have at

least one primary vertex. Vertices used for pileup corrections and other selections must also

satisfy these conditions.
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4.4.2 Jet quality

Events that are identified to have poorly reconstructed jets or jets arising from non-collision

effects are rejected to maintain a high quality of Emiss
T reconstruction. Jets that pass their

analyses’ selections are required to satisfy an additional set of quality selections based on

the distribution of calorimeter energy deposits, cluster shapes and jet timings.

In the Z → ττ → ll + 4ν analysis, the quality selections are further described in references

[10] and [57]. For the H → ττ → ll +4ν analysis, these are further described in references

[58] and [59].

4.5 Monte Carlo corrections

In order for the simulations to better describe the observed collisions, corrections are applied

to the relevant distributions of the simulations to account for any observed differences it has

with the data.

In the Z→ ττ→ ll +4ν and H → ττ→ ll +4ν analyses, corrections are applied to the trigger,

particle identification and isolation efficiencies. In addition, extra resolution smearing and

scaling corrections on are applied to the pT or ET of reconstructed muons, electrons and jets.

In each case, either control regions or separate studies are used to obtain the corrections.

Corrections are also applied to the pileup conditions of the simulations to replicate those of

the data.

4.5.1 Z → ττ → ll +4ν corrections

Pileup reweighting

The collision data used in this analysis was collected during periods where the number of

interactions per event varied. The number of reconstructed primary vertices is used to

estimate the number of interactions per event. Simulated events are reweighted by matching

the primary vertex distribution of the signal sample to that of the data [10].

The pileup weights are calculated after the data quality, trigger, vertex and jet quality

selections and are shown in Table 4.5. Since all simulated samples are generated with the

same pileup conditions, these weights are applied to all the samples. The vertex

multiplicities of the data and the signal MC before and after the reweighting procedure are

shown in Figures 4.1(a) and 4.1(b) for the eµand µµchannels, respectively.

The systematic uncertainty of the pileup reweighting procedure is estimated by varying the

reweighting factors given in Table 4.5 coherently up and down by one standard error. These

variations change the estimated signal and background yields by approximately 0.6%.
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N (vertices) eµchannel µµchannel
1 1.891±0.013 2.149±0.060
2 1.234±0.006 1.211±0.022
3 0.861±0.004 0.840±0.015
4 0.654±0.004 0.654±0.016
5 0.539±0.004 0.530±0.025
6 0.465±0.006 0.500±0.039
7 0.415±0.010 0.459±0.069
8 0.448±0.021 0.447±0.069
9 0.407±0.038 0.282±0.069

≥ 10 0.582±0.106 0.573±0.143

Table 4.5: The MC vertex weights used for theeµandµµchannels.
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Figure 4.1: Vertex multiplicities for theeµandµµchannels between the data and signal MC
before and after the pileup reweighting [10].

45



Trigger efficiencies

The efficiency of the 15 GeV "medium" electron trigger is measured using a tag-and-probe

method [10]. Tag-and-probe is a method that uses resonant decays with strong detection

signatures to measure the efficiencies of one of its daughter particles, which in this case are

the leptons. Stringent selections are used to obtain a pure sample of the signature events,

which is referred to as "tagging." The daughter particle, whose efficiency is then measured,

is referred to as the "probe." To minimize selection biases, the "tag" selections usually does

not use any kinematic information from the "probe."

For electrons with 16 < pT < 20 GeV, the efficiencies are derived from W → eν events and

for electrons with pT > 20 GeV, Z → eeevents are used. Discrepancies between the data

and MC are corrected for by rescaling the simulated efficiencies, which are given in Table 4.6

[10].

The trigger efficiency corrections for the 15 GeV "medium" electron trigger has an uncertainty

ranging from 2.5% for pT(e) < 20 GeV to 0.5% for pT(e) > 20 GeV. For the µµ triggers, the

uncertainties on the scale factors vary between 1-3% for the 13 GeV and 13 GeV "tight"

muon triggers; and between 2-7% for the 10 GeV muon trigger. The tight muon trigger differs

from the other triggers because it is seeded by a 10 GeV L1 trigger. The non-tight muon

triggers require only two trigger hits and hence, has no pT requirement. The 10 GeV muon

trigger collected less data than the other two triggers and therefore has a larger statistical

uncertainty.

The statistical and systematic uncertainties on the trigger efficiency corrections are combined

in quadrature and the total uncertainty is varied up and down by ±σ to measure the trigger

systematic uncertainties.

pT range Correction factor
16 <ET < 18 GeV 1.004± 0.025
18 <ET < 20 GeV 0.987± 0.023

ET > 20 GeV 0.995± 0.005

Table 4.6: Correction factors applied to the MC for the 15 GeV "medium" electron trigger.

The efficiency corrections for the single muon triggers, described in Section 6.1, is measured

using a tag-and-probe method on Z → µµ events [54]. The derived corrections vary mostly

between ± 5%. In the µµchannel, the single muon triggers can be fired by either one of the

two muons, so the overall efficiency of the triggers is given by:

ε = 1− (1− ε(µ1))(1− ε(µ2)), (4.1)
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where ε(µ1) and ε(µ2) are the efficiencies of the two muons passing the triggers individually.

For events with two muons, the overall corrections to the trigger efficiencies is found to vary

mostly between ± 1%.

Lepton energy scale and resolution

The pT (or ET ) scale and resolution of leptons in MC are corrected to match the observations

in data using Z → eeevents for electrons; and Z → µµand W → µν events for muons.

The energy resolution of simulated electrons is 1% narrower in the barrel and 2 - 4% narrower

in the endcaps. Additional resolution smearing is applied to simulated electrons as a function

of η across 50 bins [60].

The momentum resolution of muons in data and MC are studied individually for the inner

detector and muon spectrometer track segments [61]. The resolutions in simulations is 1 -

3% narrower for the inner detector tracks and 4 - 9% narrower for the muon spectrometer

tracks. Corrections to the resolutions are applied separately for the two track segments and

then combined for the full track.

The corrections to the muons’ inner detector and muon spectrometer momentum

resolutions; and the corrections to the electrons’ energy resolutions have statistical and

systematic uncertainties. The four components of uncertainties for the muons are combined

in quadrature and the total is varied by ±σ. Similarly for the electrons, the two components

are comined in quadrature and the total is varied. The variations are propagated through the

analysis to measure its systematic effects. The variations on the pT of the leptons are also

propagated into the calculation of the Emiss
T for each event.

Lepton efficiencies

Lepton identification and isolation efficiencies are measured for electrons and muons using

tag-and-probe methods. For muons, Z → µµ events are used to measure the identification

and isolation efficiencies. For electrons, a combined study using Z → eeand W → eν events

are used to measure the identification efficiency, while the isolation efficiency is measured

using only Z → eeevents.

The efficiency of the muon identification is measured to be up to 2% lower in data than in

MC and a set of η dependent corrections are applied to account for this discrepancy [62]

[63]. The isolation efficiencies of muons are mostly consistent between data and MC with the

largest discrepancy of 2% observed for muons with pT < 25 GeV [54]. Correction factors are

applied for the muon isolation efficiencies as a function of pT .

Electron identification efficiency is slightly lower in data than MC, with the largest discrepancy

of about 5% observed for electrons with pT < 25 GeV. Corrections are applied to simulated

47



electrons over eight bins of η and seven bins of pT [64]. The isolation efficiencies of electrons

are consistent within the uncertainties between the data and MC and as such, no corrections

are applied.

The uncertainties on the scale factors to correct lepton identification, reconstruction and

isolation efficiencies are considered as sources of systematic uncertainty. For electrons, an

uncertainty of 1.5% on the reconstruction efficiency is used. This uncertainty along with the

uncertainties of the identification and isolation efficiencies are combined in quadrature to

give an overall uncertainty. Similarly for muons, the uncertainties on the identification and

isolation are combined in quadrature. For both lepton flavours, the combined uncertainties

are varied by ±σ and propagated through the analysis.

4.5.2 H → ττ → ll +4ν corrections

Pileup corrections

The collision data used in the H → ττ → ll +4ν analysis have higher pileup conditions than

the data used in the Z → ττ → ll +4ν analysis. As such, a more accurate reweighting of the

simulated pileup conditions is required. In this analysis, the average number of interactions

per bunch crossing is reweighted instead of the primary vertex multiplicity. In this way, any

discrepancies in the vertex reconstruction efficiencies are mitigated. However, since this

efficiency is expected to be similar between data and MC, the distributions of the vertex

multiplicities are compared after the reweighting procedure as a check. This comparison

is shown in Figure 4.2, where a rough agreement is observed between the data and the

corrected MC.

The systematic uncertainties associated with the simulated pileup conditions are considered

by smearing the jet energy as a function of η and pT . The extra smearing is performed to

mimic the effects of calorimeter noise from the underlying event.

Trigger efficiencies

The efficiencies of the triggers used in the H → ττ → ll + 4ν analysis are measured from

data using Z → eeand Z → µµ events. For the triggers that require both an electron and a

muon, the efficiencies of the two leptons are assumed to be independent and are measured

separately. The corrections for these triggers are also applied to the electron and muon

separately.

For the single electron triggers, the efficiencies between the data and MC mostly agree

within 2% with the largest differences measured to be around 5% [58]. For the 12 GeV

di-electron trigger, the efficiencies agree within the uncertainties between the data and MC
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Figure 4.2: Comparison between the number of primary vertices in data and MC after
applying pileup corrections [58].

and no corrections are applied. For the single muon triggers, corrections of up to 5% are

applied for the muons in the barrel and up to 2% for the muons in the endcaps.

Systematic uncertainties of the trigger efficiency corrections are measured similarly to the

Z → ττ → ll +4ν analysis.

Lepton scale and resolution

The corrections for the lepton energy scale and resolution are derived using the same tag-

and-probe methods, as described for the Z → ττ → ll + 4ν analysis. Corrections for the

inner detector and muon spectrometer track segments are applied separately for muons.

Due to the higher pileup conditions, the corrections to the electron energy scale additionally

considers the number of interactions, as the underlying event affects the responses of the

calorimeters [58].

The corrections for muon inner detector and muon spectrometer track segments have

statistical and systematic uncertainties. These components are combined in quadrature and

varied by ± σ independently for the two track segments. The two uncertainties derived from

each track segment are then combined in quadrature. For electrons, the statistical and

systematic uncertainties of the corrections are combined in quadrature and varied by ± σ.

49



Lepton efficiencies

The corrections on the lepton identification, reconstruction and isolation efficiencies are

derived similarly to the Z → ττ → ll + 4ν corrections. However, the electron isolation

corrections additionally take into account the effects of pileup by factoring in the number of

reconstructed vertices [58]. Corrections are applied to all these efficiencies, except for the

muon isolation efficiency, which is found to be consistent between the data and simulation.

The lepton trigger, reconstruction and identification scale factors have statistical and

systematic uncertainties. These uncertainties are combined in quadrature and varied by ±σ
separately for each correction. Each variation is propagated separately through the analysis

to calculate their systematic effects.

4.6 Summary

This chapter has described the data and simulated samples used by the multijet composition,

Z → ττ → ll +4ν and H → ττ → ll +4ν analyses, which will be described later in chapters

5, 6 and 8, respectively. The important efficiencies and distributions of the simulations are

checked against the data for consistency and any observed differences are corrected for.

The H → ττ → ll + 4ν analysis was performed after the other two analyses and thus uses

some simulated samples and corrections that are more accurate. Therefore the systematic

uncertainties associated with the simulations are smaller in the H → ττ → ll +4ν analysis.
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5
Multijet composition

Multijet processes are significant backgrounds for both the Z → ττ → ll +4ν and H → ττ →
ll + 4ν analyses. This background consists of a variety of different QCD processes and

this chapter describes a method that measures their relative contributions to the dilepton

analyses. Detailed knowledge of the multijet composition is essential for understanding the

underlying assumptions that are used when estimating this background using data-driven

methods.

5.1 Lepton selection

Reconstructed leptons are required to satisfy the requirements described in sections 3.3.1

and 3.3.2. Electrons are required to have pT > 15 GeV and muons are required to have pT

> 10 GeV. In addition, the muon inner detector and muon spectrometer track segments must

be matched with a χ2 < 150; and the momentum of the muon spectrometer segment must

be greater than 60% of the inner detector segment. The first requirement ensures the two

track segments are well matched and the second ensures the track segments come from the

same muon, which is expected to lose some of its energy whilst traversing the calorimeters.

Isolation selection Isolation requirements in the form of pTcone40/pT and ETcone30/pT

are strong discriminants against multijet lepton candidates. This study uses the following

isolation selections:

• Electrons: pTcone40/pT < 0.06 and ETcone30/pT < 0.10,

• Muons: pTcone40/pT < 0.06 and ETcone40/pT < 0.06.
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The selections of this study were chosen before both the Z → ττ → ll +4ν and H → ττ →
ll + 4ν analyses were conducted with the intention of determining the multijet composition

for these analyses. The lepton selections were therefore chosen to be as close as possible

to those expected to be used. As such, the described selections are similar but not identical

to those used in the two dilepton analyses. However, the results achieved by this study are

expected to be similar enough to the composition of the two dilepton analyses to be useful.

5.2 Monte Carlo multijet study

The production of multijet events at the LHC is so large that generating the sufficient number

of MC events is not feasible. To overcome this problem, a "factorisation" method is used to

calculate the selection efficiencies of this background.

5.2.1 Estimating the number of two lepton events

The simulated Minimum Bias sample used for this study (see Table 4.1) contains very few

events with two or more reconstructed leptons. As such, the expected number of two lepton

events is estimated using factorisation. This method assumes the reconstruction efficiencies

of the two leptons are independent. This assumption is tested later in the systematic

uncertainties section (Section 5.3). The efficiency of the two lepton selection is given by:

εℓ1,ℓ2 = εℓ1× εℓ2, (5.1)

where εℓ is the reconstruction efficiency of lepton ℓ, ℓ1 is the leading lepton and ℓ2 is the

sub-leading lepton. εℓ is measured separately for different multijet processes and is uniquely

defined by the lepton flavour (e or µ); whether its real or fake; and the quark flavour of its

mother particle (b, c or light flavoured). Real leptons here only refer to prompt leptons that

are produced by the heaviest flavoured hadrons in each event. All non-prompt or secondary

leptons are considered as fakes. These definitions provide the best two category grouping

for leptons with similar selection efficiencies. εℓ is calculated using the following equation:

εℓ =
Nℓ

2×Br(q→ ℓ)×N(qq̄)
(5.2)

where

• q is the flavour of the multijet event,
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• ℓ is the type of lepton,

• Nℓ is the number of events with at least one reconstructed lepton originating from a

q→ ℓ process,

• N(qq̄) is the total number of qq̄ events in the simulated sample, and

• Br(q→ ℓ) is the branching fraction of q→ ℓ. For this study the branching fraction for

b quarks to electrons (or muons) is assumed to be 11% (11%) and c quarks to

electrons (or muon) is assumed to be 10% (10%).

All fake leptons are assumed to come from jets. The probability of producing a fake lepton

is expected to be uncorrelated with the decay modes of the heavy flavoured quarks and so

a branching fraction of 1 is assumed for fake leptons. The measured lepton reconstruction

efficiencies are shown in Table 5.1.

Lepton type bb̄ (10−3) cc̄ (10−3) qq̄ (10−3)
Real electron 5.33 0.26 -
Fake electron 0.69 0.47 0.36
Real muon 12.80 1.09 -
Fake muon 0.51 0.10 0.07

Table 5.1: Lepton reconstruction efficiencies forbb̄, cc̄ and light-flavoured multijet events
[65].

A total of nine channels considered for this study are they are listed in Table 5.2. Heavy

flavoured quarks (b and c) produce both real and fake leptons and as such, all four dilepton

permutations are considered. Light flavoured multijet events are dominated by fakes (> 99%)

and to simplify the study, all leptons produced by these events are assumed to be fake.

Quark flavour Lepton 1 Lepton 2
bb̄ real real
bb̄ real fake
bb̄ fake real
bb̄ fake fake
cc̄ real real
cc̄ real fake
cc̄ fake real
cc̄ fake fake

qq̄ (light flavoured) fake fake

Table 5.2: A list of the considered multijet channels.
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For all channels, the efficiency of the two lepton selection is calculated using the following

equation:

ε2ℓ = εℓ1,ℓ2× εOS×Acomb, (5.3)

where Acomb is the number of combinatorial permutations, which can either be 1 or 2, and

εOS is the efficiency of the opposite sign requirement.

The efficiency of the opposite sign requirement is measured using the Multijet(e,µ) 17-35

GeV filtered sample, as the Minimum Bias sample doesn’t contain enough two lepton events.

Since the filtering of the Multijet samples are performed at the truth level, εOS can only be

measured in the channels with at least one real lepton. The measured values are presented

in Table 5.3.

QCD channel OS events SS events εOS

bb̄ - Real electron, real muon 366 127 0.74± 0.10
bb̄ - Fake electron, real muon 206 219 0.49± 0.06
cc̄ - Real electron, real muon 12 2 0.86± 0.48
cc̄ - Fake electron, real muon 84 80 0.51± 0.10
bb̄ - Real muon, real muon 495 136 0.78± 0.10
bb̄ - Real muon, fake muon 66 97 0.40± 0.08
cc̄ - Real muon, real muon 55 7 0.89± 0.23
cc̄ - Real muon, fake muon 11 17 0.39± 0.19

Table 5.3: The number of OS and SS events andεOS for events where both leptons have
pT > 10 GeV. The electronpT requirement is relaxed from 15 GeV because some channels
have insufficient statistics [65].

In the bb̄ channels with two real leptons, εOS slightly deviates away from unity. In the cc̄

channels with two real leptons, εOS is still consistent with unity at 1σ. For all channels with

one fake lepton, εOS is close to 50%, which indicates that the charge of the fake lepton is

mostly uncorrelated with the charge of the real lepton. For the multijet channels with two fake

leptons, εOS cannot be directly measured and is assumed to be 50% following the results

of the channels with one fake lepton. To simplify the observed measurements, the multijet

channels are assigned the following εOS values:

• bb̄ - Real, real: εOS= 0.75,

• cc̄ - Real, real: εOS= 1,

• All other channels: εOS= 0.5.

Using the measured efficiencies and equation 5.3, the number of two lepton events for each

channel is calculated and shown in Table 5.4. The results are calculated for an integrated

luminosity of 1.549 ×10−2 pb−1, which is the approximate size of the Minimum Bias sample.
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Multijet channel Expected events±σsys±σstat

ee eµ µµ
bb̄ - real real 0.045± 0.004± 0.004 0.62± 0.06± 0.04 2.10± 0.21± 0.07
bb̄ - real fake 0.079± 0.008± 0.007 0.15± 0.02± 0.01 1.01± 0.10± 0.03
bb̄ - fake real - 0.54± 0.05± 0.04 -
bb̄ - fake fake 0.052± 0.005± 0.005 0.19± 0.02± 0.02 0.18± 0.02± 0.01
cc̄ - real real 0.001± 0.001± 0.001 0.019± 0.002± 0.002 0.104± 0.010± 0.005
cc̄ - real fake 0.016± 0.002± 0.002 0.009± 0.001± 0.001 0.096± 0.010± 0.005
cc̄ - fake real - 0.18± 0.02± 0.01 -
cc̄ - fake fake 0.15± 0.02± 0.01 0.16± 0.02± 0.01 0.045± 0.005± 0.003
qq̄ - fake fake 0.28± 0.03± 0.01 0.27± 0.03± 0.01 0.06± 0.001± 0.003

Table 5.4: Expected two lepton events for all dilepton channels for an integrated luminosity
of 1.524E-2pb−1 [65].

Two lepton estimate cross check

The estimates shown in Table 5.4 can be tested in the channels with at least one real muon

by comparing the factorised results to the number of events directly measured in the

Multijet(µ) 17-35 GeV sample. The Multijet(µ) 17-35 GeV sample is chosen to perform this

cross check because it covers a pT spectrum that’s similar to the Minimum Bias sample,

where a comparison is shown in Figure B.1. This cross check is only performed in the

channels with a sufficient number of two lepton events. When directly measuring the

number of two lepton events, one must ensure that the two leptons are not produced by the

same jet. In the Z → ττ → ll + 4ν and H → ττ → ll + 4ν analyses, the invariant mass of

the two leptons is required to be above 25 GeV and above 30 GeV, respectively. As the

number of multijet events drops off quickly with increasing pT , only lepton pairs that are

relatively back-to-back will pass these selections. To ensure that the two leptons are

relatively back-to-back, a ∆R > 2.0 requirement is applied when measuring the number of

two lepton events in the Multijet(µ) sample.

The Multijet(µ) 17-35 GeV sample has an integrated luminosity of 2.21 pb−1, which is

approximately 137 times the size of the Minimum Bias sample. The factorised estimates are

scaled up to match the integrated luminosity of the Multijet(µ) sample and the results are

shown in Table 5.5, where only the channels with a sufficient number of two lepton events

are shown.

The factorised estimates agree with the direct measurements within the given uncertainties.

This suggests that the factorisation methodology is generally valid for the tested channels

and is assumed to be equally as valid for the channels that could not be tested.
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Multijet channel Factorised estimate (±σstat±σsys) Observed inJ1(µ)
bb̄ - Real electron, real muon 84± 5± 8 86
bb̄ - Fake electron, real muon 74± 5± 7 73
cc̄ - Real electron, real muon 2.5± 0.3± 0.3 2
cc̄ - Fake electron, real muon 24± 1± 2 26

Table 5.5: Comparison table for the factorised estimates of the MinBias6 sample and the
direct measurement of theJ1(µ) sample [65].

5.2.2 Isolation efficiency

Once the number of two lepton events is calculated, the isolation selections efficiencies are

similarly calculated for each lepton type and then factorised. To keep the results of this study

as general as possible, the efficiencies of additional selections are not calculated. The results

of this study are therefore most valid after the dilepton and isolation requirements, but can be

used as an upper bound estimate when considering further selections.

The isolation efficiencies are measured for each type of multijet lepton. These are

calculated from events with at least one reconstructed lepton. For events with more than

one reconstructed lepton, each lepton contributes independently to its own type. The

measured isolation efficiencies are given in Table 5.6.

Lepton type bb̄ cc̄ qq̄
Real electron 0.048± 0.009 0.094± 0.024 -
Fake electron 0.105± 0.017 0.099± 0.008 0.128± 0.006
Real muon 0.038± 0.004 0.044± 0.005 -
Fake muon 0.028± 0.006 0.065± 0.009 0.119± 0.007

Table 5.6: Lepton isolation efficiencies [65].

5.2.3 Estimated multijet events

Assuming the lepton reconstruction efficiencies are independent of the isolation efficiencies,

the expected number of multijet events with two isolated leptons is given by:

Nmulti jet,i = ScaleL ×Nll ,i × εisolation,1× εisolation,2, (5.4)

where Nmulti jet,i is the expected multijet background for a given channel i, ScaleL is the

luminosity scale, Nll ,i is the expected number of two lepton events and εisolation is the lepton

isolation efficiency. For the integrated luminosity of the Z → ττ → ll + 4ν analysis (35.5

pb−1), the number of expected events in each channel is given Table 5.7, neglecting any
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preselection efficiencies such as vertex or trigger requirements. The relative contributions of

the multijet events are presented in Table 5.8.

Multijet channel Nmulti jet(±σstat±σsys)
ee eµ µµ

bb̄ - real real 0.24± 0.09± 0.02 2.60± 0.11± 0.26 7.11± 1.13± 0.71
bb̄ - real fake 0.91± 0.21± 0.09 0.45± 0.03± 0.05 2.48± 0.58± 0.25
bb̄ - fake real - 4.95± 0.30± 0.50 -
bb̄ - fake fake 1.29± 0.38± 0.13 1.29± 0.08± 0.13 0.32± 0.14± 0.03
cc̄ - real real 0.017± 0.008± 0.002 0.17± 0.01± 0.02 0.45± 0.10± 0.05
cc̄ - real fake 0.35± 0.09± 0.04 0.12± 0.01± 0.01 0.93± 0.15± 0.09
cc̄ - fake real - 1.74± 0.07± 0.17
cc̄ - fake fake 3.37± 0.50± 0.34 2.40± 0.10± 0.24 0.42± 0.11± 0.04
qq̄ - fake fake 10.79± 0.98± 1.08 9.46± 0.24± 0.95 2.08± 0.25± 0.21

Total 16.97± 2.27± 1.70 23.20± 0.96± 2.32 13.80±2.47± 1.38

Table 5.7: Expected multijet events with two isolated leptons for 35.5pb−1 [65].

Multijet channel Percentage of the total (±σstat±σsys)
ee eµ µµ

bb̄ - real real 1.43%±0.53%±0.14% 11.22%±0.48%±1.12% 51.54%±8.19%±5.15%
bb̄ - real fake 5.35%±1.25%±0.53% 1.96%±0.13%±0.20% 17.98%±4.42%±1.80%
bb̄ - fake real - 21.35%±1.30%±2.13% -
bb̄ - fake fake 7.61%±2.26%±0.76% 5.57%±0.35%±0.56% 2.34%±1.02%±0.23%
cc̄ - real real 0.10%±0.05%±0.01% 0.74%±0.04%±0.07% 3.29%±0.73%±0.33%
cc̄ - real fake 2.08%±0.53%±0.21% 0.52%±0.04%±0.05% 6.73%±1.10%±0.67%
cc̄ - fake real - 7.52%±0.30%±0.75% -
cc̄ - fake fake 19.85%±2.97%±1.98% 10.35%±0.43%±1.03% 3.07%±0.80%±0.31%
qq̄ - fake fake 63.59%±5.76%±6.36% 40.78%±1.04%±4.08% 15.06%±1.83%±1.51%

Table 5.8: Contributions from each multijet channel given asa percentage of the total
background [65].

Cross section scale corrections

The predicted number of multijet events exceeds the amount observed in data. This

discrepancy is attributed to a mismodelling of the multijet cross sections, which is corrected

by rescaling the MC to match the data. The kinematic distributions of the processes are

assumed to be well modelled, which is supported by studies of multijet events that produce

electrons and muons [66] [67]. Comparisons of the lepton pT and η distributions are shown

in Figure 5.1, where the MC distribution is generated using the same Minimum Bias sample

as the one used for this study and the MC scale is adjusted to match the number of

observed events in data.
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(a) ElectronET (b) Electronη

(c) Muon pT (d) Muonη

Figure 5.1: The electron and muonpT (ET) andη distribution comparisons [66] [67].

The multijet cross section correction factor, k, is calculated after the two lepton requirement

using:

k = NMC
multi jet/NData

multi jet, (5.5)

where NData
multi jet and NMC

multi jet are the number of mulitjet events observed in data and MC,

respectively. For NData
multi jet, the expected contamination from non-mulitjet processes is

estimated using simulations and subtracted. For NMC
multi jet, the number of events is estimated

using the sum of the Multijet(µ) samples. The k factor is calculated only from the µµchannel

where the contributions from two fake leptons is the smallest. A scale factor of

k = 0.664±0.057±0.100 is found [65], where a 15% systematic uncertainty assigned for

the expected contributions from light-flavoured fake events, which are not included in the

filtered samples.
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Mulitjet estimate cross check

The factorised multijet estimate in the eµ channel is cross checked against a data-driven

estimate to validate the methodologies described in this chapter. The data-driven estimate

uses the same lepton selections as the factorised estimate and the method is described in

Section 6.4.1. The 10 GeV electron and 6 GeV muon dilepton trigger was used to collect

the data. For a fair comparison, the factorised estimate is scaled by efficiency of this trigger,

which is measured to be εtrigger,eµ = 0.818±0.023 (stat.) [65]. The factorised estimate in

the eµchannel is:

Nmulti jet
MC,eµ = k× εtrigger,eµ×Neµ, (5.6)

= 12.60±1.47 (stat.)± 3.06(sys.). (5.7)

The equivalent data-driven method estimates the mulitjet contributions to be [65]:

Nmulti jet
data,eµ = 16.37±8.57 (stat.). (5.8)

Systematic uncertainties are not estimated for the data-driven cross check. The two results

are consistent within the given uncertainties, which gives great confidence to the factorisation

methods used in this chapter.

5.3 Systematic uncertainties

The correlation between the reconstruction efficiencies of the two leptons is considered as a

systematic uncertainty. The extent of the correlation is tested in heavy flavoured quark events

by plotting the pT of one quark against the probability that its anti-quark has a pT > 10 GeV

(or pT > 15 GeV), which is shown in Figure 5.2. The correlation tests are conducted on the

mother particles instead of the leptons because there are not enough two lepton events in

the Minimum Bias sample. The pT of prompt leptons is strongly associated with the pT of its

mother particle and therefore the correlation between the mother particles is a good estimate

of the lepton correlation.

The pT of the bb̄ and cc̄ quark pairs are noticeably correlated. If the pT of the first quark is

above 10 or 15 GeV, then the probability of its partner having a pT> 10 GeV increases by

about 0.1 for both flavours. If the pT correlation between the quarks is 100%, then the plot

in Figure 5.2 should be step-function that rises at pT = 10 GeV. If there is no pT correlation

between the quarks, then the plot should have zero gradient. Figure 5.2 shows a slight

gradient , which suggests that the pT of the quark pairs are closer to being uncorrelated than
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Figure 5.2: The probability of the opposite quark having apT > 10 GeV as a function of
the first quark’spT . The red line represents the global average, the green line represents the
average for events with the first quark’spT > 10 GeV and the blue line for events with the
first quark’spT > 15 GeV [65].

fully correlated. The correlation is estimated to be 10% since the blue and green lines are

about 10% of the distance above the red line tending towards unity. Assuming the quarks’

momentum is correlation is directly proportional to the lepton reconstruction efficiencies, a

systematic uncertainty of 10% is assigned for the predicted yields in the bb̄ and cc̄ channels.

The pT correlations between light-flavoured quarks are not studied because their mother

particles are not distinct. Leptons produced in light quark events are generally non-prompt,

so the pT correlation is expected to be less than that of the heavy flavoured quarks.

Conservatively, a systematic uncertainty of 10% is also assigned for the estimates in the

light-flavoured channels.

5.4 Summary

The results of this study show that the three dilepton channels are affected differently by the

various multijet processes. Overall, these studies have shown that multijet processes are

most likely to produce real muons and fake electrons.

In the following chapters, the Z→ ττ→ ll +4ν analysis uses data-driven methods to estimate

the multijet background contribution (see 6.4). In the eµchannel, the method assumes that

the charges of the two multijet leptons are independent. The results of this study supports

this assumption, where approximately 88% of the eµmultijet events have at least one fake
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lepton. In the µµchannel, the same assumption cannot be made, as over 50% of the multijet

events come from real bb̄ events. As such, the control regions in the µµchannel are defined

using muons that fail the isolation selection instead.

In the H → ττ → ll +4ν analysis, the ’fake’ background is estimated by modelling the fake

distribution in a control region and fitting that shape in the signal region (see Section 8.4.4).

This method requires the fake composition to be approximately the same in the signal and

control regions and assumes the two leptons’ charges are independent. To ensure similar

fake compositions, only one lepton is allowed to fail the isolation requirement to minimize

the composition bias towards heavy-flavoured quark decays. This selection is motivated by

the results of this study, which shows heavy-flavoured quark decays fail the isolation

requirements more so than fake leptons. The assumption on the two leptons’ charge in

dependence is supported by this study in the ee and eµ channels, but less so in the µµ

channel. In the H → ττ → ll + 4ν fake estimation, a larger discrepancy is observed in the

µµchannel, which can be explained by the results presented.
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6
Z → ττ → ll +4ν cross section

The measurement of the Z→ ττ production cross section is an important test for electroweak

predictions at the LHC and for the H → ττ analyses, where Z → ττ events are an irreducible

background. This chapter will describe the methods used to measure the Z → ττ cross

section using the Z → ττ → eµ+4ν and Z → ττ → µµ+4ν decay modes.

6.1 Trigger selection

The 15 GeV "medium" quality single electron trigger was used to collect the data for the eµ

channel because it has the lowest pT threshold of the unprescaled electron triggers.

The µµ channel uses a combination of 10 GeV, 13 GeV and 13 GeV "tight" single muon

triggers, where the lowest threshold unprescaled trigger for each period of data taking was

chosen. The integrated luminosities and the fraction of the collected data from each trigger

are given in Table 6.1. In MC, events are selected with these triggers such that the fractions

between the triggers matches those of the data.

Trigger Lumi (pb−1) Lumi (%)

µ, pT > 10 GeV 3.02 8.2

µ, pT > 13 GeV 15.3 42.9

µ, pT > 13 GeV "tight" 17.3 48.8

Total L = 35.5 pb−1

Table 6.1: Triggers used in theµµanalysis with the corresponding luminosities and fraction
of total luminosity [10].
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6.2 Particle selection

Selecting Z→ ττ → ll +4ν events requires well reconstructed electrons, muons and missing

transverse energy. These particles must be within the detector acceptance and are required

to satisfy basic quality criteria.

Electron candidates are required to have an ET > 16 GeV to ensure the candidate electrons

are above the trigger threshold. The electron energy scale for data events is calibrated using

Z → eeevents. The calibrations are dependent on the calorimeter region with adjustments

ranging between ± 5%. [60].

In the µµchannel, the leading muon is required to have pT > 15 GeV to be above the trigger

thresholds. The pT threshold of the sub-leading muon is 10 GeV to maintain a high signal

efficiency. For the eµchannel, a muon with pT > 10 GeV is required for the same reason.

Jets are required to have ET > 20 GeV. Descriptions of the calibrations used to obtain the jet

energies are given in reference [68].

6.3 Event selection

This section describes the selections used for the Z → ττ → ll +4ν analysis.

6.3.1 Z → ττ → eµ+4ν selection

Z → ττ → eµ+4ν candidate events are selected by requiring exactly one electron and one

muon of opposite charge. Since the flavours of the two leptons are different, the contributions

from γ∗/Z → eeand γ∗/Z → µµ events are greatly reduced. However, contributions from

multijet, W → lν and tt̄ events are still significant.

Lepton isolation

After the eµselection, there are approximately 20 times more multijet events than the Z →
ττ → eµ+ 4ν events. Leptons produced from multijet events tend to be not isolated. The

measured tracking and calorimeter activities in a cone around the lepton candidates are

effective discriminants against those produced from multijets. The following lepton isolation

requirements are applied [10] and the distributions are shown in Figure 6.1:

• Muons: pTcone40/pT < 0.06 and ETcone40/pT < 0.06,

• Electrons: pTcone40/pT < 0.06 and ETcone30/pT < 0.10.
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(a) electron track isolation (b) electron calorimeter isolation

(c) muon track isolation (d) muon calorimeter isolation

Figure 6.1: Data and MC comparison of the isolation variables after theeµselection. The
hatched areas represent the uncertainties of the MC and multijet estimations. Multijet
contributions (QCD est.) are estimated from data (Section 6.4) [10].

W + jets suppression

The angular separations between the two final state leptons and the Emiss
T direction are

good discriminants against W → eν and W → µν events. Figure 6.2 shows the typical

topologies of a Z → ττ → eµ+ 4ν event compared to a W → lν event. In the case of the

signal events, the two tauons produced from the Z decay are significantly boosted, which

focuses the directions of the tauon’s daughter particles. The Emiss
T of the signal is dominated

by the transverse momenta of the four neutrinos and as such, the direction of the Emiss
T

should lie mostly between the opening angles of the two leptons or at worst be roughly

parallel with one of them. For the W → lν events, the second lepton is usually produced

from additional jets. The transverse momenta of the jets, the charged lepton and the

neutrino should roughly balance in the transverse plane. Since the neutrino dominates the

Emiss
T for W → lν events, the Emiss

T direction usually lies outside the opening angle of the two

charged leptons.

The difference in topology between the signal and W → lν events is exploited by using the

variable

∑cos∆φ = cos(φ(e)−φ(Emiss
T ))+cos(φ(µ)−φ(Emiss

T )). (6.1)
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Signal events have ∑cos∆φ values that peak at zero with a tail in the positive direction.

Positive values of ∑cos∆φ are produced by events where the Z boson is boosted in the

transverse direction. However, the majority of Z bosons are created almost at rest in the

transverse direction, in which case the tauons and its decay products are nearly back-to-

back. For these events, ∑cos∆φ is almost zero. For the W → lν events, ∑cos∆φ is usually

negative because the average φ separation between the Emiss
T and the two leptons is > π/2

(cos∆φ < 0). Events are required to have ∑cos∆φ > -0.15, which selects the majority of signal

events whether at rest or boosted and rejects most of the W → lν background.

Figure 6.2: Topologies of aZ → ττ → eµ+4ν event and aW → lν event [10].

Top suppression

tt̄ events are characterised by the presence of a large number of high pT jets, two leptons

and large Emiss
T . The total energy in tt̄ events are on average higher than Z → ττ → eµ+4ν

events. To reject this background the following variable is defined:

∑ET +Emiss
T = ET(e)+ET(µ)+E( jets)+Emiss

T , (6.2)

where the ET summation includes all reconstructed muons, electrons and jets. Events are

selected if they have ∑ET + Emiss
T < 150 GeV. This selection rejects over 98% of tt̄ events

while retaining over 90% of the signal [10].

Invariant Mass

The invariant mass of the electron and muon is required to be within 25 GeV < meµ < 80

GeV. This selection is chosen to include the majority of the signal events, while rejecting any

events outside the signal spectrum.
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The ∑cos∆φ after the eµ and isolation selections and the ∑ET + Emiss
T distributions after

the ∑cos∆φ selection are shown in Figure 6.3. The eµ invariant mass distribution after the

∑ET +Emiss
T selection is shown in Figure 6.4.
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Figure 6.3: ∑cos∆φ distributions after theeµ and isolation selections and∑ET + Emiss
T

distributions after the∑cos∆φ selection. Multijet contributions (QCD est.) are estimated
from data (Section 6.4) [69].
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Figure 6.4: meµ distributions after all selections except for the invariant mass selection.
Multijet contributions (QCD est.) are estimated from data (Section 6.4) [69].

6.3.2 Z → ττ → µµ+4ν selection

The Z → ττ → µµ+4ν candidate events are required to have exactly two muons of opposite

charge.
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Lepton isolation

The two selected muons are required to pass the following isolation requirements to reduce

background contributions from multijet processes:

• ETcone40/pT < 0.20,

• pTcone40/pT < 0.15.

The isolation requirements are lower than the eµchannel because the multijet contributions

are smaller in this channel. A rejection factor of approximately 100 is achieved against multijet

events. The distributions of the isolation variables are shown in Figure C.3 (Appendix C) for

events with exactly two muons of opposite charge.

Invariant mass selection

After the isolation criteria, the di-muon spectrum is dominated by γ∗/Z → µµ and ϒ → µµ

events. To reduce these backgrounds, an invariant mass requirement of 25 < mµµ < 65 GeV

is applied. The upper and lower bounds are chosen to be away from the Z and ϒ resonances.

The invariant mass distribution of µµevents after isolation is shown in Figure 6.5.

γ∗/Z → µµsuppression

After applying the invariant mass requirement, there are still approximately 200 times more

γ∗/Z→µµevents than Z→ ττ→µµ+4ν events. Muons from γ∗/Z→µµevents have similar

kinematics to those produced by the signal, making this background particularly challenging

to remove. Two independent methods are used to reduce this background. The first uses

a series of standard selections optimised to discriminate the signal from γ∗/Z → µµevents.

This technique, although robust, does not achieve the best possible signal to noise ratio. To

improve this, the second method uses a multivariate technique, in the form of a Boosted

Decision Tree (BDT), to distinguish between the two processes.

Standard selection method

In the standard method, the γ∗/Z → µµ background is suppressed using the following

requirements after the invariant mass selection:

• ∆φ(µ1,µ2) > 2.7, to ensure the two muons are back-to-back in the transverse plane.
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Figure 6.5: The invariant mass distribution forµµ events that pass the isolation selections.
The yellow hatches indicate the uncertainty on the MC estimates. Multijet contributions
(QCD est.) are estimated from data (Section 6.4) [10].

• ∆φ(µ1,MET) > 2.7 or ∆φ(µ1,MET) < 0.3. The ∆φ separation between the leading

lepton and the direction of the Emiss
T is a good discriminant against γ∗/Z → µµevents.

Neutrinos from signal events travel approximately collinearly with the muons, so the

Emiss
T direction is most likely to be either aligned or anti-aligned with the leading muon.

For γ∗/Z → µµ events, the Emiss
T is mostly fake and is expected to be orientated

randomly with respect to the direction of the leading muon.

• pT(µ1)− pT(µ2) > 5 GeV. After the two previous selections, only γ∗/Z → µµ events

with little or no boost in the transverse direction are left. For these events, the pT of

the two muons are similar. This differs from the signal events where the 3-body decay

of the tauons allow the muons to have a larger pT spread.

• |d0(µ1)| + |d0(µ2)| > 0.04 mm, where d0 denotes the radial impact parameter of a

muon with respect to the primary vertex. d0 is larger for the signal muons because

of the long tauon lifetime. The sum of the two muons’ impact parameters provides a

better discrimination against the background than either one alone.
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Figure 6.6: Data and MC comparisons of theγ∗/Z → µµsuppression variables shown after
the µµ, isolation and invariant mass selections. Multijet contributions are estimated from
data (Section 6.4)[69].

Distributions of the γ∗/Z → µµ suppression variables are shown in Figure 6.6. The

∆φ(µ1,µ2) and |d0(µ1)| + |d0(µ2)| distributions for the signal and γ∗/Z → µµ events are

shown specifically in Figure C.1 and the correlations of ∆φ(µ1,µ2) with respect to the

∆φ(µ,Emiss
T ) and PT(µ1)−PT(µ2) variables are shown in Figure C.2.

Boosted decision trees

Boosted Decision Trees (BDTs) are a multivariate analysis technique that uses a number of

given discriminating variables to optimally separate signal and background processes [31].

Training events are separated into two sub-samples or nodes by applying a selection on the

variable with the most discriminating power. This selection is optimised over 20 iterations. At

each subsequent node, the same process occurs, creating more sub-nodes. A depiction of

this process is shown in Figure 6.7, where a tree-like structure is formed. Node splitting

continues until either the maximum number of levels has been reached; or there are

insufficient number of events to create more nodes. In this analysis, nodes must contain at

least 50 events and the trees have a maximum depth level of 3.
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Figure 6.7: An illustration of a decision tree [31].

The nodes at the end of the trees which are referred to as "leaf nodes" and are used to

classify events. The classification value is known as the "BDT output" or the "BDT response"

and has a range [-1,1], where -1 indicates a purely background-like event and 1 a purely

signal-like event. The classifications are determined by the number of signal and background

events found within the leaf nodes during training.

Signal and background events from the training sample that are misclassified are given

larger weights to help correctly classify them. The reweighted events are used to develop a

new decision tree. This process is known as boosting and is typically applied several

hundred times creating a "forest" of trees. In this analysis, 400 trees are used. Boosting is a

key feature of BDTs that improves the signal and background separation and prevents bias

classifications caused by statistical fluctuations. The Boosting for the tree used in this

analysis is performed using the Adaptive Boost algorithm, which derives its boost weight

using:

α =
1−err

err
, (6.3)

where err is the misclassification rate of the previous tree. After applying the boost weights,

the weights of the entire sample are renormalised such that the sum of the weights remains

constant. Applying the Boost weights across all trees, the overall BDT classification of an

event is given by:

yBoost(x) =
1

Ntrees
·
Ntrees

∑
i

ln(αi) ·hi(x), (6.4)
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where x denotes the vector of input variables, h(x) is the result of an individual classifier and

Ntrees is the number of trees in the BDT.

Multivariate selection method

In the multivariate analysis method, a BDT is trained after the invariant mass selection to

distinguish Z → ττ → µµ+4ν events from γ∗/Z → µµevents.

Training uses the Z → ττ simulations as the signal and the γ∗/Z → µµ simulations as the

backgrounds. During the training and testing procedures, the isolation requirement is

removed to increase statistics. Other background samples are not used in the training, as

their inclusion dilutes the discriminating power of the BDT against γ∗/Z → µµ events. The

same four variables that are used in the standard method, along with the pT of the leading

muon are used to train the BDT:

• ∆φ(µ1,µ2),

• ∆φ(µ1,MET),

• pT(µ1)− pT(µ2),

• |d0(µ1)|+ |d0(µ2)|,

• pT(µ1).

About 50% of the signal and 30% of the background events are used in the training. This is

about 4000 events for the signal and 10000 events for the backgrounds. The remainder of

the MC events are used for testing the consistency of the BDT responses against the training

sample. This check is conducted to ensure the BDT has not been over-trained. Figure 6.9

shows an overlay of the training and test samples for the signal and background, where a

consistency between the training and test samples is observed. This is a strong indication

that the BDT has not over-trained.

The purities and efficiencies of signal and background are shown in Figure 6.8 for the trained

BDT. The S/
√

S+B ratio is also shown as a function of the BDT output, where a maximum is

observed at approximately 0.07. Events with a BDT output below this threshold are rejected.
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Figure 6.8: The efficiencies of the signal and background processes for the trained BDT
[10].
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6.4 Estimating multijet contributions

The multijet background contribution in the eµ and µµ channels is estimated using

data-driven methods. In both cases, three exclusive control regions with enriched multijet

purities are defined to estimate the contributions in the signal region. The multijet purity can

be enriched by choosing events with same signed leptons or leptons that fail the isolation

selections. Leptons fitting the latter description are referred to as being "anti-isolated". The

three control regions "B","C" and "D" are used to estimate the multijet contribution region

"A". This technique is colloquially known as the "ABCD" method. A diagram of these

regions is shown in Figure 6.10 for the eµand µµchannels.

The contamination of electroweak and tt̄ events in each control region is estimated using MC

and then subtracted from the sample. The remaining events are assumed to be all multijet

events.

Ni = Ni
data−Ni

Z→ll −Ni
tt̄ −Ni

W→lν −Ni
diboson, (6.5)

where l = e,µ,τ.

(a) eµregions (b) µµregions

Figure 6.10: The four regions used to estimate the multijet background for the (a)eµand (b)
µµchannels [10].
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6.4.1 ABCD method for Z→ ττ → eµ+4ν

For the eµchannel, the four regions are defined after the dilepton selection using the following

definitions:

• Region A is the region that contains events with an isolated electron and an isolated

muon with opposite charges.

• Region B is the control region containing events with an isolated electron and an

isolated muon with the same charges.

• Region C is the control region containing events with an anti-isolated electron and an

anti-isolated muon with opposite charges.

• Region D is the control region containing events with an anti-isolated electron and an

anti-isolated muon with the same charges.

A diagram of the four regions for the eµ channel is shown in Figure 6.10(a). The multijet

isolation efficiencies are estimated using the ratio of events between region "D" and region

"B". This efficiency is applied to region "C" to estimate the number of events in region "A". The

selection efficiencies are assumed to be the same for same-sign and opposite-sign events.

The estimated number of events is given by:

NA = NB NC

ND = NBROS/SS, (6.6)

where ROS/SS is the ratio of opposite sign and same sign events, which is measured to be

1.55 ± 0.04.

NA is an estimate of the contributions after the eµand isolation selections. Due to the limited

statistics in region "B", the multijet contribution after the full selection is estimated by applying

an efficiency factor to NA. This efficiency is derived by passing events in region "D" through

the analysis selections of the eµchannel. Assuming the events in region "A" and "D" have

the same selection efficiencies, the number of multijet events in the signal region is estimated

by:

Nmulti jet
signal = NA× εD

signal. (6.7)

The validity of this assumption is checked by comparing the distributions of the selection

variables in the two regions. However, the number of events in region "A" is statistically

limited, so this assumption cannot be checked directly. Instead two additional regions are

defined where only one of the two leptons are required to be isolated. These intermediate
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Region C: Anti-isolated OS RegionD: Anti-Isolated SS

γ∗/Z(ee) 0.25± 0.10 γ∗/Z(ee) 0.08± 0.03

γ∗/Z(µµ) 0.28± 0.04 γ∗/Z(µµ) 0.26± 0.04

W(eν) 1.72± 0.33 W(eν) 0.40± 0.15

W(µν) 4.07± 0.43 W(µν) 3.48± 0.39

W(τν) 0.75± 0.37 W(τν) 0.72± 0.36

tt̄ 4.57± 0.15 tt̄ 3.15± 0.12

Diboson 0.11± 0.01 Disboson 0.05± 0.01

γ∗/Z(ττ) 0.61± 0.09 γ∗/Z(ττ) 0.51± 0.14

Sum MC 12.36± 0.69 Sum MC 8.65± 0.58

Data 3771 Data 2432

Multijet 3758.64 Multijet 2423.35

Region A: Isolated OS Region B: Isolated SS

γ∗/Z(ee) 0.06± 0.02 γ∗/Z(ee) 0.05± 0.03

γ∗/Z(µµ) 5.47± 0.21 γ∗/Z(µµ) 2.81± 0.15

W(eν) 0.22± 0.11 W(eν) 0.11± 0.07

W(µν) 9.16± 0.64 W(µν) 9.55± 0.66

W(τν) 0.98± 0.44 W(τν) 0.52± 0.26

tt̄ 48.67± 0.50 tt̄ 0.38± 0.04

Diboson 9.11± 0.13 Diboson 0.55± 0.02

γ∗/Z(ττ) 86.93± 1.17 γ∗/Z(ττ) 1.44± 0.17

Sum MC 160.60± 1.54 Sum MC 15.41± 0.75

Data 190 Data 22

Multijet 29.4 Multijet 6.59

Table 6.2: The number of data and MC events for the four regions of the multijet background
estimation after theeµselection [10].

regions have higher statistics, so the independence of the isolation and charge with respect

to the other selection variables can be tested.

The distributions of the event selection variables for the intermediate regions and the control

regions "C" and "D" are shown in Figure 6.11. The shapes of these distributions are roughly

consistent across the four shown regions, given the uncertainties. This indicates that the

selections of the eµ channel are approximately independent of the charge and isolation.

Thus, the selection efficiencies derived from region "D" can be used estimate the multijet

contributions in the signal region. Any observed shape differences between the control

regions are accounted for with systematic uncertainties and is discussed in Section 6.7.4.

Region "D" is also used to model the shapes of the multijet distributions in all plots.
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The number of events in each region is given in Table 6.2. The estimated number of multijet

events after the eµand isolation selections is

NA = 10.2±7.4(stat.)±2.5(syst.). (6.8)

The efficiency of the remaining selections is measured to be

εD
signal =

ND
signal

ND
dilepton

= 0.56±0.01(stat.)±0.01(syst.). (6.9)

Thus, the expected number of multijet events in the eµsignal region is estimated to be

NA
signal = 5.7±4.1(stat.)±0.9(syst.). (6.10)
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(a)

(b)

(c)

Figure 6.11: The shape distributions for the variables usedin theeµevent selections. The
intermediate regions withs region "C" and "D" are shown for eachvariable [10].
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6.4.2 ABCD method for Z→ ττ → µµ+4ν

The ABCD method is used in the µµchannel at two different points of the event selections: the

first after the dilepton and isolation criteria; and the second after the full selection. The first

estimate is used to check the normalisation of the γ∗/Z → µµbackground (Section 6.5) and

the second is used to estimate the multijet contributions in the signal region. The four regions

for the µµchannel is defined after the dilepton selection using the following definitions:

• Region A is the region that contains events where both muons are isolated.

• Region B is the control region where the leading muon is isolated and the sub-leading

muon is anti-isolated.

• Region C is the control region where the leading muon is anti-isolated and the sub-

leading muon is isolated.

• Region D is the control region where both muons are anti-isolated.

A diagram of the ABCD regions for the µµ channel is shown in Figure 6.10(b). For the

estimate after the full selections, regions "A" and "C" are modified to additionally include the

full event selections.

Regions "B" and "D" are used to measure the isolation efficiency of the leading muon, which

is applied to region "C" to estimate the number of multijet events in region "A". Any

correlations found between the control regions are accounted for using a k factor. Thus, the

number of multijet events in region "A" is given by:

NA = NC
(

NB

ND

)

×k. (6.11)

At the first multijet estimate, k corrects for the correlation between the two muon’s isolation

efficiencies. The ETcone40/pT and pTcone40/pT efficiencies are measured for both muons

for when the other is isolated and anti-isolated. These results are shown in Table C.1 and

their distributions are shown in Figure C.4. The four measured k values are averaged to

obtain a single k factor. The systematic uncertainty on k is taken as the largest difference

between any of the measured k values.

The k factors are similarly calculated for the multijet estimation in the µµsignal region for the

standard and multivariate analysis methods. The ETcone40/pT and pTcone40/pT

efficiencies of the leading muon are measured for events that pass the full event selections.

The two k values measured for the signal region are averaged to obtain to a single k factor

with a systematic uncertainty that’s equal to the difference between the two. The measured
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values are shown in Table 6.3 and the ETcone40/pT and pTcone40/pT distributions for

these events are shown in Figure 6.12.

The estimated multijet contributions in signal regions are given in Table 6.4 for the standard

and multivariate analysis methods. The number of events in each of the four ABCD regions

after the µµselection are shown in Table 6.5 and their distributions are shown in Figure C.5.

For the multijet estimate in the signal regions, the number of events in the modified region

"C" is presented in Table 6.6.

Isolation Variable Pass standard selections and> 1 isoµ µ2 not isolated k factor

ε(µ1) ETCone40/pT 0.279± 0.072 0.180± 0.006 1.55± 0.41

ε(µ1) pTCone40/pT 0.200± 0.060 0.136± 0.004 1.47± 0.45

Average k factor = 1.51± 0.61 (stat)± 0.08 (sys)

Isolation Variable Pass BDT selections and> 1 isoµ µ2 not isolated k factor

ε(µ1) ETCone40/pT 0.167± 0.021 0.180± 0.006 0.93± 0.15

ε(µ1) pTCone40/pT 0.127± 0.019 0.136± 0.004 0.93± 0.16

Average k factor = 0.93± 0.22 (stat)± 0.01 (sys)

Table 6.3: The isolation selection efficiencies for the leading muon for events that pass all
otherµµevent selections for the standard (top) and multivariate (bottom) analysis methods.
The ratio of these efficiencies are given ask factors [10].

After selection Multijet estimate (±σstat ±σsys)

Invariant massmµµ 69.3± 11.7± 10.7

Standard selection 1.8± 0.8± 0.1

BDT selection 10.2± 2.5± 0.7

Table 6.4: Estimated number of multijet events in theµµchannel after the selection on the
invariant mass selection and after the full event selections for the standard and multivariate
analysis methods [10].
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Region B: µ1 not isolated,µ2 isolated Region D: µ2 not isolated,µ1 not isolated

Data 766 Data 6550

Z → ττ 9.2± 0.4± 0.4 Z → ττ 0.4± 0.1± 0.0

W → µν 43.9± 1.5± 3.0 W → µν 2.3± 0.4± 0.3

tt̄ 22.7± 0.6± 1.8 tt̄ 4.3± 0.2± 0.4

γ∗/Z → µµ 231.4± 3.3± 15.0 γ∗/Z → µµ 9.5± 0.8± 0.7

W → τν 2.7± 0.7± 0.1 W → τν 1.2± 0.5± 0.1

γ∗/Z → ee 0.0 γ∗/Z → ee 0.2± 0.1± 0.0

W → eν 0.0 W → eν 0.0

Multijet 456.1± 21.7± 15.4 Multijet 6532.1± 80.8± 0.9

Region A: µ1 & µ2 isolated Region C: µ1 isolated,µ2 not isolated

Data 2491 Data 366

Z → ττ 115.1± 1.4± 8.0 Z → ττ 3.2± 0.2± 0.2

W → µν 1.5± 0.3± 0.2 W → µν 4.0± 0.4± 0.8

tt̄ 12.4± 0.4± 1.1 tt̄ 4.9± 0.3± 1.0

γ∗/Z → µµ 2137.2± 10.0± 148.7 γ∗/Z → µµ 49.0± 1.7± 6.3

W → τν 0.0 W → τν 0.2± 0.2± 0.0

γ∗/Z → ee 0.0 γ∗/Z → ee 0.0

W → eν 0.0 W → eν 0.0

Multijet 224.8± 51.1± 149.0 Multijet 304.7± 17.5± 6.4

Table 6.5: The number of events in each region for theµµmultijet estimation method [10].

Region C: Standard selectionRegion C: BDT selection

Data 18 108

Z → ττ 0.5± 0.1± 0.0 1.1± 0.1± 0.2

W → µν 0.1± 0.1± 0.1 0.3± 0.1± 0.2

tt̄ 0.1± 0.03± 0.0 1.4± 0.1± 0.2

γ∗/Z → µµ 0.5± 0.2± 0.1 0.7± 0.2± 0.2

W → τν 0.0 0.0

γ∗/Z → ee 0.0 0.0

W → eν 0.0 0.0

Multijet 16.8± 4.1± 0.2 156.5± 12.5± 0.4

Table 6.6: The number of events for theµµ channel in region "C" of the the multijet
estimation method, for events that pass the fullµµ event selections barring the isolation
of one muon [10].
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Figure 6.12: Distributions of theµµ multijet events in data for theETCone40/pT and
pTCone40/pT in the different ABCD regions after all selections in both the standard and
multivariate analysis methods. The distributions have been normalised to unity for viewing
purposes [10].
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6.5 Estimation of electroweak backgrounds

The background contribution from W, γ∗/Z and tt̄ events is estimated using simulations. The

production cross sections used for each sample is checked in control regions using data.

6.5.1 W normalisation

The expected cross section of W→ µν and W→ eν events are checked using control regions

defined by the following selections:

• Exactly one muon and one electron of opposite charge,

• The muon (W → µν region) or the electron (W → eν region) satisfies the isolation

criteria,

• Isolation requirements for the other lepton are not applied,

• ∑ET +Emiss
T < 150 GeV,

• 60 < MT < 100 GeV,

where MT is the transverse mass:

MT =
√

2pT,lEmiss
T (1−cos∆(l ,Emiss

T )). (6.12)

W → lν + jets events can fake the signal if one of the associated jets is misidentified as a

lepton. By removing the isolation requirements for one of the lepton candidates, the signal

contamination is reduced and the amount of W → lν events is increased. The ∑ET +Emiss
T

requirement reduces the number of tt̄ events within the control regions. The MT distribution

of W → lν events peaks around the mass of the W± bosons and by applying a selection on

MT around this mass, the purity W → lν events is further increased.

Table 6.7 shows the number of events within the W → eν and W → µν control regions,

respectively. The number of multijet events within these regions is estimated using the ABCD

method. The distributions of the MT and Emiss
T variables for these regions are shown in Figure

6.13. The shapes of the distributions and the selection efficiencies of the multijet events are

taken from region "D". Within the uncertainties, the W → lν estimates from simulations are

consistent with the number of observed events in data.
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W → eν control region W → µν control region
NTOT N60<MT<100GeV NTOT N60<MT<100GeV

Z → ee 2.39± 0.16 0.32± 0.06 0.04± 0.02 0.01± 0.01
Z → µµ 2.75± 0.14 0.10± 0.02 6.75± 0.22 0.59± 0.06
W → eν 8.51± 0.77 5.24± 0.62 0.11± 0.07 0.05± 0.05
W → µν 9.15± 0.68 2.81± 0.39 25.28± 1.19 10.69± 0.78
W → τν 1.25± 0.53 0.40± 0.32 2.23± 0.64 0.62± 0.35
tt̄ 0.37± 0.05 0.12± 0.03 0.06± 0.02 0.02± 0.01
γ∗→ ee 1.05± 0.24 0.02± 0.02 0.02± 0.02 0.00±0.00
γ∗→ µµ 0.14± 0.07 0.00±0.00 0.81± 0.21 0.00± 0.00
γ∗→ ττ 0.09± 0.09 0.00± 0.00 0.32± 0.17 0.00± 0.00
Z → ττ 2.12± 0.20 0.18± 0.06 4.63± 0.30 0.11± 0.05
Mulitjet 167.40± 14.03 17.32± 1.45 48.55± 9.79 5.17± 1.04
Data 232 29 77 18
Total 195.2± 14.08 26.1± 1.66 88.78± 9.89 17.28± 1.35

Table 6.7: Number of events in theW → lν control regions for data and MC [10].

(a) W → eν control (b) W → µν control

(c) W → eν control (d) W → µν control

Figure 6.13: Distributions ofMT andEmiss
T variables for theW→ lν control regions. Multijet

contributions are shown in green (QCD est) [10].
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6.5.2 Top normalisation

The expected tt̄ cross section is checked with a control region defined as follows:

• One electron and one muon of opposite charge,

• Both leptons pass isolation,

• ∑cos∆φ < -0.15,

• ∑ET +Emiss
T > 150 GeV.

The ∑cos∆φ requirement reduces the signal contamination in the control region. Since tt̄

events contain more energy than the signal and other backgrounds, the ∑ET +Emiss
T > 150

GeV requirement is used to improve the tt̄ purity. The multijet contribution in the tt̄ control

region is estimated using the same methods as described previously.

The number of events in the tt̄ control region is shown in Table 6.8 for data and MC. The

observed events agree with the MC estimates within the uncertainties.

NTOT

γ∗/Z → ll (l = e,µ) 0.19± 0.04

W → eν 0.08± 0.07

W → µν 1.29± 0.26

W → τν 0.33± 0.25

tt̄ 26.96± 0.38

γ∗/Z → ττ 0.31± 0.07

Multijet 2.30± 2.75

Data 31

Sum MC 29.18± 2.80

Table 6.8: Number of events in thett̄ control region for data and MC [10].

6.5.3 γ∗/Z normalisation

The expected γ∗/Z → µµproduction is checked using events that pass the µµ, isolation and

25 < mµµ < 65 GeV selections. In this region, over 90% of the events are expected to come

from the γ∗/Z → µµprocess (see Figure 6.5), which makes it suitable for checking the scale

of this background.
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The multijet contribution in this region is estimated as described previously (Section 6.4).

Other electroweak and tt̄ contributions are estimated from simulations. The number of events

measured in this region is shown in Table 6.9 for the data and MC. A slight excess of about 7%

is observed in the data. However, this excess is consistent within one standard deviation of

the statistical and systematic uncertainties of the γ∗/Z→ µµestimate, which is approximately

9%.

Process Number of events±σstat±σsys

Z → ττ 115.1± 1.4± 8.0

W → µν 1.5± 0.3± 0.2

tt̄ 12.4± 0.4± 1.1

Multijet 69.3± 11.7± 10.7

Data 2491

γ∗/Z MC 2137.2± 11.1± 148.7

γ∗/Z data 2292.7± 51.3± 6.1

Ratio data/MC 1.07± 0.02± 0.08

Table 6.9: Comparison between data and predicted MC yields for γ∗/Z → µµ in theµ+µ−

channel [10].

6.6 Cross section methodology

The measurement of the Z→ ττ → ll +4ν cross section is made in both the fiducial and total

phase space for events satisfying 66 < mττ < 116 GeV. The cross sections are calculated as

follows:

σtot.
γ∗/Z ×BR(γ∗/Z → ττ) =

Nobs−Nbkg

AZ ·CZ ·L
, (6.13)

σ f id.
γ∗/Z ×BR(γ∗/Z → ττ) =

Nobs−Nbkg

CZ ·L
, (6.14)

where

• Nobs is the number of observed candidate events in data

• Nbkg is the number of estimated background events
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• AZ is the kinematic and geometric acceptance for the signal process. It is determined

using truth information from signal MC events and is defined as:

AZ =
Ngen kin

dressed

Ngen minv
Born

, (6.15)

where Ngen minv
Born is the number of truth events that are generated at the Born level with

an invariant mass, mττ, between 66 - 116 GeV. Ngen kin
dresseddenotes the number of Ngen minv

Born

events that also fall within the defined fiducial regions (see below).

The impact of QED final state radiation on the acceptance of the τ leptons is

investigated using a dedicated sample where the PHOTOS package was switched off.

The effect of QED final state radiation on the acceptance is measured to be -1.2% in

the eµchannel and -1.3% in the µµchannel [10].

The central values for AZ are measured from the default PYTHIA γ∗/Z → ττ (mττ < 60

GeV and mττ > 60 GeV) samples [10] and their values are shown in Table 6.10.

• CZ is the correction factor that accounts for the acceptance and reconstruction

efficiencies of the detector. It is defined as:

CZ =
Nreco pass

Ngen kin
dressed

, (6.16)

where Nreco passis the number of MC signal events that pass the event selections of

the analysis. Events that pass the selections but have an invariant mass mττ outside

the defined window are excluded.

• L is the integrated luminosity of the data used in the analysis.

For a fiducial cross section measurement, AZ is set to unity because an extrapolation of the

full Z → ττ phase space is not required. Fiducial cross sections are often used because they

are less affected by theoretical uncertainties, which are usually considered as systematic

uncertainties on AZ.
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The fiducial regions for the eµchannel are:

• Electron: ET > 16 GeV, |η| < 2.47, excluding 1.37< |η| < 1.52,

• Muon: pT > 15 GeV, |η| < 2.4,

• Event: ∑cos∆φ > −0.15,

• 25< meµ< 80 GeV.

The fiducial regions are defined separately for the two analysis methods in the µµ. For the

standard analysis they are:

• pT(µ1) > 15GeV, |η| < 2.4,

• pT(µ2) > 10GeV, |η| < 2.4,

• 25GeV< mµ1,µ2 < 65GeV,

• ∆φ(µ1,µ2) > 2.7,

• ∆φ(µ1,MET) > 2.7,

• pT(µ1)− pT(µ2) > 5GeV.

For the multivariate analysis they are:

• pT(µ1) > 15GeV, |η| < 2.4,

• pT(µ2) > 10GeV, |η| < 2.4,

• 25GeV< mµ1,µ2 < 65GeV.

eµchannel µµchannel (Standard)µµchannel (BDT)
AZ 0.1139 0.0488 0.1557
CZ 0.2857 0.3607 0.2661

Table 6.10: Central values ofAZ andCZ for theeµandµµchannels [10].

6.7 Systematic uncertainties

This section details the effects of systematic uncertainties on the measurement of the γ∗/Z→
ττ → ll +4ν cross section. The effects considered include the uncertainties of AZ and CZ for

the signal; and any theoretical or experimental uncertainties that may affect the estimation of

the backgrounds.
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6.7.1 Theoretical cross section uncertainties

The theoretical uncertainties on the W and γ∗/Z cross sections are estimated at NNLO by

varying the factorisation and renormalisation scale; the uncertainty eigenvector of the

parton distribution function; and the strong coupling constant [70]. An uncertainty of ± 5% is

assigned for the production cross sections of the W and γ∗/Z processes.

For the tt̄ production cross section, a theoretical uncertainty of ± 7% is assigned. This

uncertainty is a combination of the uncertainties in the tt̄ cross section measurement [71];

the parton density function; and the strong coupling constant.

6.7.2 Uncertainty for electrons in the problematic calorimeter regions

During data taking periods, some regions of the calorimeter were identified to be

problematic. The map that determines whether or not clusters are in a problematic region of

the calorimeter only corresponds to approximately 52% of the data used in this analysis.

The systematic uncertainty related for using only one map for the whole dataset is

estimated to be 0.4% [10]. This only affects electrons and therefore is only considered in the

eµchannel.

6.7.3 Muond0

The radial muon impact parameter, d0 is used to discriminate the Z → ττ → µµ+4ν events

from γ∗/Z → µµ events in the µµ channel. The resolution of this variable is compared

between the data and MC using the leading muon from on-shell Z → µµ events. These

events are selected by requiring exactly two isolated muons of opposite charge with an

invariant mass between 75 and 105 GeV. The d0 resolution is narrower in the MC and to

correct for this discrepancy, additional smearing is applied to the simulations to match data.

The muon d0 distribution can be represented as a sum of two Gaussian functions in both

the data and MC. The fits for both distributions are shown in Figure 6.14. The measured

amplitudes, means and widths of these Gaussians are shown in Table 6.11. The narrower of

the two Gaussians is referred to as the "inner" Gaussian and the wider one is referred to as

the "outer" Gaussian.

The smearing technique applied to the MC events needs to preserve the double Gaussian

nature of the muon d0 distributions. To achieve this, the inner and outer components of the

Gaussians are each assigned a smearing term, G(µ,σi) and G(µ,σo), where G is a function

that returns a random number from a normal distribution with mean µ and width σ. For each

muon in the MC, the d0 is smeared using the following equation:
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(a) Data fit (b) MC fit

Figure 6.14: Double Gaussian fits for the data and MC events [10].

Gaussian Component Amplitude Mean Width χ2/NDF
Data inner 82.7±1.6µm 0.4±0.1µm 6.83±0.2µm 1.64
Data outer 13.7±1.6µm 0.7±0.3µm 16.3±0.6µm 1.64
MC inner 99.4±0.6µm 0.1±0.02µm 5.63±0.04µm 12.4
MC outer 17.1±0.6µm 0.0±0.07µm 13.6±0.1µm 12.4

Table 6.11: The parameters for the double Gaussian fits on thedata and MCd0 distributions
[10].

d0(MC)new= d0(MC)original +G(µ,σ). (6.17)

The µ term translates the mean value of the two MC Gaussians to match the mean of the

two data Gaussians. The µ term is calculated using a weighted average:

µ= (wi,data×µi,data+wo,data×µo,data)− (wi,mc×µi,mc+wo,mc×µo,mc), (6.18)

where wi and wo is the weight given to each of the inner and outer Gaussians, respectively.

The weight of wi,data is calculated using

wi,data =
f (0)i,data

f (0)i,data+ f (0)o,data
, (6.19)

where f (0) is the value of the Gaussians evaluated at zero. The values for wo,data, wi,mc and

wo,mc are calculated similarly.
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The σ term changes the width of the original Gaussians into the smeared Gaussians and is

calculated using the following formula for the inner (or outer)Gaussians:

σi(o) =
√

σ2
i(o),data−σ2

i(o),mc. (6.20)

The µ and σ values required to achieve the desired smearing are shown in Table 6.12.

Gaussian ComponentDataσ (µm) MC σ (µm) G σ (µm)
Inner 6.84±0.19 5.63±0.14 3.88±0.26
Outer 16.3±0.7 13.6±4.7 8.89±0.95

Table 6.12: Measured parameters of the muons D0 distributions for data and MC [10].

When smearing the original distribution, only one of the smearing factors, G(µ,σi) or

G(µ,σo), is applied for each event. The term that is used is determined probabilistically and

is dependent on the value of d0. The probability of using G(µ,σi) is given by:

p =
f (d0)i,mc

f (d0)i,mc+ f (d0)o,mc
, (6.21)

where f (d0) is the value of the Gaussians evaluated at the given d0 value. To determine

whether or not to use this value, a random number, y, is generated from uniform distribution

between 0 to 1. If p > y, then G(µ,σi) is used for the smearing, otherwise G(µ,σo) is used.

The MC and data distributions before and after the smearing are shown in Figure 6.15.

Three systematic uncertainties are considered for the smearing of the muon d0 and they

are: the uncertainties in the widths of the smearing functions, G(µ,σ); the uncertainty in

using a double Gaussian smearing technique; and the uncertainty on the scale in the tails of

the d0 distributions. These three systematic uncertainties are evaluated independently and

combined in quadrature.

Muon d0 width The widths of the smearing Gaussians, G(µ,σ), are varied up and down

by the uncertainties that are quoted in Table 6.12. The uncertainties on these Gaussians are

calculated with the equation δ = σ
√

χ2/NDF, using the measured values from Table 6.11.

The inner and outer Gaussians are varied coherently and the measured deviations away from

the central values are given as the ± σ uncertainties.

Muon d0 shape The robustness of using a double Gaussian smearing technique is

evaluated by comparing it to the results of a single Gaussian smearing technique. The

smearing is performed in the same way using equation 6.17, but only using one G(µ,σ)
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(a) (b)

Figure 6.15: Distributions of muond0 in data and MC with (right plot) and without (left
plot) thed0 smearing applied. The yellow hatches indicate the MC errors, which includes
the systematics uncertainties of the muon corrections, vertex reweighting andd0 smearing
[10].

term. The width of G(µ,σ) calculated from a weighted average of the inner and outer

Gaussians given by:

σ =
√

wi,mcσ2
i,mc+wo,mcσ2

o,mc, (6.22)

where w is the weight of the inner and outer Gaussians with wi calculated by

wi =
f (d0)2

i

f (d0)2
i + f (d0)2

o
, (6.23)

wo =
f (d0)2

o

f (d0)2
i + f (d0)2

o
, (6.24)

where f (d0) is the value of the Gaussians evaluated at d0. The systematic uncertainty of the

d0 smearing shape is taken as the difference between the values obtained when smearing

with a single Gaussian and the nominal value.

Muon d0 scale The number of events with |d0| > 0.04 mm is checked for consistency

between the data and MC after applying the smearing. The µµ analysis channel selects

events with high |d0| values, so agreement within these regions is important. The number of

events in data and MC with |d0| > 0.04 mm is shown in Table 6.13.
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The data and MC differ by 2% for events with |d0| > 0.04 mm. This discrepancy is assigned

as the systematic uncertainty for the muon d0 scale.

Region Data events MC events Ratio: data/mc
All d0 13756 13623 1.01

|d0| > 0.04 mm 574 565 1.02

Table 6.13: Data and MC scale comparison for the selected Z events [10].

6.7.4 Multijet systematics

The multijet estimation in this analysis assumes that the variables used to define the ABCD

control regions are uncorrelated. In the eµ channel this refers to the correlation between

the charge distribution of the leptons (OS or SS) and the isolation variables (pTcone and

ETcone). For the µµ channel, this refers to the correlation between the leading and sub-

leading muon’s isolation efficiencies. Systematic uncertainties on these correlations and on

εmulti jet are considered.

The correlations between the isolation selections in the µµ channel has already been

discussed in Section 6.4.2 using the k factors. The measured uncertainties on the k factors

are propagated through the ABCD method to obtain the systematic uncertainties on the

multijet estimate.

For the eµchannel, ROS/SSis checked against the isolation variables for correlations using eµ

events with no isolation requirements. The lack of isolation selections enriches the multijet

purity and the expected electroweak contamination is subtracted. For these events, ROS/SS

is plotted against ETcone30 and pTcone40 for electrons; and ETcone40 and pTcone40

for muons, which are shown in Figure 6.16. Linear fits are made to these distributions to

measure any deviation away from a zero gradient. The first bin is excluded from the fit

because it contains too much signal contamination and is shown only for visual purposes.

To calculate the systematic uncertainty, the fitted function is extrapolated to the centre of the

first bin and is denoted as Rex. The last three bins of each distribution are merged to increase

statistics and is denoted as R′
OS/SS. The results of the linear fits with their uncertainties are

given in Table 6.14. The relative systematic uncertainty on ROS/SSis given by

∆ROS/SS= | Rex

R′
OS/SS

−1|. (6.25)

The linear fits for the electrons measure gradients that are consistent with zero. However,

for the muons, the gradients are measured to deviate away from zero. As a conservative
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(a) (b)

(c) (d)

Figure 6.16:ROS/SSplotted as a functionETcone (left) andpTcone (right) for electrons (top)
and muons (bottom). The blue lines represent the±1σstat. variations of the linear fit and
the red boxes denote theRex andR′

OS/SS, respectively [10].

a b Rex R′
OS/SS ∆Rsyst.

ETcone30/ET (electrons) 1.46±0.07 -0.01±0.16 – – 0%
pTcone40/pT (electrons) 1.50±0.08 0.12±0.20 – – 0%
ETcone40/ET (muons) 1.63±0.08 -0.31±0.15 1.62 1.44 12.6%
pTcone40/pT (muons) 1.68±0.10 -0.22±0.18 1.67 1.47 13.7%

Table 6.14: Results of the linear fity = a+b·x onROS/SS[10].

estimate, the muons’ uncertainty is used for both lepton flavours. The ROS/SSuncertainties

are averaged and an overall uncertainty of 13.1% is considered [10].

The systematic uncertainty on εmulti jet is calculated using a similar method. Again, eµ

events are selected with no isolation requirement with the expected electroweak

contributions subtracted. The efficiency, εmulti jet, is then measured as a function of the

pTcone and ETcone for electrons and muons, shown in Figure 6.17. The results of the

linear fits are given in Table 6.15. The fits with deviations larger than 1σ from zero are

averaged to obtain a systematic uncertainty on εmulti jet, which is measured to be 2.4%.
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(a) (b)

(c) (d)

Figure 6.17: Plots ofεmulti jet as a function ofETcone (left) andpTcone (right) for electrons
(top) and muons (bottom). The blue lines represent the±1σstat variations of the linear fit
and the red boxes denote theεex

multi jet andε′multi jet respectively [10].

a b εex
multi jet ε′multi jet ∆εmulti jet,syst.

ETcone30/ET (electrons) 0.53±0.02 0.047±0.044 0.534 0.564 3.0%
pTcone40/pT (electrons) 0.57±0.02 -0.013±0.049 – – 0%
ETcone40/ET (muons) 0.55±0.02 0.050±0.041 0.548 0.546 0.3%
pTcone40/pT (muons) 0.54±0.02 0.052±0.045 0.537 0.544 1.4%

Table 6.15: Results of the linear fity = a+b·x on εmulti jet [10].
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6.7.5 AZ uncertainty

There are three systematic effects that are considered for the acceptance factor AZ. These

are: the uncertainties on the CTEQ6.6 NLO PDF set used for generating the signal MC; the

deviations between different PDF sets; and the uncertainty of the parton shower modelling.

The first effect is determined using the 22 PDF error eigenvectors of the CTEQ6.6 NLO PDF

set [72] by combining them in quadrature and varying the total up and down one standard

error. The second effect is measured by using the HERAPDF1.0 PDF set to measure AZ

and taking the difference between that and the nominal value. Finally, the MC@NLO signal

sample is used to measure AZ instead of the default PYTHIA sample to measure the

uncertainty in the parton showering modelling. Combining these uncertainties in

quadrature, the relative systematic uncertainty on AZ is 2.9% for the eµchannel and 7% for

the µµchannel, which is shown in Table 6.16.

Source of uncertainty δAZ/AZ eµ(%) δAZ/AZ µµStandard (%) δAZ/AZ µµBDT (%)

CTEQ 6.6 NLO PDF 1.3 1.3 1.2

Different PDF sets 1.8 2.6 2.0

Model dependence 1.8 1.2 6.5

Total uncertainty 2.9 3.1 6.9

Table 6.16: Relative sources of uncertainties of theAZ [10].
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6.7.6 CZ uncertainty

The systematic uncertainties described previously in this section that affect the signal

acceptance are all considered systematic uncertainties on CZ. The list of these

uncertainties and their relative contributions is given in Table 6.17 for the eµ channel and

Table 6.18 for the µµchannel.

Source of Uncertainty δCZ/CZ(%)

Electron ID, reco, isolation, trigger efficiency 6.1

µ ID and isolation efficiency 2.6

Energy scale electron, jet and clusters 1.7

µ Energy scale and resolution 0.1

Electron resolution 0.1

Problematic regions in the calorimeter 0.4

Electron charge misidentification 0.3

Pileup re-weighting 0.6

Jet cleaning 0.4

Table 6.17: Relative systematic uncertainties forCZ in theeµchannel [10].

Systematic uncertainty StandardδCZ/CZ(%) BDT δCZ/CZ(%)

Muon ID, reco, scale, trigger and isolation efficiency 4.4 4.7

Muon energy scale 0.3 0.5

Emiss
T smearing 0.0 0.0

Muond0 width 0.5 0.2

Muond0 scale 2.0 2.0

Muond0 shape 1.1 0.9

Pile-up re-weighting 0.0 0.0

Jet cleaning 0.0 0.2

Table 6.18: Relative systematic uncertainties forCZ for theµµchannel for the standard and
BDT selections [10].

97



6.7.7 Systematic uncertainty summary

The systematic uncertainties that affect the background estimations of the Z → ττ cross

section measurement are provided in Table 6.20 for the eµchannel and Table 6.19 for the µµ

channel. All uncertainties are combined in quadrature to obtain the total uncertainty.

Source Standard selection uncertainty (%)
γ∗/Z → ee,µµ W + jets tt̄ Multijet

Muon scale factor 4.4 0.0 0 1.8
Muon pT 0.2 0.0 0 0.7

MissingET 0.0 0.0 0 0.0
Muond0 width 3.8 0.0 0 0.0
Muond0 scale 2.0 2.0 0 0.0
Muond0 shape 0.9 0.0 0 0.0
Vertex Weight 0.0 0.0 0 0.8
Cross Section 5.0 5.0 6.0 2.3
Jet Cleaning 0.0 0.0 0 0.0
Luminosity 3.4 3.4 3.4 3.6

Multijet – – – 8.2
Total Systematic 9.9 6.4 6.9 9.5

Source BDT selection uncertainty (%)
γ∗/Z → ee,µµ W + jets tt̄ Multijet

Muon scale factor 4.5 25 6.3 0.3
Muon pT 0.8 0.0 6.3 0.1

MissingET 0.1 0.0 6.3 0.0
Muond0 width 5.1 0.0 6.3 0.1
Muond0 scale 2.0 2.0 2.0 0.0
Muond0 shape 0.6 0.0 6.3 0.2
Vertex Weight 0.3 0.0 0.0 0.1
Cross Section 5.0 5.0 6.0 0.3
Jet Cleaning 0.3 0.0 0.0 0.0
Luminosity 3.4 3.4 3.4 3.4

Multijet – – – 6.2
Total Systematic 9.6 25.8 15.7 7.1

Table 6.19: A summary of the systematic uncertainties for the γ∗/Z → ee,µµ, W + jets,tt̄
and multijet backgrounds in theµµchannel [10].
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Source Uncertainty (%)
γ∗/Z → ee,µµ W + jets tt̄ Multijet

Muon pT 0.12 0.00 0.42 0.05
Muon scale factor 1.23 1.82 1.72 4.89

Electron scale factor 5.38 6.37 5.92 4.66
Elecron/Cluster/Jet E 7.48 11.86 9.27 2.59

Vertex Weight 0.55 0.55 0.58 0.64
Luminosity 3.40 3.40 3.40 3.79

Cross Section 5.00 5.00 7.00 5.64
Problematic calorimeter regions 0.37 0.37 0.40 0.30

Electron Charge 0.28 0.28 0.28 0.31
Jet cleaning 2.10 0.79 16.24 0.40

Multijet estimation – – – 13.00
Total Systematic 11.31 14.91 21.18 16.38

Table 6.20: A summary of the uncertainties for theγ∗/Z → ee,µµ, W + jets,tt̄ and multijet
backgrounds in theeµchannel [10].

6.8 Cross section measurement

The number of Z → ττ → ll +4ν candidates in data and the expected background contribu-

tions are shown in Table 6.21 along with their corresponding AZ, CZ and integrated luminos-

ity.

eµchannel µµchannel standard µµchannel BDT

Nobs 85 45 90

Nbkg 8.94± 4.12± 0.84 24.4± 1.3± 2.0 47.5± 9.9± 3.5

AZ 0.1139±0.0004±0.0033 0.0488± 0.0004± 0.0015 0.156± 0.001± 0.011

CZ 0.2887±0.005±0.020 0.3607± 0.0127± 0.0219 0.266± 0.006± 0.0167

L 35.51±1.21

Table 6.21: A summary of the number of selected events, background contributions,AZ, CZ

and integrated luminosity for theeµ andµµ channels. The first error is statistical and the
second systematic [10].

6.8.1 Z → ττ → eµ+4ν cross section

The product of the fiducial cross section and the branching ratio is measured to be:

σfid.
γ∗/Z ×BR(γ∗/Z → ττ) = 7.50±1.00 (stat.)±0.50 (sys.)±0.26 (lumi.) pb. (6.26)
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The total cross section is measured to be:

σtot.
γ∗/Z(66< mττ < 116GeV) = 1062.6±142.3 (stat.)±77.8 (sys.)±36.17 (lumi.) pb.

(6.27)

6.8.2 Z → ττ → µµ+4ν cross section

The product of the fiducial cross section and the branching ratio for the standard and multi-

variate selections are measured to be:

• Standard selection:

σfid.
γ∗/Z ×BR(Z/γ∗→ ττ) = 1.64±0.54 (stat.)±0.21 (sys.)±0.06 (lumi.) pb.

• BDT selection:

σfid.
γ∗/Z ×BR(Z/γ∗→ ττ) = 4.50±1.05 (stat.)±0.59 (sys.)±0.15 (lumi.) pb.

The total cross section for both methods are:

• Standard selection:

σtot.
γ∗/Z(66< mττ < 116GeV) = 1113±365(stat.)±145(sys.)±38 (lumi.) pb.

• BDT selection:

σtot.
γ∗/Z(66< mττ < 116GeV) = 959±225(stat.)±130(sys.)±33 (lumi.) pb.

The measured total cross sections in both channels are in agreement with each other and

the theoretical prediction of

σtot,theory
γ∗/Z (66< mττ < 116GeV) = 960±49.5 pb. (6.28)

Assuming lepton universality, the measurements also agree with the combined cross section

measurement of the Z → eeand Z → µµprocesses, which is measured by ATLAS to be

σtot.
γ∗/Z(66< mll < 116GeV) = 945±6 (stat.)±40 (syst.)±32 (lumi.) pb. (6.29)

6.9 Summary

This chapter has described the analysis used to measure the Z → ττ cross section using its

leptonic decay modes. These results will be combined with the results obtained using the

Z → ττ → lτh +3ν decay modes to achieve the best possible precision.
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7
Z → ττ combined cross section

The cross section of the Z → ττ process is also measured using its semi-leptonic decay

modes: Z → ττ → µτh + 3ν and Z → ττ → eτh + 3ν. These decay channels are referred

to as the eτh and µτh, respectively and as the lτh channels collectively. This chapter will

briefly summarise the measurements of the Z → ττ cross sections in these channels; and

the combination of these measurements with the Z → ττ → ll +4ν results. A more detailed

description of the eτh and µτh analyses channels can be found in references [54] and [69].

7.1 Z → ττ → lτh+3ν selections

7.1.1 Trigger selection

Events in the eτh channel are collected using the same trigger as the eµchannel. For the µτh

channel, the triggers are the same as those used for the µµchannel.

7.1.2 Particle selections

The lτh channels require exactly one electron or muon with exactly one τh candidate of

opposite charge. The lepton selections and the definition of the Emiss
T are the same between

the Z → ττ → lτh + 3ν and Z → ττ → ll + 4ν analyses, with the exception of the electron

identification requirement where a "tight" selection is applied instead. The tighter

identification requirement reduces the contributions from multijets, which is expected to be

larger background in the lτh channels. The same isolation requirements used in the eµ

channel are applied for the electrons and muons in the lτh channels.

The τh reconstruction algorithms are optimised to distinguish between τh and jets produced

from multijet processes [73]. The τh identification selections uses three discriminating
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variables, which are based on the energy-weighted cluster width of the jet; the

momentum-weighted track width of the jet; and the fraction of the candidate’s pT carried by

the leading track. For τh jets, the widths of the jets are usually narrower than jets produced

from multijet processes and the pT fraction of the leading track is usually higher. The τh

identification requirements used for the lτh channels have an efficiency of ∼ 40% for τh jets

with one charged pion and ∼ 30% for τh jets with three charged pions.

7.1.3 Event selections

The W → lν + jet process is a major electroweak background for the lτh channels since

these events contain an isolated lepton from the W boson and the associated jet can fake a

τh candidate. To reduce this background, two selections are applied. The first requirement,

∑cos∆φ > -0.15, is the same as the one used for the eµchannel and the second requires the

transverse mass to be below 50 GeV. Distributions of ∑cos∆φ and the transverse mass, mT ,

are shown in Figure 7.1 and Figure 7.2, respectively.
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Figure 7.1: The∑cos∆φ distributions shown in theeτh (a) andµτh (b) channels after
selecting one lepton andτh of opposite charge.
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Figure 7.2: ThemT distributions shown in theeτh (a) µτh (b) channels after selecting one
lepton andτh of opposite charge.

The final selection in the lτh channels requires the invariant mass of the τh and the lepton to

be within the range 35 < ml ,τh < 75 GeV. This selection window encompasses the majority of

the signal spectrum and rejects contributions from on-shell Z → ll events where one of the

leptons fakes a τh. The ml ,τh distributions after applying all other event selections are shown

in Figure 7.3.
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Figure 7.3: The distributions of theml ,τh shown after the∑cos∆φ andmT selections in the
eτh (a) andµτh (b) channels.

7.1.4 Candidates and acceptance

The number of Z → ττ → lτh +3ν candidates observed after all event selections are shown

in Table 7.1 along with the expected signal and background contributions. All background

contributions are estimated using simulation, except for the multijet background, which is

estimated from data. A variation of the ABCD method is used to estimate the multijet
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background, which is similar to the methods described in Section 6.4. A more detailed

description of the background estimations in the lτh channels can be found in reference [54].

Channel eτh µτh

γ∗/Z → ll (l = e,µ) 6.9± 0.4 11.1± 0.5

W → lν (l = e,µ) 4.8± 0.4 9.3± 0.7

W → τν 1.5± 0.4 3.6± 0.8

tt̄ 1.02± 0.08 1.3± 0.1

Diboson 0.18± 0.01 0.28± 0.02

Multijet 23± 6 24± 6

γ∗/Z → ττ 98± 1 186± 2

Total expected events 135± 6 235± 6

Nobs 151 213

Table 7.1: TheZ → ττ → lτh + 3ν candidates with the expected signal and background
contributions. Only the statistical uncertainties are shown.

The fiducial regions of the eτh and µτh channels are defined as follows:

• µ pT > 15 GeV and |η| < 2.4 (µτh only),

• e pT > 16 GeV and 0 < |η| < 1.37 or 1.52 < |η| < 2.47 (eτh only),

• τh pT > 20 Gev and 0 < |η| < 1.37 or 1.52 < |η| < 2.47,

• ∑cos∆φ > -0.15,

• mT < 50 GeV,

• 35 < mlτh < 75 GeV.

The correction factors AZ and CZ of the lτh channels are defined similarly to those in the eµ

and µµ channels (see Section 6.6). These are estimated from the γ∗/Z → ττ MC samples.

The uncertainties on AZ and CZ are also calculated using the methods described for the

eµ and µµ channels. Table 7.2 shows the measured values of AZ and CZ; the observed

data candidates minus the estimated backgrounds (Nobs−Nbkg); the branching ratio of the

final states (BR); and the integrated luminosity (L ) of the data used in the cross section

measurement.
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Channel eτh µτh

Nobs−Nbkg 114± 14± 3 164± 16± 4

AZ 0.101± 0.003 0.117± 0.004

CZ 0.12± 0.02 0.20± 0.03

BR 0.2313± 0.0009 0.2250± 0.0009

L 35.5± 1.2 pb−1 35.5± 1.2 pb−1

Table 7.2: The components used for theZ → ττ cross section calculations in theeτh and
µτh analysis channels. ForNobs−Nbkg, the first uncertainty is the statistical component
and the second is the systematic. For all other values, the quoted uncertainties contains all
components combined in quadrature.

7.2 Combined cross section measurement

The Z → ττ cross section is measured in the lτh channels using the same method as

described in Section 6.6. The fiducial and total cross sections measured in the four analysis

channels are presented in Table 7.3.

Channel Fiducial cross section (pb) Total cross section ([66,116] GeV) (nb)

eτh 27± 3± 5± 1 1.14± 0.14± 0.20± 0.04

µτh 23± 2± 3± 1 0.86± 0.08± 0.12± 0.03

eµ 7.5± 1.0± 0.5± 0.3 1.06± 0.14± 0.08± 0.04

µµ 4.5± 1.1± 0.6± 0.2 0.96± 0.22± 0.12± 0.03

Combined total Z → ττ cross section 0.97± 0.07± 0.06± 0.03

Table 7.3: Summary of the fiducial and total cross sections oftheZ → ττ process measured
in the four analysis channels. The quoted uncertainties contain the statistical, systematic and
luminosity components, respectively [69].

The total cross section measurements are combined using the Best Linear Unbiased

Estimate (BLUE) method [74] [75]. The BLUE method provides an estimate of the Z → ττ
total cross section by linearly combining the individual measurements and their

uncertainties. The correlations between the systematic uncertainties of each channel are

considered, which are assumed to be either fully correlated or fully uncorrelated. The

corrections to the particles’ reconstruction and isolation efficiencies are assumed to be fully

correlated for the same particle types, but fully uncorrelated between different particle types.

For the trigger systematics, the uncertainties are assumed to be correlated if the channels

used the same triggers, but otherwise they are assumed to be uncorrelated. For the

electron and tauon energy scale, their uncertainties are conservatively taken to be fully

correlated. The multijet background is estimated using similar methods in the eµ, eτh and
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µτh channels and their uncertainties are conservatively assumed to be fully correlated.

Finally, the uncertainties of the luminosity; the normalisation of the electroweak and tt̄

backgrounds; and AZ are considered to be fully correlated.

The measurements of the total Z → ττ cross section agree with the theoretical predictions

individually and combined. Assuming lepton universality, the results also agree with the

measured total cross section of the Z→ ll (l = e,µ) processes. A plot of these measurements

for each channel and their combination is shown in Figure 7.4. The combined result is also

consistent with the total cross section measured by the CMS experiment of σtot.
γ∗/Z(66< mττ <

116GeV) = 1.00±0.04 (stat.)±0.08 (sys.)±0.04 (lumi.) nb [76].
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inv

 ll, 66<m→(Z σ
0.6 0.8 1 1.2 1.4 1.6

-136pb
 combinedττ →Z 

-133-36pb

µµ ee/→Z 

hτ µτ

hτ eτ

µτ eτ

µτ µτ

Stat

 Stat ⊕Syst 

 Lumi⊕ Stat ⊕Syst 

Theory (NNLO)

Stat

 Stat ⊕Syst 

 Lumi⊕ Stat ⊕Syst 

Theory (NNLO)

ATLAS

<116 GeV) [nb]
inv

 ll, 66<m→(Z σ
0.6 0.8 1 1.2 1.4 1.6

-136pb
 combinedττ →Z 

-133-36pb

µµ ee/→Z 

hτ µτ

hτ eτ

µτ eτ

µτ µτ

Figure 7.4: The totalZ → ττ cross section measured in the four analysis channels. The
greyed area indicates the theoretically predicted value and its uncertainties [69].
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8
H → ττ → ll +4ν search

This chapter will detail the analysis used to search for the Higgs boson using the H → ττ →
ll +4ν decay modes. The event selections are optimised for a Higgs mass of about 120 GeV,

but hypothesised Higgs masses between 100 - 150 GeV are also considered.

8.1 Trigger selection

The pT of the signal leptons are expected to be soft. To maintain a high signal yield, only the

unprescaled triggers with the lowest pT thresholds are used.

To maximise the efficiency and acceptance of signal events, multiple triggers are used in

conjunction to collect the data for the eµchannel. Events are selected if they pass any of the

following triggers:

• muon pT > 6 GeV and "medium" electron ET > 10 GeV,

• muon pT > 18 GeV,

• "medium" electron ET > 22 GeV (20 GeV for some data).

The di-muon and single muon triggers are similarly used in conjunction for the µµ channel.

For the di-muon trigger, the leading muon is required to have pT > 15 GeV and the sub-

leading muon is required to have pT > 10 GeV. A pT threshold of 18 GeV is required for the

single muon trigger.

Data for the ee channel was collected using the di-electron trigger. Both electrons are

required to have ET > 12 GeV and pass the "medium" identification criteria.
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8.2 Particle selection

The topology of H → ττ → ll +4ν events requires well reconstructed electrons, muons, jets,

and missing transverse energy.

Electrons are required to have ET > 15 GeV. If the single electron trigger is used, then the

electron is also required to be matched to that trigger. The matching electron is required to

have ET > 23 GeV to be above the trigger threshold where the efficiencies are well

understood.

To reduce the background contributions from multijets, the following isolation requirements

are applied to all electrons: ETcone20/ET < 0.08 and pTcone40/pT < 0.06.

Muons are required to have pT > 10 GeV and if the single muon trigger is used, then a trigger

matching muon with pT > 17 GeV is required. The reason for this requirement is the same

as that for the electrons. Similarly, to reduce the multijet background, muons are required to

satisfy the following isolation selections: ETcone20/pT < 0.02 and pTcone40/pT < 0.04.

All reconstructed jets must have an ET > 20 GeV and satisfy the quality selections described

earlier in this thesis.

8.3 Event selection

Events selected by this analysis are divided into four exclusive categories: the 2-jet vector

boson fusion (VBF) category; the 2-jet Higgsstrahlung (VH) category; the 1-jet category;

and the 0-jet category. The 2-jet categories focus on selecting events that are produced via

the VBF and VH production mechanisms. The 1-jet category is a generic search channel

that selects the VBF and VH events that don’t pass the stringent requirements of the 2-jet

categories. In addition, Higgs events produced via the gluon-gluon fusion mechanism with

associated jets may also be selected in the 1-jet category. Lastly, the 0-jet category focuses

mainly on selecting events produced via the gluon-gluon fusion mechanism. This category is

mainly an inclusive search and has the highest background contributions.

The first selection for all categories requires exactly two leptons of opposite charge. All two

lepton flavour combinations are accepted, except in the 0-jet channel where only the eµ

channel is used to reduce the γ∗/Z → ee,µµ background. The distributions of the three

channels after applying the two lepton selection are shown in Figure 8.1. The fake

background contribution in all the plots and tables presented in this chapter is estimated

using a data-driven method, which is discussed later in Section 8.4.4. The γ ∗ /Z → ττ
background is also estimated from data and is described in Section 8.4.1. All other main

backgrounds are estimated using simulations and are either rescaled or cross checked

using data-driven methods.
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(a) (b)

(c)

Figure 8.1: Themll distributions for the three channels after the dilepton selection [58].

0-jet category selections The 0-jet category has the following event selections:

• 30 GeV < meµ < 100 GeV. This invariant mass window selects the majority of the signal

events whilst rejecting any background contributions outside the signal spectrum. The

eµ invariant mass distribution is shown in Figure 8.1(b).

• ∆φeµ > 2.5. Higgs bosons created via the gluon-gluon production mechanism usually

have minimal boost in the transverse direction. The final state leptons are therefore

back-to-back in the azimuthal plane. This selection has a high rejection against tt̄,

multijet and W+jet events. The distribution for this variable is shown Figure 8.2(a).

• HLep
T = pT (e) + pT(µ) + Emiss

T < 120 GeV. The centre-of-mass energy of tt̄ events are
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usually higher than that of the signal. Therefore the sum of the lepton pT and Emiss
T is

higher for this background, which is rejected effectively by this criteria. This distribution

is shown in Figure 8.2(b).

(a) (b)

Figure 8.2: The∆φeµ andHLep
T distributions shown after the invariant mass selection [58].

1-jet and 2-jet category common selections

• 30 GeV < mee,µµ < 75 GeV and 30 GeV < meµ < 100 GeV. For the eeand µµchannels

the invariant mass of the two leptons is chosen to reject background contributions from

Z → eeand Z → µµ events. Since this background is minimal in the eµchannel, the

mass window is increased to maximise signal efficiency. These distributions are shown

in Figure 8.1.

• Njet ≥ 1 with pT > 40 GeV (JVF > 0.75 if |η| < 2.4, section 3.3.3). The pT threshold of

the leading jet is chosen to be as high as possible with minimal signal losses from the

VBF and VH processes. The distributions for the jet multiplicities and jet pT are shown

in Figure 8.3.

• Emiss
T > 40 GeV for ee and µµ channels and Emiss

T > 20 GeV for eµ channel. This

selection has a high rejection against multijet events. In the same flavoured channels,

a higher requirement is used to further reject γ∗/Z → ee,µµevents. The distributions

of the Emiss
T after applying the previous criteria are shown in Figure 8.4.
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• 0 < x1,x2 < 1, where x1 and x2 are the fractions of the tauon’s momenta in the form of

neutrinos estimated by the collinear approximation [77]. The collinear approximation

is a common mass reconstruction method used for τ-lepton decays. This method

assumes the daughter particles of the tauons all travel approximately in the same

direction. The transverse momentum of the charged leptons and missing transverse

energy can be written as:

~τ1,T +~τ2,T =~l1,T +~l2,T +Emiss
T ≡

~l1,T

x1
+

~l2,T

x2
, (8.1)

where lT denotes the transverse momentum of the charged leptons; and x1 and x2

represent the fractions of neutrino momenta. Equation 8.1 can be rewritten in terms of

two coupled equations to solve for the unknowns, x1 and x2:

Emiss
x = (

1
x1

−1)~l1,x +(
1
x2

−1)~l2,x, (8.2)

Emiss
y = (

1
x1

−1)~l1,y +(
1
x2

−1)~l2,y. (8.3)

The invariant mass of the tauon pair can be reconstructed using the collinear mass:

mττ =
mll√
x1x2

. (8.4)

The 0 < x1,x2 < 1 selection ensures the two fractions give a real mττ mass term.

For background processes, the assumptions of the collinear approximation may not

be valid and can often yield imaginary masses, which are unphysical. Therefore this

selection also provides rejection for events that don’t have topologies similar to the

H → ττ → ll +4ν events. The distributions of x1 and x2 after the previous selections

are shown in Figure 8.5.

• 0.5 < ∆φll < 2.5. Higgs bosons created by the VBF and VH mechanisms generally

have some boost in the transverse direction from recoiling off their associated jets.

The boost focuses the angular separations of the leptons in the azimuthal plane. This

selection rejects background contributions from γ∗/Z → ll (l = e,µ,τ) and tt̄ events,

which are usually created with small transverse momenta. The upper bound also

ensures that the 1-jet and 2-jet categories are exclusive to the 0-jet category. The

distribution for this variable is shown in Figure 8.6 after applying all previous

requirements.
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(a) (b)

(c) (d)

Figure 8.3: The distributions for the number of jets withpT > 40 GeV andpT > 25 GeV after
the invariant mass selection are shown in (a) and (b), respectively. ThepT of the leading jet
for events with at least one jet is shown in (c) and thepT of the sub-leading jet for events
which have at least 2 jets is shown in figure 8.3(d) [58].
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(a) (b)

Figure 8.4: The distributions of theEmiss
T after the invariant mass and jetpT > 40 GeV

selections for theeµ(left) and same flavoured channels (right) [58].

(a) (b)

Figure 8.5: The distributions ofx1 andx2 for all channels after the invariant mass, jetpT

andEmiss
T selections [58].
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Figure 8.6: The∆φll distributions for all channels after the invariant mass, jet pT , Emiss
T and

x1,2 selections [58].
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1-jet selections

• Excludes events that pass the 2-jet VBF or 2-jet VH selections.

• mττ j > 225 GeV. The invariant mass of the two tauons and the leading jet must be

greater than 225 GeV, where mττ is calculated using the collinear approximation. This

selection reduces background contributions from γ∗/Z→ ll (l = e,µ,τ) processes. The

mττ j distributions are shown in Figure 8.7 for events in this category.

• b-jet veto. Jets identified by the combination of the IP3D and JetFitter flavour tagging

algorithms (section 3.3.4) are considered as b-jets. Events are rejected if they have

any identified b-jets. This selection provides great discrimination against the tt̄ and

single-top backgrounds.

(a) ee+ µµ (b) eµ

Figure 8.7: Themττ j distributions for events in the 1-jet category [58].

115



2-jet VBF selections

• A second jet with pT > 25 GeV (JVF > 0.75 if |η| < 2.4)

• ∆η j j > 3.0. The pseudorapidity difference between the two leading jets must be greater

than 3.0. This requirements favours the selection of forward jets produced by the VBF

production mechanism and rejects tt̄ and Z → ll +jet (l = e,µ,τ) events where the jets

are more central. The ∆η j j distributions are shown in Figure 8.8(a).

• mj j > 350 GeV. The invariant mass of the two jets must be above 350 GeV. Jets

produced by the VBF mechanism are on average more energetic than those from tt̄

and Z → ll +jet (l = e,µ,τ) events and thus, this selection provides a good

discrimination against these backgrounds. The mj j distributions are shown in Figure

8.8(b).

• b-jet veto, as described in the 1-jet category.

• Central jet veto. No additional jets with pT > 25 GeV can be found within the

pseudorapidity of the two leading jets. This selection is mainly used to reject tt̄ events.

The jet η distributions for the leading and sub-leading jets are shown in Figure 8.9. A

discrepancy is observed in the η distribution of the leading jet, which is attributed to a

mismodelling of the parton PDF in the Z → ll (l = (e,µ)) ALPGEN samples [78]. The

systematic uncertainties considered for the parton PDF and the cross section of the

Z → ll processes is expected to be sufficient to cover this discrepancy.

2-jet VH selections

• A second jet, as described in the VBF category.

• ∆η j j < 2.0. For the VH production mechanism, the vector boson is boosted

back-to-back in the transverse plane with respect to the Higgs. The jets produced by

vector boson decays are therefore focused in the direction of this boost. This

selection ensures the jets are within the same hemisphere, which favours the VH

production topology. The distribution of this variable is shown in Figure 8.8(a).

• 50 < mj j < 120 GeV. The invariant mass of the two jets is required to be around the

invariant masses of the W± and Z bosons. This requirement distinguishes jet pairs

originating from a vector boson decay from those produced by other processes, such

as tt̄ events. The distribution of this variable is shown in Figure 8.8(b).

• b-jet veto, as described in the 1-jet category.
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(a) ∆η j j (b) mj j

Figure 8.8: The∆η j j andmj j distributions for events that satisfy the common 1-jet and 2-jet
common selections [58].

(a) Leading jet (b) Sub-leading jet

Figure 8.9: Theη distributions of the leading jet after after the invariant mass and jetpT >
40 GeV selections. Theη distributions for the sub-leading jet are shown for events with at
least a second jet withpT > 25 GeV. Events from all channels are shown together [58].

After applying all selections, the distributions of the four Higgs categories are shown in Figure

8.10. The collinear mass is used for the signal mass reconstruction in the 2-jet and 1-jet

categories, while the effective mass is used for the 0-jet category. The effective mass is

defined as follows:

me f f ective
ττ =

√

(pe+ pµ+Emiss
T )α(pe+ pµ+Emiss

T )α, (8.5)
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where the four-momentum of the Emiss
T component is defined to be:

(Emiss
T )α = (|Emiss

T |,Emiss
x ,Emiss

y ,0). (8.6)

The mass reconstruction techniques used for each category are chosen because they

provide different shapes for the signal and background processes. This increases the Higgs

sensitivities when setting an exclusion limit, which is discussed in section 8.6.

The number of observed signal candidates and the estimated yields in the signal region are

shown in Table 8.1. The expected number of signal events for a range of possible Higgs

masses are shown in Table 8.2.

(a) 2-jet VBF (b) 2-jet VH

(c) 1-jet (d) 0-jet

Figure 8.10: The distributions of the fourH → ττ → ll +4ν signal regions [58].
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ee+ µµ+ eµ

VBF category VH category 1-jet category 0-jet category

gg→ H (mH = 120GeV) 0.26±0.06±0.10 0.8±0.1±0.2 3.9±0.2±1.0 23±1±3

VBF (mH = 120GeV) 1.08±0.03±0.11 0.10±0.01±0.01 1.15±0.03±0.01 0.75±0.03±0.06

VH (mH = 120GeV) 0.01±0.01±0.01 0.53±0.02±0.07 0.40±0.02±0.03 0.52±0.02±0.04

γ∗/Z → ττ 24± 3± 2 107± 12± 9 516± 11± 41 9676±50±68

γ∗/Z →ee,µµ 2± 1± 1 25± 4± 9 83± 7± 27 185±11±14

Top 7± 1± 2 42± 2± 6 98± 3± 12 169±4±14

Di-boson 0.9± 0.3± 0.3 6± 1± 1.0 21± 1± 3 221±3±18

Fake backgrounds 1.3± 0.8± 0.6 13± 2± 5 30± 4± 12 1183±13±473

Total background 35± 3± 4 193±7± 20 748±14± 52 11437±53±478

Observed data 27 185 702 11420

Table 8.1: The number of signal and background events for each of the four Higgs categories
after applying all selections. The quoted uncertainties denote the statistical and systematic
components, respectively [58].

Higgs boson (VBF+VH+gg→ H) and Background expectations

Sample mH = 100GeV mH = 110GeV mH = 115GeV mH = 120GeV

VBF category 1.5± 0.1 1.4± 0.1 1.4± 0.1 1.3± 0.1

VH category 1.8± 0.2 1.9± 0.2 1.8± 0.2 1.4± 0.2

1-jet category 6± 1 7± 1 6± 1 5± 1

0-jet category 28± 3 27± 3 27± 3 24± 3

Sample mH = 130GeV mH = 140GeV mH = 150GeV Bkgs

VBF category 1.0± 0.1 0.5± 0.1 0.3± 0.1 35± 5

VH category 1.0± 0.2 0.6± 0.2 0.3± 0.1 193± 19

1-jet category 5± 1 3± 1 1.3± 0.4 (7.5± 0.4)·102

0-jet category 18± 2 11± 2 4.7± 0.5 (1.14± 0.05)·104

Table 8.2: The expected number of signal events for a variousHiggs mass hypotheses [58].
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8.4 Estimation of background contributions

The main backgrounds to this analysis are estimated either using data-driven methods or

simulations that have been cross checked with data-driven methods.

8.4.1 γ∗/Z → ττ background

The Z → ττ process is the main background to this analysis because it has a topology that’s

similar to the signal’s. Ideally, this background would be estimated from data but a pure

sample of Z → ττ events is difficult to obtain. Furthermore, any pure sample of Z → ττ
events is likely to contain signal contamination.

To provide the best possible estimate of this background, a pure sample of Z → µµevents is

selected, from which the muons are replaced with simulated tauons [58]. The Z → µµ

process is chosen for this task because it is easy to isolate and contains minimal signal

contamination. This method is known as "embedding" and has the advantage of fully

replicating the kinematics of real collision events. Assuming lepton universality, the

kinematics of Z → µµ and Z → ττ events are expected to be almost identical, with a slight

difference caused by muons and tauons having different masses. The resulting hybrid

dataset is referred to as the τ-embedded Z → µµsample.

The Z → µµevents are selected from data using the following requirements:

• Two oppositely charged muons with pT > 20 GeV,

• Both muons have pTcone20/pT < 0.2,

• Both muons have a common primary vertex,

• Invariant mass mµµ > 55 GeV.

Once selected, all detector hits associated with the daughter muons are removed. The four-

vectors of these muons are then replaced by the four-vectors of the simulated tauons with the

mass term and 3-momentum slightly adjusted to account for the mass difference between

muons and tauons. The simulated tauons are processed by the TAUOLA and PHOTOS

packages before being passed through the full ATLAS detector simulation and reconstruction

algorithms.

The validation of the embedding method is performed by replacing the muons in the data

events with simulated muons instead of tauons. This makes it possible to check the

systematic effects of the method itself without any interference from the Z → ττ modelling.
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(a) MuonpT (b) Transverse mass,MT

(c) Emiss
T (d) SumET

Figure 8.11: The comparisons between the dataZ → µµ events and theµ-embedded
validation sample [58].

The key kinematic distributions of the Z → µµdata events and the µ-embedded sample are

shown in Figure 8.11, where a good agreement is observed.

The τ-embedded Z → µµsample is used in this analysis to model the shapes of all relevant

distributions and the selection efficiencies after the triggers. However, the scale of the

embedded sample cannot be easily obtained due to its biases with the trigger and dilepton

selections. Instead, the ALPGEN Z → ττ sample is used to provide the scale of the

embedded sample after the trigger and dilepton selections. To ensure the kinematics of the

ALPGEN sample are similar enough to the embedded sample, a comparison is made using

the invariant mass and effective mass distributions of the two samples. The plots are shown

in Figure 8.12, where a rough agreement is observed. The peak values in the mass

distributions are slightly different between the embedded and ALPGEN samples. This

discrepancy does not have a strong impact on the analysis since the ALPGEN sample is

only used to measure the trigger and dilepton selection efficiencies. The systematic

uncertainties considered for the production cross section of the Z boson is expected to be

enough to cover this discrepancy.
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(a) eµvisible mass (b) ee+µµvisible mass

(c) eµeffective mass (d) ee+µµeffective mass

Figure 8.12: The visible mass and effective mass distributions of the ALPGENZ → ττ
sample and theτ-embeddedZ→ µµsample after the dilepton selection for theeµandee+µµ
channels [58].

8.4.2 γ∗/Z → ee,µµbackground

The shapes of the kinematic distributions and the selection efficiencies of the γ∗/Z → ee,µµ

backgrounds are derived using MC. However, the scale of these backgrounds are determined

using a data-driven method to reduce the uncertainties on the mismodelling of the Emiss
T .

Two control regions are defined after the eeand µµ selections for events with an invariant

mass between 80 and 100 GeV. One of these regions requires events to have Emiss
T > 40

GeV and the other requires Emiss
T < 40 GeV. The chosen invariant mass window ensures

a high purity of γ∗/Z → ee,µµ events. An illustration of these regions is shown in Figure

8.13, where the control regions are labelled as "B" and "D". Region "C" is used to calculate

systematic uncertainties of this method.

Any discrepancies in the tails of the Emiss
T distributions between the data and MC are

corrected for by rescaling the MC estimate. Assuming that the Emiss
T is independent of the

mll , the corrected estimate in the signal region, "A", is given by:
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Figure 8.13: The MC distributions of theZ → ee(left) andZ → µµ (right) events plotted as
a function ofmll andEmiss

T [58].

Acorrected
MC = AMC× Bdata

Bdata+Ddata

BMC +DMC

BMC
. (8.7)

The event selections of the four categories are applied to regions "B" and "D" to measure the

rescaling factors. In all control regions, the expected contributions from other electroweak

processes are estimated using MC and subtracted from the data. The number of γ∗/Z →
ee,µµevents is estimated in BMC and DMC using the ALPGEN γ∗/Z → ee,µµsamples. This

method assumes the mll and Emiss
T distributions are well modelled by the MC. This is checked

by comparing the ratio of events in regions "C" and "D" between data and MC. The measured

differences are considered as systematic uncertainties [58]. The measured rescaling factors

for each category and its systematic uncertainties are shown in Table 8.3.

Estimatedγ∗/Z+jets correction

Estimate Rescaling factor

ee+0j 0.91±0.01(stat)±0.04(syst)

µµ+0j 0.93±0.01(stat)±0.02(syst)

ee+1j 0.86±0.02(stat)±0.09(syst)

µµ+1j 0.98±0.02(stat)±0.01(syst)

eeVBF 0.87±0.05(stat)±0.02(syst)

µµVBF 1.08±0.04(stat)±0.15(syst)

ee VH 0.95±0.04(stat)±0.07(syst)

µµ VH 1.00±0.03(stat)±0.08(syst)

Table 8.3: The rescaling factors for theγ∗/Z → ee,µµprocesses [58].
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8.4.3 Top backgrounds

The selection efficiencies and the kinematic distributions of the top related backgrounds are

estimated using MC. The predicted cross sections are checked with data-driven estimates in

control regions where the purity of top events is enhanced. In the 2-jet and 1-jet categories,

the control regions use the same selections as the normal analysis except with the b-tag veto

selection inverted. This is the same in the 0-jet category except the HLep
T selection is inverted

instead. The purity of top events is above 90% in the VBF and 1-jet categories and above

75% in the VH and 0-jet categories. The number of events in each top control region is shown

in Table 8.4 for the data and MC. The mll distributions for these regions are shown in Figures

8.14, 8.15, 8.16(a) and 8.16(b) for the VH, 1-jet, VBF and 0-jet categories, respectively.

The scale of the top backgrounds are determined using the following equation:

Rscale
MC =

NCR
data−NCR

Other Bkgs

NCR
top Bkg

, (8.8)

Top Backgrounds Other Backgrounds Data
VBF category 6± 1 1.0± 0.5 5
VH category 106± 2 4± 1 151
1-jet category 252± 3 13± 2 289
0-jet category 474± 4 166± 6 619

Table 8.4: The number of events in the top background controlregions. Only statistical
errors are shown [58].

(a) ee (b) eµ (c) µµ

Figure 8.14: Comparisons of themll distributions for events in the VH top control regions
[58].
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(a) ee (b) eµ (c) µµ

Figure 8.15: Comparisons of themll distributions for events in the 1-jet top control regions
[58].

(a) VBF all channels (b) 0-jet

Figure 8.16: Comparisons of themll distributions for events in the VBF and 0-jet top control
regions [58].

where, NCR
data is the number of data events in the control region, NCR

Other Bkgsis the estimated

contribution from non-top related processes and NCR
top Bkg is the estimated contribution from

top related events. NCR
Other Bkgsand NCR

top Bkg are estimated from simulations. The measured

scales are shown in Table 8.5. The systematic uncertainties are calculated by propagating

all considered effects through the MC estimates. All scaling factors are consistent with unity

within 2σ. These results validate the predicted cross sections of the top backgrounds and as

such, they are used for the estimation of top events in the signal region.
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Top MC estimate Scale
VBF category 6± 1 0.82± 0.46± 0.13
VH category 41± 1 1.39± 0.12± 0.12
1-jet category 105± 2 1.09± 0.07± 0.10
0-jet category 171± 3 0.96± 0.05± 0.07

Table 8.5: Expected number of top background events in the signal regions and the relative
scale factors. The first uncertainty is the statistical component and the second is the
systematic. For the top MC estimate, only the statistical errors are shown [58].

8.4.4 Fake background

The fake background includes all processes with at least one reconstructed lepton not

originating from a tauon or vector boson decay. This background mainly consists of multijet,

W+jets and tt̄ events. To avoid double counting, the zero and one lepton tt̄ decays are

removed from the top simulated samples. The scale, shapes and selection efficiencies of

the fakes are estimated from data.

The shapes of the fake distributions are derived using control regions where the purity of

these events are enhanced. The selections used for these regions are the same as nominal

analysis but with the following changes:

• Exactly one of the leptons fails the pTcone requirement,

• Leptons are required to have the same charge (No charge requirement for the ee

channel),

• Electron identification requirement reduced to "medium".

The requirements of the fake control regions are chosen to select fake distributions with

compositions that resemble those expected in the signal region. By requiring exactly one of

the leptons to fail the track isolation requirement, contributions from heavy-flavoured

multijets are reduced. Heavy-flavoured multijets are not expected to have significant

contributions because they are likely to fail the isolation requirements. The ETcone

selection is kept nominal in all channels to reduce contributions from real leptons that

undergo bremsstrahlung in the inner detector. For the W+jets and light-flavoured di-jet

events, the charge of the lepton candidates are expected to be uncorrelated and therefore

the same-sign requirement favour these events and reduces signal contamination. In the ee

channel, opposite-signed events are also used to increase statistics. All electroweak

contaminations are estimated from simulations and subtracted from these regions. The

purity of the fake control regions are shown in figure 8.17 for events that satisfy the dilepton

selections.

126



(a) ee (b) eµ

(c) µµ

Figure 8.17: Themll distributions of fake control regions after applying the dilepton
selection [58].

Given the tight requirements of the lepton isolation and the Emiss
T , the fakes are expected to

have a small contributions in the signal region. Thus, the scale of this background is

calculated after the dilepton and invariant mass selections using the "template" method [79].

The template method takes a particular variable distribution in data and subtracts the

expected contributions from all non-fake processes. The remaining events are assumed to

be composed entirely of fakes and using these shapes, the scale which best fits the data

distribution is used.

In this analysis, the pT of the sub-leading lepton is used to determine the fake scale in all

channels. In addition, the eµ channel is split further into two sub-channels determined by

whether the leading lepton is a muon (µe) or an electron (eµ). In this way, the fake
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background is more accurately described, since its composition may differ between µeand

eµ events. The pT of the sub-leading lepton is chosen because its distribution shape is

different for fakes and other electroweak events. The distributions of the fake events are

compared between the control and signal regions, which is shown in Figure D.1 as a

function of the sub-leading lepton pT . The distributions agree within the uncertainties, which

indicates that the fake compositions are similar between the signal and control regions. The

expected fake contributions are shown in Figure 8.18 as a function of the sub-leading lepton

pT .

(a) ee (b) eµ

(c) µe (d) µµ

Figure 8.18: ThepT distributions of the sub-leading lepton including the fakecontributions
estimated using the template method [58].

The selection efficiencies of the fake background are calculated by passing the events in the

control regions through the selections of the analysis. Assuming the scale is independent

of the selection efficiencies, the fake contribution at each selection stage is estimated by

multiplying the efficiencies with the template fitted scale.

128



8.5 Systematic uncertainties

This section details the systematic uncertainties considered for this analysis. These include

the resolution and scale factors of reconstructed particles, the pileup conditions, the cross

section of the signal and backgrounds and the integrated luminosity.

8.5.1 Jet energy scale and resolution

The corrections for jet energy scale contain a number of different effects, which are consid-

ered as systematic uncertainties. These are detailed in references [80] and [81]. All uncer-

tainties associated with the jet energy scale are combined in quadrature to obtain an overall

uncertainty. The energy scale varies between 2-7% depending on the pT and η of the jets.

The ±σ variations are propagated through this analysis to determine its effect on the signal

and background estimates.

The methods used to determine the uncertainties in the jet energy resolution are described

in reference [82]. The systematic uncertainty of the jet energy resolution is determined by

increasing the resolution width by 1σ and propagating the variation through all simulated

estimates.

8.5.2 Emiss
T reconstruction

All systematic uncertainties pertaining to the scale and resolution of reconstructed particles

are also propagated to the Emiss
T . Systematic uncertainties specific to the Emiss

T include the

uncertainties on the low pT jets and the energy deposits that are not associated with any

reconstructed particle. These effects are considered by coherently varying the soft jet and

cell out terms by ±10% and propagating the variations through all simulated estimates.

8.5.3 Fake background estimation

The uncertainties of the fake background estimation are derived by varying the pT range of

the sub-leading lepton from which the template fit is performed. The maximal deviation from

the nominal value is taken as the systematic uncertainty, which is measured to be 40%.

8.5.4 SM cross sections

For the background samples, an uncertainty of 4% is considered for the cross section of

γ∗/Z production. For γ∗/Z events with at least one additional jet, an additional uncertainty
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of 24% is considered. Different predictions between the ALPGEN and PYTHIA MC are also

considered and is measured to be about 2%. For tt̄ and single-top events, an uncertainty of

8% is used [83] and an uncertainty of 4% is used for all diboson processes.

For the signal events, the uncertainties on their cross sections depend on mH . Uncertainties

of 15 - 25% are used for the gluon-gluon fusion production and 2.5 - 3% is considered for the

VBF and VH productions [84].

8.5.5 γ∗/Z → ττ embedding

The systematic uncertainty of the embedding method is obtained by using a sample of

γ∗/Z → µµ events where the track isolation requirement is removed. The difference

between the nominal γ∗/Z → µµand alternate sample is taken as the uncertainty.

8.5.6 Parton distribution functions

The uncertainty of the proton PDF results is an additional source of uncertainty for the signal

and background cross sections. An uncertainty of 3% is used for all background processes.

For the signal, 7.8% is considered for the gluon-gluon fusion process and 2.3% is considered

for the VBF and VH processes [84].

The systematic uncertainties measured for this analysis are shown in Tables D.1, D.2, D.3

and D.4 for the VBF, VH, 1-jet and 0-jet categories, respectively.

8.6 Higgs limit setting

The exclusion limits on the production of the Higgs boson are determined as a function

of the Higgs mass. The procedure used to compute the limits is based on the modified

frequentist method known as CLs [85]. This method is used to determine the consistency of

the observed events with a background-only or a signal+background hypothesis. These are

measured in terms of likelihoods, which are calculated from the signal region distributions

shown in Figure 8.10.

The uncertainties on the background and signal+background estimates are assumed to have

Gaussian distributions. For both hypotheses, each source of uncertainty is randomly varied

about their central values, over thousands of iterations, to measure the average variance.

This is then used to measure the likelihoods of each hypothesis. For the uncertainties that

affects the shapes of the mass distributions, the variations are performed on a bin-by-bin

basis to achieve a more precise estimate. In this analysis, only the jet energy scale variations

are performed in this manner. For all other systematics, only the scale is varied.
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Correlations between the systematic uncertainties are also taken into account in the CLs

method, where the uncertainties are assumed to be either fully correlated or fully

uncorrelated. For uncertainties that are fully correlated, their variations are performed

coherently. In this analysis, the uncertainties on the luminosity, energy scale and

acceptance are assumed to be fully correlated and all other uncertainties are assumed to

be uncorrelated.

The likelihood function used to determine the limits in the four signal categories, denoted by

j , is given by:

L(µ,θ) =
4

∏
j=1

Poisson[Nj |µ(sgg→H
j +sVBF

j +sVH
j )+b j ]∏

θ
Gaussian(θ|0,1) (8.9)

where µ is the signal strength, θ are the sources of uncertainty, N is the number of observed

events, s is the number of expected signal events and b is the number of expected

background events.

The test statistic, q, measures how well each hypothesis fits the observed distributions by

comparing them to the best fit scenario. They are defined as follows:

q0 = −2 ln
L(0, θ̂obs

0 )

L(µ̂, θ̂)
(background-only), (8.10)

qµ = −2 ln
L(µ, θ̂obs

µ )

L(µ̂, θ̂)
(signal+background), (8.11)

where L(µ̂, θ̂) denotes the maximum likelihood fit of the data points for the given θ
uncertainties with the constraint 0 ≤ µ̂≤ µ. The lower bound on µ̂ ensures that the signal

yield is positive and the upper bound ensures that an excess of observed events is

described by the signal+background hypothesis. L(0, θ̂obs
0 ) and L(µ, θ̂obs

µ ) denote the

maximum likelihood fit of the data assuming a background-only or a signal+background

hypothesis, respectively.

The probability distribution functions of the two hypotheses are constructed from the test

statistics, q0 and qµ, which are denoted by f (qµ|µ, θ̂obs
µ ) and f (q0|0, θ̂obs

0 ), respectively. The

probabilities of observing an excess above the given data points is determined by integrating

these functions from the measured q values to all possible higher q values (assuming different

values of µ). The probabilities are measured in terms of p-values for the two hypotheses:
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p0 =
Z ∞

q0

f (q0|0, θ̂obs
0 )dq0 (background-only), (8.12)

pµ =
Z ∞

qµ

f (qµ|µ, θ̂obs
µ )dqµ (signal+background). (8.13)

The confidence limit of the signal, CLs(µ), is calculated as a ratio of the two p-values:

CLs(µ) =
pµ

p0
. (8.14)

For CLs= α, the inverse, (1−α), is often quoted as the confidence level. The exclusion

limits are expressed relative to the SM Higgs production cross section. Figure 8.19 shows

the exclusion limits as a function of the Higgs mass. The most sensitive Higgs masses are

between 100 - 130 GeV, where an exclusion of 5-6 times the SM cross-section is observed.

For the higher mass range, the exclusion limit decreases to 7-15 times the SM predictions.
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Figure 8.19: Exclusion limits of theH → ττ → ll +4ν analysis. The expected and observed
95% confidence-level limits are shown as solid and dashed lines, respectively [86].
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9
H → ττ combined limit

The search for the Higgs boson is also conducted in the H → ττ→ l +τh+3ν and H → ττ→
τhτh + 2ν final states. This chapter briefly describes the analyses used for these searches

and the exclusion limits they achieve both individually and in combination with all the H → ττ
search channels.

9.1 Event selections

Triggers

For the lτh search channels, a single "medium" electron trigger with a pT > 20 GeV require-

ment is used for the eτh channel and the a muon trigger with a pT > 18 GeV requirement is

used for the µτh channel.

For the τhτh search channel, a di-τh trigger is used, which has pT thresholds of 29 GeV and

20 GeV for the leading and sub-leading hadronic tauons, respectively.

H → ττ → l + τh +3ν selections

Events in this channel are required to have exactly one isolated electron (or muon) with one

hadronic tauon of opposite charge. The isolation requirements on the electron or muon are

the same as the ones used in H → ττ → ll +4ν analysis. The electron or muon have pT >

25 GeV and pT > 20 GeV, respectively. For the τh candidate, pT > 20 GeV is required.

To reduce contributions from W + jets and tt̄ processes, the transverse mass is required to be

above 30 GeV. Events that satisfy these selections are split into seven exclusive categories

based on their jet properties and their Emiss
T value. Separating events into different categories
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achieves a better signal to noise ratio. This analysis has one H+2-jet VBF category, two H+1-

jet categories and four H+0-jet categories, which require events to have at least two jets, at

least one jet and exactly zero jets, respectively.

The H+2-jet VBF category requires events to have a Emiss
T > 20 GeV and at least two jets

with pT > 25 GeV. The two leading jets are required to be in opposite hemispheres (η j1 ·η j2

< 0), have a ∆η j j > 3 and have an invariant mass (mj j ) greater than 300 GeV. The lepton

and τh candidate must also be within the pseudorapidity range of the two leading jets. The

eτh and µτh events are combined in this category due to the limited number of events.

The two H+1-jet categories requires events to have Emiss
T > 20 GeV and at least one jet with

pT > 25 GeV. Only the events that fail the VBF selections are included. The eτh and µτh

events are analysed separately.

The four H+0-jet categories includes all events that have no jets with pT > 25 GeV. The events

are categorised on whether they are eτh or µτh final states and whether they have Emiss
T > 20

GeV or Emiss
T < 20 GeV.

For each category, the mass of the ττ pair is reconstructed using a method that exploits the

relative orientations of the neutrinos and leptons that are consistent with the kinematics of a

τ-lepton decay. This method is referred to as the Missing Mass Calculator (MMC) and has a

reconstruction efficiency of 99% and 13 - 20% resolution on the mass [87].

H → ττ → τhτh +2ν selections

In the H → ττ → τhτh + 2ν analysis, events are required to have exactly two oppositely

charged τh candidates with pT > 35 GeV and pT > 25 GeV to be above the di-τh trigger

thresholds. Events are rejected if they contain any isolated leptons to reduce the background

contributions from electroweak processes.

Only a single H+1-jet category is considered in this search channel. The backgrounds in this

channel mainly come from multijets that fake τh candidates and Z → ττ events where both

tauons decay hadronically. After the two τh selection, a 0 < x1,x2 < 1 selection is applied,

where x1 and x2 are the collinear approximation momentum fractions (section 8.3). The

collinear approximation is used for the reconstruction of mττ in this channel and this selection

ensures that the solutions are always real. The events are also required to have Emiss
T > 20

GeV, at least one jet with pT > 40 GeV, an angular separation between the two τh candidates

that satisfies ∆R(τ,τ) < 2.8 and the invariant mass of the ττ pair with the leading jet (mττ j ) to

be above 225 GeV.
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9.2 Background estimations

H → ττ → l + τh +3ν estimation

The background contribution is estimated using a control region with the same event

selections as the signal but with the opposite charge (OS) requirement changed to a same

charge (SS) requirement. The number of background events (nbkg
OS) can be expressed as:

nbkg
OS = nall

SS+nW+ jets
OS−SS +nZ→ττ

OS−SS+nother
OS−SS (9.1)

where nall
SS is the number of SS events observed in data control region and the remaining

terms are the differences between the number of OS and SS events for the considered

backgrounds. For the multijet background, nmulti jet
OS−SS = 0 is assumed, since the charge of the

fake τh candidate is expected to be uncorrelated with the charge of the lepton. This

assumption is validated in a multijet enriched control sample where a value of

rmulti jet
OS/SS = 1.10±0.01(stat.)±0.09(syst.) is observed [86]. The main advantage of using

this method is that the fake distributions from all processes are derived from data. This

reduces any uncertainties related to the mismodelling of fakes in the electroweak

backgrounds and provides a data-driven estimate of the multijet background.

The γ∗/Z → ττ contribution is estimated using the τ-embedded Z → µµ samples (8.4.1).

For the W+jets background, the shapes of the kinematic distributions are obtained from MC

and the scale is calculated from data using a W enriched control region. For the remaining

backgrounds, MC estimates are used.

The MMC is used to define the mass spectrum of this analysis, as it provides a better

discrimination between the signal and the non-γ∗/Z → ττ backgrounds [87]. The MMC

distributions for data with the expected signal and background contributions are shown in

Figure 9.1.
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Figure 9.1: The MMC distributions in the signal regions for the H → ττ → l + τh + 3ν
analysis categories [86].
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H → ττ → τhτh +2ν estimation

The γ∗/Z→ ττ and multijet processes are the dominant backgrounds in this analysis and are

estimated using data-driven methods. All other backgrounds are estimated using simulations.

The kinematic distribution of the γ∗/Z → ττ background is obtained using the embedded

sample. The scale of this background is calculated from a control region by fitting the track

multiplicity in a cone size of ∆R= 0.6 around the reconstructed τh candidates. The γ∗/Z→ ττ
shapes are modelled from the simulation and the multijet shapes are derived from data using

SS events. All other processes are modelled from simulations. The track multiplicity of

multijet events is expected to be larger than the γ∗/Z → ττ events. The two distributions

are expected to be separated well enough for a clean fit to be made. The scale of the

multijet background is estimated using the same fitting method as described for the γ∗/Z →
ττ background using the track multiplicity. However, this fit is performed in the signal region

after all event selections.

The mass distribution of the signal events is shown in figure 9.2.
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Figure 9.2: The signal region of theH → ττ → τhτh +2ν search channel [86].
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9.3 Systematic uncertainties

The systematic uncertainties on to the production cross sections, the integrated luminosity,

the jets, the lepton efficiencies and the Emiss
T are evaluated using the same methods as the

H → ττ → ll + 4ν analysis. The only systematics that are unique to the hadronic H → ττ
search channels are the uncertainties on the τh identification and energy scale.

The difference in the τh identification efficiency between data and MC is calculated by

comparing the number of W → τν and γ∗/Z → ττ events in control regions where the purity

of these processes are enriched. The efficiency difference is found to be less than 4%.

The τh energy scale is calibrated by comparing the single hadron responses in the calorime-

ters between the collision data and the 2004 test beam data [88]. The resulting calibrations

are then validated in an enriched data sample of γ∗/Z → ττ events. The uncertainties in the

scale are found to be between 2 - 5%.

9.4 Exclusion limits

The combined exclusion limits are calculated from the twelve H → ττ search categories.

Systematic uncertainties that are common between the different search channels are

considered to be fully correlated and all other systematic uncertainties are considered to be

uncorrelated. The limits set using the H → ττ analyses are shown in Figure 9.3, for the

three sub-channels individually and in combination.

The combined results are most sensitive in the mass region between 100 and 120 GeV,

where the observed limit is approximately 3 times the SM prediction. For the higher mass

regions, the exclusion power of these analyses decrease to approximately 6 times the SM

prediction at mH = 140 GeV and 12 times at mH = 150 GeV.
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(b) H → ττ → l + τh +3ν
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(c) H → ττ → τhτh +2ν
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Figure 9.3: The exclusion limits set by theH → ττ analysis channels shown individually
and in combination. The excluded production cross sectionsare shown as a ratio over the
expectations of the Standard Model (σ/σSM) as a function of the Higgs mass (mH) [86].
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10
ATLAS Higgs combination

The ATLAS experiment searches for the Higgs boson across many final state channels.

Besides the H → ττ channel, which has already been described, searches have also been

conducted in the H → bb̄ [89], H → γγ [90], H → ZZ → 4l [91] and H → WW → lνlν
[92][93] search channels.

10.1 7 TeV combination

The results from the H → ττ, H → bb̄, H → γγ, H →WWand H → ZZ search channels are

combined to achieve results with greater statistical significance. The correlations between the

systematic uncertainties are taken into account and are assumed to be either fully correlated

or fully uncorrelated. The correlated uncertainties mainly include: the integrated luminosity;

the efficiency of the electron and photon trigger identification; the electron and photon energy

scales; the jet energy scale and Emiss
T ; and the theoretical cross sections of the signal and

background processes [94]. All other systematic uncertainties are considered to be fully

uncorrelated.

The exclusion limits achieved by each search channel and their combined limits are shown

in Figure 10.1. The majority of the mass points between 110 and 150 GeV are excluded at

95% confidence. A slight excess of events is observed above the background expectations

in the H → γγ and H → ZZ channels at a hypothesised Higgs mass of 126 GeV. These are

quantified in terms of local p0 values, which are shown in Figure 10.2. The excess has a

combined significance of 2.9 σ.
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Figure 10.1: The exclusion limits achieved by Higgs search channels using the
√

s = 7 TeV
dataset [95].
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10.2 7 TeV and 8 TeV combination

The H → γγ, H →ZZ and H →WWanalyses are also performed on the
√

s= 8 TeV dataset.

The combined limits of the
√

s = 7 TeV and
√

s = 8 TeV datasets are shown in Figure 10.3,

where most mass points below 500 GeV are excluded at 95% confidence. The only region

that isn’t excluded is around mH = 126 GeV, where an excess is observed in the H → γγ,

H → ZZ and H →WW search channels. The Higgs mass at which the excess is observed

is consistent between the
√

s = 7 TeV and
√

s = 8 TeV datasets. Figure 10.4 shows the

combined local p0 values, where a significance of 5.9 σ is measured.
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Figure 10.3: The combined exclusion limits of the ATLAS Higgs search channels.
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The best fit signal strengths of the observed excess are shown in Figure 10.5 for the various

search channels and their combination. A signal strength of µ= 1.4±0.3 is found to best fit

the data using a Higgs mass hypothesis of mH = 126 GeV.
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Figure 10.5: The best fit signal strengths for the various Higgs search channels and their
combination.

The local p0 value measured at mH = 126 GeV exceeds the 5σ limit required to claim

discovery. ATLAS claims the discovery of a new particle with a best fit mass of 126 ± 0.4

(stat.) ± 0.4 (sys.) GeV. This particle has been observed to decay into a pair of gauge

bosons, which means it must be a boson. The measured excess is also consistent with the

expected yields of the SM Higgs. Thus far, all measured properties of this new particle are

consistent within the uncertainties of a SM Higgs.

144



11
Conclusions and outlook

This thesis began by introducing spontaneous electroweak symmetry breaking as way of

generating masses for the electroweak gauge bosons. This mechanism predicts the

existence of a massive scalar particle, the Higgs boson. The Higgs interaction terms are

obtained by expanding around the minimum potential and from these terms, the Higgs

decay modes and expected cross sections were calculated and shown.

To achieve the most from the H → ττ→ ll +4ν analysis, the multijet and Z→ ττ backgrounds

were studied in further detail to ensure these processes are well modelled. The multijet

composition study showed that the contributions in the eeand eµchannels are dominated by

light-flavoured jets faking leptons, while in the µµchannel, they’re dominated by leptonically

decaying bb̄ pairs. The production cross section of the Z → ττ process was measured in

the eµ and µµ decay channels and combined with the measurements from the eτh and µh

channels for better precision. A combined total cross section of 0.97 ± 0.07 (stat.) ± 0.06

(syst.) ± 0.03 (lumi.) was measured, which is in agreement with the NNLO predictions and

the CMS measurements.

The H → ττ→ ll +4ν analysis excluded the Higgs at 5 - 7 times the SM cross section for 100

< mH < 130 GeV and 7 - 15 times the SM cross section for 130 < mH < 150 GeV. Combining

all the H → ττ search results, an exclusion of 3 - 5 times the SM cross section is achieved

for 100 < mH < 130 GeV and 5 - 12 times the SM cross section is achieved for 130 < mH <

150 GeV. These results are obtained only from the data collected by ATLAS in 2011 at
√

s =

7 TeV, which has an integrated luminosity of 4.7 f b−1.

A new boson was discovered with a significance of 5.9 σ in the H → γγ, H →WW→ lνlν
and H → ZZ→ 4l search channels using the 4.8 f b−1 of

√
s= 7 TeV data collected in 2011

and the 5.9 f b−1 of
√

s = 8 TeV data collected in 2012. This particle has a best fit mass

of 126 ± 0.4 (stat.) ± 0.4 (syst.) and a best fit signal strength of µ = 1.4± 0.3. These

properties are consistent, within the uncertainties, to that of the SM Higgs boson.
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The newly discovered particle has so far only been observed to decay into gauge bosons. To

confirm this discovery as the Higgs, its fermionic decay modes must also be observed, which

can be achieved in the H → ττ and H → bb̄ search channels with more data. The spin of this

particle also needs to be measured to test whether or not it is a scalar. This measurement

is most easily performed in the H → ττ channel, where the branching ratio is high and the

angular distribution of the final state particles are easy to measure. At the time at which this

thesis was written, the LHC continues to produce data at
√

s = 8 TeV, which can be used to

make the necessary measurements to confirm this discovery. Therefore the future goals of

the H → ττ analyses are to firstly, observe the signal and secondly, to measure the spin of

this new particle if it does decay into tauons.
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A
Parton distribution function

Protons are composite particles that consists of quarks and gluons. They contain three

valence quarks that are two up quarks and one down quark to give protons a +1 net electric

charge (2×u(+2/3)+d(−1/3) = +1). In the most simplistic view, the three valence quarks

are held together in a triplet by gluon interactions. However, high-energy experiments that

have probed the proton structure reveal a more complicated picture. One of these more

recent experiments has been conducted at the Hadron Electron Ring Anlage (HERA), located

at DESY in Hamburg, Germany. HERA is a proton-electron collider with two detectors that

measure the proton’s parton distribution function (PDF): H1 and ZEUS. A detailed description

of HERA and the H1 and ZEUS detectors can be found in references [96] and [97].

The most recent combined measurement of the proton PDF from H1 and ZEUS is presented

in Figure A.1. This plot shows the probabilities of valence quarks, sea quarks and gluons

carrying a fraction of the proton’s total momentum at centre-of-mass energy of Q2 = 10000

GeV2. These results show that sea quarks and gluons dominate the proton PDF for low

values of x and the valence quarks peak at around the x = 10−1. The measurements of the

proton’s PDFs is important for calculating expected cross sections of physics processes at

hadron colliders.
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Figure A.1: Combined measurement of the proton PDF by the H1 and ZEUS experiments.
f is the probability of finding a parton with a fraction of the proton’s total momentum,x.
xuv andxdv represent the up and down valence quarks respectively andxSandxg represent
the sea quarks and the gluons respectively. Both the sea quarkand gluon distributions have
been down scaled by a factor of 20 for viewing purposes.
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B
Multijet composition plots
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Figure B.1: pT distribution for the Minimum Bias and the Multijet(µ) 17-35 GeV samples
[65] [65].
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C
Z → ττ → ll +4ν plots and tables
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Figure C.1:∆φ(µ1,µ2) and|d0(µ1)| + |d0(µ2)| distributions for theZ → ττ → µµ+ 4ν and
Z/γ∗ → µµ events normalised to unity for viewing purposes. The distributions are shown
for events that satisfy theµµ, isolation and invariant mass selections [10].
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Figure C.2: 2D histograms of∆φ(µ1,µ2) versus∆φ(µ,Emiss
T ) shown in (a), (b) and (c). 2D

histograms of∆φ(µ1,µ2) versusPT(µ1)−PT(µ2) shown in (d), (e) and (f). Distributions
are shown after theµµ, isolation and invariant mass selections. The size of the squares is
proportional to the number of events in each bin [10].

152



EtCone40/Et

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

E
ve

n
ts

210

310

-1
Ldt=35.5 pb∫

 = 7 GeVs

Data 2010
ττ → */Z γ

 < 60 GeV
µµ

, mµµ → */Z γ
 > 60 GeV

µµ
, mµµ → */Z γ

ν e →W 
ν µ →W 
ν τ →W 

Top pairs
Diboson
QCD

(a) MuonETcone40/pT

EtCone40/Et

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

A
rb

itr
ar

y 
un

its

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

ττ → */Z γ

(b) MuonETcone40/pT signal

PtCone40/Et

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

E
ve

n
ts

1

10

210

310

410

-1
Ldt=35.5 pb∫

 = 7 GeVs

Data 2010
ττ → */Z γ

 < 60 GeV
µµ

, mµµ → */Z γ
 > 60 GeV

µµ
, mµµ → */Z γ

ν e →W 
ν µ →W 
ν τ →W 

Top pairs
Diboson
QCD

(c) Muon pTcone40/pT

PtCone40/Et

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

A
rb

itr
ar

y 
un

its

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

ττ → */Z γ

(d) Muon pTcone40/pT signal

Figure C.3: Distributions of the isolation variables for events with exactly two muons of
opposite charge. A data and MC comparison is shown in (a) and (c), where the yellow
hatches indicate the uncertainty on the MC. The multijet contribution is estimated using
Multijet(µ) samples, which is scaled to match the number of observed events in data. The
shape of the signal distribution is shown explicitly in (b) and (d) for viewing purposes [10].
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Figure C.4: Isolation distributions ofµµ multijet events in data in the different ABCD
regions after the visible mass selection. The distributions have been normalised to unity
for viewing purposes [10].

Isolation Variable µ1 isolated µ1 not isolated k factor

ε(µ2) ETCone40/PT 0.378± 0.028 0.110± 0.004 3.44± 0.28

ε(µ2) PTCone40/PT 0.369± 0.028 0.107± 0.004 3.45± 0.29

Isolation Variable µ2 isolated µ2 not isolated k factor

ε(µ1) ETCone40/PT 0.528± 0.040 0.180± 0.006 2.93± 0.24

ε(µ1) PTCone40/PT 0.437± 0.035 0.136± 0.004 3.21± 0.27

Average k factor = 3.26± 0.55 (stat)± 0.50 (sys)

Table C.1: The isolation selection efficiencies of the sub-leading muon are shown for when
the leading muon passes the isolation selections and when itdoes not (top). Conversely, the
efficiencies of the leading muon are shown for when the sub-leading muon passes isolation
and when it does not (bottom). The ratio of these efficienciesare given ask factors [10].
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Figure C.5: Theµµ invariant mass distributions of the multijet control regions B, C and D
for events passing the dilepton selection [10].
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D
H → ττ → ll +4ν plots and tables
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Figure D.1: The comparisons between the nominal and fake control regions for thepT of
the sub-leading lepton after the dilepton and invariant mass selections. The distributions are
normalised to the same integral [58].
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Table D.1: Systematic uncertainties for the signal (top) and backgrounds (bottom) in the
2-jet VBF category [58].

2-jet VBF Category Relative Uncertainty (%)

Uncertainty Source gg→ H VBF VH
(mH=120 GeV) (mH=120 GeV) (mH=120 GeV)

Reconstruction
Trigger scale factors (%) +0.5/-1.7 +0.5/-1.7 +0.5/-1.7
Electron scale factors (%) +1.8/-1.9 +1.8/-1.9 +1.8/-1.9
Electron energy scale (%) +0.3/-0.3 +0.3/-0.3 +0.3/-0.3
Electron energy resolution (%) +0.2/-0.5 +0.2/-0.5 +0.2/-0.5
Muon scale factors (%) +2.2/-2.2 +2.2/-2.2 +2.2/-2.2
Muon momentum scale (%) +0.3/-0.3 +0.3/-0.3 +0.3/-0.3
Muon momentum resolution (%) +0.2/-0.5 +0.2/-0.5 +0.2/-0.5
Jet energy scale (%) +3.2/-4.9 +0.8/-7.5 +0.3/-0.1
Jet energy resolution (%) ±2.7 ±0.3 0.0
Pile-up (%) 0.0 ±0.8 ±18.0
Emiss

T reconstruction (%) 0.0 0.0 ±0.1
b-tagging (%) ±0.2 ±0.1 0.0

Monte Carlo modelling
PDF (gg) (%) ±8.0 - -
PDF (qq̄) (%) - ±4.0 ±4.0

Process rate
gg→ H (%) ±25 - -
VBF/VH H (%) - ±1.0 ±1.0

Luminosity (%) ±3.9 ±3.9 ±3.9
MC statistics (%) ±25.9 ±4.7 ±30.0

Uncertainty Source Z → ττ Fakes Other Backgrounds

Reconstruction
Trigger scale factors (%) +1.7/-3.9 - +1.7/-3.9
Electron scale factors (%) +0.5/-1.5 - +0.5/-1.5
Electron energy scale (%) +0.8/-0.8 - +0.8/-0.8
Electron energy resolution (%) +0.3/+2.4 - +0.3/+2.4
Muon scale factors (%) +0.5/-1.8 - +0.5/-1.8
Muon momentum scale (%) +0.8/-0.8 - +0.8/-0.8
Muon momentum resolution (%) +0.3/-2.8 - +0.3/-2.8
Jet energy scale (%) - - +20.3/-16.7
Jet energy resolution (%) - - ±3.3
Pile-up (%) - - ±0.9
Emiss

T reconstruction (%) - - ±0.8
b-tagging (%) - - ±1.8

Monte Carlo modelling
PDF (gg) (%) - - ±4.4
PDF (qq̄) (%) ±4 - ±1.8

Process rate
Fake background normalisation (%) - ±40 -
Z → ττ embedding (%) ±1 -
Cross-sectionZ+jets (%) ±2.5 - ±0.5
Cross-section di-boson (%) - - ±0.5
Cross-sectiontt̄ (%) - - ±3.3

Luminosity (%) ±3.9 - ±3.9
MC statistics (%) ±11.1 ±35.1 ±2.3
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Table D.2: Systematic uncertainties for the signal (top) and backgrounds (bottom) in the
2-jet VH category [58].

2-jetVH Category Relative Uncertainty (%)

Uncertainty Source gg→ H VBF VH
(mH=120 GeV) (mH=120 GeV) (mH=120 GeV)

Reconstruction
Trigger scale factors (%) +0.5/-1.7 +0.5/-1.7 +0.5/-1.7
Electron scale factors (%) +1.8/-1.9 +1.8/-1.9 +1.8/-1.9
Electron energy scale (%) +0.3/-0.3 +0.3/-0.3 +0.3/-0.3
Electron energy resolution (%) +0.2/-0.5 +0.2/-0.5 +0.2/-0.5
Muon scale factors (%) +2.2/-2.2 +2.2/-2.2 +2.2/-2.2
Muon momentum scale (%) +0.3/-0.3 +0.3/-0.3 +0.3/-0.3
Muon momentum resolution (%) +0.2/-0.5 +0.2/-0.5 +0.2/-0.5
Jet energy scale (%) +2.2/-17.0 +2.1/-9.8 +3.7/-8.9
Jet energy resolution (%) ±0.1 ±0.2 ±1.3
Pile-up (%) ±1.2 0.0 ±0.2
Emiss

T reconstruction (%) ±1.1 0.0 ±0.3
b-tagging (%) ±0.2 ±0.1 ±0.2

Monte Carlo modelling
PDF (gg) (%) ±8.0 - -
PDF (qq̄) (%) - ±4.0 ±4.0

Process rate
gg→ H (%) ±25 - -
VBF/VH H (%) - ±1.0 ±1.0

Luminosity (%) ±3.9 ±3.9 ±3.9
MC statistics (%) ±14.3 ±12.5 ±6.9

Uncertainty Source Z → ττ Fakes Other Backgrounds

Reconstruction
Trigger scale factors (%) +1.7/-3.9 - +1.7/-3.9
Electron scale factors (%) +0.5/-1.5 - +0.5/-1.5
Electron energy scale (%) +0.8/-0.8 - +0.8/-0.8
Electron energy resolution (%) +0.3/-2.4 - +0.3/-2.4
Muon scale factors (%) +0.5/-1.8 - +0.5/-1.8
Muon momentum scale (%) +0.8/-0.8 - +0.8/-0.8
Muon momentum resolution (%) +0.3/-2.8 - +0.3/-2.8
Jet energy scale (%) - - +18.5/-23.6
Jet energy resolution (%) - - ±1.2
Pile-up (%) - - ±0.3
Emiss

T reconstruction (%) - - ±0.3
b-tagging (%) - - ±1.5

Monte Carlo modelling
PDF (gg) (%) - - ±4.6
PDF (qq̄) (%) ±4 - ±1.7

Process rate
Fake leptons normalisation (%) - ±40 -
Z → ττ embedding (%) ±1 -
Cross-sectionZ+jets (%) ±2.5 - ±0.8
Cross-section di-boson (%) - - ±0.5
Cross-sectiontt̄ (%) - - ±3.4

Luminosity (%) ±3.9 - ±3.9
MC statistics (%) ±5.0 ±17.3 ±6.5
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Table D.3: Systematic uncertainties for signal (top) and backgrounds (bottom) in the 1-jet
category [58].

1-jet Category Relative Uncertainty (%)
Uncertainty Source gg→ H VBF H VH

(mH=120 GeV) (mH=120 GeV) (mH=120 GeV)

Reconstruction
Trigger scale factors (%) +0.5/-1.7 +0.5/-1.7 +0.5/-1.7
Electron scale factors (%) +1.8/-1.9 +1.8/-1.9 +1.8/-1.9
Electron energy scale (%) +0.3/-0.3 +0.3/-0.3 +0.3/-0.3
Electron energy resolution (%) +0.2/-0.5 +0.2/-0.5 +0.2/-0.5
Muon scale factors (%) ±2.2 ±2.2 ±2.2
Muon momentum scale (%) +0.3/-0.3 +0.3/-0.3 +0.3/-0.3
Muon momentum resolution (%) +0.2/-0.5 +0.2/-0.5 +0.2/-0.5
Jet energy scale (%) +0/-1.7 +0.9/-0.6 +0.3/-4.7
Jet energy resolution (%) ±0.7 ±1.9 ±2.0
Pile-up (%) ±0.7 0.0 ±2.0
Emiss

T reconstruction (%) ±0.3 ±0.1 ±0.2
b-tagging (%) ±0.1 ±0.1 ±0.1

Monte Carlo modelling
PDF (gg) (%) ±8.0 - -
PDF (qq̄) (%) - ±4.0 ±4.0

Process rate
gg→ H (%) ±20 - -
VBF/VH H (%) - ±1.0 ±1.0

Luminosity (%) ±3.9 ±3.9 ±3.9
MC statistics (%) ±6.5 ±4.4 ±5.0

Uncertainty Source Z → ττ Fakes Other Backgrounds

Reconstruction
Trigger scale factors (%) +1.7/-3.9 - +1.7/-3.9
Electron scale factors (%) +0.5/-1.5 - +0.5/-1.5
Electron energy scale (%) +0.8/-0.8 - +0.8/-0.8
Electron energy resolution (%) +0.3/+2.4 - +0.3/+2.4
Muon scale factors (%) +0.5/-1.8 - +0.5/-1.8
Muon momentum scale (%) +0.8/-0.8 - +0.8/-0.8
Muon momentum resolution (%) +0.3/-2.8 - +0.3/-2.8
Jet energy scale (%) - - +13.8/-11.8
Jet energy resolution (%) - - ±0.2
Pile-up (%) - - ±0.4
Emiss

T reconstruction (%) - - ±0.1
b-tagging (%) - - ±2.8

Monte Carlo modelling
PDF (gg) (%) - - ±3.8
PDF (qq̄) (%) ±4 - ±2.1

Process rate
Fake leptons normalisation (%) - ±40 -
Z → ττ embedding (%) ±1 -
Cross-sectionZ+jets (%) ±2.3 - ±0.9
Cross-section di-boson (%) - - ±0.5
Cross-sectiontt̄ (%) - - ±2.8

Luminosity (%) ±3.9 - ±3.9
MC statistics (%) ±2.3 ±12.7 ±4.0
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Table D.4: Systematic uncertainties for the signal (top) and backgrounds (bottom) in the
0-jet category [58].

0-jet Category Relative Uncertainty (%)

Uncertainty Source gg→ H VBF H VH
(mH=120 GeV) (mH=120 GeV) (mH=120 GeV)

Reconstruction
Trigger scale factors (%) +0.5/-1.7 +0.5/-1.7 +0.5/-1.7
Electron scale factors (%) +2.0/-2.1 +2.0/-2.1 +2.0/-2.1
Electron energy scale (%) +0.3/-0.3 +0.3/-0.3 +0.3/-0.3
Electron energy resolution (%) +0.2/-0.5 +0.2/-0.5 +0.2/-0.5
Muon scale factors (%) +2.0/-2.1 +2.0/-2.1 +2.0/-2.1
Muon momentum scale (%) +0.3/-0.3 +0.3/-0.3 +0.3/-0.3
Muon momentum resolution (%) +0.2/-0.5 +0.2/-0.5 +0.2/-0.5
Jet energy scale (%) +0.2/-0.2 +1.9/-1.7 +2.4/-2.3
Jet energy resolution (%) 0.0 ±0.7 ±0.6
Pile-up (%) ±0.1 0.3 ±0.3
Emiss

T reconstruction (%) ±0.2 ±0.3 ±0.4
b-tagging (%) - - -

Monte Carlo modelling
PDF (gg) (%) ±8.0 - -
PDF (qq̄) (%) - ±4.0 ±4.0

Process rate
gg→ H (%) +12/-7.0 - -
VBF/VH H (%) - ±1.0 ±1.0

Luminosity (%) ±3.9 ±3.9 ±3.9
MC statistics (%) ±4.0 ±5.6 ±6.0

Uncertainty Source Z → ττ Fakes Other Backgrounds

Reconstruction
Trigger scale factors (%) +1.7/-3.9 - +1.7/-3.9
Electron scale factors (%) +0.5/-1.6 - +0.5/-1.6
Electron energy scale (%) +0.8/-0.8 - +0.8/-0.8
Electron energy resolution (%) +0.3/+2.6 - +0.3/+2.6
Muon scale factors (%) +0.5/-1.6 - +0.5/-1.6
Muon momentum scale (%) +0.8/-0.8 - +0.8/-0.8
Muon momentum resolution (%) +0.3/-2.6 - +0.3/-2.6
Jet energy scale (%) - - +2.7/-2.6
Jet energy resolution (%) - - ±0.1
Pile-up (%) - - ±0.1
Emiss

T reconstruction (%) - - ±0.1
b-tagging (%) - - -

Monte Carlo modelling
PDF (gg) (%) - - ±2.5
PDF (qq̄) (%) ±4 - ±2.7

Process rate
Fake leptons normalisation (%) - ±40 -
Z → ττ embedding (%) ±1 -
Cross-sectionZ+jets (%) ±2.2 - ±2.2
Cross-section di-boson (%) - - ±2.1
Cross-sectiontt̄ (%) - - +0.7/-1.3

Luminosity (%) ±3.9 - ±3.9
MC statistics (%) ±0.5 ±1.1 ±2.3
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