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Abstract

This thesis presents a cross-section measurement of theZ → τℓτh process performed using
the ATLAS detector at the Large Hadron Collider at CERN. The dataused were collected at
a centre-of-mass energy of 7 TeV during 2010 and correspondsto an integrated luminosity of
36 pb−1. This measurement uses the final state where oneτ lepton decays leptonically, to an
electron or muon, plus neutrinos, and the otherτ lepton decays hadronically. Theγ∗/Z → ℓℓ, t̄t
and di-boson background processes are estimated using Monte Carlo simulation, theW → τν
Monte Carlo background prediction is estimated using a semi data-driven method. The multijet
background is estimated with a fully data-driven ‘ABCD’ method using three exclusive control
regions built by inverting uncorrelated requirements on the isolation of the electron or muon and
the product of the electric charge of the identified electronor muon and hadronically decayedτ
lepton.

The measured cross-sections in each channel are corrected for the individual branching
ratios and yield the total cross-sectionσ(Z → ττ,minv 66 - 116 GeV)= 1142± 135.5(stat.)
± 206.2(syst.)± 40.19(lumi.)± 3.6(theo.) pb for the electron channel andσ(Z → ττ,minv 66
- 116 GeV)= 857.6± 81.4(stat.)± 132.5(syst.)± 30.19(lumi.)± 2.8(theo.) pb for the muon
channel, where the invariant mass of theZ boson is between 66 and 116 GeV. These are in good
agreement with the theoretical prediction of 960± 49.5 pb.

Performing a measurement of a well-known Standard Model process using the ATLAS de-
tector in this new high energy regime is essential for validating theτ lepton identification in
particular, which is essential for any new physics search such asH → τℓτh.

A cut-based analysis for the Vector Boson Fusion produced Higgs boson decaying to twoτ
leptons channel is introduced and the possibility of using the more complex analysis technique,
the Matrix Element method, to increase sensitivity is discussed.
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Chapter 1

Introduction
The Standard Model was developed to explain the experimental results of subatomic physics

experiments. The theory includes three forces, the electromagnetic, weak and strong and de-

scribes their interactions with the observed fundamental particles. It has been tested to high

degrees of accuracy by a variety of experiments and measurements [1]. However the Standard

Model is not complete, one of the questions left unanswered by the Standard Model is how

the particles acquire the masses seen in nature. The Higgs mechanism is a possible solution,

however the Higgs mechanism gives rise to an additional scalar particle which has not yet been

discovered, the elusive Higgs boson.

In March 2010 the Large Hadron Collider (LHC) at CERN produced itsfirst collisions at

a centre-of-mass energy of 7 TeV, the world record for the highest energy. The LHC has been

surpassing expectations of performance ever since, along with the ATLAS detector, one of the

experiments stationed around the LHC ring. One of the primary physics goals of the two general

purpose experiments at the LHC, ATLAS and CMS, is to reach an understanding of this mass

mechanism, either by discovering the Higgs boson or new physics beyond the Standard Model.

Before the ATLAS detector could be employed to search for new physics it was necessary to

ensure the performance was understood and that the reconstructed output matched expectations

from Monte Carlo. To this end a wide range of performance studies were undertaken alongside

many rediscoveries of Standard Model particles, includingtheW andZ bosons. This thesis is

concerned with the measurement of the cross-section of theZ → τℓτh process. To perform this

measurement, Monte Carlo simulation was used to estimate theZ → ℓℓ, t̄t and di-boson back-

grounds; a semi data-driven method was used to estimate the contribution to the background

from theW → ℓν process. To estimate one of the most significant backgroundsto this process,

1



Chapter 1. Introduction 2

the multijet background, a data-driven technique was developed. It was thoroughly tested and

the systematic uncertainties on this method of background estimation as well as on the Monte

Carlo were ascertained. The measured cross-section agreed within uncertainties with the theo-

retical prediction, as well as with a measurement of theZ → ℓℓ (whereℓ = e±, µ±) process by

the ATLAS experiment and with the CMS measurement of theZ → ττ cross-section.

At the LHC an important Higgs boson search channel is the Vector Boson Fusion Higgs pro-

duction mode, with the Higgs boson decaying to a pair ofτ leptons, due to the unique signature

afforded by Vector Boson Fusion. As the production cross-section is lower for the Vector Boson

Fusion mode than the dominant gluon-gluon fusion mode, thisanalysis has a longer timeline

and therefore it is important to consider possible strategies for using a multivariate technique

to get the most power from the analysis. In this thesis the work has been completed by the au-

thor to introduce the Matrix Element technique and illustrate that the tools are already available

which could be used to implement this method in this channel.

The contents of this thesis are laid out with an overview of the Standard Model of Parti-

cle Physics in chapter two followed by a description of the LHC and the ATLAS detector in

chapter three. Chapter four describes a study of the ATLAS trigger for hadronically decaying

τ leptons and its performance in an environment approximating the high luminosity conditions

expected at the design luminosity running of the LHC. The event selection of the cross-section

of theZ → τℓτh process and a description of the data-driven background estimation method

are detailed in chapter five, followed by an evaluation of thesystematic uncertainties and the

calculation and interpretation of the results in chapter six. The full analysis has been included

for completeness however the parts worked on by the author include the event selection opti-

misation, the development of the Same Sign background estimation method and calculation of

its systematic uncertainties and the measurement of the electron isolation efficiency. In chapter

seven an introduction to a Vector Boson Fusion Higgs analysisis given and the possibility of

using a Matrix Element method for a search in this channel is discussed. Finally chapter eight

summarises and discusses the results presented in this thesis.



Chapter 2

The Standard Model and the Higgs Boson

2.1 Particle Physics

The Standard Model (SM) of Particle Physics is a relativistic, renormalisable, gauge theory

containing all known elementary particles and describing the form of the interactions between

them. There are four fundamental forces in nature, the electromagnetic, the weak, the strong

and gravity. Of these, the first three have so far been unified into the Standard Model; the fourth,

gravity, has not yet been successfully described by a renormalisable quantum field theory and

incorporated. At the subatomic scale of the Standard Model the effect of the gravitational force

is negligible.

2.1.1 The Particles

The particles in nature fall into two types: fermions and bosons; fermions have half-integer spin

(s) and bosons have integers, the Higgs beings = 0. The fermions can be further divided

into leptons and quarks, where quarks feel the strong force directly but leptons do not. Both

leptons and quarks can be divided into three generations, each mirroring the earlier generations

in properties but increasing in mass and decreasing in stability.

Lepton Mass [MeV]
νe < 2× 10−6

e 0.511
νµ < 0.19
µ 105.66
ντ < 18.2
τ 1776.82

Table 2.1: Masses of the leptons [1].

Quark Flavour Mass [MeV]
u 2.5+0.6

−0.8

d 5.0+0.7
−0.9

c 1.29+0.05
−0.11 × 103

s 100+30
−20

t 172.9± 0.6± 0.9× 103

b 4.19+0.18
−0.06 × 103

Table 2.2: Quark masses [1].

3



2.1Particle Physics 4

Decay Mode Branching FractionΓi/Γ
Leptonic:
e−ν̄eντ 17.85± 0.05 %
µ−ν̄µντ 17.36± 0.05 %

Hadronic:
h±+ ≥ 0 neutrals 50.16± 0.11 %
h±h∓h±+ ≥ 0 neutrals 14.56± 0.08 %
h±h∓h±h∓h±+ ≥ 0 neutrals 1.02± 0.04× 10−3

Table 2.3: Branching fractions of the most common decay categories for theτ lepton [1]. These
decays account for more than 99.9 % of theτ lepton decay width.h± representsπ± orK± and
neutrals representsγ’s or π0’s.

The leptons consist of single charged particles and electrically neutral neutrinos. There are

three generations, each a different flavour, the electron(e), the muon(µ) and the tau lepton(τ)

all of electrical charge(Q) = −1. Each has a corresponding flavour neutrino, respectively the

electron neutrino(νe), muon neutrino(νµ) and tau neutrino(ντ ). The masses of the leptons can

be found in table2.1.

As the generations increase in mass, it becomes possible forthe leptons to decay. Theµ

lepton can decay toeν̄eνµ; the additional mass of theτ lepton means it is heavy enough to decay

to hadrons, constituted of quarks, as well as the lighter leptons. A summary of the branching

fractions of the most common decays of theτ leptons is given in table2.3.

In the original formulation of the SM, neutrinos were assumed to be massless, however the

observation of neutrino oscillations between flavour states indicates that this is not the reality [2,

3]; how to incorporate these neutrino masses is still being determined. In this document the

neutrinos will be treated as massless.

Each generation of quarks contains an up-type quark of charge+ 2/3 and a down-type quark

of charge− 1/3, the generations are: up(u) and down(d), charm(c) and strange(s), and top

(t) and bottom(b). The quarks do not exist in a free state due to the nature of thestrong

interactions , discussed further in section2.1.2. The bound states are called hadrons and come

in two types: mesons, composed of a quark and an anti-quark, and baryons, of three quarks

or three anti-quarks, of which the most common examples are the proton and the neutron, the



2.1Particle Physics 5

Name Spin Baryon
Number
(B)

Lepton
Number
(L)

Charge
(Q)

Quarks
u (up) 1/2 1/3 0 +2/3
d (down) 1/2 1/3 0 −1/3

Leptons
e (electron) 1/2 0 1 −1
ν (neutrino) 1/2 0 1 0

Gauge bosons
γ (photon) 1 0 0 0
W±, Z (weak bosons) 1 0 0 ±1, 0
gi (8 gluons) 1 0 0 0

Table 2.4: L, B and Q quantum number values of fundamental particles [4].

Interaction Boson Coupling constants Range [m] Typical Reaction Times [s]
Electromagnetic γ α ≈ 1

137
∞ ∼< 10−16

Weak W±,Z0 αW ≈ 4α 10−18 ∼> 10−12

Strong gi αS ≈ 100α 10−15 ∼10−23

Table 2.5: Boson properties and the ranges of the interactions they mediate

building blocks of everyday matter. The masses of the quarksare listed in table2.2.

To explain the allowed and dis-allowed reactions, certain quantum numbers were intro-

duced; they are additive and conserved. The three used to classify the fundamental particles

are Baryon number(B), Lepton number(L) and electrical charge(Q). The values for the

fundamental particles obey are given in table2.4.

All fermions have anti-particles; the anti-particles haveidentical masses to their particles

but the flavour and theB, L andQ quantum numbers are inverted.

The second type of particle, the bosons, are the force mediators. The electromagnetic in-

teraction is mediated by the photon, which is electrically neutral, massless and observed daily;

the massiveW± andZ0 bosons are mediators of the weak interaction, and the eight coloured

gluons mediate the strong force. A summary of these bosons, and the range of the interactions

and lifetimes of the decays they govern is given in table2.5.
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2.1.2 The Interactions

Electromagnetic Charged leptons and quarks couple to the electromagnetic field with a strength

of coupling equal to their charges which in turn are proportional to the charge on the electron.

The coupling constantα is relatively weak atα = e2

4πǫ0~c
≈ 1

137
. Following the Yukawa

hypothesis based on the Heisenberg uncertainty principle it is possible to calculate the range of

the interaction based on the mass of the force propagator. Asthe photon is massless (the current

measured upper limit on the mass is< 10−18 eV [5]) the range is infinite.

Weak Both quarks and leptons can couple to the weak gauge bosons. The strength of the

interaction is given byαW by analogy with the electromagnetic field; based on a mass of the

gauge boson of order 100 GeV, the range of the force is short ranged at order 10−18 m. The

weak current can be charged or neutral, whereas the electromagnetic current has only a neutral

component. The charged current violates parity (the symmetry of spatial inversion) and couples

only to left-handed particles (and right-handed anti-particles) however the neutral current will

couple to left and right handed particles.

Strong Quarks have an additional charge of colour; conventionallythe colour can be red,

green or blue. The force mediator for the strong force is the gluon, of which there are eight

unique types, and in contrast to the electromagnetic force the gluons themselves carry colour

charge, which enables the quarks and gluons to self-interact as do the weak bosons, leading to

a non-Abelian field theory. The gluons carry a colour and an anti-colour, allowing colour to be

conserved at each interaction vertex, and the interactionsof the force occur between quarks and

gluons. Since the gluon is massless one would expect the range of the interaction to be infinite;

this is not the case. The potential between the quarks is given by:

V (r) ∝ αs

r
+ kr (2.1)
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wherek is known as the “string tension”.

The strength of coupling constantαs increases proportionally with distance to∼ 1 at ener-

gies approximately equal to the masses of light hadrons, causing confinement. However due to

gluon-gluon vertices an anti-screening effect is produced, causingαs to tend to 0 at very small

distances, causing asymptotic freedom.

2.1.3 Towards Unification

All three coupling constantsα, αW andαs are dependent on the energy scale of the interaction

and are therefore known as running coupling constants. Since the electromagnetic coupling

increases at smaller distances and the weak and strong couplings decrease with distance it is

conceivable that there could be a distance where these couplings take the same value. If this

were the case, at that necessarily very high energy scale it is possible that there is a unified field

which contains the three interactions and quarks or leptonswould be the source.

2.2 The Standard Model

The Standard Model which unifies the theories of electromagnetic, weak and strong interactions

is a gauge theory based on the underlying symmetry SU(3)C × SU(2)L × U(1)Y . It is necessary

to build a Lagrangian density,L , which is invariant under the transformation of these symme-

tries. The Lagrangian is a function summarising the dynamics of a system, it is obtained by

integrating the Lagrangian density over space. The Lagrangian density, which from now on

will be referred to as the Lagrangian, is a function only of the fields and their first derivatives.

For a given field the equations of motion can be determined from the Lagrangian using the

Hamiltonian principle of least action; this states that thetransition between two statest1 andt2

in a physical system is described by the stationary point of the action, so the variation of the
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action,S, should be zero. The action is related to the Lagrangian as:

S =

∫ t2

t1

L (∂µΨ,Ψ)d4x (2.2)

whereµ = 0, 1, 2, 3 andΨ represents a field. This leads to the Euler-Lagrange equation which

gives the equation of motion forΨ:

∂L

∂Ψ
− ∂µ

∂L

∂(∂µΨ)
= 0 (2.3)

An example would be to take a Lagrangian for a free fermion field (ψ) with a mass(m):

Lf = iψ̄γµ∂µψ −mψ̄ψ (2.4)

Evaluating the Euler-Lagrange equation for this Lagrangian gives the Dirac equation, which

describes the equation of motion of the free fermion:

(iγµ∂µ −m)ψ = 0 (2.5)

Noether’s theorem states that if a Lagrangian is invariant under a symmetry transformation of

the fields then a conserved quantity is determined by the Lagrangian. One example is that a La-

grangian which is invariant under space-time translationsleads to four-momentum conservation.

This relationship between symmetries and conserved quantities can also be used to investigate

the consequences of charge conservation; charge conservation is related to the symmetry of

phase transformations [4].

Let us consider the symmetry group of phase transformations, the U(1) group. Using the

Lagrangian for a free spinor, eq.2.4, for a local transformation, where the parameterΛ depends



2.2The Standard Model 9

on the position in space-time, the field transforms under U(1) as:

ψ → ψ′ = exp[iqΛ(x)]ψ(x) (2.6)

whereq is charge.

The Lagrangian given in eq.2.4 is not invariant: while the mass term is, the derivative term

destroys the invariance due to the dependence ofΛ on x. Thus it is necessary to introduce a

covariant derivative term which transforms in such a way as to cancel this new term by trans-

forming in the same manner as the fields themselves:

Dµψ → exp[iqΛ(x)]Dµψ (2.7)

where the gauge covariant derivative is given by:

Dµ ≡ ∂µ + iqAµ(x) (2.8)

whereAµ is a vector field introduced to ensure the exact cancellationunder this transformation.

It transforms as:

Aµ(x) → Aµ(x)− ∂µΛ(x) (2.9)

Aµ can be directly associated with the physical photon field. Introducing a kinetic term for

the photon, the Lagrangian now takes the form of the Quantum ElectroDynamics (QED) La-

grangian:

LQED = ψ̄(iγµ∂µ −m)ψ − qAµψ̄γ
µψ − 1

4
FµνF

µν (2.10)

whereFµν is given by:

Fµν = ∂µAν − ∂νAµ (2.11)

There is no mass term present in this Lagrangian for the photon. To introduce a mass term,
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which would be of the form:

Lγ =
1

2
m2

γAµA
µ (2.12)

would break the invariance of the system. Imposing local gauge invariance here has thus neces-

sitated the introduction of a new vector boson field with a massless boson, which interacts with

the fermion field.

In a similar manner to that used to build the local gauge theory of the electromagnetic

interaction, QED, the strong interaction can be constructed as the local gauge theory Quantum

ChromoDynamics (QCD) [6].

To form a local gauge theory of the weak interactions howeveris trickier. The requirement of

local gauge invariance leads to massless bosons, which is suitable for the photon and the gluons,

but experimentally the weak bosons have been shown to be massive [7–10]. A local gauge

theory of the weak interactions with massive bosons is achieved by unifying the electromagnetic

and weak interactions, as in the Glashow-Weinberg-Salam model [11–13] , an example of a

Yang-Mills theory [14]. The symmetry must be broken spontaneously to give mass to the

bosons; this can be done using the Higgs mechanism [15–19]. Masses can then also be given

to the fermions through the Yukawa interaction.

Let us follow the same procedure used to develop the QED formalism to construct the local

gauge theory of the strong interaction. The underlying symmetry group is SU(3)C . Beginning

from the Lagrangian for a free quark:

Lq = q̄i(iγ
µ∂µ −m)qi (2.13)

whereqi is a quark with one of the three colours, red (R), green (G) or blue (B). The quark fields

transform under the colour symmetry transformation as:

qi(x) → (eiαa(x)Ta

)ijqj(x) (2.14)
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whereαa are the group parameters andT a are the eight group generator matrices. As in QED,

to ensure invariance it is necessary to introduce a covariant derivative:

Dµ = ∂µ + igST
aGa

µ (2.15)

wheregS is the coupling strength of the strong interaction. This derivative includes the eight

gauge fieldsGa
µ which transform as follows:

Ga
µ → Ga

µ −
1

gS
∂µαa − fabcαbG

c
µ (2.16)

wherefabc are the structure constants of the SU(3)c group.

To finish let us add a gauge invariant kinetic term for the gauge fields, which yields the

gauge invariant Lagrangian:

LQCD = q̄i(iγ
µ∂µ −m)qi − gS(q̄iγ

µT a
ijqj)G

a
µ −

1

4
Ga

µνG
µν
a (2.17)

The final term describes the self interactions between the gluons andGa
µν is the field strength

tensor given by:

Ga
µν = ∂µG

a
ν − ∂νG

a
µ − gSfabcG

b
µG

c
ν (2.18)

The underlying symmetry group of the electroweak gauge theory is SU(2)L × U(1)Y , weak

isospin (I)×weak hypercharge (Y ), theL subscript indicates that the weak isospin only couples

with left handed fermions and right handed anti-fermions. Due to this, the fermions transform

as left-handed doublets (χL) and right-handed singlets (ψR).

χL =







νe

e−







L

or







u

d







L

ψR = e−R or uR or dR

(2.19)
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Fermion Q I I3 Y
e−L ,µ−

L ,τ−L −1 1/2 −1/2 −1
νeL ,νµL

,ντL 0 1/2 1/2 −1
uL,cL,tL 2/3 1/2 1/2 1/3
dL,sL,bL −1/3 1/2 −1/2 1/2

e−R,µ−
R,τ−R −1 0 0 −2

uR,cR,tR 2/3 0 0 4/3
dR,sR,bR −1/3 0 0 −2/3

Table 2.6: Quantum numbers for fermions.

The electromagnetic charge is related to weak isospin and weak hypercharge through the Gell-

Mann–Nishijima relation [20]:

Q = I3 +
Y

2
(2.20)

whereI3 is the third component of isospin. In table2.6 a summary of the values of these

quantum numbers for each fermion can be found.

In nature the charged weak interaction only affects left-handed particles (and right-handed

anti-particles) however the neutral weak interaction and the electromagnetic interaction both

act on left and right-handed particles. The electroweak interaction introduces four gauge vector

fieldsW 1,2,3
µ andBµ. The interaction term with the left-handed doublet under SU(2)L is given

by:

− igχ̄LγµT
aW a

µχL (2.21)

wherea = 1, 2, 3 andT a are the generators of the SU(2) group. The interaction term with the

fermion field under U(1)Y is given by:

− g′χ̄Lγµ
Y

2
χLB

µ − g′ψ̄Rγµ
Y

2
ψRB

µ (2.22)

The actual vector bosons seen in nature are linear combinations of these four vector fields,

where the relations after symmetry breaking (described later in this section) and mixing are
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given by:

W±
µ = 1√

2
(W 1

µ ± iW 2
µ)

Zµ = cosθWW
3
µ − sinθWBµ

Aµ = sinθWW
3
µ + cosθWBµ

(2.23)

whereθW is the weak mixing angle, also known as the Weinberg angle. The components of the

Bµ field in each vector boson enables the right-handed interactions for the neutralZµ andAµ

bosons.

Thus by requiring local gauge invariance under the symmetrytransformations of the product

of the groups SU(2)L × U(1)Y the following Lagrangian is obtained:

LEW = χ̄Lγ
µ[i∂µ − igT aW a

µ − g′ Y
2
Bµ]χL

+ψ̄Rγ
µ[i∂µ − g′ Y

2
Bµ]ψR

−1
4
WµνW

µν − 1
4
BµνB

µν

(2.24)

for massless fermions and bosons.

In order to address the issue of the massive gauge bosons in a gauge invariant manner let us

begin by introducing four real scalar fieldsφi. These must be invariant under SU(2)L × U(1)Y

symmetry so we introduce them as a weak isospin doublet with weak hyperchargeY = 1, and

weak isospinI = 1/2.

φ =







φ+

φ0






=







φ1 + iφ2

φ3 + iφ4






(2.25)

Having weak isospin charge and weak hypercharge allows these fields to couple to the weak

bosons. We can now introduce the gauge invariant Lagrangianpiece for these fields as:

LHiggs = |(i∂µ − gT aW a
µ − g′

Y

2
Bµ)φ|2 − V (φ) (2.26)
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whereV (φ) is the Higgs potential which takes the form:

V (φ) = µ2φ†φ+ λ(φ†φ)2 (2.27)

whereµ2 is the mass term andλ is the self-coupling constant for the Higgs field. The choiceof

constraints upon these parameters is very important,λ > 0 ensures that the potential is bounded

below. If we selectµ2 > 0 the potential is u-shaped with a single minimum at 0 as illustrated on

the left in figure2.1. However requiringµ2 < 0 creates a “Mexican-hat” potential, as illustrated

on the right in figure2.1. This potential now has an infinite number of ground states atnon-zero

values, which are no longer symmetrically invariant. Therefore the act of selecting a ground

state “breaks” or rather hides the symmetry.

φ
0

V (φ)

µ2 > 0

(a)

φ
0

V (φ)

+ν
µ2 < 0

(b)

Figure 2.1: The Higgs potential whereµ2 > 0 on the left andµ2 < 0 on the right.

Let us select our ground state as:

φ0 =
1√
2







0

v






(2.28)

wherev is the vacuum expectation value and can also be represented as:

v = −
(

µ2

λ

) 1

2

(2.29)
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This choice is specific, choosing an electrically neutral ground state will leave the U(1)EM

symmetry intact. Since this is in an exact symmetry it will have a massless boson, therefore the

photon remains massless. The way in which to select the ground state is by a rotation of the

field φ to φ0. Let us parametrise the fieldφ and the fluctuations around the minimum in terms

of the four fieldsθ1,2,3 andH(x) as

φ(x) =







θ2 + iθ1

1√
2
(v +H(x))− iθ3






= eiθa(x)τ

a(x)/v







0

1√
2
(v +H(x))






(2.30)

then rotate; the three degrees of freedom of the fields, representing three massless Goldstone

bosons [21–25] , θ1,2,3, are absorbed by the weak gauge bosons as third degrees of freedom.

This third degree is a longitudinal one in addition to the twotransverse degrees and gives the

masses to the weak bosons. Let us now insertφ0:

φ0(x) =
1√
2







0

v +H(x)






(2.31)

whereH(x) represents the Higgs boson, into the Lagrangian in equation2.26and the masses of

the bosons appear. Evaluating the first term of the Lagrangian gives the couplings of the vector

bosons to the Higgs field and the vector boson masses; theW 3
µ andBµ fields are coupled by a

2× 2 mass matrix which must be diagonalised to giveMA andMZ , the masses are given as:

MW = 1
2
vg

MZ = 1
2
v
√

g2 + g′2

MA = 0

(2.32)

whereMA was deliberately engineered. The massesMW andMZ are related by the Weinberg

angle:

MW

MZ

= cos θW (2.33)
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Evaluating the second term gives the Higgs field self-coupling and the Higgs boson mass term:

MH =
√
2v2λ =

√
2µ (2.34)

The masses of the fermions arise through Yukawa interactions with the scalar field. The gauge

invariant Yukawa couplings are required by renormalisability, for the electron the term is:

Le = −λe[χ̄Lφ(x)eR + ēR ¯φ(x)χL] (2.35)

whereλe is the coupling constant of the electron. For the quark masses, it is necessary to

introduce an additional Higgs doublet, to give masses to theup-type quarks, which when broken

takes the form:

φC =
1√
2







v +H

0






(2.36)

It enables us to construct the gauge invariant Lagrangian piece for the quark masses, for the first

generation quarks this is:

Lud = −λdχ̄LφdR − λuχ̄LφCuR

−λdd̄Rφ̄χL − λuūRφ̄CχL

(2.37)

No predictions for the fermion masses are given by the theoryas the couplings are added man-

ually and the mass terms are proportional to the couplings, in the form:

Mf = λf
v√
2

(2.38)

Here for simplicity the left-handed doublets and right-handed singlets of quarks are as de-

fined in eq.2.19however the weak interaction actually acts on a doublet of quarks which are

linear combinations of mass eigenstates. These mass eigenstates are related to the flavour eigen-

states by the CKM matrix [26, 27].
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Figure 2.2: The production cross-sections for each production mechanism as a function of the
Higgs boson mass at a centre of mass energy of 7 TeV [28]; in order of decreasing cross-section
these are gluon-gluon fusion, vector boson fusion, associated production with aW boson, with
aZ boson and associated production with top quarks.

2.3 The Higgs Boson

2.3.1 Higgs Boson Production at the LHC

The Higgs boson production cross-section for each mode at a centre of mass energy 7 TeV is

shown in figure2.2 as a function of Higgs boson mass(MH). These show that at the LHC

gluon-gluon fusion is the dominant production mechanism for the Standard Model Higgs boson

across the whole mass spectrum. These theoretical predictions were derived using the latest

tools at either NNLO or NLO for each production mode, they arethe product of collaboration

between the theoretical and the experimental communities (ATLAS and CMS) [28]. The four

dominant production mechanisms at the LHC are illustrated in figure2.3.

In figure 2.3 (top-left), the associated production of a Higgs boson withaW or Z weak

boson is shown in which the Higgs is radiated from the vector boson (Higgstrahlung). This

process has a rapidly falling cross-section withMH , as illustrated in figure2.2.
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Figure 2.3: The dominant production processes of the Standard Model Higgs boson [29]; (top-
left) associated production with aW or Z boson, (top-right) vector boson fusion, (bottom-left)
gluon-gluon fusion, (bottom-right) associated production with heavy quarks.

Figure 2.3(top-right) illustrates vector boson fusion (VBF) fromW+W− orZ0Z0 bosons;

theW or Z bosons are radiated from quarks; they fuse to form a Higgs boson. The quarks

then hadronise to form very high momentum forward jets. As there is no colour connection

between them, there is a lack of hadronic activity between them. This leaves a clear signature

for discrimination against a background of multijets (often known as QCD background). This

production process has the second highest cross-section atthe LHC.

In figure 2.3(bottom-left), gluon-gluon fusion (ggF) is shown; this process has the highest

production cross-section at the LHC by a significant margin.The two gluons fuse via a heavy

quark (top or bottom) loop. Since there are large QCD backgrounds, it is necessary to rely on

striking signatures from the Higgs decay to provide the discrimination. Examples are given in

section2.3.2.

In figure 2.3 (bottom-right), associated production with heavy top or bottom quarks is

depicted; with such a small production cross-section this channel is often combined with thebb̄

decay channel as it has the largest branching ratio. Howeverthis is very challenging, once again

due to the overwhelming QCD background.
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Figure 2.4: The Higgs boson branching ratios as a function ofthe Higgs boson mass [28].

2.3.2 Higgs Boson Decays at the LHC

The branching ratios for the main Standard Model Higgs bosondecays are shown in figure2.4

as a function of Higgs mass. Certain combinations of production and decay modes are chosen

as points of focus due to the differing difficulties in discriminating backgrounds. In the low

mass region,MH < 130 GeV, the decays toτ+τ− (from VBF production) andγγ are the most

important. Thebb̄ decay channel is very challenging to distinguish from the QCDbackground;

the τ+τ− channel has the next-largest branching ratio and the two forward jets from VBF are

the signature which provide the discrimination against theQCD background therefore this is

an important channel in this mass range. Theγγ decay mode has a very clear signature but a

very small cross-section. AtMH > 130 GeV theH → WW channel is crucial because of the

high branching ratio, this is the most sensitive channel in the early data searches at the LHC. At

these and higher masses ofMH > 200 GeV theH → ZZ channel, particularly if theZZ pair

decay to four leptons, is very promising due to its unique signature.
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2.3.3 Higgs Boson Mass Constraints

The mass of the Higgs boson is the only unmeasured parameter of the Standard Model. As

the Higgs boson itself is still currently unobserved we can only place constraints on its mass.

The constraints that exist so far fall into three categories, theoretical, indirect experimental and

direct experimental.

2.3.3.1 Mass Constraints from Theory

The theoretical constraints on the mass of the Higgs boson derive from the considerations of

the energy range in which the perturbative calculations of the Standard Model are valid. These

constraints come from unitarity, the perturbativity of theHiggs self-coupling, the stability of the

electroweak vacuum and fine tuning. These constraints are documented in detail elsewhere [29],

but can be summarised as 70 GeV< MH < 1 TeV.

2.3.3.2 Mass Constraints from Experiment

The indirect experimental constraints are provided from high precision measurements of elec-

troweak data. Due to the contributions that the Higgs boson makes to radiative corrections

to a number of electroweak observables, fitting these observables can provide us with lim-

its on the Higgs mass. The most recent iteration of this fit is shown in figure 2.5, where

the direct experimental search results are not included andthe Higgs mass is estimated to be

MH = 96+31
−24 GeV [30]. Also on figure2.5are the results of the most recent direct search exper-

imental exclusion limits available from LEP [31] and the Tevatron [32] when the fit was made.

When these direct experimental limits, and those obtained from the ATLAS [33] and CMS [34]

collaborations during 2010, are included in the fit, the estimation isMH = 120+12
−5 GeV [30].

There are three experimental constraints from direct searches at the three particle accelera-

tors: LEP, Tevatron and LHC.
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Figure 2.5: Indirect determination of the Higgs boson mass:∆χ2 as a function ofMH [30]. The
direct experimental limits are not included in the fit and thebest fit value ofMH = 96+31

−24 GeV.

Mass Constraints from LEP A direct search at LEP was performed at centre-of-mass ener-

gies up to
√
s = 209 GeV. The combined results of the four collaborations didnot observe a

signal and set an exclusion limit ofMH > 114.4 GeV at 95% Confidence Level (C.L.) [31].

Mass Constraints from Tevatron The CDF and D0 collaborations at the Tevatron have per-

formed a wide range of direct Higgs searches inpp̄ collisions at a centre-of-mass energy of

√
s = 1.96 TeV. The results from both collaborations were combined with up to 8.2 fb−1 of

analysed data from CDF and up to 8.6 fb−1 from D0. The most recently released limits at the

time of writing set the exclusion limit range of 156< MH < 177 GeV at 95% C.L. [35] as

shown in figure2.6.

Mass Constraints from LHC Since the beginning of the operation of the LHC at the centre-

of-mass energy
√
s = 7 TeV, the ATLAS and CMS collaborations have been fervently searching

for the Higgs. As the LHC records data at an almost daily-increasing rate currently, the experi-

mental limits are updated very rapidly.

At the time of writing the most recent limit set by the ATLAS experiment excludes three
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Figure 2.6: Observed and expected 95% C.L. upper limits on theratios to the SM cross-section,
as functions of the Higgs boson mass for the combined CDF and D0analyses [35].

mass ranges for the Standard Model Higgs boson at 95 % C.L., these excluded regions are 146 -

230 GeV, 256 - 282 GeV and 296 - 459 GeV [36] by combining numerous analyses in different

decay channels using 1.0 to 2.3 fb−1 of proton-proton collision data.

The most recent limit set by the CMS experiment also excludes three mass ranges at 95 %

C.L., 145 - 216 GeV, 226 - 288 GeV and 310 - 400 GeV [37].

These results from the ATLAS and CMS collaborations have beencombined [38] and to-

gether the full mass range 141 - 476 GeV has been excluded at 95% C.L. and the range 146

- 443 GeV has been excluded at 99% C.L. except for three small regions between 220 and

320 GeV. This combined exclusion is shown in figure2.7, with shaded areas representing the

mass regions excluded by LEP and the Tevatron to highlight how little of the mass range remains

to be excluded.

2.3.3.3 Looking Forward

As the Tevatron continues to analyse its recorded data and the LHC continues to record data at

an impressive rate the immediate future is an exciting time.The mass range in which the Higgs
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Figure 2.7: Observed and expected 95% C.L. upper limits on theratios to the SM cross-section,
as functions of the Higgs boson mass of the combined results from the ATLAS and CMS ex-
periments [38].

boson could be discovered is rapidly shrinking. If the SM Higgs boson exists it will surely

not be long before it is experimentally observed; on the other hand if the SM Higgs boson is

excluded then the search will continue for new physics to explain the how the particles in the

SM acquire their masses.



Chapter 3

ATLAS Experiment

3.1 The Large Hadron Collider

The Large Hadron Collider (LHC) [39] at CERN was designed to accelerate and collide two

beams of 2808 bunches of protons to a design centre-of-mass energy of 14 TeV with a nominal

luminosity of 1034 cm−2 s−1. Each bunch consists of 1.15× 1011 protons and circulates at a

frequency of 11 kHz, leading to a bunch spacing of 25 ns and a bunch-crossing frequency of

40 MHz.

It is also capable of colliding two beams of bunches of lead nuclei at an energy of 2.76 TeV

per nucleon, giving rise to a centre-of-mass energy of 1.15 PeV and a design luminosity of

1027 cm−2 s−1.

In order to reach such high energies the particles go througha series of systems to incre-

mentally increase their energy prior to injection into the main LHC ring. These systems are

illustrated in figure3.1; the protons are generated at 50 MeV in the Linac2, then accelerated to

1.4 GeV by the Proton Synchrotron Booster (PSB); then the protons are injected into the Proton

Synchrotron (PS) where they reach energies of 25 GeV and the final stage before injection into

the main LHC ring is the Super Proton Synchroton (SPS) where the protons are accelerated to

450 GeV.

At the four points where the two beams interact there are fourexperiments stationed:

• ALICE: A Large Ion Collider Experiment is specially designed to study nucleus-nucleus

interactions during the heavy ion collisions [40]

• ATLAS: A Toroidal LHC ApparatuS is designed as a general purpose detector to search for

the Higgs boson and beyond the Standard Model physics [41]

24



3.2The ATLAS Detector 25

Figure 3.1: A diagram illustrating the layout of the four experiments: ALICE, ATLAS, CMS,
and LHCb on the LHC ring as well as the injection system, where pis the Linac2, Pb is the
Linac3 for heavy ions, PS is the Proton Synchrotron and SPS the Super Proton Synchrotron.

• CMS: Compact Muon Solenoid is another general purpose detector with the same aims but

a different design [42]

• LHCb: Large Hadron Collider beauty experiment is purpose built to measureCP violation

and rareB meson decays [43]

The positions of all four experiments are shown in figure3.1.

During 2010 when the data were collected for the analysis described in this thesis the LHC

was operating at a centre of mass energy of 7 TeV and a peak instantaneous luminosity during

the data taking period of 2.1 x 1032 cm−2 s−1 was achieved with 348 colliding bunches [44].

3.2 The ATLAS Detector

The ATLAS detector is one one of two general purpose detectors at the LHC. Due to the wide

and varied physics program the detector has a large range of design considerations to meet.

These are as follows:

• Efficient tracking in a high luminosity environment, for identification of electrons, photons

andτ leptons and for precision measurements of lepton transverse momentum
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• Accurate vertexing to allow for secondary vertex reconstruction and b-tagging and for use

in τ lepton identification [45]

• Precise electromagnetic calorimetry for measurement and identification of electrons, pho-

tons andτ leptons

• Full coverage with the hadronic calorimeters for accurate jet andEmiss
T measurements

• High precision in the muon momentum measurements

• A fast and efficient triggering system to deal with the high event rates

A schematic of the ATLAS detector demonstrating the relative positions of each of the

subsystems can be seen in figure3.2; the two people on the left hand side illustrate the scale.

From the centre outwards the ATLAS detector consists of the Inner Detector, including the pixel

detector, the semiconductor tracker and the transition radiation tracker, then the Liquid Argon

electromagnetic and Tile hadronic calorimeters followed by the muon spectrometer system.

3.2.1 The ATLAS Coordinate System

The coordinate system is defined taking the origin to be the interaction point; thez axis runs

along the direction of the beam and thex − y plane transverse to it. Thex axis is positive,

pointing towards the centre of the LHC ring, and they axis is positive when pointing up. The

azimuthal angleφ is defined around the ring in thex− z plane and the polar angleθ is defined

from the beam line, in they − z plane.

Pseudorapidity (η) is defined as:

η = − ln

[

tan

(

θ

2

)]

(3.1)

The distance∆R is defined as:

∆R =
√

∆η2 +∆φ2 (3.2)
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Figure 3.2: A schematic diagram showing the layout of the individual subdetectors of the ATLAS detector and total size.
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The quantities transverse momentumpT , transverse energyET and missing transverse energy

Emiss
T are defined in thex− y plane.

3.2.2 Performance in 2010

During 2010 the LHC collided proton beams at a centre of mass energy of 7 TeV. The increase in

instantaneous luminosity over the period of running in 2010is shown in figure3.3(a) [46], and

the total integrated luminosity delivered by the LHC duringthis period is shown in figure3.3(b)

[46] compared to the amount of luminosity recorded by the ATLAS detector. Taking the ratio

of the recorded luminosity to the delivered gives a data-taking efficiency of 93.6 %, weighted

by luminosity. The luminosity determination is measured using the luminosity detectors and

calibrated using Van-Der-Meer scans [47] and the most recent measurement has a systematic

uncertainty of 3.4 % [48].

During this period all subdetectors performed well; a summary of the percentage of the

data taking period when each subdetector was running and collecting data can be seen in ta-

ble3.1[49], an excellent achievement for the first year of running at this record breaking energy.

The number of channels in each subdetector is shown in table3.2 along with the approximate

operational fraction which shows the scale of the task [50].

Inner Detector Calorimeters Muon Spectrometers
Pixel SCT TRT LAr EM LAr HAD LAr FWD Tile MDT RPC CSC TGC
99.1 99.9 100 90.7 96.6 97.8 100 99.9 99.8 96.2 99.8

Table 3.1: A table summarising the luminosity weighted relative fraction of good quality data
delivered by the ATLAS subsystems during all LHC runs with stable beam conditions and col-
lisions at a centre of mass energy of 7 TeV after the turn-on ofthe tracking detectors, taken
between March 30th and October 31st 2010. The subsystems are Pixel, Silicon Tracker (SCT),
Transition Radiation Tracker (TRT), Liquid Argon Electromagnetic Calorimeter (LAr EM),
Liquid Argon Hadronic Calorimeter (LAr HAD), Liquid Argon Forward Calorimeter (LAr
FWD), Tile Hadronic Calorimeter (Tile), Monitored Drift TubeChambers (MDT), Resistive
Plate Chambers (RPC), Cathode Strip Chambers (CSC) and Thin Gap Chambers (TGC).
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Inner Detector Calorimeters Muon Spectrometers
Pixel SCT TRT LAr EM LAr HAD LAr FWD Tile MDT RPC CSC TGC
80M 6.3M 350K 170K 5600 3500 9800 350K 370K 31K 320K
96.4 99.2 97.5 99.8 9.6 99.8 96.2 99.7 97.0 97.7 97.9

Table 3.2: A table giving the number of channels for each ATLAS subsystem and the approxi-
mate operational fraction. Current on May 13th 2011.
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Figure 3.3: Peak luminosity(left) delivered by the LHC(yellow) and cumulative sum of lu-
minosity(right) both delivered by the LHC(green) and recorded by ATLAS(yellow) for stable
beam conditions and proton-proton collisions at a centre ofmass energy of 7 TeV plotted versus
day.

3.2.3 Magnet Systems

The ATLAS detector magnet system consists of four magnets: one barrel solenoid provides

a 2 T axial field for the Inner Detector tracking, the other three are a barrel and two end-cap

toroids, providing 0.5 T and 1.0 T toroidal magnetic fields for the barrel and end-cap muon

detector spectrometers respectively. The layout of these magnet systems can be seen in fig-

ure3.4. The detailed design specifications for the ATLAS magnet systems and a description of

the mapping and careful calculations required in order to model the magnetic field are detailed

elsewhere [41].

3.2.3.1 Solenoid

The central solenoid [51] measures 5.8 m in length and the inner and outer radii are 2.46 m

and 2.56 m respectively. The solenoid is required to providea 2 T magnetic field for the Inner
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Figure 3.4: An illustration of the layout of the solenoid magnet within the calorimeter and the
position of the eight toroid coils in the barrel and the eighttoroid coils in each end-cap slid in
between those of the barrel.

Detector while minimising the amount of material which is placed in front of the calorime-

ters. This is achieved by using a lightweight structure support and specially optimised material

to provide a high strength magnetic field from minimal material. The solenoid also shares a

vacuum chamber with the Liquid Argon calorimeter to furtherreduce the amount of material

by eliminating an extra vacuum wall. The total solenoid and support structure reaches∼0.66

interaction lengths [52].

3.2.3.2 Toroids

The toroidal magnet system is designed to provide strong bending power for the muon systems

while remaining open and light to reduce multiple scattering effects and give better resolution in

the precision muon chambers. The barrel toroid consists of eight coils, each inside an individual

vacuum vessel, they are azimuthally symmetric. The end-caps slide inside the ends of the barrel

and again each have eight coils positioned at equal spacing between those coils of the barrel

toroid, as shown in figure3.4. The barrel toroid is 25.3 m long, and the inner diameter of the

coils is 9.4 m and the outer 20.1 m. The end-cap toroids are both 5 m long, with inner and outer
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Figure 3.5: A schematic showing the relative positions of the three independent subsystems
which comprise the ATLAS Inner Detector in the barrel and end-caps.

diameters of 1.65 m and 10.7 m.

3.2.4 Inner Detector

The Inner Detector consists of three complementary subdetectors. The silicon pixel detec-

tor [53] is closest to the beam pipe and affords the best momentum resolution; it is invalu-

able for secondary vertexing. The silicon microstrip tracker [54], along with the pixel detector

offers high resolution pattern recognition. Covering the largest area is the transition radia-

tion tracker [55], offering continued tracking and further options for electron identification. A

schematic of the layout of the Inner Detector is shown in figure 3.5. The Inner Detector has a

momentum resolution ofσ/pT ∼ 0.04%pT (GeV)⊕ 1.5%. The primary vertex can be resolved

using the Inner Detector with a resolution of 30µm in the transverse plane and 50µm in the

longitudinal directional for events with greater than 70 tracks [56].

Both the pixel and silicon tracker detectors are built from silicon semiconductors, of n-

type bulk, doped with p-type strips, with an electric-field applied across the chip. When an
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electrically charged particle traverses a silicon detector, it produces pairs of electron-hole charge

carriers along its trajectory. The electrons drift to the positively-charged backplane and the holes

to the negatively-charged p-type strips; this induces an electrical current which can be detected

and measured.

When a relativistic particle crosses a boundary between two materials with different dielec-

tric constants it will produce transition radiation. The amount it produces depends on theγ

factor of the particle, whereγ = E/mc2, therefore an electron will produce significantly more

than any hadron, hence providing additional discrimination between the two via the use of low

and high thresholds. As such a small amount of transition radiation is produced it is necessary

to maximise the signal with many layers.The transition radiation is detected by the straw tubes.

3.2.4.1 Pixel Detector

The pixel detector is designed to have the highest granularity in both theR− φ andz directions;

there are three layers in the barrel which will be traversed by each track giving three spacepoints,

and three disks in each end-cap. There are approximately 80.4 million readout channels in total.

The first layer is only 5cm from the beampipe and is essential for secondary vertexing, it is

known as the b-layer.

The nominal size for each pixel is 50× 400µm2 and the pixels are arranged in modules, of

which there are 1744, where each module contains 47232 pixels corresponding to 46080 readout

channels. Due to the high levels of irradiation expected over the lifetime of the detector the

design of the pixel modules has to account for the radiation damage predicted. The pixel sensors

are oxygenated n-type silicon wafers of thickness 250µm2, which when exposed to radiation

over time will become p-type and the leakage current will increase, in a time-dependent manner.

Therefore the pixel sensors are designed to be operated between -5◦C and -10◦C to reduce this

leakage current and provide continued performance. The pixel detector has a resolution of

σrφ ≈ 10µm in ther − φ direction andσz ≈ 115µm in thez direction.
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3.2.4.2 Silicon Tracking Detector

The Silicon Tracking detector (SCT) consists of four layers of silicon modules in the barrel and

nine disks in each end-cap. There are a total of 4088 modules,each module containing four

sensors of 770 microstrips of 12 cm length, two pairs of sensors are mounted at small stereo

angles of 40 mrad in order to give accurate precision in both position coordinates. In the barrel

one set of strips is oriented parallel to the beamline and theother at a small rotation, in the

end-cap one set is oriented radially and the second at a smallrotation; each pair of sensors

comprises one spacepoint and therefore each charged track is expected to pass four spacepoints

in any direction through the SCT detector. The SCT has a total of6.3 million readout channels.

The SCT detector has a resolution ofσrφ ≈ 17µm in ther − φ direction.

3.2.4.3 Transition Radiation Tracking Detector

The Transition Radiation Tracker (TRT) detector in the barrel region is composed of three layers

of modules. Each module is built from straws interspersed with plastic fibres which produce the

transition radiation, absorbed by the Xenon-gas mixture inthe straws. In the end-caps there are

twenty independent wheels, each containing eight layers ofstraws layered between transition-

radiation-producing plastic foils. Each straw contains a wire anode, of length 1.44 m in the

barrel region and 0.37 m in the end caps. The 4 mm diameter casing surrounding each wire

forms the cathode and the straws are filled with a Xenon-gas mixture. In the barrel region, the

straws are all oriented along the beamline and can thereforeonly offer spatial resolution in the

R− φ plane; only a loose determination ofη is available for tracking. In the end-caps the straws

are arranged radially and so offer resolution in thez − φ plane. In both the barrel and end-caps

a charged track is expected to traverse 36 spacepoints, however in the transition region between

the barrel and end-caps, 0.8< |η| < 1.0, the expectation drops to 22 spacepoints. The TRT

detector has a resolution ofσ⊥ ≈ 130µm in the transverse direction.
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3.2.5 Calorimeters

To measure jets andEmiss
T accurately, full coverage by the calorimeters is required.The ATLAS

calorimeter system extends up to|η| < 4.9. To fulfil the varying requirements across theη range

different components are used, these are shown in figure3.6. In the|η| < 2.5 region matching

the Inner Detector region, where tracking is available, precise measurements of electron and

photon momenta are necessary along with accurate shower shape measurements. Both are re-

quired for the electron and photon identification as well as for accurate discrimination between

the two. Outside thisη range, the measurements can be made with a coarser granularity for

the jet andEmiss
T reconstruction. The entire calorimeter had to be designed to be an appropriate

depth to contain the electromagnetic and hadronic showers and reduce the punch through into

the muon detectors, this had an important impact on the material choices. To meet these needs

there is an electromagnetic calorimeter covering the barrel and end-cap regions, described in

section3.2.5.1, surrounded by a hadronic barrel calorimeter and two extended hadronic bar-

rel calorimeters, two end-cap hadronic calorimeters and two hadronic forward calorimeters,

described in section3.2.5.2.

3.2.5.1 Liquid Argon Electromagnetic Calorimeters

The electromagnetic calorimeters are divided into a barrelcalorimeter, composed of two halves

with a small gap atz = 0, covering the range|η| < 1.475, and two end-cap calorimeters,

each with an inner and outer wheel, where the the inner wheel covers 2.5< |η| < 3.2 and

the outer wheel 1.375< |η| < 2.5. The electromagnetic calorimeters use liquid argon as the

active material, chosen for its radiation hardness and speed, interleaved with layers of lead as

the absorber. The geometry is accordion in shape as can be seen in figure3.7, this ensures

complete azimuthal coverage with no gaps and allows for three layers of active material in the

region 0< |η| < 2.5 and two layers in the region not matching the tracking 2.5< |η| < 3.2,

corresponding to the inner wheel. An additional layer of pre-sampler is placed in front of the
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Figure 3.6: A view showing the various components which comprise the ATLAS calorimeter
system for the barrel and end-caps.

calorimeter in the region 0< |η| < 1.8 to enable accurate measurements of the energy lost in the

material in front of the calorimeters. The first layer is veryfinely granulated in theη direction,

to give excellent resolution to complement the precision tracking; this is shown in figure3.7.

The electromagnetic calorimeter has an energy resolution of σ/E ∼ 10%/
√
E ⊕ 0.7%.

3.2.5.2 Hadronic Calorimeters

The hadronic calorimeter system is composed of one central barrel and two extended barrels

covering the regions|η| < 1.0 and 0.8< |η| < 1.7 respectively, and two end-caps, each with

two wheels, two layers in depth, covering the region 1.5< |η| < 3.2.

The barrel calorimeters use steel as the absorber and scintillating tiles as the active ma-

terial, this was chosen to maximise the depth available while minimising the cost. Radially

the hadronic calorimeter extends from 2.28 m to 4.25 m. The end-caps use copper plates as

the absorber and liquid argon as the active material. The hadronic calorimeter has an energy

resolution ofσ/E ∼ 50%/
√
E ⊕ 3%.

Finally the full coverage overη is achieved using the forward calorimeters, these by neces-



3.2The ATLAS Detector 36

Figure 3.7: A figure showing the granularity of each layer of the electromagnetic calorimeter
and the accordion geometry.

sity should be dense and so while using liquid argon as the active material, in the first layer

copper plates are used for absorption, but in the second two layers tungsten is chosen. The

copper is chosen to aid in heat removal and optimise resolution while the tungsten which is

much heavier provides the required containment for the hadronic showering. The positioning

of these forward calorimeters is pictured in figure3.6. The forward calorimeters have an energy

resolution ofσ/E ∼ 90%/
√
E ⊕ 7%.

3.2.6 Muon Spectrometers

The muon spectrometers include chambers for accurate position and momentum measurement

as well as dedicated triggering mechanisms. The muon trigger and measurement can achieve

a momentum resolution of< 10% up toEµ = 1 TeV. The trigger can return a decision in

tens of nanoseconds. The Monitored Drift Tubes (MDTs) are able to provide precision mea-

surements of track position and momentum in the plane perpendicular to the bending induced

by the toroidal magnet systems, described in section3.2.3, for the region 0< |η| < 2.7. For

the forward region in the innermost layer only, this capability is supplied by the Cathode Strip



3.2The ATLAS Detector 37

Figure 3.8: A diagram illustrating the layout of the ATLAS Muon Spectrometers.

Chambers (CSCs), because they are better able to cope with the higher rate, between 2.0< |η| <

2.7. The triggering is provided in the barrel region by the Resistive Plate Chambers (RPCs) for

|η| < 1.05 and in the end-caps by the Thin Gap Chambers (TGCs) for 1.05< |η| < 2.4. The

summary of this layout is shown in figure3.8.

3.2.6.1 Monitored Drift Tube Chambers

The MDT chambers are designed primarily to achieve high precision tracking, they are capable

of accurately measuring the momentum of muons and giving a position measurement inη the

bending plane. In order to get the position inφ, the non bending plane, the track position in

η is matched to the trigger chamber measurement, and then the position inφ is taken from the

trigger chamber. Each of the 1088 MDT chambers is built from individual tubes for additional

robustness and operational stability, these tubes are oriented along theφ direction, at a tangent

to the beamline, in both the barrel and end-cap chambers. There are 18 different configurations

of chamber, depending on location within the detector.
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3.2.6.2 Cathode Strip Chambers

In the forward region 2.0< |η| < 2.7 the precision tracking in the innermost layer is much

more challenging due to the higher rates and backgrounds anda different type of chamber is

required to cope with this. The CSCs are multi-wire proportional chambers with wires oriented

in the radial direction. The cathode strips are arranged in two layers, the first perpendicular to

the anode wires and the second parallel to them in order to provide both directional components

of the measurement. These chambers have better time and spatial resolution relative to the

MDT chambers, and thanks to the 2D measurements they can alsoreliably resolve between two

tracks, hence their suitability for this environment.

3.2.6.3 Trigger Chambers

The muon trigger chambers need fast time resolution to effectively tag bunch crossings and

fast read out times of the order of tens of nanoseconds to enable use of the information in the

trigger algorithms. They also have accurate spatial resolution, particularly in the non-bending

plane, to complement the precision measurements made by theMDT chambers in the bending

plane. The barrel and end-caps represent significantly different environments for the trigger

system, the end-cap regions will receive a much higher flux ofmuons and be subject to higher

backgrounds. In addition to this at higher values of|η| the muons will have a higher momentum

for a givenpT and the chambers will be outside of the magnetic field so the end-caps will require

higher granularity for a similar precision to the barrel. The two different types of technology

chosen for these applications are RPCs for the barrel and TGCs for the end-caps.

3.2.6.4 Resistive Plate Chambers

The barrel muon trigger system is divided into three layers at different radii, each layer contains

two detectors and therefore a possibility of six position measurements. The chambers are built

from two parallel electrode plates and no wires and can adequately deal with the expected rate
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and provide the necessary spatial and temporal resolution for effective triggering.

3.2.6.5 Thin Gap Chambers

The trigger system in the end-caps uses four layers, three outside the toroid, and a fourth inside.

Each layer is built of TGCs which are multi-wire proportionalchambers, offering very good

time resolution.

3.2.7 Trigger

The ATLAS trigger system is essential to reduce the high volume of data to a manageable rate

which can be stored at CERN for data analysis; this is done by a wide range of different triggers

designed to select a variety of interesting physics signatures.

A three-tier system is in use where each successive level refines the selection and further

reduces the rate of data. The first level (L1) is realised using dedicated electronics and uses

reduced granularity detector information. The decision must be made and passed to a central

trigger processor (CTP) [57] within 2.5µs, it reduces the rate from 40 MHz to 75 kHz.

The two higher levels, level 2 (L2) and the event filter level (EF), known collectively as the

high level trigger (HLT), are software based triggers. L2 uses custom algorithms and EF uses

algorithms similar to those used in offline reconstruction.

L2 uses Regions-of-Interest (RoIs), detector areas identified during the L1 selection, to

seed its algorithms using reduced granularity detector information within these RoIs; this re-

duces the amount of data to be processed significantly and helps to keep the processing time to

∼40 ms/event. The rate input to the EF is kept under 3.5 kHz.

The EF is then able to use the full detector information and improved calibration, it can make

much tighter selections due to the lower number of events to process, taking approximately 4 s

per event; this final reduction brings the rate down to only 200 Hz and events passing this level

are written to disk, with a size of∼1.3 Mbyte.

Due to a wide range of physics needs many different trigger options are required; it is not
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possible to meet the tight restrictions of rate for all possible triggers. Therefore a menu is

devised, granting an allowed amount of bandwidth to each trigger. One available tool to reduce

the rate for a particular trigger is to implement a pre-scale; a pre-scale is a scale factor which

determines the percentage of events passing the trigger that are written to disk, it can be set

independently at each level. As for a physics search it is undesirable to lose events in this

manner, other possibilities to cope with the bandwidth problem are to raise thepT threshold of

the trigger, to use a combined trigger, where instead of triggering on an electron, for example,

the trigger could fire when an electron and a muon are identified or to derive better trigger

strategies with new cuts.

3.2.7.1 Level 1

The L1 trigger selects events containing high transverse momentum (pT ) physics objects: elec-

trons, muons, photons, jets and hadronically decayingτ leptons, in addition to events with high

total transverse energy (ET ) or missing energy (Emiss
T ). This is achieved through two types of

triggers: the L1 muon and the L1 calorimeter triggers.

L1 Muon The L1 muon trigger uses the trigger chambers described in section 3.2.6.3. For

the end-cap these are the RPCs and for the barrel the TGCs. They are specially designed for

high speed as well as accurate position and momentum resolution because the triggers need to

be able to identify the bunch crossing the muon originated from; the timing for this is< 25 ns.

The trigger algorithm searches for high-pT muons originating from the interaction point

using coincidence techniques. There are 6 programmablepT thresholds possible, three for the

low-pT region (< 10 GeV) and three for the higher-pT region (> 10 GeV). For both the end-

cap and barrel triggers, in the low-pT region, 2 hits are required, in 2 different layers of trigger

chambers, all of which must lie in one path, where the width ofthe path is proportional to the

pT threshold; for the higher-pT region 3 hits in 3 layers are required.
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L1 Calo The L1 calo triggers can be subdivided further into jet and energy, electron and

photon, andτ lepton. All work with reduced granularity trigger towers; asum of the energy in

all calorimeter cells in a window measuring∆η × ∆φ = 0.1 × 0.1. These trigger towers are

subjected to a sliding window algorithm to identify the highest energy clusters. For the electron

and photon triggers the region used corresponds to∆η ×∆φ = 0.2 × 0.2. Once identified the

cluster energies are then required to pass a pre-programmedET threshold. For theτ triggers

the region is the same size but uses the hadronic calorimeters as well as the electromagnetic; for

the jet triggers the size can be programmed to be∆η ×∆φ = 0.4× 0.4, 0.6× 0.6 or 0.8× 0.8.

For the electron, photon andτ triggers it is also possible to use a veto on isolation criteria,

this is calculated using an annulus around the central high energy deposit within the Region-

of-Interest. The highest energy window of towers of size2 × 2 form the core, the RoI will be

4 × 4, so the isolation annulus is formed from the towers surrounding the core. This isolation

veto affords much greater rejection against jets.

The L1 calo triggers count only the number of objects passingeach threshold, however the

geometric information of the object which passed the trigger becomes the RoI which is passed

to the L2 trigger for further processing.

3.2.7.2 High Level Trigger

At the HLT, additional algorithms are run which provide information to multiple trigger types,

such as tracking, calorimeter clustering and muon identification.

Since each trigger type, e.g. electron, muon,τ lepton, is designed to resemble offline se-

lection as closely as possible within the time limit, they vary greatly. It is beyond the scope of

this thesis to discuss the details of every trigger, which are documented elsewhere [58], with

the exception of the trigger for hadronically decayingτ leptons which is discussed further in

section4.2.
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3.3 Object Reconstruction and Identification

3.3.1 Tracking

In 25 ns at the LHC at 1034 cm−2 s−1, ATLAS can expect to see as many as 1000 charged

tracks. The challenge for the tracking algorithms is to accurately reconstruct the real tracks

corresponding to the particle trajectories. For the Inner Detector the tracking process can be

broken down into three steps:

3.3.1.1 Spacepoint Formation

The output from the pixel and SCT detectors is formed into clusters. One cluster from the pixel

detector gives information on ther−φ−z direction, as each pixel gives two dimensions locally

and this can be transformed to give three, creating a spacepoint. Each strip on the SCT detector

will give a precise measurement in the strip direction only,it is for this reason that the strips are

mounted back to back at a stereo angle as described in section3.2.4.2, when these two hits are

combined they give a two dimensional measurement locally and thus form a spacepoint. The

timing information from the TRT detector is transformed into calibrated drift circles.

3.3.1.2 Trackfinding

Track seeds are formed from combinations of spacepoints, three in the three pixel barrel layers

and one in the first SCT layer, clusters in the track seed are refitted as each SCT hit is added.

This trackfinding seeded by spacepoints yields a very high number of track candidates, which

must be resolved before the track can be extended into the TRTto include the calibrated drift

circles. Tracks are subjected to quality scoring cuts to resolve ambiguities and a lower number

of higher quality tracks result which can be extended into the TRT detector. The extended tracks

are refitted and the quality scores re-evaluated. If they score lower than the original track, the

original track is kept and the TRT hits added as outliers to the track. This is known as inside-
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out tracking, a complementary track searching algorithm isused, known as outside-in tracking.

This begins with the unused TRT track segments and extends these into the SCT and pixel

detectors, this is specifically useful for tracks arising from conversions and secondary vertices,

which are likely to fail the inside-out quality requirements due to a lack of hits in the inner

layers.

3.3.1.3 Post-processing

There are many possible algorithms which follow on from the tracking, these involve finding

the primary vertex, secondary vertexing and reconstruction of photon conversions.

3.3.2 Electrons

3.3.2.1 Reconstruction

The ATLAS reconstruction algorithm for electrons and photons is based on finding clusters of

energy in the calorimeter and for electrons associating these clusters with tracks in the Inner

Detector where possible. The clusters are formed using a sliding window algorithm [59] and

are required to have energies> 2.5 GeV. The clusters are formed from 3× 5 second layer cell

units, where one unit isη × φ = 0.025× 0.025 [60].

The matching of the track to the cluster is done by extrapolating the track from its last

measured point in the Inner Detector to the second layer of the calorimeter where the majority

of the energy is expected to be deposited. The difference between the expected impact parameter

on the calorimeter inη andφ is compared to the cluster position and the track with the lowest

∆R (equation3.2) is chosen as the selected track. All the other tracks are ordered according

to the quality of the track match and stored, as are all variables calculated during the track

to cluster matching process. Track segments only in the TRT,with no matching silicon track

(known as TRT-only tracks), have a lower priority than thosebuilt from silicon hits as TRT-only

tracks have a higher likelihood of being electrons from photon conversions.
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At the reconstruction level the electrons from conversionswill look identical to isolated

electrons, a track pointing to a cluster of energy, hence at this stage to preserve the efficiency of

reconstructing isolated electrons, the electrons from conversions are stored and treated as elec-

trons and instead can be distinguished using the electron identification algorithm, in particular

at the “tight” level, see section3.3.2.2.

For the track matching, care is taken to account for Bremsstrahlung losses by the electrons

by enlarging the size of the∆φ window on the side that the track bends as it passes through the

magnetic field. If the track contains only TRT hits the matching can only be performed in∆φ

due to the limited precision the TRT affords in the measurement of theη direction.

3.3.2.2 Identification

The ATLAS electron identification algorithm is designed to discriminate real isolated electrons

from hadrons in jets from QCD processes, photons from electron conversions and non-isolated

electrons from heavy flavour decays. It uses a combination ofcalorimeter, tracking and com-

bined calorimeter and tracking variables to achieve this. Three levels are defined which cor-

respond to the level of background rejection in order to accommodate the needs of different

analyses, “loose”, “medium” and “tight” [60].

For the “loose” selection, shower shape variables and hadronic leakage variables are used.

At the “medium” level calorimeter cuts, track quality requirements and track-cluster matching

criteria are used in addition to the “loose” selection requirements. For the “tight” level, cuts

on E/p, a requirement of a hit in the b-layer and cuts based on TRT particle discrimination

between electrons and photons are added to the “medium” level.

The variables used in “loose” level identification are:Rhad1, Rhad, ωη2 andRη. These are

defined in table3.3.

The variables used in the “medium” level also include the calorimeter variablesωtot and

Eratio, also defined in table3.3. The tracking variables added at this level were optimised

on the first data. These are: Minimum numbers of hits in the pixel and SCT detectors and a
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maximum value of the transverse impact parameter of the electron with respect to the beam

spotd0. The track-cluster matching is subject to the quality requirement of a maximum cut on

∆η1, the∆η between the cluster and extrapolated track. All of these variables are defined and

summarised in table3.3.

The “tight” level identification adds the requirement of at least one hit in the b-layer as well

as a dedicated algorithm for rejecting conversions. The track quality is improved by a tighter

cut on the transverse impact parameter and more stringent requirements on the track-cluster

matching are added, including additional cuts on∆φ between the track and cluster and a cut on

the cluster energyE upon the track momentump, and a tighter cut on∆η1. The TRT cuts used

are: total number of hits in the TRT detector and the ratio of high-threshold hits to total hits.

These variables are defined and summarised in table3.3.

3.3.3 Muons

There are four types of muon candidates reconstructed at ATLAS: Standalone, Combined, Seg-

ment Tagged and Calorimeter Tagged. The tracking algorithmsused by the Muon Spectrometer

are common to the Inner Detector and are described in section3.3.1. For the types of candi-

dates which use tracks from the Muon Spectrometer there are two different chains of algorithms

available, they use different pattern recognition and different techniques to combine the tracks

between the Inner Detector and Muon Spectrometer, these areStaco [61] and Muid [62].

Standalone Standalone muons are formed from tracks reconstructed in the Muon Spectrome-

ter, extrapolated back to the beampipe, correcting for the expected energy losses in the calorime-

ter. As these standalone muons use no Inner Detector information, they are available up to

|η| < 2.7. However they are missing in theη region around zero, where an accurate momentum

measurement cannot be made due to the gap in muon detector coverage owing to the services

access, such as for power supplies, cabling and cooling pipes. Standalone muons require track

segments in at least two layers in order to calculate an accurate momentum measurement, there-
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Type Description Variable Name
“Loose” cuts

Acceptance of the
Detector

• |η| < 2.47

Hadronic Leak-
age

• Ratio ofET in the first layer of the hadronic calorime-
ter to ET of the EM cluster (used over the range
|η| > 0.8 and|η| < 1.37)

• Ratio of ET in the hadronic calorimeter toET of
the EM cluster (used over the range|η| > 0.8 and
|η| < 1.37)

• Rhad1

• Rhad

Second Layer of
EM Calorimeter

• Ratio ofη of cell energies in 3 x 7 versus 7 x 7 cells

• Lateral width of shower

• Rη

• ωη2

“Medium” cuts (includes “Loose”)

First Layer of
Calorimeter

• Total shower width

• Ratio of the energy difference associated with the
largest and second largest energy deposit of the sum
of these energies

• ωstot

• Eratio

Track Quality

• Number of hits in the pixel detector (≥ 1)

• Number of hits in the pixels and SCT (≥ 7)

• Transverse impact parameter (< 5 mm)

• d0

Track Matching • ∆η between the cluster and the track (< 0.01) • ∆η1
“Tight” cuts (includes “Medium”)

b-Layer • Number of hits in the b-layer (≥ 1)

Track Matching

• ∆φ between the cluster and the track (< 0.02)

• Ratio of the cluster energy to the track momentum

• Tighter∆η cut (< 0.005)

• ∆φ2

• E/p

• ∆η1

Track Quality • Tighter transverse impact parameter cut (< 1 mm) • d0

TRT
• Total number of hits in the TRT

• Ratio of the number of high-threshold hits in the TRT

Conversions • Electron candidates matching to reconstructed photon
conversions are rejected

Table 3.3: This is a summary of the variables used for each level of electron identification and
their definitions for the central region of the detector|η| < 2.47 [60].

fore losses can occur at lower momentum,∼6 GeV, where muons do not pass more than the

innermost layer of muon chambers.



3.3Object Reconstruction and Identification 47

Combined Combined muons are computed using tracks reconstructed in the Inner Detector

and Muon Spectrometer, combined using one of the two chains to produce a quality matched

track. This can provide a more accurate measurement of momentum thanks to the information

from the Inner Detector, however they are only available up to |η| < 2.5.

Segment Tagged Segment tagged muons begin from an Inner Detector track and are extrap-

olated to the first muon layer, where the track is matched withstraight sections from inside a

MDT or CSC chamber. This is particularly useful for recovering low-pT muons, which may not

extend past the first layer and be reconstructed as a full MuonSpectrometer track.

Calorimeter Tagged Calorimeter tagged muons also start from an Inner Detector track and

search for matching energy deposits in the calorimeter which agree with those expected by a

minimum ionising particle. This can be useful for covering the region|η| = 0 where there is a

gap in coverage with all candidates requiring any Muon Spectrometer segments.

3.3.4 Hadronically Decayingτ Leptons

The τ leptons decay leptonically to an electron∼17.8% (∼17.4%) (muon) of the time, and

hadronically∼64.7% of the time, therefore it is very important to develop techniques for recon-

structing and identifying the hadronic decays. This is verychallenging in an environment such

as is produced at the LHC due to the multijet background whichhas a cross-section many times

larger than the signal processes (for example the jet production cross-section is∼4 × 103 nb

for inclusive jets withpT > 60 GeV and|η| < 2.8 at
√
s = 7 TeV [63] and the production

cross-section forZ → ττ is just 0.96 nb at
√
s = 7 TeV [64]). The branching ratio for decays

to “1-prong” τ leptons (one charged track) is 49.5% and to “3-prong” (three charged tracks)τ

leptons is 15.2%. While “5-prong” decays will also occur these are typically too difficult to dis-

tinguish from the multijet background. This signature of low track multiplicity is a key feature

for identifying hadronically decayingτ leptons. Another is that the visible decay products of
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theτ leptons will be collimated due to the boost theτ leptons typically receive when produced;

this results in narrow, isolated deposits of energy in the calorimeter.

3.3.4.1 Hadronically Decayingτ Lepton Reconstruction

The reconstruction for hadronically decayingτ leptons is seeded by jets reconstructed in the

calorimeter using the Anti-kT algorithm [65, 66] (see section3.3.5.1) using a distance parameter

of ∆R = 0.4, built from topoclusters [59] (see section3.3.5.1) in the calorimeter. These seeds

are then matched to tracks identified using the Inner Detector. As theτ decay products are

expected to be collimated the tracks must be in a core cone of∆R < 0.2 and pass the following

quality requirements:

• pT > 1 GeV

• Number of hits in pixel b-layer≥ 1

• Number of pixel hits≥ 2

• Number of pixel + SCT hits≥ 7

• Transverse impact parameter,|d0| < 1.0 mm

• Longitudinal impact parameter multiplied bysin θ, |z0 sin θ| < 1.5 mm

An annulus surrounding the core cone of 0.2< ∆R < 0.4 is defined as the isolation annulus;

tracks which fall in this region are stored and used for the identification, but the definition of

a τ candidate as being single or multi-prong depends only on thenumber of tracks in the core

cone.

The directional componentsη andφ of the reconstructedτ candidate are taken from the

seed jet, the mass is assumed to be zero, therefore the transverse momentum and transverse

energy are equal. The energy of the reconstructedτ candidate is not taken from the seed jet as

this has been calibrated to non-τ jets [67]. Instead, all cells which contribute to the topoclusters
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within ∆R < 0.4 are summed at the electromagnetic scale and then this sumis calibrated to the

tau energy scale [45]. Theτ candidates are calibrated based on calorimeter response functions

measured in Monte Carlo for hadronically decayingτ leptons.

3.3.4.2 Hadronically Decayingτ Lepton Identification

There are three types of identification available, a simple cuts-based selection, a projective

likelihood and one using boosted decision trees. In this thesis only the cuts-based selection is

applied, so a brief introduction to this is included here andthe details for the two multi-variate

identifications are documented elsewhere [45].

The cuts-based selection described here was optimised using Monte Carlo simulation of

bothW → τν andZ → ττ generated with PYTHIA, and the background was taken from AT-

LAS data collected in 2010 at
√
s = 7 TeV. The identification is optimised for signal efficiency

against the background efficiency of a di-jet sample, the rejection of electron type candidates

is dealt with separately using a dedicated electron veto [58], described in section3.3.4.3. As

thepT of theτ lepton increases and it becomes more boosted the decay products become more

collimated and the efficiencies of those variables which describe the shower width, in particular

REM (equation3.3), illustrate dependence onpT . Therefore in addition to optimisation in bins

of single or multi-prong candidates, the identification is also optimised in bins ofpT to attempt

to flatten this dependence. The optimisation of theτ identification defines different levels for

the identification, for example where “tight” defines the highest rejection against the multijet

background and refers to∼30 % signal efficiency. The three variables used for the cut-based

identification are:

1. TheEM-radius is theET -weighted average∆R among all calorimeter cells,

REM =

∑

ET ∆R
∑

ET

(3.3)

The sums are over calorimeter cells in the presampler and first two layers of the EM
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calorimeter within∆R < 0.4 of the axis of the seed jet.EM-radius quantifies the spatial

narrowness of theτ candidate and ispT -dependent.

2. Thetrack-radius is thepT -weighted average∆R among tracks associated to theτ candi-

date,

Rtrk =

∑

pT ∆R
∑

pT
(3.4)

The sums are over tracks associated to theτ lepton candidate within∆R < 0.4 of the

axis of the seed jet.track-radius quantifies the spatial narrowness of theτ candidate and

is dependent on thepT of theτ lepton.

3. Theleading track momentum fraction,

ftrk,1 =
pT (leading track)

pT (τh)
(3.5)

is the ratio of the transverse momentum of the highestpT track to the total reconstructed

transverse momentum of theτ candidate, calibrated at EM-scale (see section3.3.5.1).

3.3.4.3 Hadronically Decayingτ Lepton Electron Veto

Many backgrounds toτ lepton final states contain electrons, these can be falsely reconstructed

asτ lepton candidates. To ensure efficient rejection of these backgrounds, for example from

W → eν orZ → ee processes, tracks which would pass identification requirements as electrons

are vetoed. The algorithm designed to do this is known as theτ -electron veto [58]; it uses the

following variables:

• Energy deposited in the hadronic calorimeter

• Energy in the first layer of the electromagnetic calorimeternot associated with the charged

track

• Ratio of theET in the electromagnetic calorimeter to thepT of the track

• Ratio of high-threshold to low-threshold TRT hits
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3.3.5 Jets andEmiss
T

3.3.5.1 Jet Reconstruction

The default jet finding algorithm was chosen based on a set of guidelines [58] produced be-

tween the experimental and theoretical communities to ensure good comparability between

different results. At the ATLAS experiment the recommendedjet reconstruction algorithm is

Anti-kT [65, 66], using a distance parameter of either∆R = 0.4 or 0.6.

The Anti-kT algorithm is a fast sequential recombination algorithm which is infrared and

collinear safe and includes the property of regular shaped jets.

The inputs to this jet algorithm are 3D topological clusters(topoclusters) [59]. Topoclusters

are built from a clustering algorithm which iteratively adds neighbouring cells which pass an

energy threshold and therefore inherently includes noise suppression.

The default calibration for anti-kT jets is currently at the electromagnetic scale, this means

the calibration used was determined from the response of thecalorimeters to electrons and pho-

tons in test-beam data. It is at this stage that these jets reconstructed with a distance parameter

of ∆R = 0.4 are taken as inputs to the reconstruction of hadronically decayingτ leptons, as

described in section3.3.4.1. For jets there is an additional correction available to calibrate the

jets on a jet-by-jet basis to the hadronic scale, for which the calibration is derived from Monte

Carlo simulations of the calorimeter response to hadrons; itis parametrised in terms of jetpT

andη [67].

3.3.5.2 Emiss
T Reconstruction

Emiss
T stands for missing transverse energy; in any collision energy should be conserved ac-

cording to the conservation of energy principle. It is not possible to measure total energy, as

the contribution lost longitudinally along the beampipe cannot be measured; so instead the en-

ergy is measured in the transverse direction. TheEmiss
T is then the imbalance of energy in the

transverse direction.
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The hard process and all other background components which will contribute to theEmiss
T

in an event such as multiple interactions, pile-up and noiseare characterised as energy de-

posits in the calorimeter and muon tracks. TheEmiss
T is reconstructed from the calorimeter cells

and muon tracks using a cell-based algorithm. All cells in the event which are included in

topoclusters and therefore have already passed noise suppression are summed. The topoclusters

are classified into types of reconstructed objects, and thencan be calibrated to the appropri-

ate energy scale, electromagnetic or hadronic. Once the calorimeter deposits are summed, the

contributions from muon tracks are included and the calorimeter deposits are corrected for the

energy arising from muons traversing the calorimeter [68].



Chapter 4

Tau Trigger Studies

4.1 Tau Trigger Performance

At the LHC, where the rate of collision data is 40 MHz, it is essential to select only events of

interest to record and analyse. Hadronically decayingτ leptons are an interesting key signal for

many new physics processes, such as Higgs boson decays or Supersymmetry. Having the ability

to trigger on an event containing a hadronically decayingτ lepton as well as one containing a

leptonically decayingτ lepton greatly increases the potential sample of new physics events

thanks to the higher branching ratio of theτ lepton to hadrons, discussed in section2.1.1.

The task of triggering events is further complicated by the presence of additional collisions

in every bunch crossing; at the design luminosity of 1034 cm−2 s−1, 23 minimum bias events

are expected per bunch crossing, of which only one is likely to be a hard collision resulting in a

process of interest, the rest are known as “in-time” pile-up; where “out-of-time” pile-up refers

to collision data from nearby bunch crossings. An example ofthe difficulty posed for triggering

is shown in figure4.1where aZ → µµ event recorded on September 14th 2011 is pictured with

20 reconstructed vertices.

The ATLAS trigger system is described in section3.2.7and further details specific to the

design and implementation of the Tau Trigger can be found in section4.2.

This study was a first look at the potential degradation of thetrigger performance in pile-up

conditions. It was undertaken prior to collisions at the LHCand therefore before the successful

commissioning of the ATLAS Tau Trigger with collision data at
√
s = 900 GeV [69] and

√
s = 7 TeV [70]. Therefore it is performed entirely using Monte Carlo.

The performance of the Tau Trigger is assessed by measuring its efficiency. In order to eval-

53
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Figure 4.1: ATLAS event display of aZ → µµ event recorded on September 14th 2011 with 20
reconstructed vertices. This is a typical occurrence in thehigh luminosity environment. Tracks
were required to havepT > 0.4 GeV and at least 2 hits in the Pixel detector and 7 in the SCT.

uate the impact of additional activity in proximity to theτ lepton, the efficiency is parametrised

in the distance measurement∆R (given in equation3.2) between theτ candidate and the nearest

jet in samples oftt̄ events.

4.2 Overview of the Tau Trigger

4.2.1 Level 1

At Level 1(L1) a hardware trigger is used, based on trigger towers, which are sums of calorime-

ter cells in the Electromagnetic (EM) and Hadronic (HAD) calorimeters, with granularity∆η

× ∆φ = 0.1× 0.1. From these a Region-of-Interest (RoI) is formed of 2× 2 towers. A local

maxima inET is found in the core region of 2× 2 trigger towers using a sliding window al-

gorithm. As illustrated in figure4.2horizontal and vertical sums of energies are calculated and

various quantities are formed and compared to pre-programmed thresholds.

The quantities calculated are:
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Figure 4.2: Diagram showing the different calculations used in the Level 1 Calorimeter trigger.

• EMCore: The energy in the central 2× 2 trigger towers in the EM calorimeter

• HadCore: The energy in the central 2× 2 trigger towers in the HAD calorimeter

• EMEnergy: The highest energy in a horizontal sum of 2× 1 or a vertical sum of 1× 2 EM

trigger towers

• TauEnergy: The EMEnergy added to HadCore

• EMIsolation : The energy in the region between 2× 2 and 4× 4 towers in the EM calorime-

ter

• HadIsolation: The energy in the region between 2× 2 and 4× 4 towers in the HAD

calorimeter

For an example of the pre-programmed thresholds for these variables see table4.4which gives

the default values for the tau16i trigger, a baseline trigger, named for itspT threshold of 16 GeV

and i indicates that the configuration includes isolation criteria.
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4.2.2 Level 2

At Level 2 (L2) the trigger is seeded by the L1 RoI, it is able to use the full detector granularity

in this region and fast specialised algorithms with tracking in the Pixel and SCT detectors to

calculate a series of variables using both the calorimetry and the tracking.

Calorimetry variables The second layer of the EM calorimeter is used to refine the position

of the candidate, then shape variables can also be calculated, lastly the total energy of the

candidate is recalculated for L2 by summing the energy of allthe layers in the EM and HAD

calorimeters and applying an energy calibration.

To calculate the shape variables, only the second layer of the EM calorimeter is used as the

majority of the energy is deposited there; three window sizes are defined:η × φ = 0.1× 0.1 -

small,η × φ = 0.2× 0.2 - medium, andη × φ = 0.3× 0.3 - large.

The variables are defined as:

• StripWidth : The width of the energy deposition:

StripWidth =

√

√

√

√

√

√

∑

large

η2cell.Ecell

∑

large

Ecell

−







∑

large

ηcell.Ecell

∑

large

Ecell







2

(4.1)

• EMRadius: The energy weighted squared radius of the energy deposition:

EMRadiusL2 =

∑

large

Ecell∆R
2
cell

∑

large

Ecell

(4.2)

• IsoFrac: The difference in energy between the small and medium windows normalised to

the medium window:

IsoFrac =

∑

med

Ecell −
∑

small

Ecell

∑

med

Ecell

(4.3)

• Calibrated η: Sum of the energy in all calorimeter layers, EM and HAD in a large window,
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calibrated

Tracking variables Using the common L2 tracking algorithm the L2 trigger reconstructs

tracks in an areaη×φ = 0.6× 0.6 around the calorimeter central position with apT > 1.5 GeV

requirement. The highestpT track is selected as the leading track, two cones are defined at

∆R = 0.15 and∆R = 0.3 and the region between these is known as the isolation region.

• NTracks: Number of tracks found in the∆R = 0.3 cone

• Leading Track pT : pT of the Leading Track

• Charge: The absolute sum of the charge of all tracks in the∆R = 0.3 cone

• SumPtRatio: Ratio of the sum of thepT of all tracks in the isolation region to the cone of

∆R = 0.15

4.2.3 Event Filter

The Event Filter (EF) follows the offline reconstruction algorithms more closely; it uses an area

around the L2 RoI to collect cells inη × φ = 0.6× 0.6 which offers more accurate direction

determination. Tracking is performed in an area ofη × φ = 0.4× 0.4; if there are multiple

tracks, secondary vertexing can be performed. At EF calibration following offline procedures

is applied to theτ candidate.

The variables calculated at the EF level are:

• NTracks: Number of tracks in a cone of∆R = 0.2 withpT > 2 GeV

• EMRadius: An energy weighted radius of the transverse energy in the first three layers of

the EM calorimeter:

EMRadiusEF =

∑

large

ET,cell∆Rcell

∑

large

ET,cell

(4.4)

• IsoFrac: The sum of energy in an annulus between 0.1< ∆R < 0.2 divided by the energy
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in a cone of∆R = 0.3:

IsoFrac =

∑

0.1<∆R<0.2

Ecell

∑

∆R=0.3

Ecell

(4.5)

• Leading Track pT : pT of the Leading Track in a cone of∆R = 0.2

• Calibrated ET : Total energy in a cone of∆R = 0.3 in all layers of the EM and HAD

calorimeters with a calibration applied

4.3 Simulation Samples

This study was performed using the TrigTauPerform (TTP) package, designed by the Tau Trig-

ger working group for validation, optimisation and performance studies on the trigger. As well

as including the fully simulated trigger decisions it emulates the trigger to enable the user to

change the cuts.

At the time this study was undertaken, no samples including pile-up were available, there-

fore to approximate a busy environment att̄ sample was used; it is a reasonable proxy because

it contains at least two b-jets and the possibility of other jets fromW → qq̄. The study was un-

dertaken using Monte Carlo simulated using the MC@NLO generator [71] at a centre of mass

energy of
√
s = 14 TeV.

In the tt̄ events in the Monte Carlo sample used, the two top quarks decayto W bosons

andb quarks, oneW boson decays leptonically to ane, µ, or τ lepton and the other is free to

decay leptonically or hadronically. In figure4.3the topology of this event shows that there will

usually be a jet from theb quark in proximity to theτ candidate since theW and theb-quark

typically decay collinearly, as well as any other jets that may be present from the underlying

event. The events selected for this study include at least one hadronically decayingτ from aW

boson.

This will not be a totally effective proxy for real pile-up events, but the ability to be able to

classify performance as a function of proximity to jets is useful.
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Figure 4.3: Schematic of att̄ event where eachW boson can decay to either a lepton and a
neutrino or to hadrons.

4.4 Efficiency Measurement

4.4.1 Definition of Efficiency

For the purpose of this study let us define two types of efficiency measurement, the first is

more widely used and shall be known as “relative efficiency”,defined in equation4.6; this

measures the trigger efficiency relative to the offline reconstructedτ leptons and therefore a

measure of only the efficiency of the trigger. Changing a cut may not necessarily improve

the efficiency when measuring relative to the offline if the cut is already applied in the offline

selection; therefore another definition is useful. This shall be known as “absolute efficiency”

and is defined in equation4.7; it is a measure of the efficiency of the trigger with respect to

the truth level. It decouples the trigger selection from theoffline selection and highlights the

full effect of the cuts. This could potentially show recovery of τ candidates not selected at the

offline level.

εR =
Ntrigger candidates

Noffline taus

(4.6)
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εA =
Ntrigger candidates

Ntruth taus

(4.7)

4.4.2 Tau Selection

Truth τ candidates The truthτ leptons were selected with the requisites: aW boson as

parent; visiblepT > 10 GeV (i.e. the sum of the decay products excluding the neutrinos) and

visible |η| < 2.5.

Offline τ candidates At the time of this study two algorithms for reconstructing hadroni-

cally decayingτ leptons were available. The first, tauRec [58], a calorimetry-based algorithm,

identified EM and HAD calorimeter cluster deposits as seeds and built aτ candidate incorpo-

rating information from Inner Detector tracking. The second, tau1p3p [58], a tracking-based

algorithm, used a low number of collimated selected tracks as a seed and built aτ candidate

incorporating calorimeter information; it was possible for aτ candidate to have both seeds. Re-

constructed offlineτ candidates were then required to pass identification requirements which

were seed-type dependent. Candidates seeded by tauRec alone or both seeds, with 1 track, had

to have a Likelihood [72] value> 2.2, for any other number of tracks they had to have Likeli-

hood> 4.8. Candidates with a tau1p3p seed or both seeds were required to have a cut based

DiscriCut [72] value of> 0.5.

Matching of τ candidates Identified reconstructed offlineτ candidates were matched to se-

lected truthτ candidates within∆R < 0.2. Trigger candidates were matched to the selected

truth τ at L1 with∆R < 0.15, at L2 with∆R < 0.1 and at EF with∆R < 0.1.

4.4.3 Efficiency Measurement Methods in Data

During data taking the efficiency measurement has to be carried out in a different way; there are

three methods for doing this:
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• “Tag and Probe” - An event containing two similar objects is used, one object is used to

trigger the event and the other can then be studied.

• “Orthogonal Trigger method” - An event is triggered on a different object such as missing

transverse energy and this sample can be used to measure the efficiency of the Tau Trigger.

• “Bootstrap method” - A trigger with simply a lower threshold is used to trigger events giving

a sample with which to measure the efficiency of the higher threshold trigger.

4.5 Parton Matching

4.5.1 Calculating∆R

To assess the proximity of theτ lepton intt̄ events to jets,∆R was calculated between each

jet and eachτ lepton; a distribution of∆R between all jets and allτ candidates is shown in

figure4.4(a). The closest jet in∆R was then selected and this value is plotted in figure4.4(b)

for each offlineτ lepton, where there may be more than one offlineτ lepton per event.
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(a) Delta R between offlineτ lepton and each jet
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(b) Delta R between offlineτ lepton and closest jet

Figure 4.4: Distributions betweenτ leptons and offline jets.

The peak at∆R < 0.1 as seen in figure4.4(b)arises since theτ leptons themselves are re-

constructed as jets. Figure4.4(a)shows that the values of∆R between each jet in each event and

each offlineτ lepton are spread throughout the range of∆R. The algorithm used to reconstruct

offline jets was a cone algorithm with conesize of∆R = 0.4 [58].
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It is very difficult to resolve whether a jet falling in the region of ∆R < 0.1 is a genuine

overlapping jet or theτ lepton itself reconstructed as a jet; obviously there is a mixture of both.

Due to this difficulty, this region was not studied here and instead the focus lies in the region

0.1< ∆R < 1.0. In all plots where efficiency has been plotted againstpT a veto was placed on

jets at less than∆R = 0.1.

This is clearer when the efficiency of the Tau Trigger is plotted against∆R between theτ

lepton and its closest jet; when∆R < 0.1 the efficiency was higher than at slightly larger values

of ∆R, for example 0.1< ∆R < 0.5, after that it began to rise again. The higher efficiency

at values of∆R < 0.1 further consolidates that many of these jets are in factτ leptons. This

feature can be seen in figure4.5(b).

4.5.2 b-quark Matching

One way to use genuine overlapping jets in the simulation is to match the jets to partons.b-

quark jets are expected to be close to theτ leptons, shown in the topology in figure4.3. This

study matched jets tob-quarks in the event, these jets were then labelled as ‘b-jets’; the relative

efficiency for the Tau Trigger combined over all trigger levels was plotted against∆R between

each selected truthτ and its closestb-jet in the event, for the events which contain a selected

truthτ and ab-jet. Theb-quarks were matched to their closest offline jet in∆R within a cone of

∆R ≤ 1.0 from theb-quark. The distribution in∆R of theseb-jets from each offlineτ lepton is

shown in figure4.5(a), where there is a significant reduction in the number of jets in the region

∆R < 0.1.

In table4.1the relative efficiencies for each level of the trigger are summarised and divided

into regions of∆R = 0.5. There is a clear drop in efficiency from the average efficiency of

78 ± 1% to 21± 5% for the region 0.1< ∆R < 0.5, and to 70± 3% for the region 0.5

< ∆R < 1.0. This is further illustrated in figure4.5(b), labelled as the ‘no parent’ case,

explained below.

To further purify the event selection to those shown in the topology in figure4.3 require-
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Trigger Level
Efficiency [%]

0.1≤ ∆R < 0.5 0.5≤ ∆R < 1.0 1.0≤ ∆R < 1.5
L1 91± 13 93± 4 94± 3
L2 72± 12 88± 4 88± 3
EF 32± 8 85± 4 95± 3
Combined 21± 5 70± 3 80± 2

Trigger Level
Efficiency [%]

1.5≤ ∆R < 2.0 2.0≤ ∆R < 2.5 2.5≤ ∆R < 3.0 All regions
L1 95± 3 95± 3 94± 4 94± 1
L2 89± 3 89± 3 90± 4 89± 1
EF 95± 3 94± 3 94± 4 93± 1
Combined 80± 3 79± 3 79± 3 78± 1

Table 4.1: Relative efficiencies of the Tau Trigger forτ leptons in proximity tob-jets (with
∆R < 0.1 veto).

(a) ∆R between selected truthτ and closestb-jet (b) Relative efficiency vs∆R between truthτ and
closestb-jet

(c) pT of closest jet with and without parent require-
ments

(d) Relative efficiency vs closestb-jet pT

Figure 4.5: Relative efficiency of Tau Trigger with ab-jet in proximity.

ments were placed on the parenthood of theτ lepton. Theτ lepton was required to be the

daughter of aW boson, and theb quark, to be the daughter of a top quark. This helps select jets
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with higherpT which are more likely to affect the triggering, figure4.5(c)shows a comparison

between the scenarios with and without parent requirements; it depicts the normalisedpT dis-

tributions of the closest jet to each offlineτ lepton. It shows a slight reduction in the number of

lower-pT jets with the addition of these parent requirements. In figure4.5(d)the dependence of

the Tau Trigger efficiency on thepT of the closest jet is shown to be negligible. Since no benefit

was seen and this further reduced statistics, these requirements were not employed.

4.5.3 All Parton Matching

To raise statistics without generating more events and to generalise the study it was extended

to include jet matching to all partons instead of just theb-jets. This increased the number of

offline τ candidates with jets close to them from 9602 out of 17373 offlineτ candidates in the

events to 16596; the percentage ofτ leptons affected therefore rose from 55 to 96% as seen in

table4.2.

The parton matching was done in the same way as forb-jets, within a cone of∆R = 1.0

around the truth quark (u, d, c, s or b) the closest offline jet was chosen and labelled as a

“parton-jet”. The efficiency of the Tau Trigger was again measured for events which contained

one of the parton-jets and aτ lepton and the efficiency was plotted as a function of∆R between

them. Figure4.6shows both the absolute efficiency and the relative efficiency for this scenario.

The similar shapes in both plots, figure4.6(a)and figure4.6(b)show that this degradation in

efficiency is a problem in both the trigger and the offline.

B-Jet Parton-Jet
Number of Events 185350 185350
Number of Goodτ Leptons 17373 17373
Number ofτ Candidates with Jets Close 9602 16596
Number ofτ Candidates with No Close Jets 7771 777
Fraction ofτ Candidates Affected [%] 55 96

Table 4.2: Statistics forb-jet study vs parton-jet study.

This degradation is shown in table4.3, the values are averaged over a region of∆R and are
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(a) Relative Efficiency vs∆R between offline tau
and closest parton-jet

(b) Absolute Efficiency vs∆R between good tau and
closest parton-jet

Figure 4.6: Trigger Efficiencies forτ leptons with parton-jets in proximity.

effectively weighted by the statistics, which are lowest inthe area most degraded in efficiency,

0.1< ∆R < 1.0. In the corresponding plot for relative efficiencies in figure4.6(a), the effect is

clearer because the efficiency is averaged over smaller binsof ∆R = 0.1. The efficiencies for

each level calculated independently are included in table4.3.

Trigger Level
Efficiency [%]

0.1≤ ∆R < 0.5 0.5≤ ∆R < 1.0 1.0≤ ∆R < 1.5
L1 90± 8 94± 3 94± 2
L2 74± 8 87± 3 88± 2
EF 42± 6 88± 3 95± 3
Combined 28± 4 72± 2 79± 2

Trigger Level
Efficiency [%]

1.5≤ ∆R < 2.0 2.0≤ ∆R < 2.5 2.5≤ ∆R < 3.0 All regions
L1 95± 3 95± 3 95± 4 94± 1
L2 88± 2 88± 3 89± 4 88± 1
EF 94± 3 93± 3 93± 4 92± 1
Combined 78± 2 78± 3 78± 3 76± 1

Table 4.3: Relative efficiencies of the Tau Trigger forτ leptons in proximity to parton-jets (with
∆R < 0.1 veto).

4.6 Variable Performance

Since the performance of the trigger has been shown to be reduced with additional activity in

the event, it is important to probe the mechanisms of the trigger algorithm to look for any clear
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causes. Asτ leptons are primarily identified by being isolated and collimated, the most likely

individual cuts causing the degradation are expected to be the isolation-based criteria because if

a jet were to lie in the isolation region surrounding theτ candidate it should cause theτ lepton

to fail the trigger. The baseline trigger tau16i was tested,the variables used in the trigger and

their default values are listed in table4.4.

Level 1 Quantities
EMCore > 0 (off)
HadCore > 0 (off)
EMEnergy > 0 (off)
TauEnergy > 9 GeV
EMIsolation < 6 GeV
HadIsolation < 0 (off)

Level 2 Calorimetry Quantities
StripWidth (single and multi-prong) < 1.0
EMRadius (single and multi-prong) < 0.01470
IsoFrac (single and multi-prong) < 1.0 (off)
CalibratedET > 0 (off)

Level 2 Tracking Quantities
NTracks 1 - 7
Leading TrackPT > 0 (off)
Charge false (off)
SumPtRatio < 0.1

Event Filter Quantities
NTracks 1 - 5
EMRadius (single and multi-prong) < 0.1 (0.12)
IsoFrac (single and multi-prong) < 1.0 (off)
Leading TrackPT (single and multi-prong) > 2.5 GeV
CalibratedET (single and multi-prong) > 16 GeV

Table 4.4: Tau16i standard trigger cut values.

As the degradation seems to occur when there is a jet close to theτ lepton it is logical that if

the isolation requirements were relaxed in the Tau Trigger,the efficiency of these events should

rise. Each variable was given a variety of values for the cut,each over the range of the variable

distribution in thett̄ sample. The distribution of each variable for all selected truth τ leptons is

shown in figure4.7.

For each variable a new trigger menu was defined, each of the 10triggers in the menu
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mirrored the standard tau16i trigger with only one variablechanged.

For each trigger the efficiency was calculated for each levelindependently and for the trigger

combined over 6 regions of∆R. The combined efficiency for each region of∆R was plotted

for each trigger cut value to see if there were a trigger cut value which would give a suitable

trade-off between average efficiency and degradation in thelower regions of∆R. Each variable

was tested for allτ candidates and 1 and 3-prongτ candidates separately. Figure4.8shows the

relative efficiency of the trigger for allτ candidates per variable. From these plots it is clear that

none of the variables offered any cut values providing reduction in the difference between the

efficiencies for the∆R < 1.0 and∆R > 1.0 regions without lowering the average efficiency

too significantly; the outlook was the same in both the case ofthe 1 and 3-prongτ candidates.

The absolute efficiency measurements are shown in figure4.9for all τ candidates; these are

important as they avoid any cuts already placed in the offlineselection i.e. if cuts were placed

in the offline selection it would not be possible to regain anyadditional candidates by loosening

a cut. However the absolute efficiency distributions do not illustrate any potential for retuning

the existing cuts in this manner.

4.7 Summary and Outlook

The performance of the Tau Trigger in conditions approximating pile-up was investigated. A

Monte Carlo simulated sample oftt̄ events was used which contained aτ lepton and a minimum

of two jets expected to be in proximity to theτ lepton originating from the top quark decay. The

performance was investigated by parametrising the measured trigger efficiency in terms of∆R,

a distance parameter between theτ candidate and its closest jet.

The efficiency was shown to be lower when a jet was present in the region 0.1< ∆R < 0.5

around theτ candidate, the efficiency for all levels combined fell for this region to 28± 4%

from the average, over allτ candidates with a jet within a radius of∆R < 3.0, of 76± 1%.

To ascertain if any particular variable could be causing this degradation of performance, a
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study of each variable related to isolation criteria was performed. Each variable was changed

independently while the rest of the trigger remained unchanged. No values of any of the vari-

ables were observed which would reduce the difference in theperformance between this region

and the others, without causing a large reduction in the overall efficiency of the Tau Trigger.

Therefore this study concludes that in order to improve performance under pile-up conditions

new variables are necessary.

Since this study was performed as a preliminary study beforethe availability of simulated

pile-up, a similar study of the degradation of performance of the Tau Trigger was later per-

formed with simulated pile-up and reached the same conclusion that new variables were nec-

essary to regain performance lost in pile-up conditions. Two new variables were introduced

which were shown to be more stable with respect to pile-up andwere able to improve perfor-

mance [73].

The trigger for hadronically decayingτ leptons is not used throughout the remainder of this

thesis. For the 2010 dataset it was possible to use single lepton triggers with a low enough

pT threshold. However a combinedτ and lepton trigger will be required to analyse 2011 data

due to the increase in instantaneous luminosity and therefore the rise of thepT threshold of the

triggers.
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(a) L1EMIsolation distribution for all selected (good)
truth τ candidates

(b) L2EMRadius distribution for all selected (good)
truth τ candidates

(c) L2RatioIsoCore distribution for all selected (good)
truth τ candidates

(d) L2NCore distribution for all selected (good) truth
τ candidates

(e) L2IsoFrac distribution for all selected (good) truth
τ candidates

(f) EFEMRadius distribution for all selected (good)
truth τ candidates

(g) EFNTracks distribution for all selected (good)
truth τ candidates

(h) EFIsoFrac distribution for all selected (good) truth
τ candidates

Figure 4.7: Isolation-based trigger variable distributions for all selected truthτ candidates.
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(a) Efficiency of the Tau Trigger vs L1EMIsolation (b) Efficiency of the Tau Trigger vs L2EMRadius

(c) Efficiency of the Tau Trigger vs L2RatioIsoCore (d) Efficiency of the Tau Trigger vs L2NCore

(e) Efficiency of the Tau Trigger vs L2IsoFrac (f) Efficiency of the Tau Trigger vs EFEMRadius

(g) Efficiency of the Tau Trigger vs EFNTracks (h) Efficiency of the Tau Trigger vs EFIsoFrac

Figure 4.8: Relative trigger efficiencies vs isolation-based trigger variables for allτ candidates
with ∆R < 0.1 veto.
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(a) Efficiency of the Tau Trigger vs L1EMIsolation (b) Efficiency of the Tau Trigger vs L2EMRadius

(c) Efficiency of the Tau Trigger vs L2RatioIsoCore (d) Efficiency of the Tau Trigger vs L2NCore

(e) Efficiency of the Tau Trigger vs L2IsoFrac (f) Efficiency of the Tau Trigger vs EFEMRadius

(g) Efficiency of the Tau Trigger vs EFNTracks (h) Efficiency of the Tau Trigger vs EFIsoFrac

Figure 4.9: Absolute trigger efficiencies vs isolation-based trigger variables for allτ candidates
with ∆R < 0.1 veto.



Chapter 5

Z → τℓτh Cross-section Measurement:

Event Selection and Background Estimation

5.1 TheZ → τℓτh Process

TheZ → ττ process is a good source ofτ leptons decaying hadronically. Identifying these

is useful for manyτ lepton physics performance studies which will improve theτ lepton trig-

gering, reconstruction and identification. Theτ lepton is often an key element in new physics

searches, both in signal and background processes, and the understanding obtained by measur-

ing the cross-section is very useful.

The measurement documented here is performed in two channels, the first isZ → τeτh

and the second isZ → τµτh. The cross-section is also measured in the two fully leptonically

decaying modes,Z → τeτe andZ → τµτµ and the four channels were combined and the results

publically released [74]. The first iteration of this analysis was released as an observation using

∼8.5pb−1 [75] and was shown at the XLVI Rencontres de Moriond Electroweak session by the

author of this thesis. The combined cross-section measurement has been published as a paper

and shown at a variety of conferences.

The experimental signature for a hadronically decayingτ lepton (τh) is one or three charged

tracks collimated in a narrow, isolated cone of energy deposits in the electromagnetic and

hadronic calorimeters. The backgrounds to this topology consist of a lepton, which could be a

real lepton from heavy flavour decays, or a fake lepton, in addition to a fakeτ candidate from a

quark or gluon initiated jet.

One of the main backgrounds to this process is the multijet background (often known as

72
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QCD) due to its large cross-section, selecting isolated leptons is important to control this back-

ground; the isolation criteria are introduced in section5.4.4. Another important background

process isW + jets, which has a cross-section ten times higher than the signal. To help re-

ject this background the angular correlations between the missing transverse energy (Emiss
T ) and

the visible decay products can be exploited, as well as the transverse mass quantity; both are

discussed further in section5.5.2. The background fromγ∗/Z → ee, µµ processes also needs

to be identified and removed where possible, this is done using a di-lepton veto, described in

section5.5.1.

5.2 ATLAS Data in 2010

5.2.1 Data Quality

The data used for this analysis was proton-proton collisiondata at a centre-of-mass energy of

7 TeV collected by the ATLAS detector between July and October 2010. Data were selected us-

ing a number of quality requirements. The LHC had to be operating with stable beam conditions

and collisions taking place and requirements were imposed on the conditions of the subdetec-

tors. The selection was performed using a system called GoodRuns Lists (GRL), based on

requiring certain detector flags [76]. Both the solenoid and toroid magnets had to be opera-

tional and all L1 and Event Filter triggers had to be running.Additionally, criteria to ensure the

quality of data for each reconstructed object were includedfor electrons, muons,τ leptons, jets

andEmiss
T .

The luminosity was calculated using an ATLAS tool [77]. The calculation was based on the

specific GRL and triggers used in this analysis. The result wasscaled to the most-up-to-date

luminosity measurement made by ATLAS, detailed in [78]. This resulted in 35.74 pb−1 for the

electron channel and 35.51 pb−1 for the muon channel.
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5.2.2 Monte Carlo Simulation

The Monte Carlo used for this analysis was generated taking advantage of knowledge gained

from measurements made in early running in 2010, including material distribution, underlying

event tuning, pile-up conditions and alignment [79]. Once the Monte Carlo had been generated,

the full ATLAS simulation [80] was run and pile-up was modelled by overlaying minimum bias

events onto the generated event. The following generators were used to produce the Monte

Carlo samples: allW andγ⋆/Z background samples as well as theZ signal samples were

generated using PYTHIA [81], the tt̄ samples with MC@NLO [82] and the di-boson samples

with HERWIG [83]. The multijet (QCD) samples were produced with PYTHIA and filtered to

contain at least one lepton withpT > 8 GeV and|η| < 3. All τ decays were modelled using the

TAUOLA interface [84] and all generators were interfaced with the PHOTOS package[85] to

model final state QED radiation.

The cross-sections for theW , Z andγ⋆/Z samples were calculated at NNLO and taken

from [86], except for the low-massγ⋆/Z cross-sections which were taken from [87, 88]. The

rest of the cross-sections were calculated at LO by the generators. All of the cross-sections used

in this analysis, for each simulated sample, are summarisedin table5.1, along with the number

of generated events.

5.2.3 Pile-up Simulation

There are two sources of pile-up in the data, the first, “in-time pile-up”, arises from multiple

interactions in the same bunch crossing. The second, “out-of-time pile-up”, is additional activity

from previous bunch crossings. Both give rise to additional reconstructed vertices in a given

event. This is simulated by overlaying minimum bias events over the hard interaction in a

particular bunch-train timing structure: individual bunches are separated by 150 ns and are

in trains eight bunches long; the second train follows 225 nslater and a third after a longer

1TheseJXe andJXmu samples are QCD di-jet production and the numbers refer to ranges ofpT of the hard
scatter,0 = 8-17 GeV,1 = 17-35 GeV,2 = 35-70 GeV and3 = 70-140 GeV.
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Dataset Events Cross-section [nb]
Z → ee (mℓℓ > 60 GeV) 5 M 990
Z → µµ (mℓℓ > 60 GeV) 5 M 990
Z → ττ (mℓℓ > 60 GeV) 2 M 990
W → eν 7 M 1046
W → µν 7 M 1046
W → τν 2 M 1046
tt̄ 1 M 91.50
J1e1(electron filterpT > 8 GeV,|η| < 3) 998 k 8.81× 105

J2e (electron filterpT > 8 GeV,|η| < 3) 497 k 2.54× 105

J3e (electron filterpT > 8 GeV,|η| < 3) 499 k 3.72× 104

J0mu (muon filterpT > 8 GeV,|η| < 3) 967 k 8.48× 105

J1mu (muon filterpT > 8 GeV,|η| < 3) 997 k 8.14× 105

J2mu (muon filterpT > 8 GeV,|η| < 3) 495 k 2.21× 105

J3mu (muon filterpT > 8 GeV,|η| < 3) 499 k 2.85× 104

γ∗/Z → ττ (10 GeV< mℓℓ < 60 GeV) 190 k 396.7
γ∗/Z → ee (15 GeV< mℓℓ < 60 GeV) 996 k 146.2
γ∗/Z → µµ (15 GeV< mℓℓ < 60 GeV) 999 k 146.2
WW 250 k 11
ZZ 250 k 1.0
WZ 250 k 3.4

Table 5.1: Monte Carlo samples used for this analysis. All samples were generated with
PYTHIA, except fortt̄ which was generated with MC@NLO and the di-boson samples gen-
erated with HERWIG. All samples are with bunch-train pile-upsetup.
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Figure 5.1: Comparison of vertex distributions between dataand signal Monte Carlo before
(left) and after (right) vertex re-weighting.

pause. The simulation is generated with a Poisson distribution with an expectation value of 2.2

additional minimum bias interactions per event to simulatethe data conditions. This gives rise to

a difference in the distribution of the number of vertices between data and simulation, therefore
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this distribution is reweighted in the simulation to match the data. The initial difference can be

seen in figure5.1(a)and the result of the re-weighting procedure is shown in figure5.1(b). The

weights were calculated separately for the electron and muon channels and then averaged; they

are documented in table5.2.

Nvertex Event Weight
1 1.970(8)
2 1.242(4)
3 0.853(3)
4 0.633(2)
5 0.509(3)
6 0.427(4)
7 0.392(6)
8 0.38(1)
9 0.39(2)
10 0.41(5)
>=11 0.89(14)

Table 5.2: Number of reconstructed vertices and corresponding pile-up weights, the statistical
uncertainty of the last digit is given in parentheses.

5.3 Event Preselection

5.3.1 Vertex Requirement

Collision candidate events were selected by requiring at least one primary reconstructed vertex

with at least 3 reconstructed tracks.

5.3.2 Jet Cleaning

Occasionally there are localised deposits of energy in the calorimeters which do not originate

from the proton-proton collision, these lead to mis-measurements ofEmiss
T by causing high en-

ergy tails [89], or by being used as inputs for reconstructed jet andτ candidates. One cause of

these deposits is high energy cosmic muons producing bremsstrahlung radiation as they traverse

the calorimeters. By studying ATLAS data in 2010 with jet triggers, a series of recommenda-
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tions for removing these events was formulated [90, 91]. These recommendations cut on the

following properties of jets reconstructed with the Anti-kt algorithm [65, 66] (using a cone of

∆R = 0.4).

i) the fraction of the jet energy deposited in the Hadronic End Cap (HEC) calorimeter must be

greater than the fractional contribution of the HEC calorimeter contribution to the jet energy

from cells with normal signal shape

ii) if more than 50% of the jet energy is deposited in the HEC calorimeter, less than 50% of the

HEC calorimeter contribution to the jet energy must come from cells with abnormal signal

shape

iii) the jet must not have negative energy with a magnitude greater than 60 GeV

iv) if the jet is central in the detector (|η| < 2.8) and more than 90% of the jet energy is

deposited in the electromagnetic (EM) calorimeter, less than 80% of the total jet energy

must come from cells with an abnormal signal shape

v) the jet must primarily contain cells with energy deposited less than 10 ns before or after the

nominal proton-proton collision time

vi) if the sum of the transverse momentum of the tracks associated to a central jet (|η| < 2) is

less than 10% of the total jet energy , at least 5% of the jet energy must be deposited in the

EM calorimeter

vii) if a jet is not central (|η| ≥ 2.0), at least 5% of the jet energy must be deposited in the EM

calorimeter

iix) if the jet is central (|η| < 2.0), the maximum fraction of the total energy in a single

calorimeter layer must not exceed 99%

If all jets in a given data event withpT > 10 GeV passed these requirements and did not overlap

with an electron or muon, the event was kept.
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5.3.3 Trigger Requirement

Events were triggered using unprescaled single lepton triggers. For the electron channel the

trigger had a threshold of 15 GeV, for the muon channel the trigger for the earlier data had a

threshold of 10 GeV, and for the later of 13 GeV.

The trigger efficiencies were measured from different data samples using a tag and probe

analysis. For the muon channel this was performed on a sampleof Z bosons decaying to two

muons [64] and for the electron channel from a sample ofW bosons decaying to an electron

and a neutrino. These efficiencies can be seen in table5.3and table5.4 respectively. The ratio

of these efficiencies measured in data and simulation constitute the correction factors applied to

the simulation to make them agree with data.

Trigger Efficiency [%]
EF_mu10_MG 82.9±0.9(stat.)±0.3(syst.)
EF_mu13_MG 84.5±0.4(stat.)±0.1(syst.)
EF_mu13_MG_tight 83.1±0.4(stat.)±0.2(syst.)

Table 5.3: Muon trigger efficiency measured with respect to offline selected muons withpT >
15 GeV in data. Details can be found in [64].

Trigger EF_e15_medium [%]
16 - 18 GeV 95.8±2.2(stat.)±0.6(syst.)
18 - 20 GeV 96.5±2.1(stat.)±0.4(syst.)
> 20 GeV 99.05±0.22(stat.)±0.08(syst.)

Table 5.4: Electron trigger efficiency measured with respect to offline selected electrons in three
pT bins in data.

5.4 Object Selection

TheZ → τℓτh signature event contains an electron or a muon, a hadronically decayingτ lepton

and neutrinos. Leptons were required to pass preselection criteria, these preselected leptons

were then used to perform overlap removal, see section5.4.1. If two or more of these preselected

leptons were present, the event was vetoed, see section5.5.1. After this, the leptons underwent
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a tighter selection and theτ candidates were required to pass “tight” selection criteria, see

section5.4.5. TheEmiss
T was reconstructed, but no direct requirement was made on it.

5.4.1 Preselection

Electrons The electron was required to have been reconstructed by the default cluster-based

algorithm with a matched track, as described in section3.3.2.1. The electron identification algo-

rithm is designed to separate true electrons from jets faking electrons. It uses variables based on

cluster shapes and tracking information. The electron identification has three levels of signal ef-

ficiency and purity, “loose”, “medium” and “tight” [60]. Preselected electrons were required to

havepT > 15 GeV, be within|η| < 2.47, excluding the transition region between the barrel and

end-cap calorimeters (1.37< |η| < 1.52) and pass “medium” electron identification criteria. To

avoid using any electron built from a cluster suffering fromdetector problems, information was

used from the Object Quality maps (OQmaps) [86]. A summary of the preselection can be seen

in table5.5.

Muons Preselected muons were required to havepT > 15 GeV, and|η| < 2.4 corresponding

to the trigger acceptance region. The muons were reconstructed as a track from the inner detec-

tor combined with one from the muon spectrometer. The preselected muons were also required

to have a longitudinal distance from the primary vertex,z0, of less than 10 mm. A summary of

the preselection can be seen in table5.6.

τ Leptons Preselectedτ candidates were required to havepT > 20 GeV and be within

|η| < 2.47, but not in the crack region (1.37< |η| < 1.52). Further information about the

τ reconstruction and identification algorithms can be found in section5.4.5.

Overlap Removal Electrons, muons andτ candidates can often be reconstructed from the

same tracks or energy clusters, therefore it was important to perform overlap removal. Muons

are reconstructed with the highest purity, followed by electrons and finallyτ leptons. If any
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Electron Preselection used for Overlap Removal and Di-lepton Veto
pT > 15 GeV

|η| < 2.47, but excluding 1.37< |η| < 1.52
Not in bad OQmaps region, use map of run 167521

“MediumWithTrackMatch” electron

Electron Selection
pT > 16 GeV

“TightWithTrackMatch” electron

Table 5.5: Preselection and selection cuts of electrons.

preselectedτ candidate overlapped with a preselected electron or muon within∆R < 0.4 it was

removed. If a preselected electron overlapped with a preselected muon within∆R < 0.2 it was

removed. If any preselected electron or muon overlapped with a higher-pT object of the same

type within∆R < 0.2 it was also removed. After all cuts the overlap removal was shown to

reduce signal efficiency by only 0.1%.

5.4.2 Electron Selection

In order to avoid the poorly modelled region of phase space inthe simulation where thepT

of the electron is close to the trigger threshold, the selected electrons were required to have

pT > 16 GeV. The selected electrons were also required to pass the“tight” level of identifica-

tion. The full preselection and selection requirements arelisted in table5.5.

5.4.3 Muon Selection

Selected muons were required to have good quality inner detector tracks, this meant at least 1

hit in the b-layer, and that the sum of hits and dead sensors inthe pixel detector must be greater

than 1. They were also required to have a minimum of 5 hits and dead sensors in the SCT

detector and less 2 holes in the pixel and SCT detector. Finally an additional cut was applied to

the fraction of TRT outlier hits (see section3.3.1.2) to total TRT hits. The full preselection and

selection requirements are listed in table5.6.
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Muon Preselection used for Overlap Removal and Di-lepton Veto
pT > 15 GeV
|η| < 2.4

“isCombinedMuon”
|z0| < 10 mm

Muon selection
pT > 15 GeV

no BlayerHit expected or nBLayerHits> 0
nPixHits + nDeadPixelSensors> 1
nSCTHits + nDeadSCTSensors> 5

nPixHoles + nSCTHoles< 2
|η| < 1.9: nTRT Outliers / (nTRT Hits + nTRT Outliers)< 0.9

& nTRT Hits + nTRT Outliers> 5
|η| >= 1.9 : (nTRT Hits + nTRT Outliers> 5

& nTRT Outliers / (nTRT Hits + nTRT Outliers)< 0.9 )
or nTRT Hits + nTRT Outliers< 6

Table 5.6: Preselection and selection cuts of muons.

5.4.4 Lepton Isolation

The leptons from Z→ ττ events are typically isolated, unlike those from multijet events, which

can be jets falsely identified as leptons or muons produced inside jets. Therefore requiring

that the leptons in the event passed strict isolation criteria gave powerful rejection against the

multijet background.

Two isolation variables were defined: the first (equation5.1) is the sum of the transverse

momenta of tracks in a cone of∆R = 0.3 or 0.4 around the lepton, divided by the transverse

momentum of the lepton. The second (equation5.2) is the sum of the transverse energy of

neutral and charged particles in the calorimeter in a cone of∆R = 0.3 or 0.4 around the lepton,

divided by the transverse momentum of the lepton.

pTCone/pT =

∑

∆R

pTtracks

pTlepton

(5.1)

ETCone/pT =

∑

∆R

ETcal

pTlepton

(5.2)

For both variables, the contribution to either the sum of thetransverse momenta or energies
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in the isolation cone from the lepton itself was subtracted in an inner cone of∆R = 0.05.

ThepTCone40/pT andETCone40/pT variables for muons are illustrated in figure5.2(a)and

figure5.2(c)and thepTCone40/pT andETCone30/pT variables for electrons in figures5.2(b)

and5.2(d). In figure 5.2 the simulation and data required an opposite signτ candidate and

lepton, and the multijet background was taken from a controlsample in data in which the lepton

andτ candidate were required to have same sign electric charge.
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(d) Electron isolationET Cone30/pT .

Figure 5.2: Isolation variables for electroweak simulation, multijet events and data events after
selecting oneτ candidate and one lepton with opposite sign electric charges. The electroweak
background was obtained from simulation, weighted by cross-section. The multijet background
(QCD est.) was estimated by reversing the opposite sign requirement.

These different cone sizes were tested for performance in terms of signal efficiency and

efficiency for multijet events, this can be seen in figure5.3(a) and figure5.3(b) for muons

and electrons respectively. The signal was taken from simulation and the multijet events were

taken from a control sample in data, defined by inverting theτ identification requirements and
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requiring the selected lepton andτ candidates to have the same sign electric charge.

To reject the multijet events while keeping a large number ofsignal events, the following

cuts were chosen:

• For electrons:pTCone40/pT < 0.06 andETCone30/pT < 0.1

• For muons:pTCone40/pT < 0.06 andETCone40/pT < 0.06

the two cuts together are known as “combined isolation”. Thecorresponding cut efficiencies

are given in table5.7.

Isolation Variable Z → ττ Multijet
muonpTCone40/pT < 0.06 0.926(2) 0.076(1)
muonETCone40/pT < 0.06 0.872(3) 0.0309(6)
muon “Combined Isolation” 0.841(3) 0.0143(4)

electronpTCone40/pT < 0.06 0.941(3) 0.232(3)
electronETCone30/pT < 0.1 0.814(4) 0.082(2)
electron “Combined Isolation” 0.781(4) 0.046(1)

Table 5.7: Efficiency of isolation variables for electrons and muons in signal simulation and
multijet background after object selection cuts. In parentheses is the statistical error of the last
digit.

The efficiency of the isolation cuts was measured in data using a tag and probe method

and correction factors were applied to the simulation to correct for the differences between

simulation and data (further details in section6.1.1.7).
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Figure 5.3: Isolation efficiencies of signal simulation andmultijet data events for different
isolation variables.
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5.4.5 Tau Selection

Hadronically decayingτ leptons are reconstructed by searching for calorimeter jets recon-

structed using the Anti-kT algorithm [65, 66] (with distance parameter∆R = 0.4) from topo-

logical clusters [59]. They were required to havepT > 10 GeV and were calibrated by applying

a correction to the reconstructed energy at the electromagnetic energy scale. A track was as-

sociated to the candidate if it hadpT > 10 GeV and passed selected quality criteria, detailed

in [45]. Additional variables were calculated for eachτ candidate from the calorimeter and

tracking information, which were then used to identify goodquality candidates.

The cut-based identification quality criteria defined in Winter 2011 [45] were used for this

analysis. The cuts are detailed in section3.3.4.2.

There are three levels of cuts, “loose”, “medium” and “tight”. Each level is defined based on

a target efficiency for the signal, where the target efficiency for “loose” is 60%, for “medium”

it is 45% and for “tight” it is 30%. This analysis required “medium” for one-prong candidates

and “tight” for three-prong candidates. Allτ candidates also had to pass a separate electron

veto [58] (see section3.3.4.3). Theτ lepton selections are summarised in table5.8.

τ Candidate Preselection
pT > 20 GeV

|η| < 2.47, excluding 1.37< |η| < 1.52

τ Candidate Selection
Passes Electron Veto

1-prong “medium”, 3-prong “tight” cutsτ -ID

Table 5.8: Summary of theτ candidate selection cuts.

5.4.6 Transverse Missing Energy

The transverse missing energyEmiss
T reconstruction used components from three algorithms,

combined as in equation5.3.

Emiss
T = Emiss

T (Calorimeter) + Emiss
T (Muon)− Emiss

T (Muon Track). (5.3)
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whereEmiss
T (Calorimeter) is a sum of all the energy deposited in calorimeter cells usedin

topological clusters [59] which are calibrated to either the electromagnetic or hadronic scale

depending on the classification of the object.Emiss
T (Muon) is the combined sum ofpT of all

combined isolated muons, muons in gaps and non-isolated muon tracks in the muon spectrom-

eter. If a muon was∆R > 0.3 from a jet, it was considered as isolated.Emiss
T (Muon Track) is

the sum of the energy deposited in the calorimeter cells by isolated muons.

5.4.7 Object Selection Summary

Table5.9summarises the cut flow so far, normalised to the integrated luminosity. It shows that

the requirement of a selectedτ lepton was the least efficient cut. Figure5.4shows the kinematic

distributions of the selected objects.

Electron channel (35.7pb−1) Muon channel (35.5pb−1)
Selection Nevents Nevents

Preselected Lepton and
Overlap Removal 2497(7) 2478(7)
Preselectedτ Candidate and
Overlap Removal 1179(5) 1133(5)

Selected Lepton 690(4) 1143(5)
Isolated Lepton 531(3) 941(5)
Selectedτ Candidate 141(2) 258(2)

Table 5.9: Summary of object selection effect on signal Monte Carlo events for both channels.
Numbers are normalised to the integrated luminosity used.

5.5 Event Selection

5.5.1 Di-lepton Veto

In order to eliminateZ → ℓℓ background events, events with more than one preselected lepton

of any kind were vetoed. This was also effective at suppressingZ → ττ → ℓℓ+νν background

events. Figure5.5 shows the number of preselected leptons for each backgroundsample. Re-

jecting leptons at the level of preselection instead of selection offered an additional rejection
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Figure 5.4: Kinematic distributions for reconstructed leptons andτ candidates following all
object selections. A requirement of the charge of theτ candidate to be of opposite sign of that
of the lepton was also applied. The predictions for individual processes were taken from Monte
Carlo, except for the multijet background, which was taken from an orthogonal data sample
obtained by inverting the opposite-sign requirement and rescaled using the multijet background
estimation.
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Figure 5.5: Distributions of the number of preselected leptons prior to the di-lepton veto, fol-
lowing all object selections. A requirement on the charge oftheτ candidate to be of opposite
sign to that of the lepton has been applied, the multijet background contribution was estimated
by inverting this cut in data; all other processes were estimated using Monte Carlo.

of 18% and 2% ofZ → ee andµµ background events respectively, while only losing an extra

0.1% ofZ → ττ signal events.

5.5.2 W + jets Suppression Cuts

One of the most significant backgrounds to control was theW + jets background, consisting of

bothW → ℓν andW → τν → ℓννν decays. Taking advantage of the kinematics of the event

topology it was possible to form two variables based on the direction of the missing transverse

energy and the lepton, which effectively discriminated against this background. Due to the

mass difference between theZ boson and theτ lepton, the decay products of theτ lepton are

collimated in the direction of theτ lepton.

∑

cos∆φ = cos
(

φ(ℓ)− φ(Emiss
T )

)

+ cos
(

φ(τh)− φ(Emiss
T )

)

(5.4)

The first variable, the sum of the differences inφ between the lepton andEmiss
T and theτ lepton

and theEmiss
T ,

∑

cos∆φ, is zero when the twoτ leptons are back to back, as in the case of most

Z → ττ signal events. If theZ boson is boosted theEmiss
T vector lies in the azimuthal range

spanned by the decay products, as illustrated in figure5.6(a), and
∑

cos∆φ is positive. In the
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(a) Z → ττ → µνντhν (b) W → µν (c) W → τν → µννν

Figure 5.6: Drawings of representative transverse plane orientations ofW andZ decay products
and theEmiss

T . The shaded angles indicate the angle (less thanπ) between the lepton and the
(fake) τ candidate. In (a), theZ is depicted to have non-zeropT , which must be balanced on
the left by some other activity omitted for clarity.

W + jets events theEmiss
T vector tends to lie outside of this angle, as shown in figures5.6(b)and

5.6(c), therefore
∑

cos∆φ is predominantly negative. Requiring
∑

cos∆φ > -0.15 effectively

discriminated against theW + jets events.

mT(ℓ, E
miss
T ) =

√

2 pT(ℓ) · Emiss
T · (1− cos∆φ(ℓ, Emiss

T )) (5.5)

The second variable,mT(ℓ, E
miss
T ), is small for signal events, whereas in theW + jets events

it peaks around theW boson mass. Due to the effectiveness of the
∑

cos∆φ cut, a loose cut

of mT < 50 GeV was used. The distributions of both of these variablesare included for both

channels in figure5.7.

5.5.3 Final Event Selection

5.5.3.1 τ candidate cuts

To reject the multijet background, theτ candidate was required to have unit electric charge and

exactly one or three tracks, which is strongly characteristic of hadronic decays ofτ leptons.

In Z → ττ events the lepton and theτ candidate will be of opposite charge, however in

multijet events there is no bias towards opposite sign or same sign, therefore an opposite sign

requirement gives good rejection.
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(c) Muon channel
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(d) Electron channel

Figure 5.7: The distributions of
∑

cos∆φ are shown for the muon (a) and electron (b) channels.
The distributions of transverse mass,mT, of the combination of the lepton and theEmiss

T are
shown for the muon (c) and electron (d) channels. All of thesedistributions are shown following
the full object selections (Section5.4) and di-lepton veto (Section5.5.1). A requirement on the
charge of theτ candidate to be of opposite sign to that of the lepton was alsoapplied, the
multijet background contribution was estimated by inverting this cut in data; all other processes
were estimated using Monte Carlo.

5.5.3.2 Visible Mass

The visible mass is defined as the invariant mass of theτ candidate and the lepton and peaks

around 55 GeV forZ → ττ events as can been seen in the distributions of this variablefor

both channels in figure5.8. Imposing a window cut on the visible mass of 35-75 GeV reduced

contamination fromZ → ℓℓ events which peak around 90 GeV. This peak can be clearly seen

in the electron channel in figure5.8(b).
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Figure 5.8: The distributions of the visible mass of the combination of the chosenτ candidate
and chosen lepton are shown for the muon (a) and electron (b) channels. These distributions
are shown following the full object selections (Section5.4) and event selections (Section5.5),
except for the visible mass window and clearly show the excess of signal over background.

5.5.3.3 Selection Summary

Table5.10presents a summary of all event selections. The numbers of events passing each cut

in the muon and electron channels can be seen in tables5.11and5.12respectively.

The η andpT distributions of the selected leptons andτ candidates for all events passing

the event selection can be seen in figure5.9. In figure5.10the distributions of theEmiss
T , ∆Φ

between the selectedτ candidate and lepton, and theW suppression cuts are shown after all

other cuts were applied. These give the reader a feel for the distributions and also show good

agreement with the data. In figure5.11the distribution of the number of tracks associated to the

selectedτ candidate is shown in both channels and shows the characteristic shape expected of

hadronically decayingτ leptons.

5.6 Background Estimation

To obtain estimates of the number of events from backgroundsafter the final event selection,

Monte Carlo was used for theZ → ℓℓ, tt̄ and di-boson backgrounds, normalised to integrated

luminosity and cross-section. TheW → ℓν andW → τν backgrounds were taken from

simulation and normalised to agree with the data, using a scale factor discussed further in sec-
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Event Preselection
Primary Vertex Nvtx ≥ 1 withNtrk ≥ 3
Jet Cleaning Cleaning cuts “medium” withτ specific modifications
Trigger EF_e15_medium (e channel)

EF_mu10_MG,EF_mu13_MG,EF_mu13_MGtight (µ channel)

Preselection
Electrons pT > 15 GeV

|η| < 2.47, but excluding 1.37< |η| < 1.52
not in bad Object Quality map region, map of run 167521
“MediumWithTrackMatch” electron

Muons pT > 15 GeV
|η| < 2.4
“isCombinedMuon”
|z0| < 10 mm

τ candidates pT > 20 GeV
|η| < 2.47, but excluding 1.37< |η| < 1.52

Overlap Removal Order of lowest priority:τ candidate, electron, muon

Object Selection
Electrons pT > 16 GeV

“TightWithTrackMatch” electron
pTCone40/pT < 0.06 ;ETCone30/pT < 0.1

Muons pT > 15 GeV
no BlayerHit expected or nBLayerHits> 0
nPixHits + nDeadPixelSensors> 1
nSCTHits + nDeadSCTSensors> 5
nPixHoles + nSCTHoles< 2
|η| < 1.9: nTRT Outliers / (nTRT Hits + nTRT Outliers)< 0.9
& nTRT Hits + nTRT Outliers> 5
|η| >= 1.9 : (nTRT Hits + nTRT Outliers> 5
& nTRT Outliers / (nTRT Hits + nTRT Outliers)< 0.9 )
or nTRT Hits + nTRT Outliers< 6
pTCone40/pT < 0.06;ETCone40/pT < 0.06

τ candidates Passese Veto
1-prong “medium”, 3-prong “tight” cutsτ -ID

Event Selection
W + jets Suppression

∑

cos∆φ > -0.15
mT < 50 GeV

Di-lepton Veto Remove Event if N(preselected leptons)> 1
Visible Mass Cut 35 GeV< mvis < 75 GeV
τ Candidate Cuts Ntracks(τh) = 1 or 3

|charge(τh)| = 1
Opposite Sign Cut charge(τh)× charge(ℓ) < 0

Table 5.10: Selection summary.
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Data γ∗/Z → ττ Multijets γ∗/Z → µµ W → µν W → τν tt̄ Di-boson
Object Selection 1365 261(3) 163(9) 216(2) 649(6) 54(3) 38.9(5) 8.6(1)
Di-lepton Veto 1291 260(3) 162(8) 125(2) 648(6) 54(3) 34.3(5) 7.8(1)
W Suppression Cuts 462 231(3) 90(4) 58(1) 66(2) 18(2) 7.8(2) 1.34(5)
mvis = 35-75 GeV 327 205(2) 71(3) 23.1(9) 23(1) 10(1) 2.4(1) 0.49(3)
Ntrk(τh) = 1 or 3, |Q(τh)| = 1 247 187(2) 42(3) 15.3(7) 12.1(8) 5(1) 1.4(1) 0.32(2)
Opposite Sign 213 186(2) 23(3) 11.1(5) 9.3(7) 3.6(8) 1.3(1) 0.28(2)

Table 5.11: Numbers of events passing the cumulative event selections for the muon channel. The statistical errors on the least significant digits
are given in the parentheses. The predictions for individual processes were taken from Monte Carlo, except for multijets, which was estimated
with the Non-Isolated method described in section5.6.3.
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Data γ∗/Z → ττ Multijets γ∗/Z → ee W → eν W → τν tt̄ Di-boson
Object Selection 1203 141(2) 402(12) 164(1) 409(4) 24(2) 33.0(4) 6.4(1)
Di-lepton Veto 1144 140(2) 400(11) 116(1) 409(4) 24(2) 29.1(4) 5.9(1)
W Suppression Cuts 449 125(2) 159(6) 70(1) 43(1) 10(1) 6.7(2) 0.98(4)
mvis = 35-75 GeV 273 107(1) 95(4) 19.2(7) 12.8(7) 3.7(7) 1.7(1) 0.32(2)
Ntrk(τh) = 1 or 3, |Q(τh)| = 1 180 98.5(1) 53(4) 11.0(5) 6.7(5) 1.8(5) 1.13(9) 0.21(2)
Opposite Sign 151 97(1) 25(3) 6.9(4) 4.8(4) 1.5(4) 1.02(8) 0.18(1)

Table 5.12: Numbers of events passing the cumulative event selections for the electron channel. The statistical errorson the least significant digits
are given in the parentheses. The predictions for individual processes are taken from Monte Carlo, except for multijets,which was estimated with
the Non-Isolated method described in section5.6.3.
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Figure 5.9: Distributions of the selected lepton andτ candidatepT andη, for events passing all
signal selection.
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Figure 5.10: The distributions of theEmiss
T and∆φ between the selectedτ candidate and lepton,

in the final visible mass window for the muon (a),(c) and electron (b),(d) channels and the W
suppression cuts,

∑

cos∆φ andmT , after all other cuts applied (e), (f), (g), (h). The standard
mT cut was applied when plotting the

∑

cos∆φ, while the
∑

cos∆φ cut was applied when
plotting themT.
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Figure 5.11: The final track distribution after all cuts in opposite signed bin, except the require-
ment on theτ track distribution itself and on the magnitude of theτ charge.

tion 5.6.1. To estimate the multijet backgrounds two data-driven estimation methods were de-

veloped which served as a useful cross-check to each other. Both methods used three control

regions, known as an ABCD matrix method. The primary method, the Same Sign method, used

the two uncorrelated variables, lepton isolation, section5.4.4, and the product of the charge

of the electron or muon and the reconstructedτ lepton, section5.5.3.1, to create the control

regions and is described in section5.6.2. The second method, the Non-Isolated method, used

the uncorrelated lepton isolation andτ identification requirements, section5.4.5, and is docu-

mented in section5.6.3. To aid understanding of this procedure, the regions for both methods

are shown side-by-side in a diagram format in figure7.3. The Same Sign method was chosen

as the primary method because the control regions were free from signal contamination, mean-

ing an iterative procedure to extract the cross-section wasnot necessary, as would have been

the case for the Non-Isolated method, which did not exclude signal contributions in the control

regions.

5.6.1 W Scale Factor

The simulation has been shown to overestimate the fake rate from jets in theW + jets back-

grounds [92]. By defining aW boson rich control region in data it was possible to investigate

the effect of this mis-modelling by looking at a comparison of the shapes of distributions of
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(a) Schematic diagram of the control regions
for the same sign sample multijet background
estimation method.

(b) Schematic diagram of the control regions
for the non-isolated leptons multijet back-
ground estimation method.

Figure 5.12: Cartoon images to aid visualisations and similarities of the two background esti-
mation methods.

data and simulation in this control region, and a scale factor kW was assigned to correct the

normalisation of the simulation to the data. To obtain this control region, both of theW + jets

suppression cuts, described in section5.5.2, were reversed, but all other event selections were

applied in order to minimise contamination from the multijet background. This gave a high

purity and simulation was used to estimate the contamination from other backgrounds, which

was subtracted from the number of data events, as in the following equation:

NWCR
W → kWN

WCR
W = NWCR

data −NWCR
Z→ℓℓ −NWCR

tt̄,diboson (5.6)

In figure5.13the extent of this overestimation in the distributions ofpT for the light lepton and

τ candidate is illustrated, before and after “tight” levelτ identification was required. It is clear

that the agreement between data and simulation is reasonable before the requirement of “tight”

level τ identification, thereforekW should be much closer to one for the control region whereτ

identification was required to be “loose” but not “tight”. DifferentkW factors were required for

the opposite and same sign control regions, thought to be dueto the different compositions of

quark and gluon jets in each sample and the fact that theτ identification is modelled differently

for each. The events fromW + quark jet are opposite sign biased, whereas those fromW +
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(d) “tight” τ candidate

Figure 5.13: Muon andτ pT distributions in theW control region, following noτ identification
(a)/(c) and “tight” (b)/(d)τ identification. Following “tight”τ identification, the simulation
overestimates theW contribution. A similar effect is seen in the electron channel.

gluon jet have no sign bias [93].

The measuredkW factors are listed below:

kW =























































































0.93± 0.04 (stat.) muon channel, loose + not tight τ, opposite sign

0.73± 0.06 (stat.) muon channel, tight τ, opposite sign

0.94± 0.13 (stat.) muon channel, tight τ, same sign

0.97± 0.04 (stat.) electron channel, loose + not tight τ, opposite sign

0.63± 0.07 (stat.) electron channel, tight τ, opposite sign

0.83± 0.15 (stat.) electron channel, tight τ, same sign

(5.7)

ThesekW factors were applied to theW + jets Monte Carlo predictions in each of the control
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regions for both multijet estimation methods.

5.6.2 Background Estimation from Same Sign Sample

The first method for the multijet background estimation takes advantage of the fact that the

multijet background is expected to be approximately the same regardless of whether the lepton

and theτ candidate have the same or the opposite sign charge. The following relation can be

used:

NA
multijets

NB
multijets

=
NC

multijets

ND
multijets

(5.8)

whereN is the number of multijet events in four statistically independent regions, denoted

{A,B,C,D} and defined as follows:

• A: signal region with isolated lepton and the opposite sign requirement

• B: control region with isolated lepton and the opposite sign requirement reversed

• C: control region with inverted lepton isolation requirement and the opposite sign require-

ment

• D: control region with the opposite sign and isolation requirements inverted

This method takes advantage of the fact that the signal was composed of almost exclusively

isolated leptons whose charges are of opposite value to those of theτ candidates, therefore

signal contributions were effectively excluded in all control regions B, C and D.

All four regions have the same cuts applied except for the opposite sign and isolation re-

quirements, keeping this method simple and reducing the number of systematic uncertainties.

In each of the control regions an estimate for the number of multijet events was obtained by

correcting for theZ → ℓℓ, tt̄ and di-boson contributions as predicted from simulation and for

theW → ℓν andW → τν contributions by correcting the simulation predictions using thekW
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normalisation factors discussed in section5.6.1as described by the equation:

N i
multijets = N i

Data −N i
Z→ττ −N i

Z→ℓℓ −N i
tt̄,diboson − kW (N i

W→ℓν +N i
W→τν)

for i = B,C,D

(5.9)

The leptons from the backgroundsW → ℓν, W → τν andZ → ℓℓ are typically very isolated,

like the signal, as discussed in section5.4.4. From simulation estimations, regions C and D are

∼99% multijet pure. These multijet rich regions were used to measure the OS/SS ratioROSSS

for multijets, which was expected to be very close to unity:

ROSSS =



















1.07± 0.04 (stat.)± 0.04 (syst.) muon channel

1.07± 0.07 (stat.)± 0.07 (syst.) electron channel

(5.10)

This measuredROSSS was then used to scale the multijet estimate from region B to region A,

using Eq.5.11:

NA
multijets =

NC
multijets

ND
multijets

NB
multijets = ROSSSN

B
multijets (5.11)

These regions yielded the numbers shown in table5.13. The expected number of multijet events

in the signal regionA was

NA
multijets =



















24± 6 (stat.)± 3 (syst.) muon channel

23± 6 (stat.)± 3 (syst.) electron channel

(5.12)

This method is limited by low statistics in the control region. Investigations of the effect of

possible systematic uncertainties were performed and are described in section6.1.2.1.

5.6.3 Background Estimation from Non-Isolated Leptons

The second method used the lepton isolation and theτ candidate identification to define the

control regions as they are expected to be uncorrelated. Specifying “loose” but not “tight”
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Muon channel Electron channel
Isolated Non-Isolated Isolated Non-isolated
Lepton Lepton Lepton Lepton

Region A Region B Region A Region B
Data 213(15) 1521(39) 151(12) 398(20)

Z → ττ 185(2) 8.4(4) 97(1) 3.2(2)
γ∗/Z → ττ 0.7(3) 0.05(5) 0.3(2) 0(0)

OS Events Multijet 24(6) 1511(39) 23(6) 394(20)
+ Final Selection W → ℓν 9.3(7) 0.3(1) 4.8(4) 0.2(1)

W → τν 3.6(8) 0.08(8) 1.5(4) 0.04(4)
Z → ℓℓ 8.7(3) 0.33(6) 4.9(2) 0.12(3)

γ∗/Z → ℓℓ 2.4(4) 0.16(8) 2.0(3) 0.03(3)
tt̄ 1.31(1) 0.99(8) 1.02(8) 0.11(3)

Di-boson 0.28(2) 0.052(8) 0.18(1) 0.009(3)
Region C Region D Region C Region D

Data 34(6) 1415(38) 29(5) 367(19)
Z → ττ 1.3(2) 0.3(8) 1.0(1) 0.23(7)

γ∗/Z → ττ 0.06(6) 0.09(9) 0.2(1) 0(0)
SS Events Multijet 22(6) 1413(38) 21(5) 367(19)

+ Final Selection W → ℓν 3.7(5) 0.09(6) 2.3(3) 0(0)
W → τν 2.1(7) 0.2(2) 0.3(3) 0(0)
Z → ℓℓ 1.9(1) 0.11(3) 2.7(3) 0.05(2)

γ∗/Z → ℓℓ 2.5(4) 0.11(8) 1.3(3) 0.13(11)
tt̄ 0.21(4) 0.61(6) 0.1(3) 0.06(18)

Di-boson 0.044(7) 0.021(4) 0.029(5) 0.005(3)

Table 5.13: Numbers of events in the control regions discussed in section5.6.2. The numbers
in parenthesis are the statistical errors in the least significant digits. The multijet expectations
were determined by the data-driven method discussed in thatsection. The other processes were
estimated with simulation.

τ identification helped to ensure high numbers of multijet candidates. The four independent

regions are defined as:

• A: signal region with isolated lepton and “tight”τ candidate

• B: control region with non-isolated lepton and “tight”τ candidate

• C: control region with isolated lepton and “loose” but not “tight” τ candidate

• D: control region with non-isolated lepton and “loose” but not “tight” τ candidate

The control regions C and D were used to measure a ratio of isolated to non-isolated multijet

eventsRiso, which were then used to normalise the number of multijet events in region B, to

give the number of multijet events expected to fall within the signal region A, as in the following
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Muon channel Electron channel
Isolated Non-isolated Isolated Non-isolated
Lepton Lepton Lepton Lepton

Region A Region B Region A Region B
Data 213(15) 1521(39) 151(12) 398(20)

Z → ττ 185(2) 8.4(4) 97(1) 3.2(2)
γ∗/Z → ττ 0.7(3) 0.05(5) 0.3(2) 0(0)

“tight” τ candidate Multijet 23(3) 1510(39) 25(3) 394(20)
+ Final Selection W → ℓν 9.3(7) 0.31(12) 4.8(4) 0.2(1)

W → τν 3.6(8) 0.08(8) 1.5(4) 0.04(4)
Z → ℓℓ 8.7(3) 0.33(6) 4.9(2) 0.12(3)

γ∗/Z → ℓℓ 2.4(4) 0.16(8) 2.0(3) 0.03(3)
tt̄ 1.3(1) 0.99(8) 1.02(8) 0.11(3)

Di-boson 0.28(2) 0.052(8) 0.18(1) 0.009(3)
Region C Region D Region C Region D

Data 283(17) 9696(98) 225(15) 2159(46)
Z → ττ 72(1) 4.2(3) 39.5(8) 1.4(2)

γ∗/Z → ττ 3(1) 0.3(2) 0 0.03(3)
“loose” not “tight” Multijet 144(17) 9688(98) 139(15) 2156(46)

τ candidate W → ℓν 35(2) 1.8(3) 22(1) 0.6(2)
W → τν 11(2) 0.5(3) 7.6(1) 0
Z → ℓℓ 6.3(2) 0.28(5) 9.6(3) 0.20(4)

γ∗/Z → ℓℓ 7.5(7) 0.3(1) 5.2(5) 0.2(1)
tt̄ 2.3(1) 1.07(8) 1.4(1) 0.22(4)

Di-boson 0.31(3) 0.09(1) 0.22(2) 0.019(4)

Table 5.14: Numbers of events in the control regions discussed in section5.6.3. The numbers
in parenthesis are the statistical errors in the least significant digits. The multijet expectations
are determined by the data-driven method using non-isolated leptons, discussed in that section.
The other processes were estimated with simulation.

relation:

NA
multijets = NB

multijets

(

NC
multijets

ND
multijets

)

= NB
multijets Riso (5.13)

Due to the inefficiencies in the cut-basedτ identification for signal events, there was contami-

nation from signal events as well as other backgrounds, although this was a small percentage of

the total number of events in the control region. The simulation, normalised to the theoretical

cross-section, was used to correct for this contamination using this relation:

N i
multijets = N i

Data −N i
Z→ττ −N i

Z→ℓℓ −N i
tt̄,diboson − kW (N i

W→ℓν +N i
W→τν)

for i = B,C,D

(5.14)
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wherekW is detailed in section5.6.1. The total estimated number of events from data and

each background, in each region, is detailed in table5.14. This method estimated the following

numbers of multijet events in the signal region A to be:

NA
multijets =



















23± 3 (stat.)± 4 (syst.) muon channel

25± 3 (stat.)± 3 (syst.) electron channel

(5.15)

The number of the estimated multijet events is in good agreement with values obtained from the

method based on the same sign sample: 24± 6(stat.)± 3(syst.) events from multijet processes

in the muon channel and 23± 6(stat.)± 4(syst.) in the electron channel as presented in the

previous section.

5.7 Cross-section Calculation

The measurement of the cross-sections was performed using the formula

σ(Z → ττ)×BR(τ → l ν ν, τ → τhad ν) =
Nobs −Nbkg

AZ · CZ · L (5.16)

where

• Nobs is the number of observed events in data

• Nbkg is the number of estimated background events

• AZ denotes the kinematic and geometric acceptance for the signal process

• CZ is a factor containing the efficiencies for triggering, reconstruction and identification

objects within the fiducial region

• L denotes the integrated luminosity for the channel of interest
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AZ is determined from generator level Monte Carlo as:

AZ =
N gen kin

dressed

N genminv

born

(5.17)

whereN genminv

born is the number of generated events at Born level, meaning before the leptons

emit photons via QED final-state radiation, which fall within the invariant mass window of 66-

116 GeV andN gen kin
dressed is the number of generated events which when dressed, fall within the

fiducial regions summarised below. The procedure of dressing events is a partial way to correct

back to Born level. Theτ lepton decay products were “dressed” with photons radiatedby the

τ leptons themselves and the decay products, this was done using a cone of∆R < 0.1 for

electrons and muons and∆R < 0.4 for hadronic decay products to select photons to add to the

τ lepton decay products.

TheAZ values were calculated using a PYTHIA sample generated witha modified LO

parton distribution function (PDF) MRSTLO* [94]2and the ATLAS MC10 tune [79]. By

construction theAZ factor includes a correction for events which migrate inside the invariant

mass window in the fiducial region, including events from thelow mass tail (above 10 GeV)

from γ⋆/Z processes. The values are shown in table5.15, the difference between channels can

be attributed to the difference inη ranges essentially, in the electron channel the crack region is

excluded. The statistical uncertainty on both values is∼2%.

CZ is defined as follows:

CZ =
N reco pass

N gen kin
dressed

(5.18)

whereN reco pass is the number of events which pass all cuts after all of the correction factors,

to correct simulation to data, have been applied.N gen kin
dressed is defined in the same way as above.

By construction the correction for events migrating into theacceptance is included. For theCZ

values the statistical uncertainties are∼1.5%.

2The * indicates that this PDF is modified and designed to be used in conjunction with a LO matrix element,
required due to flaws in either the standard LO or NLO PDFs, this PDF is optimised to perform better than
either [94].
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Muon channel Electron channel
AZ 0.11691± 0.00023(stat.) 0.10073± 0.00021(stat.)
CZ 0.2045± 0.0024(stat.) 0.1197± 0.0017(stat.)

Table 5.15: Central values for theAZ acceptance factor defined by equation5.17from PYTHIA
ATLAS MC10 Monte Carlo generated with MRSTLO* PDF at generator level andCZ correc-
tion factor defined by equation5.18determined using the same sample at generator level and
after full detector simulation.

The cross-sections defined by equation5.16are total inclusive cross-sections. The fiducial

cross-sections are obtained by settingAZ to one, which gives:

σfid(Z → ττ)×BR(τ → l ν ν, τ → had ν) =
Nobs −Nbkg

CZ · L (5.19)

Measuring the fiducial cross-sections removes some of the theoretical uncertainties from the

measurement.

The fiducial regions were defined by the following cuts:

Muon channel

• Muon: pT > 15 GeV,|η| < 2.4

• Tau:ET > 20 GeV,|η| < 2.47, excluding 1.37< |η| < 1.52

• Event:Σcos∆φ > -0.15,mT< 50 GeV, 35< mvis< 75 GeV

Electron channel

• Electron:ET > 16 GeV,|η| < 2.47, excluding 1.37< |η| < 1.52

• Tau:ET > 20 GeV,|η| < 2.47, excluding 1.37< |η| < 1.52

• Event:Σcos∆φ > -0.15,mT< 50 GeV, 35< mvis< 75 GeV
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5.8 Z Candidates and Backgrounds after Event Selection

A summary of the number of events passing the selection in data and for the multijet back-

ground, estimated using the both methods, detailed in section5.6.2and section5.6.3, along with

the estimated number of events from each of the other electroweak backgrounds is presented in

table5.16. Since the Same Sign method was chosen as the primary method the measurement

of the cross-section is performed using this method, however both are included here to enable

the reader to draw a comparison. The number of events that were seen, after subtracting the

number of events estimated to be from backgrounds is: 164± 16(stat.)± 4(syst.) for the muon

channel and 114± 14(stat.)± 3(syst.) for the electron channel. This is compatible with the

Standard Model signal expectations of 186.2± 2.1(stat.)± 25.7(syst.) and 97.8± 1.4(stat.)±

16.2(syst.) events respectively.

Muon channel (35.5 pb−1) Electron channel (35.7 pb−1)
Data (after all selections) 213 151
Est. multijet background OS/SS 24± 6(stat.)± 3(syst.) 23± 6(stat.)± 3(syst.)
Est. multijet background isol. lep. 23± 3(stat.)± 4 (syst.) 25± 3(stat.)± 3 (syst.)
Est.W,Z, tt̄ , diboson background 25± 1(stat.)± 5(syst.) 14± 1(stat.)± 4(syst.)
Data (less backgrounds, OS/SS) 164± 16(stat.)±4(syst.) 114± 14(stat.)±3(syst.)
Data (less backgrounds, isol. lep.) 164± 13(stat.)± 5(syst.) 111± 11(stat.)± 4(syst.)
SM signal expectation 186.2± 2.1(stat.)± 25.7(syst.) 97.8± 1.4(stat.)± 16.2(syst.)

Table 5.16: Summary ofZ → ττ observation results: observed number of events in data,
estimated background and number of data events after subtracting the estimated background
compared to the SM signal expectation. OS/SS and Isol. Lep. refer to the two multijet back-
ground estimation methods, described in sections5.6.2and5.6.3respectively.



Chapter 6

Z → τℓτh Cross-section Measurement:

Results and Systematics

6.1 Systematics

The systematic uncertainties were estimated for the calculations of theAZ factor, the geomet-

ric and kinematic acceptance, and theCZ factor, containing the efficiencies for triggering and

reconstruction and identification of objects in the fiducialregion, as well as for the background

estimations. There are two categories of uncertainties forthe background estimations, the first

type are the uncertainties associated with the simulation predictions for the electroweak back-

ground including those used to correct the contamination inthe control regions for the data-

driven estimates; the second are the uncertainties associated with the data-driven method itself.

The systematic uncertainties on the simulation predictions used to correct for the contamination

in the control regions, in both background estimation methods, were propagated into the mul-

tijet estimates. Some systematic uncertainties were investigated in dedicated studies outside of

this analysis; where values are used from those studies, references are given to the full details.

6.1.1 Systematic Uncertainties on Monte Carlo Predictions

6.1.1.1 Pile-up

To correctly model the pile-up in the simulation, the vertexdistributions need to be reweighted

to match those in the data, details of this are in section5.2.3. The effect that the pile-up had on

the quantities used in this analysis was most evident in cell-based variables such asREM of the

107
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τ candidates and theETCone variable used for the lepton isolation, discussed in section 5.4.4.

Both of these variables are shown in figure6.1with various pileup conditions. The distributions

of τ candidates were taken from simulation. The muons used for the isolation distributions were

taken from the tag and probe analysis described in section6.1.1.7.
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Figure 6.1: Theτ candidate electromagnetic radius was plotted from simulated signal events in
(a) and theETCone variable of isolated muons fromZ → µµ events in data in (b), both show a
comparison of the variable in events with different numbersof vertices: one, two and three and
above.

The systematic uncertainty was estimated by varying the weights used up and down by 1σ

within the statistical uncertainty and measuring the percentage change in the final event yield

for each simulation sample. The results of this procedure can be seen in table6.1.

Shift Z → ττ Z → ee (mℓℓ > 60 GeV) Z → µµ (mℓℓ > 60 GeV) tt̄
+1σ +0.35% +0.35% +0.35% +0.35%
-1σ -0.35% -0.35% -0.35% -0.35%

Table 6.1: The percentage change in event yield when the pile-up weights were shifted up and
down by 1σ on each simulated sample.

6.1.1.2 Energy Scale andEmiss
T Scale

The uncertainty due to theτ energy scale was assessed by scaling the energy of eachτ candidate

in the event and measuring the percentage change in the final event yield. The scale factors were

binned inpT , η and the number of prongs of theτ candidate, the scale factors used are given in

table6.2[45].
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1-Prong (|η| Regions) Multi-Prong (|η| Regions)
pT Region < 1.3 1.3 - 1.6 > 1.6 < 1.3 1.3 - 1.6 > 1.6
15< pT < 20 GeV 4.5% 7.0% 4.5% 14.0% 7.0% 6.5%
20< pT < 30 GeV 3.5% 7.0% 4.5% 10.0% 7.0% 6.5%
pT > 30 GeV 2.5% 7.0% 4.5% 8.0% 7.0% 6.5%

Table 6.2: Scale factors used for rescalingτ candidates’ energy up and down.

Since they are correlated theEmiss
T and the electron energy must be scaled at the same time.

For the muons, the energy smearing was studied independently and found to be negligible.

Before the preselection ofτ candidates and electrons, the energies of all theτ and electron

candidates in the event were scaled either up or down and the change in electron energy was

propagated into the calculation ofEmiss
T , which is described in section5.4.6. Then all other

topoclusters in the event not within∆R < 0.2 of the selected lepton were scaled up or down

according to the formula:1+a
(

1 + N−1
pT

)

within |η| < 3.2, wherea andN are chosen to cover

the full range of uncertainties derived from studies ofE/p in data and Monte Carlo for single

hadrons [95] [96]. In figure6.2the distributions ofEmiss
T andτ candidatepT are shown, for the

default values and once the clusters have been scaled both upand down in energy. The value

of the systematic uncertainty per simulation sample was defined as the maximum shift in event

yield for any value ofa orN . These shifts are summarised in table6.3, the maximal values used

as the systematics were 9.44(8.55)% for the signal simulation, 29(24)%, 21(18)% and 13(18)%

for theZ → ℓℓ,W → ℓν, andtt̄ backgrounds respectively in the electron (muon) channel.
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Figure 6.2: The variablesEmiss
T in (a) andτ pT in (b) before and after scaling the cluster energy

up and down.
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Shift Z → ττ(e) Z → ee W+ jets tt̄
a=0.07, N-1=0.93 9.39 29 21.1 10.6
a=0.06, N-1=1.17 9.21 27 20 11
a=0.05, N-1=1.50 9.16 24 18.6 10.2
a=-0.05, N-1=1.50 -9.1 -4.11 -8.74 -12.5
a=-0.06, N-1=1.17 -9.26 -4.58 -9.07 -12.9
a=-0.07, N-1=0.93 -9.44 -5.7 -10.1 -13
Cluster|η| > 3.2
a=1.1, N-1=0 -0.154 1.88 -2.15 1.63
a=0.9, N-1=0 -0.246 -0.803 -3.36 -0.0744

Shift Z → ττ(µ) Z → µµ W+ jets tt̄
a=0.07, N-1=0.93 7.54 24.3 18.1 17.8
a=0.06, N-1=1.17 7.5 24.1 17.9 17.6
a=0.05, N-1=1.50 7.4 23.6 18.1 17.9
a=-0.05, N-1=1.50 -8.24 -17.9 -18.5 -13.5
a=-0.06, N-1=1.17 -8.42 -19.2 -18.4 -14
a=-0.07, N-1=0.93 -8.55 -20.1 -18.4 -14.7
Cluster|η| > 3.2
a=1.1, N-1=0 0.0517 -0.04 -0.0895 0.129
a=0.9, N-1=0 -0.0501 0.617 -3.71 1.5

Table 6.3: The percentage difference in event yield after the cluster energies andτ energy were
shifted. In the electron channel the electron energy was also scaled.

6.1.1.3 Lepton Trigger Efficiency

Trigger efficiencies were measured using a tag and probe analysis. The efficiencies were cal-

culated in both data and simulation, with respect to reconstructed and identified leptons. The

ratio of the efficiency in data and simulation yields the correction factor which was applied to

the simulation to achieve agreement with data.

Muons Using theZ → µµ tag and probe analysis, the trigger efficiency was measured as a

function ofη andpT ; the trigger efficiency as a function of these two variables can be seen in

figure 6.3. The trigger efficiency is flat after the turn-on atpT > 15 GeV with respect topT

and therefore the correction factors were only computed as afunction ofη. Theη dependence

is due to the non-homogeneity of the muon detectors. In the end-cap region there are muon

trigger chambers covering the full extent of the muon spectrometers and therefore the trigger

efficiencies are higher at> 95%, in the barrel region there are some missing and therefore
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the trigger efficiency can be as low as 80%. This drops even further in the transition region

at |η| ∼ 1.2. By varying the parameters of the tag and probe analysis, such as the size of

the invariant mass window, the systematic uncertainties onthese efficiency measurements were

estimated. The summary of these integrated trigger efficiencies and the following correction

factors for each of the triggers used in this cross-section measurement are given in table6.4and

table6.5respectively.
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Figure 6.3: Trigger efficiency and scale factors measured indata and simulation, for the
mu13MGtight trigger, where the green bands represent the uncertainty on the scale factors.
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Figure 6.4: Trigger efficiency for the e15medium trigger at EF level in (a) measured inW →
eν data events and simulation. Scale factors for the e15medium trigger at EF level in (b) for
medium and tight level electrons.

Electrons For electrons the trigger efficiency was measured using two different methods. The

first, for offline electrons withpT > 20 GeV, was a combination of the results of two tag and
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Trigger Flag Efficiency
Type Data Simulation

EF mu10MG 82.79± 0.92 (stat.)± 0.31 (syst.) % 82.55± 0.02 (stat.)± 0.02 (syst.) %
EF mu13MG 84.48± 0.40 (stat.)± 0.13 (syst.) % 82.55± 0.02 (stat.)± 0.02 (syst.) %

EF mu13MGtight 83.07± 0.39 (stat.)± 0.14 (syst.) % 82.05± 0.02 (stat.)± 0.02 (syst.) %

Table 6.4: Integrated efficiency for each muon trigger threshold, measured with respect to re-
constructed and identified muons.

Trigger Flag Scale
Type Factor

EF mu10MG 1.003± 0.011
EF mu13MG 1.024± 0.005

EF mu13MGtight 1.013± 0.005

Table 6.5: The scale factors for each muon trigger threshold, used to correct the trigger efficien-
cies measured in simulation to those measured in data.

Electron pT Range Efficiency
Type Threshold Data Simulation

“medium” 16< ET < 18 GeV 95.7± 2.4 (stat.)± 0.3 (syst.) % 95.3± 0.3 (stat.) %
“tight” 16< ET < 18 GeV 95.8± 2.2 (stat.)± 0.6 (syst.) % 96.6± 0.3 (syst.) %

“medium” 18< ET < 20 GeV 96.3± 2.2 (stat.)± 0.4 (syst.) % 97.50± 0.16 (stat.) %
“tight” 18< ET < 20 GeV 96.5± 2.1 (stat.)± 0.4 (syst.) % 98.55± 0.16 (stat.) %

Table 6.6: The trigger efficiencies for the e15medium trigger in two differentpT ranges for
“medium” and “tight” electrons, measured from aW → eν tag and probe data analysis. For
the region ofpT > 20 GeV, the scale factor of 0.995 was used.

probe analyses, one usingZ → ee events and the other usingW → eν events. This gave the

correction factor of 0.995± 0.005 [60, 97]. Electrons withpT > 20 GeV are on the plateau,

thus nopT binning was required as the efficiencies are flat with respectto pT . The second is

for offline electrons withpT < 20 GeV, and was measured using a tag and probe analysis on

W → eν events. For this momentum range the efficiencies were binnedin two pT bins, 16-

18 GeV and 18-20 GeV since the trigger is turning on in thispT range. These efficiencies are

listed in table6.6. The scale factors obtained using this method are summarised in table6.7[64].

The efficiencies measured for the e15medium trigger at Event Filter level using the second

method can be seen in figure6.4along with the corresponding scale factors.
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Electron pT Range Scale
Type Threshold Factor

“medium” 16< ET < 18 GeV 1.004± 0.025
“tight” 16< ET < 18 GeV 0.992± 0.023

“medium” 18< ET < 20 GeV 0.987± 0.023
“tight” 18< ET < 20 GeV 0.979± 0.021

Table 6.7: The scale factors for the e15medium trigger in two differentpT bins for “medium”
and “tight” electrons, used to correct the trigger efficiencies in simulation to those measured in
data.

6.1.1.4 Lepton Reconstruction and Identification Efficiency

Muons TheZ → µµ tag and probe analysis was used to measure the efficiency of the muon

reconstruction and identification for both data and simulation [98]. While the efficiencies were

found not to be dependent onpT , the combined muon reconstruction and identification effi-

ciencies varied depending on the region in the detector. Therefore the simulation to data scale

factors, were binned in different regions ofη − φ space, and can be found in [98]. The sys-

tematic uncertainties on these scale factors were estimated by varying the requirements of the

Z → µµ tag and probe analysis.

Electrons Tag and probe studies were used to show that the electron reconstruction efficien-

cies were well modelled in simulation and that no scale factor was necessary [97]. The system-

atic uncertainty assigned to this measurement was 1.5%.

The efficiencies for the identification of electrons in simulation and data were measured

using tag and probe analyses performed onZ → ee andW → eν events , the disagreement

between simulation and data was corrected for by defining scale factors, dependent onη and

pT . These dependencies were found to be uncorrelated, so the two scale factors, one binned in

η, the other inpT , were multiplied together to give the final scale factors. The individual scale

factors and the uncertainties on these measurements can be found in [60, 97].
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6.1.1.5 LeptonpT Resolution

To achieve agreement between data and simulation for theZ → ℓℓ mass peak, smearing was

applied to the leptonpT in the simulated events. To estimate the systematic uncertainty on this

correction procedure the smearing factor was varied by oneσ and the percentage change was

found to be only 0.2%.

6.1.1.6 Lepton Charge Misidentification

The mis-identification of lepton charge typically occurs after showering of electrons; due to the

large number of charged tracks in the vicinity of the electron, it is easier to combine the wrong

track with the electron. This effect was measured by lookingatZ → ee events, selected in a

tag and probe analysis, and comparing the number of events where both electrons had the same

electric charge to the total number of events. The systematic uncertainty on this measurement

was measured to be 0.2%. For muon events the charge-misidentification rate for this analysis

was found to be negligible.

6.1.1.7 Lepton Isolation

The efficiency of the isolation requirements placed on the selected leptons, discussed in sec-

tion 5.4.4, was measured usingZ → ℓℓ tag and probe analyses. The efficiency is defined as the

percentage of selected leptons which also pass the isolation requirements. By taking the ratio of

the efficiencies measured in data and simulation, correction factors were obtained which were

then applied to the simulation.

Muons TheZ → µµ tag and probe analysis was used to measure the efficiency of the isolation

requirements. This was found to be dependent onpT but notη, this dependence is illustrated

in figure6.5(a); This was modelled well by simulation and the scale factors were consistently

around one. The scale factors were applied inpT bins, the systematic uncertainties were calcu-

lated independently per bin, by varying the tag and probe requirements.
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Electrons A Z → ee tag and probe analysis was performed to measure the efficiencies of the

isolation requirements on selected electrons. The same identification criteria for the electrons

as used in the analysis, were used for the tag electron and allexcept the isolation criteria were

used for the probe electron. In addition to this the electrons were required to have opposite

sign electric charge and fall within an invariant mass window around that of theZ boson. No

background subtraction was found to be necessary as the tight selection criteria on the tag

electron combined with the invariant mass window of the two electrons was highly effective at

suppressing the multijet background to∼1%. The efficiencies were calculated in bins ofpT and

η independently, the distributions of these dependencies can be seen in figures6.5(b)and 6.5(d)

respectively. These were found to be non-correlated, therefore to get the final scale factors, the

scale factors in bins ofpT andη were multiplied together. The systematic uncertainties onthese

scale factors were estimated on a bin-by-bin basis by varying the tag and probe requirements

such as electron identification level, invariant mass window size and minimumpT of the tag

electron.

6.1.1.8 τ Identification Efficiency

To evaluate the efficiencies and associated systematic uncertainties on the cut-basedτ iden-

tification [45] and dedicated electron veto, studies were performed on thesimulation to alter

conditions which affect event generation, shower modelling and reconstruction and measure

the effects on the efficiency [45]. The following conditions were taken into account:

1. Detector Geometry

2. Monte Carlo event generator and underlying event model

3. Hadronic shower model

4. Noise thresholds of calorimeter cells for cluster reconstruction

The efficiencies and systematic uncertainties were measured in bins ofpT , η, number of

prongs and in one or more vertices. The efficiencies and the resulting event yield shifts are
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Figure 6.5: Efficiency of the isolation requirements and scale factors measured in data and
simulation, for muons,pTCone40/pT < 0.06 andETCone40/pT < 0.06, plotted againstpT in
(a) andη in (c) and for electrons,pTCone40/pT < 0.06 andETCone30/pT , againstpT in (b) and
againstη in (d), where the green bands represent the uncertainty on the scale factors.

summarised in table6.8where the systematic uncertainty quoted is the sum in quadrature of the

effect of each variation listed above.

pT (τ ) [GeV ] [20, 30] [30, 40] [40, 100]
Ntrk Nvxp Effic. [%] Syst. [%] Effic. [%] Syst. [%] Effic. [%] Syst. [%]

1
≤ 2 40.0±0.1 8.7±0.8 42.1±0.1 8.8±0.8 42.1±0.2 9.2±0.9
≥ 3 31.7±0.1 11.0±0.7 34.6±0.1 10.4±0.8 35.7±0.1 9.6±0.8

3
≤ 2 23.3±0.1 12.3±2.9 29.6±0.2 8.9±1.7 34.9±0.3 11.9±2.6
≥ 3 18.4±0.1 11.5±2.0 24.6±0.1 11.1±2.0 30.3±0.2 10.5±1.5

Table 6.8: The efficiencies of theτ lepton identification combined with the dedicated elec-
tron veto and the associated systematic uncertainties. For1-prongτ candidates the “medium”
identification is used and for 3-prongτ candidates the “tight” identification is used.
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6.1.1.9 Jet Fake Rates ofτ Leptons

To estimate the uncertainty on the fake rate ofτ candidates from jets, the uncertainty was used

from the cross-check measurement of thekW scale factor. ThekW scale factor is a measure

of the disagreement between data and simulation of theW+jets normalisation and is attributed

to the jet-τ fake rate. The difference from one is added in quadrature to the uncertainty on

the measurement of thekW scale factor itself. The value of the systematic uncertainty this

yielded was 24 % in the muon channel. This uncertainty was then applied toγ⋆/Z → ℓℓ and

tt̄ events. In the electron channel it was only applied toτ candidates which did not match

true electrons inγ⋆/Z → ee, this fake rate uncertainty of electrons fakingτ candidates was

estimated independently, see section6.1.1.10. For tt̄ , where less than 2% ofτ candidate fakes

come from electrons, the jet fake-rate uncertainty was applied to all events.

6.1.1.10 Lepton Fake Rates ofτ Leptons

A Z → ee tag and probe analysis was used to measure the fake rate ofτ candidates originating

from electrons in both data and simulation. A scale factor tocorrect the fake rates in simulation

to those measured in data and the systematic uncertainty associated with this scale factor was

calculated independently for one and three prongτ candidates and in bins ofη for τ candidates

matched to true electrons [99]. The uncertainty was applied to theZ → ee andγ⋆/Z → ee

simulation events, weighted by the percentage of events where theτ candidate could be matched

to a truth electron.

6.1.1.11 Electron Quality Maps

During the period that data were taken there were various problems within the calorimeter. It

was necessary to reject electron candidates built using clusters corresponding to these prob-

lematic regions. To do this, maps were built inη andφ of dead and non-nominal HV regions,

dead Front End Boards and isolated dead or high noise channels. These maps were updated
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throughout data running and applied to data, but only one mapwas applied to Monte Carlo, cor-

responding to∼52% of data, a systematic uncertainty due to this of 0.4% was estimated [100].

6.1.1.12 Jet Cleaning

Jets built from energy deposits not believed to be from the proton-proton collision were removed

using the method detailed in section5.3.2. Due to inconsistencies between data and simulation

in the distributions of the variables used to remove these jets, an efficiency measured by the

Jet/Emiss
T group from inclusive jet studies was applied to simulation.The effect of this on the

signal event yield was taken as the systematic uncertainty,this was seen to be between 3.3%

and 3.6% in the muon channel and less than 1.5% in the electronchannel.

6.1.1.13 Cross-section and Luminosity

The uncertainty on the theoretical cross-sections used to normalise the Monte Carlo samples

was 5% for theZ samples [101] and +7%/-9.5% for thett̄ sample [102]. The uncertainty on

the luminosity measurement is 3.4% [78].

6.1.2 Systematic Uncertainties on QCD Background Estimation

To calculate the uncertainties on the background estimation methods, the relevant uncertainties

on each of theW , Z and tt̄ processes had to be taken into account as the Monte Carlo was

used in the control regions. This effect was estimated by varying each different source of

systematic uncertainty up or down by 1σ for each Monte Carlo contribution simultaneously,

then the resulting percentage shifts for each systematic uncertainty were added in quadrature.

The methods themselves are subject to systematic uncertainties based on the underlying

assumptions, which were estimated using the procedures discussed below. Finally both methods

have statistical uncertainties, which are included in the summaries per channel along with the

other systematic uncertainties in tables6.13 and 6.14 for the Same Sign and Non-Isolated

methods respectively.
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6.1.2.1 QCD Estimation Same Sign Method

The main assumption underlying this background estimationmethod is that for multijet events

there should be no bias towards events with a light lepton andaτ lepton of opposite or the same

sign electric charge. In order to test this, a control samplewas defined, all overlap removedτ

candidates which failed “tight”τ identification were used, and theROSSS was plotted against

the isolation variables:ETCone30/pT for the electron channel andETCone40/pT for the muon

channel. This test of the stability ofROSSS is shown in figure6.6. The bands represent the

statistical uncertainty, and with the exception of the lowest isolation bin in the electron channel,

which suffers from low statistics, the values lie within thestatistical uncertainty on the measured

ratio. A conservative systematic was assigned as the maximum variation from the measured

value added in quadrature to the statistical uncertainty onthe central value, which is 12.4% in

the electron channel and 5.2% in the muon channel. To confirm that there was no correlation

with theτ identification, the control region of inverted isolation was used to plot the measured

ROSSS against each level ofτ identification cut, “loose”, “medium” and “tight”, this is shown

in figure 6.6. The inverted isolation for the electron channel waspTCone/40pT ≥ 0.06 and

ETCone30/pT ≥ 0.1; for the muon channel the inverted isolation waspTCone40/pT ≥ 0.06

andETCone40/pT ≥ 0.06. As no significant correlation is evident, and only the “tight” level

of τ identification was used in the estimation, no additional systematic was assigned.

6.1.2.2 QCD Estimation Non-Isolated Method

The main assumption in this method is that the lepton isolation and theτ identification are un-

correlated. To test this assumption, different values of the lepton isolation and different levels of

theτ identification were chosen and the background estimate repeated. First the isolation vari-

ables were loosened, for electrons topTCone40/pT ≥ 0.1 andETCone30/pT ≥ 0.2; for muons

to pTCone40/pT ≥ 0.1 andETCone40/pT ≥ 0.1. In table6.9 where the variations are sum-

marised, this shift is labelled Isolation 1. The differencein the estimate was 0.6% (1.8%) for the
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Figure 6.6: Stability ofROSSS as a function of calorimeter isolation (τ identification) on top
(bottom) for muons (electrons) on left (right) in data. The solid line represents the measured
ratio and the dashed lines give the statistical error. The estimated impurity from the electroweak
backgrounds is shown as a shaded box on each bin.

muon (electron) channel. Second the isolation variables were tightened,pTCone40/pT ≥ 0.1

andETCone30/pT ≥ 0.05 for electrons;pTCone40/pT ≥ 0.03 andETCone40/pT ≥ 0.04 for

muons. This shift is labelled as Isolation 2. The differencefor this variation was 1.1% (0.8%)

for the muon (electron) channel. Third theτ identification was changed to select “loose”, but

not “medium”, instead of the default “loose” but not “tight”τ candidates. This led to a much

more significant difference of 8.8% (3.5%) for muon (electron) channel.

As an additional cross-check, the shapes of the isolation variables for different levels of

theτ identification were compared to ensure no dependence was present. The sum of the two

regions containing “tight”τ candidates (A+B) was compared to the sum of the two regions

containing “loose” but not “tight”τ candidates. These comparisons can be seen in figure6.7.
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Figure 6.7: Comparison of the shape of the isolation distributions for the A+B and C+D regions.

The shapes were found to be in agreement within the statistical uncertainties and no systematic

was assigned on this check.

Variation Muon channel Electron channel
Default 22.6± 2.7 25.4± 3.1
Isolation 1 22.7± 2.8 25.0± 3.1
Isolation 2 22.4± 2.7 25.6± 3.1
τ candidate “loose” not “medium” 20.6± 3.1 26.3± 3.6
Systematic uncertainty from Isolation ± 0.3 ± 0.5
Systematic uncertainty fromτ identification ± 2.0 ± 0.9

Table 6.9: Summary of the background estimates after each variation described in6.1.2.2and
the estimated systematic uncertainty for each.

To obtain a value for the total systematic on the background estimation, the aforementioned

systematic uncertainties based on the correlations in the method were added in quadrature with

those due to the systematic uncertainties on the contamination corrections in the control regions,
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and with the statistical uncertainties arising due to the limited Monte Carlo available to estimate

these corrections.

6.1.3 AZ Calculation Systematic Uncertainty

The dominant theoretical uncertainties affecting this measurement arise from limited knowledge

of the parton distribution functions and the modelling of theZ boson at the LHC. They can be

divided into three components.

• Uncertainty within one PDF set

The CTEQ6.6 NLO PDF set was used to estimate this uncertainty,it has 22 error eigen-

values available [103], for each error eigenvaluei, the sample was reweighted to the error

eigenvalue, then the acceptances,Ai+
Z andAi−

Z , were recalculated using the following

relation:

∆AZ =
1

2

√

Σi

(

Ai+
Z − Ai−

Z

)2
(6.1)

• Deviations between different PDF sets

The acceptance values from the default PDF were compared to those obtained when the

sample was reweighted to the HERAPDF1.0 [104] and CTEQ6.6 PDF sets. The resulting

deviation gave the systematic uncertainty.

• Uncertainty due to the modelling of the parton shower

A sample was generated using MC@NLO and Herwig parton shower combined, with

the CTEQ6.6 PDF, MC10 tune and a minimum invariant mass of 60 GeV, and used to

recalcuate theAZ factor. The variation from the default value was taken as theuncer-

tainty. Since the Herwig generator did not handle theτ polarisation accurately duringτ

lepton decays when interfaced with the MC@NLO generator at the time, a correction was

applied to account for the difference in acceptance calculated from the MC@NLO sam-

ple. The correction was determined from dedicated samples produced with and without
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τ polarisation switched on. The correction factors were measured to be 0.9917± 0.0002

for the muon channel and 0.9904± 0.0002 for the electron channel, where the errors are

statistical.

Muon channel Electron channel
PYTHIA MRSTLO* 0.1169 0.1007
PYTHIA CTEQ6.6 0.1191 0.1026
PYTHIA HERAPDF1.0 0.1185 0.1020
PYTHIA CTEQ6.6mZ/γ∗ > 60 GeV 0.1185 0.1022
MC@NLO CTEQ6.6mZ/γ∗ > 60 GeV 0.1174 0.1016
MC@NLO CTEQ6.6mZ/γ∗ > 60 GeV
(with spin effect correction) 0.1165 0.1006

Table 6.10: Values of theAZ geometric and kinematic acceptance factor calculated using the
default PDF (PYTHIA MRSTLO*) and other variations.

Muon channel Electron channel
CTEQ 6.6 Eigenvector Set 1.2% 1.2%
Different PDF Sets 1.9% 1.9%
Model Dependence 1.8% 1.6%
Total Uncertainty 2.9% 2.8%

Table 6.11: Relative uncertainties on theAZ factors, calculated as described in the text.

A summary of these systematic assessments concerning use ofdifferent PDFs and models

is given in tables6.10 and 6.10. Additional sources of uncertainty on theAZ measurement

were considered, these were the modelling of theτ decays with TAUOLA [84] and of the QED

radiation with PHOTOS [85]. The τ leptonpT spectrum depends on the branching ratios of

the hadronic decay modes and thus the fraction of energy theyreceive, in order to quantify the

effect of changing this fraction, a secondary sample was generated using SHERPA [105] which

contains its own library ofτ decay branching ratios. The PHOTOS Monte Carlo is known to be

accurate to better than 0.2%, which is negligible compared to the uncertainties due to the PDFs.

The uncertainties from all sources were added in quadratureto obtain the total uncertainty on

AZ of 3% in both channels.
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6.1.4 CZ Calculation Systematic Uncertainty

As theCZ value contains efficiencies for the detector, reconstruction and identification, the

uncertainties were those applicable to the signal simulation described in section6.1.1. Each

uncertainty is listed in table6.12, these were added in quadrature to obtain the total uncertainty.

The dominant systematic uncertainties were theτ identification and energy scale. In the electron

channel another significant uncertainty arose due to the large uncertainties on the correction

factors for the electron identification at low values ofpT , between 16 and 20 GeV, where∼35%

of signal lies.

Systematic Uncertainty δCZ/CZ Muon channel δCZ/CZ Electron channel
Lepton Efficiency 3.6% 9.2%
Lepton Resolution (µ Energy Scale) 0.2% 0.2%
Problematic Regions in the Calorimeter – 0.4%
e Charge Misidentification – 0.21%
τ Id Efficiency 8.6% 8.6%
Energy Scale Lepton andτ 8.6% 9.4%
Pile-up Reweighting 0.4% 0.4%
Jet Cleaning 1.8% 1.8%
Total Systematic Uncertainty 12.8% 15.8%
Statistical Uncertainty 1.2% 1.4%
Total Uncertainty 12.8% 15.9%

Table 6.12: Relative percentage systematic uncertainties for theCZ factor.

6.1.5 Systematics Summary

A summary of each of the systematic uncertainties is given inthe following three tables: ta-

ble 6.13 lists the systematic uncertainties on each of the backgrounds including the multijets

estimated using the Same Sign method; table6.14lists the uncertainties using the Non-Isolated

method of multijet background estimation and table6.15gives the uncertainties on the Monte

Carlo prediction of expected signal.
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Muon channel (% Deviation) Electron channel (% Deviation)
Systematic Uncertainty (Nobs −Nbkg) Multijet W+ jets γ⋆/Z + tt̄ (Nobs −Nbkg) Multijet W+ jets γ⋆/Z + tt̄
Lepton Efficiency 0.24 1.6 3 2.8(γ⋆/Z) 0.31 2.7 7 5.0(γ⋆/Z)

5.9(tt̄) 9.0(tt̄)
Lepton Resolution(µ Energy Scale) 0.018 0.092 0.2 0.2 0.012 0.065 0.2 0.2
Problematic Calorimeter Regions 0.0023 0.016 0 0 0.022 0.14 0.4 0.4
e Charge Misidentification 0.0023 0.016 0 0 0.014 0.064 0.21 0.21
τ Id Efficiency 0.078 0.54 0 0 0.11 0.55 0 0
Energy Scale Lepton andτ 1.7 10 19 24.3(γ⋆/Z) 1.3 8.8 21 29.1(γ⋆/Z)

18.0(tt̄) 13.1(tt̄)
Lepton-jetτ Fake Rate 1.1 5 0 24 0.66 3.9 0 20 (γ⋆/Z)

24 (tt̄)
Pile-up Reweighting 0.029 0.17 0.35 0.35 0.02 0.12 0.35 0.35
Jet Cleaning 0.067 0.41 0 1.8 0.066 0.51 0 2.5
kW Factor 0.12 3.6 8.2 0 0.18 2.2 11 0
OSSSRatio 0.76 5.2 0 0 2 10 0 0
Theoretical Cross-section 0.2 1.4 0 5.0(γ⋆/Z) 0.12 1.3 0 5.0(γ⋆/Z)

8.3(tt̄) 8.3(tt̄)
Total Systematic Uncertainty 2.2 13 21 34 2.5 14 25 35
Statistical Uncertainty 9.8 27 8.3 3 12 27 9.9 3.8
Total Uncertainty 10 30 22 34 12 30 27 35

Table 6.13: Summary of the systematic and statistical uncertainties for each of the main backgrounds and for the predicted signal for both the
muon and electron channels using the Same Sign method of multijet background estimation, described in section5.6.2. The “lepton efficiency”
entry includes the lepton trigger, reconstruction, identification and isolation uncertainties added in quadrature.
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Muon channel (% Deviation) Electron channel (% Deviation)
Systematic Uncertainty (Nobs −Nbkg) Multijet W+ jets γ⋆/Z + tt̄ (Nobs −Nbkg) Multijet W+ jets γ⋆/Z + tt̄
Lepton Efficiency 0.08 3.20 3.0 2.8(γ⋆/Z) 0.54 4.81 7.0 5.0(γ⋆/Z)

5.9(tt̄) 9.0(tt̄)
Lepton Resolution(µ Energy Scale) 0.004 0.19 0.2 0.2 0.31 0.13 0.2 0.02
Problematic Calorimeter Regions 0 0 0 0 0.32 0.25 0.4 0.4
e Charge Misidentification 0 0 0 0 0.31 0.14 0.21 0.21
τ Id Efficiency 0.61 4.49 0 0 0.89 2.51 0 0
Energy Scale Lepton andτ 1.41 13.1 18.8 24.3(γ⋆/Z) 0.46 10.6 21.4 29.1(γ⋆/Z)

18.0(tt̄) 13.1(tt̄)
Lepton-jetτ Fake Rate 1.51 1.88 0 24 0.52 2.81 0 20 (γ⋆/Z)

24 (tt̄)
Pileup Reweighting 0.007 0.33 0.35 0.35 0.32 0.22 0.35 0.35
Jet Cleaning 0.03 1.15 0 1.3(γ⋆/Z) 0.32 0.79 0 2.0(γ⋆/Z)

5.0(tt̄) 5.0(tt̄)
kW Factor 0.46 1.32 8.20 0 0.15 0.82 11.1 0
Multijet Estimate Method 2.22 8.84 0 0 3.02 4.05 0 0
Theoretical Cross-section 0.05 3.22 0 5.0(γ⋆/Z) 0.40 2.08 0 5.0(γ⋆/Z)

8.3(tt̄) 8.3(tt̄)
Total Systematic Uncertainty 3.12 17 21 34 3.4 13.1 25 35
Statistical Uncertainty 9.02 12 8.3 3 11.5 12.1 9.9 3.8
Total Uncertainty 9.54 21 22 34 12.0 17.8 27 35

Table 6.14: Summary of the systematic and statistical uncertainties for each of the main backgrounds and for the predicted signal for both the
muon and electron channels using the Non-Isolated method ofmultijet background estimation, described in section5.6.3. The “lepton efficiency”
entry includes the lepton trigger, reconstruction, identification and isolation uncertainties added in quadrature.
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Systematic Uncertainty Muon channel Electron channel
(% Deviation) (% Deviation)

Lepton Efficiency 3.6 9.2
Lepton Resolution (µ Energy Scale) 0.2 0.2
Problematic Regions in the Calorimeter 0 0.4
e Charge Misidentification 0 0.21
τ Id Efficiency 8.6 8.6
Energy Scale Lepton andτ 8.6 9.4
Lepton-jetτ Fake Rate 0 0
Pileup Reweighting 0.4 0.4
Jet Cleaning 1.8 1.8
kW Factor 0 0
Theoretical Cross-section 5.0 5.0
Total Systematic Uncertainty 13.8 16.6

Table 6.15: The estimated systematic uncertainties of the Monte Carlo predicted signal yield.
The “lepton efficiency” entry includes the lepton trigger, reconstruction, identification and iso-
lation uncertainties added in quadrature.

6.2 Cross-section Measurement

6.2.1 Measured Fiducial Cross-section

The fiducial cross-section was calculated, as defined in5.19, to be

σfid(Z → ττ)×BR(τ → µ ν ν, τ → had ν) =

22.55± 2.14(stat.)± 3.42(syst.)± 0.79(lumi.) pb
(6.2)

for the muon channel and

σfid(Z → ττ)×BR(τ → e ν ν, τ → had ν) =

26.59± 3.16(stat.)± 4.74(syst.)± 0.94(lumi.) pb
(6.3)

for the electron channel, where the individual components of the calculation are summarised in

table6.16.
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Muon channel Electron channel
Nobs 213± 15 151± 12

Nobs −Nbkg 164± 16± 4 114± 14± 3
AZ 0.11691± 0.00023± 0.00351 0.10073± 0.00021± 0.00302
CZ 0.2045± 0.0024± 0.0262 0.1197± 0.0017± 0.0189
L 35.51± 1.21 35.75± 1.22

Table 6.16: The components of theZ → ττ cross-section calculation. The first error is statis-
tical and the second systematic. For the multijet background estimation, the same-sign sample
method described in section5.6.2was used.

6.2.2 Measured Total Cross-section

The total cross-section, as defined in5.16, was found to be

σ(Z → ττ)×BR(τ → µ ν ν, τ → τhad ν) =

192.9± 18.3(stat.)± 29.8(syst.)± 6.8(lumi.) pb
(6.4)

for the muon channel and

σ(Z → ττ)×BR(τ → e ν ν, τ → τhad ν) =

264.1± 31.3(stat.)± 47.7(syst.)± 9.3(lumi.) pb
(6.5)

for the electron channel, where each term in the calculationis listed in table6.16.

After correction of the total cross-section for the(τ → l ν ν, τ → τhad) branching ratio,

0.22495± 0.00074 for the muon channel and 0.23130± 0.00074 for the electron channel [1],

the following value for the inclusive cross-section was obtained:

σ(Z → ττ,minv 66− 116 GeV) =

857.6± 81.4(stat.)± 132.5(syst.)± 30.19(lumi.) ± 2.8(theo.) pb
(6.6)
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for the muon channel and

σ(Z → ττ,minv 66− 116 GeV) =

1142± 135.5(stat.)± 206.2(syst.)± 40.19(lumi.) ± 3.6(theo.) pb
(6.7)

for the electron channel.

6.2.3 Comparison toZ → ee, µµ Channels and Theoretical Calculations

The obtained total cross-sections agree within uncertainties with the theoretical expectation of

960± 49.5 pb [106]. They are also, within uncertainties, in agreement with the combined cross-

section ofZ → ℓℓ measured by ATLAS in theZ → µµ andZ → ee channels, 945± 6(stat.)

± 11(syst.)± 32(lumi.) ± 38(acc.) pb [100]. Finally they are also compatible with the com-

bined measurement of theZ → ττ cross-section in 4 channels, published recently by the CMS

collaboration, 1.00± 0.05(stat.)± 0.08(syst)± 0.04(lumi.) nb [107]. The comparison of the

present study’s results with those quoted above can be see infigure6.8.
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/eeµµ→ATLAS Z
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Figure 6.8: Comparison of the measured cross-sections to theory, the combined cross-section
Z → ℓℓ measured by ATLAS in theZ → µµ andZ → ee channels and to the combined
measurement of theZ → ττ cross-section in 4 channels, published recently by the CMS col-
laboration.
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6.2.4 Event Display

To illustrate the ATLAS detector identification of aZ → τℓτh event, a candidate event is demon-

strated in the ATLAS event display format in figure6.9. The particular event shown here was

collected at centre-of-mass energy 7 TeV and was recorded onthe 3rd August 2010. Oneτ

lepton decayed muonically and the other hadronically with 3charged tracks. The muon and

hadronically reconstructedτ lepton have opposite electrical charge and the event contains no

further reconstructed electrons, muons or jets. The muon has pT = 18 GeV, theτ lepton has

visiblepT = 26 GeV. The reconstructed visible mass ismvis = 47 GeV, the transverse massmT

= 8 GeV and theEmiss
T = 7 GeV.

Figure 6.9: AZ → τµτh candidate event collected at
√
s = 7 TeV on August 3rd 2010. Oneτ

lepton decays muonically and the other hadronically with 3 charged tracks.



Chapter 7

Vector Boson FusionH → τℓτh

7.1 Cuts Based Analysis

In the low range of possible Higgs boson masses,MH < 130 GeV, one of the most important

search channels for the Standard Model Higgs boson is the Vector Boson Fusion (VBF) pro-

duction of Higgs to twoτ leptons. As discussed in section2.3.2the two forward jets from VBF

production are a useful discriminator against background.The main backgrounds to this signal

are from QCD multijets,W + jets andZ + jets, where theZ decays to pair of electrons, muons

or τ leptons. The prospects for this channel were fully evaluated by an analysis which was

designed and optimised for
√
s = 14 TeV [108].

ATLAS has a procedure known as an “acceptance challenge” which each member of an

analysis group is required to complete to ensure uniformityin the application of the cuts and

corrections, which was completed successfully and is documented here. It was performed for

the VBF Higgs→ ττ analysis; at the time it was believed that the centre of mass energy of

the LHC during Autumn 2010 would be
√
s = 10 TeV. Therefore the analysis discussed here

was designed using Monte Carlo simulation produced using theHERWIG generator [83] at

√
s =10 TeV.

7.1.1 Object Selection

7.1.1.1 Electrons

Electrons were selected if they hadpT > 10 GeV and passed the “medium” identification level

with no isolation criteria included; instead an isolation requirement that less than 10% of the

131
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ET of each electron fell within an isolation cone of∆R = 0.2 around the electron was applied.

7.1.1.2 Muons

Muons were required to havepT > 8 GeV, those selected were reconstructed using the com-

bined method where a muon spectrometer standalone track wasextrapolated to the interaction

point and matched to an inner detector track and quality requirements were placed on the match-

ing. The muon was required to be the best matched candidate inthe case where multiple inner

detector tracks were present, and to haveχ2 < 100 on the matching andχ2 < 500 on the fitting.

Requirements were made on the isolation of the muon, less than10% of theET of the muon

was expected to fall in an isolation cone of∆R < 0.2.

7.1.1.3 τ leptons

The hadronically decayingτ leptons were required to havepT > 20 GeV, 1 or 3 tracks, integer

charge, of value±1, and to pass the cuts-based identification level of “medium” [ 109] as well

as the dedicated electron veto, described in section3.3.4.3.

7.1.1.4 Jets

The jets were reconstructed from topoclusters [59] using a cone algorithm [58] with a radius of

∆R = 0.4, they were required to havepT > 20 GeV and|η| < 4.8.

7.1.1.5 Overlap Removal

Muons, electrons,τ leptons and jets can all be reconstructed using the same energy deposits

since the algorithms are not exclusive. The most accurate object reconstruction and identifi-

cation belongs to the muons, then the electrons, then theτ leptons and finally the jets, thus

a hierarchy is created; objects which overlapped within a cone of∆R = 0.2 were removed

in order of reliability. For example if an electron overlapped with a muon, the electron was

removed.
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7.1.2 Event Selection

Each of the event level cuts was studied in the course of the 14TeV analysis [108], for this

analysis proposal the same criteria were used, however thepT thresholds were lowered to reflect

the reduction in the centre of mass energy.

7.1.2.1 Trigger Requirement

The event selection required that a single lepton trigger was passed: in the electron channel the

trigger was EFe12medium; for the muon channel the trigger was EFmu10. Since thepT of a

lepton resulting from aτ lepton decay is low compared with that of leptons from directdecays

of bosons, the ideal trigger threshold is low, approximately 10 GeV, however this is optimistic

because the rates increase with decreasingpT .

7.1.2.2 Lepton Requirements

If the electron trigger was passed, then the electrons in theevent were required to havepT > 15 GeV

and similarly if the muon trigger was passed, then the muons were required to havepT > 15 GeV.

This ensured that the lepton which passed the trigger had apT high enough to not be affected

by the lower efficiencies incurred on the turn-on curve for the trigger at values ofpT close to

the trigger threshold.

In order to reject the background fromZ → ℓℓ it was necessary to reject events which had

two or more reconstructed and identified leptons of any flavour.

The τ lepton was required to pass “tight” level identification [109] and to have opposite

charge to the selected lepton.

7.1.2.3 Missing Transverse Energy

When theτ leptons decay they produce neutrinos alongside the visibledecay products, which

are either a light lepton (an electron or muon) or charged andneutral mesons. These neutrinos
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are undetected and form the missing transverse energy of theevent. By requiringEmiss
T > 20 GeV

it was possible to discriminate against events where no neutrinos were present such asZ → ℓℓ.

7.1.2.4 Transverse Mass

The quantity of transverse mass was defined in section5.5.2; for the discrimination it affords

againstW + jets events a cut ofMT < 30 GeV was applied.

7.1.2.5 Collinear Approximation

Since theτ leptons are typically highly boosted when they decay, the decay products tend to be

collimated; by assuming that the neutrinos are collinear tothe visible decay products it becomes

possible to reconstruct the invariant mass of a pair ofτ leptons,Mττ .

The unknown quantity in the system is the proportion of theτ lepton’s energy which is

carried away by the neutrinos. For the hadronically decaying τ lepton this fraction is denoted

xh and for the leptonically decayingτ lepton,xl. Using thex andy components of the measured

Emiss
T , and using the assumption that the sum of the neutrinos’ energy is theEmiss

T it is possible to

calculatexh andxl as long as the twoτ leptons are not produced back to back. To avoid events

where this is the case a restriction was placed on the azimuthal angular distribution of the two

τ leptons:|∆φττ | < 0.9. In order to avoid unphysical solutions due to the mis-measurement of

Emiss
T the fractions ofτ momentum were restricted to 06 xh,l 6 1. The invariant mass is given

by:

Mττ =
Ml,h√
xlxh

=
√

2(Eh + Eνh)(El + Eνl)(1− cos θlh) (7.1)

whereMl,h is the invariant mass of the visible decay products from the lepton and hadron and

Eh represents the energy of the visible decay products of the hadronic decay, similarlyEl the

energy of the visible lepton,Eνh is the energy of the neutrino from the hadronicτ lepton decay

andEνl is the sum of the energies of the neutrinos from the leptonicτ decay.θlh is the angle

between the visible lepton and the reconstructedτ lepton.
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A window cut was placed on this mass variable centred on the expected Higgs boson mass

for this sample,MH = 120 GeV, of 105 GeV< Mττ < 135 GeV.

7.1.2.6 Vector Boson Fusion Specific Cuts

In a VBF event there are two high momenta jets, typically high in |η| and in opposite hemi-

spheres of the detector. Due to colour coherence between them there is suppressed QCD ra-

diation in the central region. This is shown in figure7.1 where theη of the first and second

highest momentum jets is shown compared to two important backgrounds,Z → µµ + jets and

tt̄ → µµ + jets, these plots are produced using 14 TeV Monte Carlo [108]. Identifying these

two jets provides a good indicator of a VBF signal. This was done by requiring at least two

jets, with the leading jet (highest-pT ) to havepT > 20 GeV; then that the two highest-pT jets

be in opposite hemispheres, byηj1 × ηj2 < 0, with a separation of(∆η)j1,2 > 3.6. To ensure

that the correct two jets were selected a di-jet mass cut was imposed ofMjj > 500 GeV as this

reflects that the jets are high in energy and well separated. The distribution of the difference in

pseudorapidity between the two jets and their invariant mass is shown in figure7.2 compared

to two main backgrounds, all produced at
√
s = 14 TeV [108]. Since the Higgs decay was

expected in the central region, two requirements were used,that theτ lepton, and the lepton,

should lie between the jets:min(ηj1 , ηj2) < ητ andηl < max(ηj1 , ηj2). As no additional QCD

activity is expected in this central region a central jet veto was employed; if any other jet in the

event had|η| < 3.2 the event was discarded.

7.1.3 Results

7.1.3.1 10 TeV Validation Analysis

The result of the application of each cut is shown in table7.1. This illustrates which were the

tightest cuts and the overall level of efficiency of the signal selection which can be expected

using such a complex set of event level cuts.
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Figure 7.1:η of the highestpT (a) and second highestpT (b) jets for VBFH → ττ → µµ at a
Higgs mass of 120 GeV,tt̄→ WW → µµ andZ → µµ + n jets. OnlypT cuts were applied to
jets. Monte Carlo produced at

√
s =14 TeV [108].
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Figure 7.2:∆η between VBF jets (a) and invariant-mass distributions of VBF jets (b) in VBF
H → ττ → µµ events at a Higgs mass of 120 GeV,tt̄ → WW → µµ andZ → µµ + n jets.
A requirementη1 × η2 > 0 is used in addition to the cuts on jetpT . Monte Carlo produced at√
s =14 TeV [108].

As is shown in table7.1only ∼1% of signal events passed such stringent selection require-

ments. This analysis could potentially benefit from a more elaborate analysis technique which

could preserve these signal events while still providing adequate rejection against the main
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Cut Total Electron channel Muon channel
Number [%] Number [%]

Start 49954 49954 100.0 49954 100.0
Trigger Passed 32191 14701 29.4 15802 31.6
Di-lepton Veto 22197 10630 21.3 11567 23.2

Tight τ 5781 2766 5.5 3015 6.0
Missing Transverse Energy 4539 2180 4.4 2359 4.7

Transverse Mass 3394 1667 3.3 1727 3.5
Collinear Approximation 1970 968 1.9 1002 2.0

Tight Jet Requirement 1557 770 1.5 787 1.6
Forward Jet Requirement 1258 629 1.3 629 1.3
Centrality Requirement 1115 570 1.1 545 1.1

Jet Separation 889 447 0.9 442 0.9
Di-jet Mass 711 357 0.7 354 0.7

Central Jet Veto 621 319 0.6 302 0.6
Mass Window 499 258 0.5 241 0.5

Table 7.1: Number of events passing each cut in the VBFH → τℓτh (MH = 120 GeV) simu-
lated signal sample.

backgrounds and the remainder of this chapter discusses this possibility by means of a Matrix

Element analysis.

7.1.3.2 14 TeV Full Analysis

Since the validation analysis concerns only the signal selection, to give an indication of the

sensitivity of the analysis and the power of the cuts with respect to background a summary

of the results from the full analysis at 14 TeV is included here. A summary of the cuts and

their values is given below and in table7.2 the cross-sections for the signal and the evaluated

backgrounds are included at each stage in the cut flow, the background estimations techniques

used to obtain these predictions are described fully in the main publication [108].

• Trigger: Electron trigger 22 GeV threshold with isolation or muon trigger 20 GeV threshold

• Trigger lepton: At least one lepton withpT greater or equal to the corresponding trigger

threshold

• Di-lepton Veto: Exactly one identified lepton

• τ Candidate: Exactly one identifiedτ lepton with opposite charge to the lepton
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VBF H → ττ Z → ττ + jets (> 1) tt̄ Z → ℓℓ + jets W → ℓν + jets diboson
QCD EWK (> 1) (> 1) WW/WZ/ZZ

Cross-section (fb) 309.1 168.4× 103 1693 833× 103 768.6× 103 8649× 103 174.1× 103

Trigger 57.2(1) 51.5(1)× 103 230(1) 209.8(2)× 103 633.8(4)× 103 4411(9)× 103 32.0(1)× 103

Trigger Lepton 49.5(1) 42.7(1)× 103 190(1) 179.1(2)× 103 588.0(4)× 103 3815(9)× 103 28.0(1)× 103

Di-lepton Veto 43.4((1) 38.4(1)× 103 171(1) 156.4(2)× 103 216.5(4)× 103 3811(9)× 103 23.7(1)× 103

τ Candidate 8.02(7) 3062(42) 19.3(4) 5224(56) 20250(156) 32537(1012) 704(30)
Emiss

T > 30 GeV 4.96(5) 850(20) 12.1(3) 4251(50) 468(26) 21001(801) 474(26)
Collinear Approximation 3.34(5) 514(15) 7.8(2) 606(19) 17(3) 324(46) 32(6)

Transverse Mass 2.46(4) 415(13) 6.5(2) 176(10) 11(2) 67(18) 14(3)
Jet Multiplicity 2.02(4) 235(7) 6.0(2) 162(9) 8(1) 49(11) 7(1)
Forward Jets 1.52(3) 40(3) 2.3(1) 32(4) 1.3(6) 2.9(3) 3(1)

Jet Kinematics 0.82(2) 2.7(1) 0.72(6) 1.8(1) 0.10(1) 0.7(1) 0.06(1)
Central Jet Veto 0.72(2) 1.2(1) 0.49(5) 0.25(4) 0.047(6) 0.43(6) 0.02(1)
Mass Window 0.61(2) 0.11(2) 0.04(1) 0.012(5) 0.008(1) 0.020(6) 0.001(1)

Table 7.2: Cross-section after each cut in the VBFH → ττ (MH = 120 GeV) simulated signal sample and theZ → ττ + jets,tt̄, Z → ℓℓ + jets,
W → ℓν + jets and diboson backgrounds (fb) [108]. The statistical uncertainty on the last figure due to the limited Monte Carlo statistics is given
in brackets.
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• Emiss
T > 30 GeV

• Collinear Approximation: 06 xl 6 0.75, 06 xh 6 1, and(cos∆φ)l,h > -0.9

• mT 6 30 GeV

• Jet Multiplicity: At least one jet withpT > 40 GeV and at least one additional jet withpT >

20 GeV

• Forward Jets: In opposite hemispheresηj1 × ηj2 6 0, with tau centralitymin(ηj1 , ηj2) < ητ

andηl < max(ηj1 , ηj2) for the two highestpT jets

• Jet Kinematics:∆ηjj > 4.4 and di-jet massmjj > 700 GeV for two forward jets

• Central Jet Veto: The event is rejected if there are any additional jets withpT > 20 GeV in

|η| 6 3.2

• Mass Window:mH -15 GeV6 mττ 6mH + 15 GeV around the test Higgs mass ofmH =

120 GeV

7.2 The Matrix Element Analysis Method

The Matrix Element method is a complex analysis technique differing from a straight-forward

cuts based analysis primarily by the direct inclusion of thefull Matrix Element cross-section

calculation of the process. This calculation is convolutedwith detector resolution functions to

produce a likelihood function based on the measured quantities. This technique was originally

developed at CDF and D0 to minimise statistical uncertainties [110–113]. It has since been

used to make an accurate measurement of the top quark mass andto discover electroweak single

top production [114–118]. There are two ways in which the matrix element can be used and

benefited from; the first is to calculate an event likelihood function, which encapsulates all of

the kinematic information. Instead of applying a raft of kinematic cuts which can greatly reduce

the size of the event sample using a variable based on this event likelihood function allows the

maximum power of the events because each event is included with a weight effectively. The
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second method is to calculate a sample likelihood, this can then be fitted and simultaneously

enables the user to measure theoretical parameters associated with the process or experimental

parameters associated with detector resolution, for example jet energy scales [119], thereby

reducing the systematic uncertainties.

The sample likelihood (Lsample) is related to the event likelihood (Levt) by:

Lsample({~xi}; ~α, ~β, ~f) =
N
∏

i=1

Levt(~xi; ~α, ~β, ~f) (7.2)

where~x are then measured particle quantities of eventi, ~α are the theoretical parameters

of the process,~β are the experimental parameters of the detector and~f are the fractions that

each possible process contributes to the event sample, whereN is the number of events. By

minimising− lnLsample the parameters~α, ~β and ~f are determined.

The analysis method proposed here usesLevt to build a discriminant, whereLevt is defined

as:

Levt(~x; ~α, ~β, ~f) =
∑

P

fPLP (~x; ~α, ~β) (7.3)

whereLevt is a sum of the likelihoods for each process which could contribute to the event,

weighted byfP , the fraction of total events that the process represents and summed overP

which is the number of processes which could give rise to the event. The likelihood for a given

process,P , to yield the observed event given the theoretical and experimental parameters~α and

~β, is given by:

LP (~x; ~α, ~β)d
nx =

dσP (~x; ~α, ~β)

σobs
P (~α, ~β)

(7.4)

wheredσP is the differential cross-section for the event measured inthe detector with parame-

ters~x and this is normalised by dividing by the total observed cross-section for the events seen

in the detector,σobs
P . The differential cross-section for two incoming protons,p1 andp2, to yield

the measured event~x, takes into account the detector resolution functionsW (~x, ~y; ~β), known

as the transfer functions, which describe the detector response to the input final state particles,
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given by~y, to be measured as~x; it is defined as:

dσP (p1, p2 → ~x; ~α, ~β) =

∫

y

dσP (p1, p2 → ~y; ~α)W (~x, ~y; ~β)dy (7.5)

wheredσP (p1, p2 → ~y; ~α) is the differential cross-section for two incoming protonsto give the

final state particles~y. This cross-section is obtained using the formula:

dσP (p1, p2 → ~y; ~α) =

∫

x1x2

dx1dx2
∑

a1a2

fa1
PDF (x1)f

a2
PDF (x2)dσP (a1, a2 → ~y; ~α) (7.6)

The differential cross-sectiondσP (p1, p2 → ~y; ~α) is proportional to the differential cross-

section for two quarks,a1 anda2, to produce the final state particles~y. The calculation uses

the parton density functions for the different quarks, summed over all possible flavours and

integrated over the fractions of momenta that the quarks carry from their parent proton,x1 and

x2.

Finally the differential cross-section for two incoming quarks to produce the final state par-

ticles~y is given by:

dσP (a1, a2 → ~y; ~α) =
(2π)4|MP (a1, a2 → ~y; ~α)|2

x1x2
dΦnf

(7.7)

whereMP is the matrix element for the hard process anddΦnf gives the phase space for the

number of final state particlesnf given by the four momenta~y.

7.3 Matrix Element Analysis

The proposal for how to make use of the Matrix Element technique in this VBF Higgs analysis

is to create a new variable based on the event likelihood, this variable is the likelihood ratio:

LR =
Lsignal

Lbackground

(7.8)
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where LR is the Likelihood Ratio,Lsignal represents the likelihood that the event is of signal

type and similarlyLbackground represents the likelihood that the event is of the background type.

Since the likelihood depends on the differential cross-section given in equation7.5this dif-

ferential cross-section needs to be calculated for both thesignal and background processes. The

Matrix Element technique is particularly useful in discriminating against backgrounds found to

be irreducible using kinematic cuts only, so for the purposeof this calculation let us assume the

background intended to discriminate against isZ → ττ + jets. Since the final state will be the

same for both processes the only difference in the calculation comes from the Matrix Element.

7.3.1 Calculating the Matrix Element

It is not necessary to calculate the Matrix Element manuallyfor this calculation; it is possible to

use a Matrix Element generator, for example MadGraph [120] to produce code to calculate this

Matrix Element during event generation. At the same time MadGraph also generates the value

of the total cross-section for each possible subprocess, which is used for the normalisation.

7.3.2 Calculating the Signal Likelihood

To be able to perform the calculation of the signal likelihood let us begin from equation7.5.

The measured particles are twoτ leptons,τℓ andτh, and two jets,j1 andj2, with the measured

properties~x in the detector. The final state particles from the Matrix Element calculation which

give rise to the measured particles are twoτ leptons,τ1 andτ2, and two quarks,q1 andq2, with

the properties~y.

The initial protons colliding are namedp1 and p2, whereas the individual quarks which

collide are labelleda1 anda2.

The detector response is described by a transfer function; the formula describing the total

transfer function for this process incorporates a transferfunction for each type of final state



7.3Matrix Element Analysis 143

particle, in this case jets andτ leptons. This formula is given as:

W (~x, ~y; ~β) =
ncomb
∑

i=1

nτ
∏

t=1

δ2(~urecτℓ,h
− ~umat

τ ′ )Wτ (E
rec
ℓ /Emat

τ ′ ) ×
nj
∏

j=1

δ2(~urecj − ~umat
q′ )Wjet(E

rec
j , Emat

q′ , φmat
q′ ;Sφ)

(7.9)

where the~u are the unit vectors of the momentum of each particle, eitherreconstructed particles

(rec), the τ lepton, τℓ,h, or jet, j, or Matrix Element level particles(mat), the τ lepton, τ ′,

or quark,q′. Similarly E is the energy of each of these particles;Sφ is the jet energy scale

which is dependent onφq′ , the flavour of the Matrix Element level quark giving rise to the jet.

The number of possible assignments of Matrix Element level particles(mat) to reconstructed

particles(rec) is known as the number of combinations,ncomb. The transfer function given in

equation7.9 describes the assumption that the direction of the momenta of both theτ leptons

and both the jets is well measured. The calculation of the form of a transfer function is described

in more detail in section7.5.

In order to continue the calculation, the differential cross-section detailed in equation7.7

needs to be evaluated, in order to do this it is necessary to expand the density of states factor,

dΦnf
for this particular final state. It is given by:

dΦnf = δ4(a1 + a2 − τ1 − τ2 − q1 − q2)

× d3 ~Pτ1

(2π)32Eτ1

× d3 ~Pτ2

(2π)32Eτ2

× d3 ~Pq1

(2π)32Eq1

× d3 ~Pq2

(2π)32Eq2

(7.10)

Since there are 6 particles involved in this interaction, each represented by a 4 momentum,

there are 24 quantities needed to fully describe an event of this type. For any unknown variable

it is necessary to perform a numerical integration over its values; this is time consuming and

computationally intensive. Therefore it is best to simplify the solution as much as possible by

introducing assumptions and constraints.

The first assumption is that the incoming quarks have no transverse component to their

momentum, this removes 4 unknowns. By using the equationE2 = P 2 +m2, where the as-



7.3Matrix Element Analysis 144

sumption is thatmq,j = 0 andmτ is 1.777 GeV one additional degree of freedom per particle

is constrained. Each delta function imposes a constraint and eliminates an unknown quantity;

there are 12 in total from both thedΦnf factor and the transfer function, shown in equation7.10

and equation7.9respectively. This leaves only two unknown quantities; using a variable trans-

formation these can be chosen to be any two variables, here the two variables chosen areEτ1 and

Eτ2. Ideally a good choice is a variable which has a peaked distribution as this best enables the

integration to converge when using a numerical integrationpackage such as VEGAS [121, 122].

To summarise, the steps required to evaluate equation7.5are:

• Use the values of integration variables and the solutions toobtain all particle momenta

• Evaluate the Jacobian determinant for the variable transformation

• Use the MadGraph code to evaluate the Matrix Element and multiply it by fPDF for each

incoming quark, summing over all possible flavours

• Calculate the transfer function for each final state particle

• Repeat all of the above steps for each possible combination ofquark - jet assignments in the

final state

7.4 Example Results

A simplified example of the use of the variable Likelihood Ratio was carried out. Since each

subprocess has a different Matrix Element and the calculation must be performed separately for

each, the first simplification was to choose a process with a small number of subprocesses as an

illustrative example. Here the processpp → Z → ττ was chosen due to the lack of additional

permutations of quark flavour in the final state. The background process should have the same

objects in the final state hencepp → γ/H → ττ was chosen, generated by requiring aττ

final state with noZ boson allowed in the intermediate state. The mass of the Higgs boson was

set to 120 GeV. Since these samples are well separated in invariant mass it should demonstrate

that the Matrix Element method is correctly implemented. Both samples were generated using
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MadGraph at 14 TeV centre-of-mass energy.

The next simplification was that before the stage where the integration was implemented,

the likelihoods for signal and background were evaluated exactly using the full momenta infor-

mation for all particles from the generated events.

Therefore this simplified example in fact shows a perfect case where all particles are matched

correctly to their ‘reconstructed’ counterparts, which are all measured perfectly.

Figure 7.3(a)shows the signal likelihood evaluated on a signal sample strongly peaking

at 1 and figure7.3(b)shows the signal likelihood evaluated on a background sample strongly

peaking at 0. This illustrates the possible discriminationthat can be achieved. With the inclusion

of the transfer functions, simulated Monte Carlo passed through a detector simulation and the

integration these peaks will become less sharp but will still be well separated and this is where

the method becomes more powerful.

(a) (b)

Figure 7.3: Likelihood Ratio evaluated on a signal sample (a)and a background sample (b).

7.5 Transfer Functions

The transfer functions describe the probability density ofthe final state particles with momenta

~y to be reconstructed in the detector with the properties~x. This parametrisation speeds up and

simplifies the calculation to make it manageable. The detector response is different for each

type of particle observed in the detector, such as electrons, muons,τ leptons and jets.
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The determination of transfer functions for jets was well described at D0 [123], so here let

us discuss calculating the transfer functions forτ leptons and the associated difficulties.

The Matrix Element generators available do not contain descriptions of τ lepton decays;

while it is possible to interface with TAUOLA [84] to generate samples containing decayedτ

leptons it is not possible to generate the Matrix Element forthem. Therefore the decay of theτ

leptons and the energy carried away by the neutrinos needs tobe accounted for in the transfer

functions instead.

Instead of the gaussian peak one would expect for measuring the resolution of the energy

measurement for the electrons or muons, an asymmetric tail is introduced as a result of including

the neutrino energy. This shape can be seen from the left image in figure7.4and figure7.5.

The τ transfer functions must be calculated separately for the decays to electrons, muons

and one or three charged mesons to account for the different detector response to each particle.

The resolution functions were shown to be dependent on the energy ofτ lepton and its value of

η; these dependencies are shown in figure7.4and figure7.5, alongside the distribution against

φ where no dependence is seen.

To calculate the transfer functions a sample of simulatedW → τν events was used. The

transfer functions are functions of∆E, which is given by:

∆E = Etruth − Ereco (7.11)

whereEtruth is the energy of the truth levelτ lepton before decay andEreco is the reconstructed

energy of the visible particle, either the lepton or the reconstructed hadronically decayingτ

lepton.

Some basic preselection quality criteria were imposed, which were based on the the Bench-

mark analysis forZ → ττ at
√
s = 14 TeV [124].

Truthτ leptons and all reconstructed objects were required to have|η| < 2.5 andpT > 10 GeV.

Reconstructed electrons had to pass “medium” selection criteria; muons were to be recon-
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Figure 7.4: The dependence of∆E [GeV ] onE [GeV ] (left), η (centre) andφ (right) for the
case where theτ decays leptonically. The large tail extending to higher values of∆E on the
left plot is caused by the inclusion of the neutrinos in the transfer function. This dependence
plus the dependence onη illustrates the need for the transfer function to be binned inE andη.

Figure 7.5: The dependence of∆E [GeV ] onE [GeV ] (left), η (centre) andφ (right) for the
case where theτ decays hadronically. The large tail extending to higher values of∆E on the
left plot is caused by the inclusion of the neutrino in the transfer function. This dependence plus
the dependence onη illustrates the need for the transfer function to be binned inE andη

structed as combined, with the Muon Spectrometer track matched to an Inner Detector track

and the best match selected. Hadronically decayingτ leptons were required to pass “medium”

level selection cuts and the dedicated electron veto. The reconstructed object was matched

within ∆R < 0.4 to the truthτ lepton.
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7.6 Summary and Outlook

The Vector Boson Fusion produced Higgs boson decaying to twoτ leptons search channel is an

important addition to those that have already been used in the early data searches at the ATLAS

detector [36]. The two high-pT jets and the lack of jet activity between them leads to a signal

which can be distinguished from a multijet background.

The analysis level cuts used for this discrimination as wellas those used to reject other com-

mon background were introduced as chosen for an analysis at a10 TeV centre-of-mass energy.

While they offer clear rejection (as illustrated in the full analysis proposal at 14 TeV [108]) their

efficiency is low; this could be improved through the use of a multivariate method.

One of the irreducible backgrounds in this channel is theZ → ττ + jets. The Matrix

Element method here could prove an effective tool; convoluting the calculated Matrix Element

for a process with detector resolution functions to producea likelihood variable. This variable

by its nature encapsulates all of the kinematic informationabout a process.

The calculation and how it could be performed in this channelwas discussed. A simple

example in practice was used to illustrate the power of the method in distinguishing between two

different processes with the same final state. Finally the practicalities of creating the requiredτ

detector resolution functions were detailed and examples given.

This technique could be used to increase sensitivity in thischannel and the examples show

that many of the tools required to perform this analysis are already available.

The possibility of developing a multivariate analysis focussed on the VBF Higgs production

mode is a longer term goal. At this stage in data taking the statistics are still too low to focus

on the VBF Higgs production. Sincegg → Hτℓτh has a cross-section 10 times higher than that

of V BF H → τℓτh both modes are being studied. Currently a cuts based analysis, re-optimised

for data taking at a centre-of-mass energy of 7 TeV, is being performed on the 2011 dataset.
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Conclusion
The theory of the Standard Model (SM) was developed during the second half of the 20th cen-

tury and has been highly successful at explaining the observed particle reactions. It describes

all of the fundamental particles observed and the three fundamental forces which govern their

interactions. An overview of this theory and an insight intoits development was given; a de-

scription was also included of the Higgs mechanism, proposed to answer one of the important

questions the SM has not so far answered: how the particles acquire their masses.

In the SM the masses of the massive gauge bosons are not explained, nor are the masses of

the fermions. The inclusion of the Higgs mechanism in the SM generates the required masses

but also a neutral Higgs boson. The Higgs boson has been searched for directly at the LEP

accelerator, the Tevatron, and most recently the LHC but hasnot yet been observed. The current

limits from these direct experimental searches mean that the mass of the Standard Model Higgs

boson must beMH > 114.4 GeV according to LEP [31], MH < 156 orMH > 177 GeV

according to the Tevatron [35], andMH < 141 orMH > 476 GeV according to the LHC

combined results [38] from the ATLAS and CMS experiments.

The ATLAS detector at the LHC, used to collect data for this thesis, is one of the two ex-

periments at the LHC designed as a general purpose detector to search for the Higgs boson and

beyond the Standard Model physics. Since the spectrum of physics aims is broad there were

many different specifications and design considerations placed on the ATLAS detector. A de-

scription of the ATLAS detector and the many subsystems which constitute this large, complex

piece of apparatus was given. An overview of the range of techniques used to identify each

type of particle or physics object was included. The triggerdesigned to identify hadronically

decayingτ leptons was described and an early study of performance was shown. This study
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highlighted the difficulties of identifyingτ objects in an environment such as the LHC, where

additional activity is often present due to the high instantaneous luminosity.

Since the successful start of the data taking period at the record-breaking new high centre-of-

mass energy of 7 TeV at the LHC a number of measurements of Standard Model processes have

been performed. Each of these interesting measurements combine to show how well the ATLAS

detector is performing and how accurately the detector operation, physics reconstruction, and

identification are understood.

In this thesis the measurement of the cross-section of theZ → τℓτh process was presented.

This channel is particularly useful to commission many aspects of theH → τℓτh analysis. The

events were selected by an optimised cut-flow; the backgrounds to this process, theZ → ℓℓ,

t̄t and diboson processes were estimated using Monte Carlo and theW → ℓν predictions were

normalised to data. For the multijet background a method to estimate this using data was de-

veloped. This method took advantage of two uncorrelated variables, the isolation requirements

on the electron or muon lepton and the product of the electriccharge of this lepton with the

hadronically decayedτ candidate. These two variables were used to create a matrix of four ex-

clusive regions to perform the estimation. This method was optimised, its robustness tested and

a full study of the uncertainty associated with this method was performed. For the signal and

each background process a study of each of the systematic uncertainties was conducted, from

both theoretical and experimental sources. The cross-section was measured in two channels,

one with the leptonically decayingτ lepton decaying to a muon + neutrinos and the other with

it decaying to an electron + neutrinos.

Each channel was corrected for its branching ratio and the two total cross-sections that

were obtained areσ(Z → ττ,minv 66 - 116 GeV)= 857.6± 81.4(stat.) ± 132.5(syst.)

± 30.19(lumi.) ± 2.8(theo.) pb for the muon channel andσ(Z → ττ,minv 66 - 116 GeV)

= 1142± 135.5(stat.)± 206.2(syst.)± 40.19(lumi.)± 3.6(theo.) pb for the electron channel,

where the invariant mass of theZ boson is between 66 and 116 GeV. These measurements agree

within uncertainties with the ATLAS measurement of the cross-section of theZ → ℓℓ process
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(whereℓ = e, µ) [100] and with the CMS measurement of theZ → ττ process [107].

In order to effectively search for the Higgs boson at the LHC and to study its properties if it

is found, the ATLAS experiment aims to use as many channels aspossible. Some channels are

more suited to earlier searches than others due to their higher sensitivity, this is illustrated by

the inclusion of only six channels in one of the early released exclusion limits by the ATLAS

collaboration [33]. As the LHC continues to operate it is important not only to include more

channels but also to gain the maximum sensitivity possible in each channel. As measurements

such as that of the cross-section of theZ → τℓτh process confirm that the reconstruction and

identification of the electrons, muons,τ leptons andEmiss
T is performing well and is understood

it becomes possible to consider employing multivariate techniques.

The channel where the Higgs boson is produced by Vector Boson Fusion and decays to

two τ leptons was discussed. A cuts-based analysis performed on Monte Carlo simulation at a

centre-of-mass energy of 10 TeV served to introduce the variables currently employed to reject

backgrounds for this channel and to highlight the low signalefficiency for them. The benefits of

a Matrix Element analysis were discussed and a discriminating variable based on this technique

was defined. An example analysis was used to illustrate that tools are already available to begin

developing this analysis.
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