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Abstract

The discovery of the neutron and the nuclear model based on the Rutherford

scattering experiment leads to the conclusion that matter is constituted with

fundamental particles. It was thought initially that they were only nucleus

and electrons. However, with the development of particle accelerators, the

fundamental structure of the matter is being explored through higher and

higher energy particle beams. Now we know that the matter we know is

composed of 28 elementary particles (including particles and anti-particles)

interacting with each others through four fundamental forces. On the other

hand, many theoretical models were established to explain the universe

according to the experimental results. The standard model (SM) is found

to be the most mature theory as it explains how the elementary particles

interact with each others. However, it also has predicted the Higgs boson

which has yet to be discovered.

The Large Hadron Collider (LHC) has been built at the European labora-

tory for particle physics (CERN) with the aim of searching the SM Higgs

boson, as well as new particles that might manifest itself. It is designed to

collide proton-proton (p-p) at a center-of-mass energy of
√
s = 14 TeV, with

a peak instantaneous luminosity of 1034 cm−2s−1. A Toroidal LHC Appa-

ratuS (ATLAS) is one of the general purpose experiments designed for the

LHC. It detects particles produced in p-p collisions and would be able to

detect any new ones which were not found by previous experiments. It

is composed of several sub-detectors including trackers used to reconstruct

the tracks of charged particles, calorimeters used to measure the energies of

the particles and finally muon chambers used to detect muons and measure

their momentum.



One of the interesting particles described by the SM is the tau (τ) lepton.

Its physical properties (mass, lifetime, decays, etc.) allow it to be part of

many processes within or beyond the predictions of the SM. For example,

the SM Higgs boson decays to τ+τ− final states with branching ratio sig-

nificant enough to make this channel primordial for a discovery within the

mass range 115 < mH <140 GeV. However, the challenge at the hadron

collider is the background understanding and measurement, which is the

first and indispensable work to discover any new particle. Especially for

the channel with the τ lepton decaying hadronically, the signal suffer from

overwhelming background from QCD multi-jets which has the largest pro-

duction cross section in p-p collisions at the LHC. Therefore, understanding

the performance of τ lepton reconstruction and identification is essential for

all the channels related to τ leptons. To understand its performance, se-

lecting pure signal samples is important. One of the largest sources of τ

leptons is W → τν process. So getting the W → τν signal and measuring

its cross section is an essential issue.

The aim of this thesis is to cover some of the topics related to the ATLAS

detector performance as well as studies of τ lepton identification and its

first application to the W → τν cross section measurement.

After a brief introduction in chapter 1, the SM of elementary particles is

described in chapter 2, as well as the theoretical motivation behind the

interests in τ lepton final states physics.

Chapter 3 describes the LHC and the ATLAS detector with performance of

the liquid argon calorimeter (LAr) as it is an important part of the calorime-

ter system. It consists of the electromagnetic calorimeter (EM), the end-

caps of hadron calorimeter (HEC) and forward calorimeter (FCAL). The

LAr calorimeter plays a crucial role in hadronic τ decay identification as

it measures some of the physical quantities, combined with the tracking

information, provide a powerful tool in separating its signal (i.e. τ lepton)

from QCD jet background (see chapter 5). Several studies using the col-

lected data from cosmic rays, 900 GeV and p-p 7 TeV collisions have shown

good LAr calorimeter performance that is in accordance with expectations



in order to achieve the optimal measurements necessary to physics studies

of complicated processes such as W → τν.

Chapter 4 shows the calorimeter response and energy resolution to pions

using data collected during the 2004 test beam. During these tests a seg-

ment of the full ATLAS calorimeter system, as well as other sub-detectors,

has been studied in order to understand its performance in a more realistic

environment. First, random trigger has been used to measure the electronic

noise for each cell of the calorimeter segment. The results show that the av-

erage noise is 12 MeV in the presampler, 12 MeV in the first layer, 28 MeV

in the second layer and 22 MeV in the third layer of the LAr calorimeter,

30 MeV in the first layer, 30 MeV in the second layer and 25 MeV in the

third layer of the tile calorimeter. Low energy (injection beam momentum

< 10 GeV) and high energy ((injection beam momentum < 20 GeV) pion

beams have been used to measure the LAr calorimeter response and res-

olution, as well as its dependance on beam energy and the position with

respect to the incoming particles (η dependence). The LAr calorimeter cell-

time to trigger-time (timing) has been estimated with the requirement that

the cell energy is higher than 2.5 GeV and has been proved to be within

5 ns for good runs. The results have shown that the calorimeter response

increases with the pion energy and is slightly dependent on the η position

of the incoming pions. The energy resolution has also been studied and

found to be linear with respect to 1√
Ebeam

, which is in agreement with the

assumption that it is dominated by fluctuations inherent in the development

of electromagnetic and hadronic showers.

Chapter 5 describes the hadronically decaying τ lepton reconstruction and

identification performance in the 900 GeV and 7 TeV collision data. This

is achieved by comparing and optimizing the reconstruction algorithms us-

ing Monte Carlo (MC) events from hadronically decaying τ lepton final

states (W → τν) as well as background processes such as QCD multi-jets.

Distributions of the variables used in the identification methods show good

consistency between data and MC, and provide a good separation between

hadronic decay τ lepton from QCD jets. Three identification methods are



developed and studied with data and MC events: the cut-based method,

boosted decision tree (BDT) and likelihood (LLH) method. The cut-based

method gives an identification efficiencies about 70% for loose level, 50%

for medium level and 30% for tight level. These three levels of identification

have been defined according to acceptable background contribution for dif-

ferent physics analysis. The BDT and LLH method give higher efficiencies

compared to the cut-based one.

Chapter 6 presents the selection ofW → τν signal events, where the τ lepton

decays haronically and the methods to estimated the cross section of this

process at the LHC. This analysis shows the performance of the track-based

missing transverse momentum (pmissT ) and the use of its correlation to the

calorimeter-based missing transverse energy (EmissT ) in order to reject QCD

multi-jets background. For signal events, where there are neutrinos in the

final states, produce a real EmissT while QCD multi-jets background events

have an EmissT mainly from mis-measurements of jets energy. Therefore,

independent measurements from calorimeters (EmissT ) and trackers (pmissT )

are strong correlated for the signal events. Using this property, 60% of QCD

multi-jets background events can be rejected. A new quantity, called missing

energy significance (Snew
Emiss

T
) has been defined and used for suppressing QCD

multi-jets background as well as estimating its contamination to the selected

signal events directly from data. Snew
Emiss

T
is defined as

Emiss
T [GeV ]

(0.5·
√∑

pT [GeV ])
, where∑

pT is the total transverse momentum of the event measured from all

reconstructed good quality tracks from the primary vertex. Snew
Emiss

T
has

proved to be less sensitive to pile-up events when the LHC instantaneous

luminosity increases and hence shows more stable measurements of theW →
τν cross section. This is due to the fact that

∑
pT from one vertex is

not effected by others vertices. In the analysis, 1545 ± 76 (stat) signal

events are selected with an estimated QCD multi-jets background events of

642± 45 (stat). Based on these numbers, a very preliminary measurement

of the cross section (W → τν → τhadν) 5.96 ± 0.26 nb is obtained with

statistic uncertainty shown only.
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Introduction

τ lepton (usually denoted as τ−) is one of the third generation leptonic particles, with

negative electric charge and spin 1/2. Along with its corresponding neutrino (ντ ),

the other two generations of leptons and three generations of quarks, as well as four

force media particles, elementary particles discovered until now are composed. Leptons

and quarks with spin 1/2 are fermions while the force media particles with spin 1 are

known as bosons. All charged fermions have their corresponding anti-particles in SM

with opposite charge sign but the same mass and spin. The four bosons are gluon, γ,

W and Z. Gluon propagates strong interaction between quarks and itself, γ transits

electromagnetic interaction between charged particles and W/Z bosons mediate weak

interaction between fermions.

τ is the heaviest lepton and the only one that can decay into hadrons through

weak interaction. The main source of τ leptons in high energy hadron colliders is from

electroweak interaction, i.e. W/Z decay and Drell-Yan process. Because of its relatively

high mass comparing to its brothers e and µ, it is expected to have larger coupling to

heavy particles. τ lepton is pursued by theorists especially in the supersymmetry

(SUSY) theory. Even in the SM, the only undiscovered particle, Higgs boson, has a

relatively high decay branching ratio to a τ -pair (τ+τ−) in low mass region, where τ+

is τ−’s anti-particle (anti-tau) 1.

W boson can be produced in particle collisions when the center-of-mass energy is

high enough. Due to its short lifetime, the W boson decays almost immediately into

leptons and quarks. W boson includes W+ and W− taking a unit positive and negative

1In this paper, τ denotes τ− and τ+ leptons without specific explanation.
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1. INTRODUCTION

electric charge, respectively 1. It can decay into two quarks (hadronic decay modes) or

two leptons (leptonic decay modes). In the leptonic decay modes, one charged lepton

and the same generation neutrino must be produced at the same time because of the

lepton number conservation. W+ decays into charged anti-lepton and neutrino, while

W− decays into charged lepton and anti-neutrino. In the SM, the branching ratios of

W → eν, W → µν and W → τν are the same, which is around 11% [1].

ATLAS [2] is one of the general purpose detectors at the LHC [3, 4] at CERN.

The main objectives of the experiment are to hunt for the Higgs boson and search

for the new physics. In the LHC, protons are accelerated in opposite directions and

collided in several points. ATLAS detector is built on one of the points and detects

the material-interacting particles produced after p-p collisions. According to the SM

theory calculation, W bosons is produced with a cross section of an order of 103 pb at

center-of-mass energy of 7 TeV that was achieve by LHC on March 30, 2010.

Even W boson and τ lepton have been discovered since many years ago and studied

carefully by many other collider experiments, such as LEP [5, 6] and Tevatron [7, 8], it

is still important and can not be ignored at such a high center-of-mass energy. Since

W → τν process provides τ leptons with relatively high cross section at the LHC, its

selection and measurement is crucial for the new particles searches related τ lepton

in the final states. After selecting of the signal, the next aim is to measure its cross

section. What’s more, W → τν is an important background to many other processes,

like H+ → τν in Minimal Supersymmetry Standard Model (MSSM). Understanding

the behavior of W → τν events would be the first step towards the new physics.

This paper describes how to select the W → τν signal against the large QCD mulit-

jets background, where τ lepton decays hadronically. This analysis is based on a data

sample collected by ATLAS experiment with an integrated luminosity of ∼ 36.8 pb−1.

In the following chapters, we will discuss the theoretical purpose in chapter 2. Atlas

detector will be described in chapter 3. In chapter 4 we are going to illustrate some AT-

LAS combined test beam studies on pions considering we are researching the hadronic

decaying τs. In chapter 5, hadronically decaying τ reconstruction and identification will

be shown. The signal selection and a preliminary cross section without full systematic

studies of W → τν, where τ lepton decays hadronically, will be discussed in chapter 6.

1In this paper, W boson denotes W− and W+ bosons without specific explanation.
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Theoretical motivation

Particle physics is to understand what is the world, how the world is formed. Through

experiments, we know we have 28 elementary particles and antiparticles that, through 4

different interactions, constitute the material we can see and we cannot see directly by

eye. Theoretical models are established to describe the interactions between elementary

particles. SM is the model correct examined by experiments, but it still has problems

such as CP violation [20] and neutrino oscillations [21]. In the model, 1 yet discovered

Higgs boson is important for people to understand where the mass of particles come

from. The LHC accelerator and its experiments is constructed to search for the Higgs

and new physics.

The LHC and its experiments are very large and complex that many detailed work

need to be done before we can achieve our final purposes, including cross section mea-

surements for the well known particles which are important for understanding new

phenomena at a new experiment.

W → τν process is well known since experiences have been gained from previous

colliders, like Tevatron at Fermilab in USA [18]. However, with different type of parti-

cles collision at LHC (proton-proton collision, while previous are proton-antiproton or

e+e− collision) and unprecedented high energy, W → τν need to be measured again.

Also, W → τν is an important background to new processes that are the final purposes

of constructing LHC and ATLAS. Besides, precise measurement of its cross section will

prove or reject the lepton universality theory in SM [19]. τ is important at ATLAS

because of its strong coupling to many new particles beyond the SM. Therefore, tuning

τ performance is necessary and the tune through W → τν process is a main means.
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2. THEORETICAL MOTIVATION

2.1 Theoretical models

To explain the phenomena we found in experiments and understand the problems we

have not solved yet, different physics models are constructed. The physics modes aim

to have a fundamental frame that all the phenomena can be explained by being treated

in specific cases, like the momentum in the classic physics is the special case (limit) of

the theory of relativity when the velocity of the object is much smaller than the light

speed. At present, SM, whose formulation was finalized in the middle of 1970s, explains

almost all the particle experiments results except several phenomena, such as the CP

violation [20] and neutrino oscillations [21]. At the same time, theorists construct many

other models to address fundamental problems within the SM.

2.1.1 Standard model

SM is a theory describing the interactions between elementary particles. It is a model

based on quantum field theory that describes the behavior of particles. In this section,

briefly description of the SM is shown.

2.1.1.1 Elementary particles and fundamental interactions

Elementary particles involved in the model are all the ones discovered until present and

the one predicted but not been found yet (Higgs boson). The discovered elementary

particles include 12 fermions and 12 corresponding anti-fermions, which take spin 1
2 ,

and 4 gauge bosons, which take spin 1 [23]. Each elementary particle owns a unique

flavor that defines this kind of particle.

Interactions (also called forces due to history) are defined as the manners of one

particle affecting the other particle. Four fundamental interactions are found until

now: electromagnetic, weak, strong and gravitation, where electromagnetic and weak

are unified together to be treated as one interaction: electroweak. In the SM only elec-

troweak and strong interactions are involved. Electromagnetic interaction happens

between particles carrying electrical charge. It is a kind of bidirectional force that par-

ticles taking the same sign of the electrical charge repel each other, while they attach

each other when electrical charge signs are different. It not only occurs between ele-

mentary particles but also between materials taking electrical charges that are because
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the charges taking by the elementary particles not neutralized. It is a long distance in-

teraction that it can happen between particles with infinite distance, but the strength

decreases with square of the distance. Weak interaction happens between particles

taking weak isospin which can be understood similarly as the electrical charge. Weak

interaction changes particles’ flavor. It is the shortest distance interaction happening

within 10−18 m. Decay is always weak interaction because flavors of the interacting

particles are changed. Strong interaction happens between particles taking so-called

color charge. It is a short distance interaction occurs within 10−15 m. Gravitation is

not described by the SM. It is a long distance interaction happens between particles or

materials carrying mass. Similar as electromagnetic interaction, its strength decreases

with square of the distance until infinite distance.

• Fermions and anti-fermions taking fractional intrinsic spins obey Pauli ex-

clusion principle. For simple, fermions will be illustrated detailed while the anti-

fermions are known as behaving the same only with opposite electrical charge

values. The fermions are categorized according to what kinds of interactions they

can participate. The fermions being able to participate strong interaction are

called quarks, while the others are called leptons.

Quarks are found to take fractional electrical charge with three of them taking

2
3 being called up-type quarks and the other three taking −1

3 being called down-

type quarks. The six quarks are up, charm, top, down, strange and bottom

quarks, where the former three quarks are up-type and the latter three are down-

type.

Leptons take integer electrical charge with three of them take electrical charge

- 1 and the other three take no electrical charge (i.e. 0). They include elec-

tron (e), muon (µ) and tau (τ), and their corresponding neutrinos called electron-

neutrino (νe), muon-neutrino (νµ) and tau-neutrino (ντ ). Traditionally, neutrinos

are defined as up-type leptons and charged leptons are down-type. In the SM, all

the three neutrinos are expected to be mass less while actually neutrinos oscilla-

tions found in experiments that denote neutrinos take mass.

These fermions are divided into three generations (or called families), that

particles in higher generations can decay to particles in lower generations while

within one generation the decay occurs rarely. Therefore, materials in the world

5



2. THEORETICAL MOTIVATION

are constituted of the particles in the lowest generation except the neutrinos

that interact with nuclear material with very tiny cross section. One genera-

tion contains one up-type quark, one down-type quark, one up-type lepton and

one down-type lepton, which particles in higher generation is massive than the

corresponding particle in the lower generation. It is known as the hierarchy prob-

lem. Figure 2.1, which is a famous table, shows the quantum numbers of the

elementary particles.

What kinds of interactions that the fermions can participate are determined

by what kinds of charges they are taking. Quarks take charge so-called color so

that they can take part in the strong interaction. The color charges are defined

as red (R), green (G) and blue (B), where the colors are not the ones in the

traditional concept. Besides the color charge, quarks are taking electrical charge

and weak isospin that they can be involved into electromagnetic and weak inter-

actions. Charged leptons carry electrical charge and weak spin. Therefore they

are able to participate electromagnetic and weak interactions. Neutrinos do not

carry electrical charge that they only take part in the weak interaction. Leptons

do not take color charge, so they never appear in the strong interaction.

• The four bosons in the SM are photon, W±, Z and gluon with intrinsic spin 1

and are not constrained by the Pauli exclusion principle. They are known as the

mediate particles of the interactions.

Photon is the media particle of the electromagnetic interaction. Once the

electromagnetic interaction happens, a photon must be propagated between the

interacting particles. The propagated photons can be on-shell that obey the

energy-momentum relation as shown in equation 2.1 or off-shell that the mass of

the propagated particle is arbitrary and not constrained by the energy-momentum

relation.

E2 − p2/c2 = m2c2 (2.1)

where E, p, m and c are the energy, momentum, mass of the particle and the

light speed.
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Figure 2.1: Elementary particles in the SM with their corresponding quantum numbers.
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W± and Z are media particles of the weak interaction. Weak interaction

changes particles flavor that the outgoing particles are different from the incoming

particles not only on the 4-momentum but also the type, e.g. τ lepton decays to

electron and two neutrinos.

Gluon mediates strong interactions [25] by combining the color charges car-

ried by the interacting particles and gluon itself. Gluons’ color charges are ex-

pected to combine two of color charges from red, green, blue, anti-red (R̄), anti-

green (Ḡ) and anti-blue (B̄) without making the charge cancelled each other, i.e.

gluons do not take color RR̄, GḠ and BB̄. Since gluon carries color charge as

well, strong interaction happens among gluons without quarks participation. The

color charge is conserved in the strong interaction. Quarks and gluons cannot be

detected directly by the detector since the strong force strength is proportional

to the square of the distance between the two interacting particles that all the

quarks and gluons are constrained in a small space, which is called ”quark con-

finement”. The particles being composed of quarks like proton and neutron are

colorless that we call them white color particles. Actually, the quantum num-

bers of the proton and neutron that constitute the nuclear are determined by the

so-called valence quarks, while gluons constrained in the proton or neutron split

into to quarks forming the ”sea quarks”. The ”sea quarks” are not stable as the

valence quarks, but they maybe excited when the collision energy between quarks

or neutrons are large enough. The strong interaction are described by a theory

so-called Quantum ChromoDynamics (QCD) based on the perturbation theory.

A convenience tool, Feynman diagram, is used to make the interactions pre-

sented visually. Figure 2.2 shows an example of the production of W boson in

proton-proton collision with the first order in the perturbation theory, then the W

decays into τ and tau-neutrino. Since protons are accelerated to a very high en-

ergy that they are broken when the collisions happen and the interactions happen

between quarks or gluons in the protons.

• Higgs boson is the only particle predicted by the SM but not discovered yet. It

is a scalar boson with intrinsic spin 0 [26, 27, 28, 29, 30].
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�W±

q

q′

τ±

ντ (ν̄τ )

Figure 2.2: Feynman diagram for production of W bosons in proton-proton collision,

where W decays to τ and tau-neutrino.

2.1.1.2 Mathematical form of the SM

SM is a theory about interactions between elementary particles. First, it is a gauge field

theory using symmetry groups to describe the interactions in terms of mathematics. To

be simple, SM describing the interactions by symmetry group U(1)× SU(2)× SU(3) [24]

with each group owns corresponding generators denoting the fields of the bosons. The

fermions are described with vectors with each element denoting a quantum number,

e.g. the momentum, energy, mass and spin, etc. One particle influencing another par-

ticle through propagating a boson described mathematically is the vector describing

the status of the particle being transformed to another vector through the generators

of the symmetry group. Actually, the status of the particles is the representation of

the groups.

• The symmetry group U(1) represents the electromagnetic interaction which has

one gauge field resulting one vector boson photon. It transfers the representa-

tions of the incoming to outgoing particles through changing the so-called hyper-

charge [9].

• The symmetry group SU(2) represents the weak interaction which has three gauge
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fields resulting three vector bosons W+, W− and Z. It transfers the representa-

tions of the incoming to outgoing particles through changing the so-called weak

isospin.

• The symmetry group SU(3) represents the strong interaction which has eight

gauge fields resulting eight gluons with eight different colors for the strong inter-

action mediation. It transfers the representations of the incoming and outgoing

particles through changing the so-called color charge. It is found that, strong

interaction exists only between quarks and gluons.

Second, it is a chiral theory by treating the two helicities of the fermions differently.

The fermion chirality can be projected out from Dirac fermions with the fifth gamma

matrix:

ψL =
1

2
(1− γ5)ψ (2.2)

ψR =
1

2
(1 + γ5)ψ (2.3)

where ψ is the column matrix denoting fermions status with mostly the cases being

the spin status that is called spinors, ψL is the left-handed fermions, ψR is the right-

handed fermions and γ5 is the fifth gamma matrix.

The helicity is defined as the projection of spin to the particles motion direction. If

the projection direction is the same as (opposite to) the particles momentum direction,

the helicity is positive (negative) or left-handed (right-handed). It is dependent on the

selection of the observation frame while chirality is not. Why the left-handed fermions

and right-handed fermions are treated differently is because in the weak interaction

the chirality is asymmetry. The parity symmetry P breaking in the weak interaction

was found in 1950s and then the CP symmetry that combines the parity and charge

conjugation C was found also to be broken in 1960s. A new theory to describe the

asymmetry is needed. At last, the vector minus axial vector (V-A) is utilized by

assuming weak interaction only occurs on left-handed fermions (and right-handed anti-

fermions). But chirality is symmetry in the electromagnetic, strong interactions and

maybe gravitation.
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2.1.1.3 Higgs boson

Higgs boson is introduced to explain the symmetry breaking in the electroweak interac-

tion, and during the breaking, the vector bosons W± and Z gain the mass and fermions

gain their masses by interacting with the Higgs fields.

The Lagrange is constructed for a system to describe its dynamics. As soon as we

know the Lagrange of the system, we know everything including its motion. Therefore,

theorists try to establish the Lagrange for the elementary particle system to describe

their motion under different kinds of interactions. Based on the U(1) × SU(2) × SU(3),

the Lagrange for the three fundamental interactions is:

LSM =

∫
−1

4
BµνB

µν − 1

4
trWµνW

µν − 1

4
trGµνG

µν (2.4)

where LSM is the notion of the Lagrange for SM, Bµν and Bµν are the elements of

gauge field U(1), Wµν and Wµν are the elements of gauge field SU(2), Gµν and Gµν

are the elements of gauge field SU(3) and trace (tr) runs over the diagonal elements of

SU(2) and SU(3).

The SU(2) part of the Lagrange refers to the weak interaction where CP symmetry

violation was found. The Higgs gauge group is SU(2) with U(1) of charge -1 and the

field is the complex vector spinor:

ϕ =
1√
2

(
ϕ+

ϕ0

)
(2.5)

where ϕ is the Higgs field and ϕ+ (ϕ0) is the component of the field with positive (0)

electrical charge.

Its Lagrange is written as:

LH = |∂µ +
i

2
(g′YWBµ + g~τ ~Wµ)|2 − λ2

4
(ϕ†ϕ− v2)2 (2.6)

where LH is the notion of the Lagrange of Higgs field, g′ is the electromagnetic

coupling, g is the weak coupling, λ is the Higgs boson coupling strength and v is the

vacuum expectation value that is non-vanishing and gives mass to bosons by setting

ϕ+ = 0 and ϕ0 real quantity.

The W± and Z bosons masses are predicted as:
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MW =
v|g|
2

(2.7)

MZ =
v
√
g2 + g′2

2
(2.8)

where MW and MZ has been measured with experiments, g and g′ will be deter-

mined after the Higgs boson is found and the mass of the Higgs boson is measured.

2.1.2 Beyond the standard model

Although the SM has been extensively tested by experiments, there are still some

fundamental problems within the model. For example,

• Originally, SM predicts neutrinos to be massless. However, experimental results

show this not be the case [21, 22]. Even the SM can be modified to accommodate

this observation, the changes are not natural.

• The SM cannot explain the hierarchy problem found in experiments.

• The gravitation is not involved in the model and the dark matter and dark energy

in the cosmological experiments cannot be explained.

Based on this, theorists try to establish other models by extending the SM or con-

structing non-Higgs models. The most popular extension is the Minimal Supersym-

metric SM (MSSM) [13]. In this extension, two Higgs doublets with five particle states

are predicted. The five particle states include three neutral Higgs bosons (denoted as

h, H and A) and two charged Higgs bosons (denoted as H±) [16]. The three neutral

Higgs bosons contain two CP-even (h and H) and one CP-odd (A) states [10]. Their

masses are correlated to the ratio of the Higgs vacuum expectation values (denoted as

tan(β)). At tree level radiative corrections, the five Higgs bosons masses follow the

order: mh < (MZ ,mA) < mH and MW± < mH± [11]. Some of these Higgs bosons

are expected to couple to τ lepton with a non-negligible branching ratio under some

conditions [12, 14], e.g. at large tan(β) value (= 40) [12], the branching ratio of h to

τ± pair is ∼ 10%.
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2.2 W boson

2.2 W boson

The W boson is predicted in the SM and was first discovered in 1983. It has been studied

by several experiments after its discovery, including the mass and branching ratios to

different final states, etc. The W boson decays through electroweak interaction. It can

decay into a lepton and a neutrino with the same flavor, and can also decay into a pair

of up- and a down-type quarks. The branching ratios of W decay obtained from other

experiments are listed in table 2.1. Only W+ decay modes are shown in the table. W−

has the same decay modes but with the products of their charge conjugated.

The challenge of the W boson studies at hadronic collider in the leptonic decay

channels is the missing energy caused by the neutrino produced along with the charged

lepton. Especially in the W → τν channel where one or two additional neutrinos

produced when τ lepton decays hadronically or leptonically. The mass distribution

cannot be measured directly. But the transverse mass can be measured instead. The

transverse mass of W boson in the experiment is defined as [15]:

MW
T =

√
2plT p

ν
T (1− cosϕlν) (2.9)

where T denotes the transverse plane perpendicular to the collision axis, p denotes

the momentum and ϕlν is the angle between the lepton and neutrino in the transverse

plane. In the language of experiment, the transverse momentum of the neutrino is

replaced by the missing transverse energy measured in the detector.

The transverse mass of W boson is 80.399 ± 0.023 GeV measured by previous

experiments, with the full width of the mass around 2.085± 0.042 GeV .

All though W boson has been studied detailed in other experiment, it is still very

important at the LHC because of its large cross section (in the lepton decay modes the

Modes Branching ratio (%) Remarks

W+ → e+ν 10.75± 0.13

W+ → µ+ν 10.57± 0.15 Leptonic decay modes

W+ → τ+ν 11.25± 0.20

W+ → qq′ 67.60± 0.27 Hadronic decays modes

Table 2.1: Decay modes of W+ boson
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2. THEORETICAL MOTIVATION

Figure 2.3: Feynman digram for the τ lepton decay, including leptonic and hadronic

decay modes.

σ × BR is ∼ 10.46 np at the Next-to-Next Leading Order (NNLO) theoretical calcu-

lation [17]). It is an important background to many new particles decaying to τ final

states. And its precise measurement is crucial for the τ lepton efficiency performance

at ATLAS, which is important for every τ related channels.

2.3 τ lepton

τ lepton is in the third generation of the elementary particles in the SM, which is the

most massive lepton being able to decay hadronically and taking electrical charge (τ−

takes negative charge, while τ+ takes positive electrical charge). Figure 2.3 shows

the τ leptonic and hadronic decay modes. Decay is weak interaction, therefore the

decay modes of τ leptons are all through W boson. Because τ lepton mass is large

enough (∼ 1.78 GeV), it can decay into light hadrons like pions or koans.

At hadron collider, it is difficult to identify the original leptons and the ones from τ

lepton decay [2, 32], therefore hadronic τ lepton decay modes are especially important.

The most used decay modes and their branching ratio will be illustrated in section 5.1.

Why experiments love τ lepton even it may suffer large background from QCD

jets? That is because τ lepton appears frequently in the new particles (including SM

Higgs boson and other particles in the models beyond SM [31]) decay final states as

in the theory prediction. As an example, figure 2.4 shows the branching ratios of

the SM Higgs boson decaying to difference final states. In the low Higgs boson mass

region (< 140 GeV), the branching ratio into τ -pair is around 9%.
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Figure 2.4: SM Higgs boson decay branching ratios to different final states, which is

predicted by the theory.
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3

ATLAS experiment

3.1 LHC

The LHC [3] is a large orbicular hadron collider, installed underground about 100 m

with perimeter∼ 27 kilometers at the European Organization for Nuclear Research (CERN),

crossing the border between France and Switzerland with a part in Switzerland near to

Geneva and another part in France crossing several small towns. It is a proton-proton

collider with designed center-of-mass energy 14 TeV and luminosity 1034 cm−2s−1. It

also provides pb-pb collision with designed center-of-mass energy at 5.5 TeV and lumi-

nosity 1027 cm−2s−1. Six experiments are located on it to utilize the beams for collision:

ATLAS [2], CMS (the Compact Muon Solenoid Experiment) [34], ALICE (A Large Ion

Collider Experiment) [35], LHCb (the Large Hadronic Collider beauty experiment) [36],

LHCf (the LHC forward experiment) [37] and TOTEM (Total Cross Section, Elastic

Scattering and Diffraction Dissociation) [38]. Figure 3.1 shows the sketch map for LHC

and six experiments.

One proton-proton beam contains 39 bunch trains with each bunch train consisting

of 72 bunches. Therefore, 2808 bunches are needed to full fill the whole ring in one di-

rection. Figure 3.2 shows the bunches scheme from Proton Synchrotron Booster (PSB)

to LHC through Proton Synchrotron (PS) and Super Proton Synchrotron (SPS). It

needs ∼ 3 minutes to full fill the whole ring in LHC [3].

LHC started to provide beams since end of November in 2009. The center-of-mass

energy was improved from 900 GeV in 2009 to 7 TeV since end of March in 2010. The

peak instantaneous luminosity was ∼ 2.07× 1032 cm−2s−1. The goal for LHC in 2011
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3. ATLAS EXPERIMENT

Figure 3.1: Sketch map for LHC and experiments located on it.

Figure 3.2: Sketch map for LHC designed bunch scheme.
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is to provide 1 fb−1 integrated luminosity data at center-of-mass energy of 7 TeV by

increasing the instantaneous luminosity stably.

3.2 ATLAS experiment

3.2.1 ATLAS overview

ATLAS [32] is a general-purpose experiment consists of several sub-detectors that are

using for detecting different kinds of particles. The sub-detectors include inner detec-

tor (ID) [39], calorimeter [46] and muon spectrometer (MS). Solenoid is located between

the electromagnetic calorimeter (EM calorimeter) and the inner detector to provide 2 T

magnetic field for the inner detector with peak value 2.6 T inside of the solenoid, while

Toroid is consists of eight air-core loops and two end-caps located inside of the muon

spectrometer and outside of hadronic calorimeter, providing 4 T magnetic field for the

muon spectrometer. Figure 3.3 shows the overview of the ATLAS detector. It is a

cylinder taking the beam line as the center axis. The sequence of the sub-detectors

installation from inner to outer is ID, solenoid, EM calorimeter, hadronic calorimeter

and then toroid with muon spectrometer inside of it. All the sub detectors are divided

into central and end-cap parts to get an almost full coverage of the geometry. The

length of the ATLAS is 25 m from one of the most outside end-cap of muon spectrom-

eter to the other one. The radius of the atlas detector is 11 m which is the most outer

of the central part radius of the muon spectrometer. The total weight of the detector

is ∼ 7000 tons with the calorimeters taking about 4000 tons.

The ATLAS detector is mirror symmetrical along the beam, with all the sub-

detectors installed coaxially around the beam line. The ATLAS coordinate system

is defined as: the origin is the center of symmetry, the x-axis points to the LHC center,

the y-axis points up to sky perpendicular to x-axis and the z-axis is the beam line with

positive direction pointing left when standing at the center of LHC and facing to the

ATLAS detector (e.g. from west to east). The three axes of the ATLAS coordinate

system obey to the right hand low. The detector is divided into A-side and C-side

along z-axis with the origin as the demarcation point, where A-side is at the positive

z-axis and C-side is at the negative z-axis. Described as spherical coordinate system:

R is the distance of the point to the origin, the azimuthal angle is the angle starting

from positive x-axis in the x-y plane (Rz plane) around the z-axis (beam line) and the
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3. ATLAS EXPERIMENT

Figure 3.3: Sketch of the ATLAS detector.
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3.2 ATLAS experiment

polar angle starts from the positive z-axis in the Rφ plane. Plane perpendicular to

the beam line (e.g x-y plane or also called Rφ plane) is defined as transverse plane.

Momentum projected to transverse plane is called transverse momentum, denoted as

pT and obtained according to
√

(px)2 + (py)2 where px and py are the scalar sum of the

momentum in the x and y directions, respectively. Transverse energy has the same def-

inition as transverse momentum. For analysis convenience, pseudorapidity η is defined

as:

η = − log tan
θ

2
, (3.1)

where θ is the polar angle ranging from 0 to π in the unit of radian.

Distance from an axis along R in the η − φ plane is:

∆R =
√

(∆η)2 + (∆φ)2, (3.2)

where ∆η and ∆φ are the distance from the axis in the η and φ directions, re-

spectively. Usually, ∆R is used to denote the shower size and distance of objects

reconstructed in the ATLAS detector in the η − φ plane.

To get an excellent performance of ATLAS, sub-detectors are required to satisfy at

least the basic design performance: robust and efficient tracking and vertexing of the

inner detector; very good discrimination power and precise energy measurement of elec-

tron and photon of the electromagnetic calorimeter; compensated hadronic calorimeter

for jet energy measurement and EmissT calibration; precise momentum measurement of

muons in muon spectrometer; almost full coverage of the geometry that large accep-

tance in η and almost full acceptance in φ; and excellent trigger system providing high

efficient acceptance of interesting physics processes.

3.2.2 Inner Detector

Inner Detector is to measure the charged particles momentum and to reconstruct the

vertex with high precision. It is comprised of three sub-detectors: Pixel Detector, Semi-

Conduct Tracker (SCT) and Transition Radiation Tracker (TRT), and solenoid that

provides magnetic field for the trackers. Pixel is the most inner detector, while SCT

is in between Pixel and TRT. Pixel and SCT are referred to as Precision Tracker, and

they are called silicon detectors together as well. All the sub-detectors are composed of
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barrel and end-caps to get the maximum geometry coverage. The total η coverage of the

whole inner detector is 2.5, where TRT covers up to η = 2.0 and silicon detectors cover

up to η = 2.5. The outer radius is 115 cm with the inner radius 4 cm, while the length

is 7 m. The inner dimension of the cryostat that contains the LAr EM calorimeter fixes

the inner detector at fixed position. Pixel and SCT are made of semi-conductor that

provides a very good resolution. TRT is made of straw tubes that give bad resolutions,

however, the straw tubes can provide continuous hits of tracks to compensate the bad

resolution from as single straw tube and then output good resolutions. Figure 3.4 shows

the sketch of the longitudinal (a) and the lateral (b) view of the Inner Detector to give

an idea of its structure.

3.2.2.1 Pixel Detector

Pixel detector [41] is the most inner sub-detector containing three barrel layers with

the radius of the first layer 4 cm (surrounding the beam pipe), the second layer 10 cm

and the third layer radius 13 cm, and 5 end-cap disks on each side. The first layer,

called B-layer, covers the η range up to 2.5, while the second and third barrel layers η

coverage is 1.7 compensated the end-caps up to 2.5. Figure 3.5 shows the sketch of the

pixel detector.

The semi-conductor pixel is the smallest element in the Pixel detector. The size

of a single pixel is 50 µm × 300 µm in Rφ and z, respectively. 61440 pixels, arranged

in an array of 24 by 160 and readout by 16 chips, compose of one module whose size

is 62.4 mm long and 21.4 mm width. The size of the barrel and end-caps modules is

designed to be the same. The barrel contains 1500 modules while the end-caps contain

700 disk modules. The modules are fastened using one type of support structure in the

barrel and two types in the end-caps. Therefore, 140 million pixel elements compose

the whole pixel detection. With such high-granularity, the resolution is expected to be

12 µm in direction Rφ and 66 µm in direction z for the barrel layers, while the end-cap

disks are designed to provide resolution 12 µm in direction Rφ and 77 µm in direction R.

In addition, the choice of the material is strict that it is able to withstand over 300kGy

of ionizing radiation and thin enough to reduce the material before calorimeter. At

last, the thickness is designed to be 17% radiation length for each layer.
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3.2 ATLAS experiment

(a)

(b)

Figure 3.4: a) Longitudinal and b) lateral sketch of the Inner Detector.
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Figure 3.5: Sketch of the Pixel detector.

3.2.2.2 SCT

SCT [40] is installed out side of the Pixel detector with eight barrel layers and nine

end-cap disks on each side. The coverage of the barrel part is up to 1.4 in η direction,

while the end-caps covers the rest region up to η = 2.5. The barrel layers radii are 30.0,

37.3, 44.7 and 52.0 cm from inner to outer.

The smallest element of the SCT detector is readout strip with 6.4 cm long. 768

readout strips of 80 µm pitch compose a silicon detector with 6.40 cm long and 6.36 cm

width. Two silicon detectors are wire-bonded together forming a 12.8 cm long strips

array. A pair of the two wire-bonded silicon detectors are glued back-to-back at a

40 mrad angle to constitute a module. Figure 3.6 shows a picture of one of the SCT

modules in the second layer. The modules are arranged on carbon-fibre cylinders in the

barrel, while the carbon-fibre cylinders carry cooling system. The end-caps modules

are assembled to disks with the rounds number up to 3. Nine disks in each side are

interconnected by a space-frame.

SCT provides 6.2 million readout channels with about 61 m2 silicon detectors. The

resolution of the SCT detector is designed to be 16 µm in Rφ for both barrel and

end-caps regions and 580 µm in z (R) for the barrel (end-caps) region.
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Figure 3.6: Picture of a module from the second layer of SCT barrel region.
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3.2.2.3 TRT

TRT [40] is the most outer ID sub-detector made up of 298304 radial straws with

barrel (end-caps) part takes 52544 (245760) and providing typically 36 continuous hits

of the tracks. The barrel region covers up to η = 0.7 while the end-caps supply the rest

coverage up to η = 2.0.

Radial straw is the smallest element with a diameter of 4 mm and the maximum

length 144 cm which is in the barrel part [42]. To get a fast response, straws are

equipped with a 30 µm diameter W-Re wire which is gold-plated. Mixed gas with

70% Xe, 20% CO2 and 10% CF4 are designed to fill the straws. But at last the mixed

gas ingredients are changed to 70% Xe, 27% CO2 and 3% O2, N2 taking 0.5% typically.

Two kinds of individual modules covering the radii from 56 to 107 cm are designed with

329 and 793 straws in each. The end-caps modules covers the radii from 64 to 103 cm.

The resolution of an individual straw is 170 µm on average. Its resolution is worse

than the silicon detector, but by combining a continuos measurements, a ∼ 50 µm

position resolution is achieved.

3.2.2.4 Solenoid

The central solenoid (CS) [43] is installed outside of the TRT detector to provide

magnetic fields for the inner detector using super-conducting technology. It is 5.238 m

long, 1.247 m radii and 1154 turns [44], as shown in figure 3.7. It provides 2 T magnetic

field in the trackers while the peak value is within itself that is 2.6 T. To minimize the

upstream material before the calorimeter, it is required to be designed as thin as possible

without effect on the stability. Doped aluminum is chosen as the stabilizer with flat

superconducting cables located in the center. It provides magnetic fields along the z

direction. Therefore, tracks in the inner detector are bended in the azimuthal direction

that the position resolution provided by inner detector is worse along the beam line

comparing the transverse plane.

3.2.3 Colorimeters

Calorimeters are installed outside of the inner detector to measure particles energy pro-

duced in the p-p collision [45]. They contain electromagnetic calorimeter and hadronic

calorimeter. Electromagnetic calorimeter is a lead/liquid-argon (LAr) detector, while
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Figure 3.7: A picture of the solenoid overview.
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Figure 3.8: Sketch of the calorimeter detectors.

hadronic calorimeter consists of tile calorimeter in the barrel and LAr detectors in

the end-caps and forward region. The whole calorimeter covers up to η = 4.9 and

almost full azimuthal coverage to provide an all-directions measurement of the energy

for the jet and EmissT reconstruction and calibration. Figure 3.8 shows the sketch of

the calorimeters at ATLAS.

3.2.3.1 Electromagnetic calorimeter

Electromagnetic calorimeter (EM) [47] is installed outside of the inner detector but

before the hadronic calorimeter. It is composed of barrel (EMB) and end-caps (EMEC),

that EMB covers region η < 1.475 and EMEC covers 1.375 < η < 3.2, housed on

cryostats (one for barrel and two for end-caps). The barrel part installed on the A-side

of the ATLAS is called EMBA, while the one installed on the C-side is called EMBC.

Similarly, the end-cap calorimeter installed on the A-side is called EMECA, while the

one installed on the C-side is called EMECC. The two barrel parts are separated with

a gap about 6 mm at z = 0.
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The electromagnetic calorimeter is a lead/liquid-argon sampling calorimeter, using

lead as the absorber, liquid argon as the active calorimeter. Stainless steel and copper

are used as the readout electrodes. The advantage of using the liquid-argon as the

active material is to address the issues like fining granularity, easy calibration, radiation

suffering and stability. At LHC, the time space between two collisions is typically 25 ns,

which is challenge of the fast readout in the EM calorimeter. Accordion geometry is

designed to reduce the capacitance between the two electrons and therefore faster signal

readout is obtained [49]. The arrangement of the absorber, active material and readout

electrodes is shown in the left plot of the figure 3.9. Two copper layers are glued on a

kapton layer as the positive electrodes. The copper layer glued on one side of the kapton

is called outer layer, while on the other side is called inner layer. The gap between the

copper and the negative electrode is for the liquid-argon. The LAr gap size is constant

in the barrel section (2.09 mm), while it changes to smaller value at larger η region in

the end-cap sections [53]. The negative electrodes are stainless steels that are glued on

the absorber lead. The thickness of the absorber is slightly different with respect to

η to the best energy resolution of the EM [32]. The lead and stainless steel, together

with the copper electrodes are made into accordion geometry, as shown in the picture

in the right plot of figure 3.9.

Figure 3.10 shows a sketch of a module from the EM calorimeter with the accordion

geometry [49]. The EM is divided into three layers in the direction perpendicular to

the beam line. The three layers are called, successively, front layer (or strip layer

or first layer), middle layer (or second layer) and back layer (or third layer or last

layer). The front layer with a constant radiation length ∼ 6X0 is designed to be a

very fine granularity section in the η direction that is ∆η = 0.003 for the purpose of

reconstructing the objects shower shape. The middle layer, with the thickest material,

is to produce showers of the electromagnetic particles for stopping and measuring their

energy. The back layer, with the radiation length varying from 2 X0 to 12 X0 with

η [32], is to prevent the leakage of the energy to the hadronic calorimeter. To correct the

energy lost before the EM calorimeter, a presampler before the strip layer is used. The

presampler covers |η| < 1.8 consisting of an LAr layer with thickness of 1.1 cm in the

barrel and 0.5 cm in the end-caps. In the region 1.0 < |η| < 1.6, the transition region

between barrel and end-caps, the presampler is supplied by a scintillator slab [32]. It

is not recommended to use region 1.37 < |η| < 1.52 in the physics analysis involving
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(a) (b)

Figure 3.9: The arrangement of the material in the EM calorimeter (left) and the picture

for the accordion struction (right).
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Figure 3.10: Sketch of a module in the EM calorimeter with the diameters quantities.

photons. To illustrate the complicated structure of the EM, table 3.1 granularity and

coverage of different layers. All the sub-sections provide a full coverage in the azimuthal

direction.

The energy reconstruction in the EM calorimeter is illustrated in section 4.2.4. Fig-

ure 3.11 shows the signal shape for one of the cell in the second layer of EMB (left). The

measured shape agrees to the predicted one within 4% [52]. The performance studies

of the LAr with cosmic runs and collision data have been implemented. The right plot

of the figure 3.11 shows the energy reconstructed in the end-cap using 900 GeV colli-

sion data. Clearly seeing that MC predicts data very well both for noise events (from

random trigger) and real energy.
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Layers Granularity (∆η ×∆φ) Coverage (|η|)

Barrel

Presampler 0.025× 0.1 |η| < 1.52

Strip layer 0.003× 0.1 |η| < 1.475

Middle layer 0.025× 0.025 |η| < 1.475

Back layer 0.05× 0.025 |η| < 1.475

End-cap

Presampler 0.025× 0.1 1.5 < |η| < 1.8

Strip layer

0.025× 0.1 1.375 < |η| < 1.5

0.005× 0.1 1.5 < |η| < 1.8

0.004× 0.1 1.8 < |η| < 2.0

0.006× 0.1 2.0 < |η| < 2.5

0.1× 0.1 2.5 < |η| < 3.2

Middle layer
0.025× 0.025 1.375 < |η| < 2.5

0.1× 0.1 2.5 < |η| < 3.2

Back layer 0.05× 0.025 1.5¡|η| < 2.5

Table 3.1: The granularity and geometry coverage of different layers of EM calorimeter

in the barrel and end-caps parts, including presampler as well. All the sub-sections covers

the full azimuthal direction.
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Figure 3.11: The pulse shape obtained from cosmic run comparing to the predicted one

obtained from calibration run (left) and the data/MC comparison of the reconstructed

energy in the end-caps overlaid with the noise events from random trigger (right).
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3.2.3.2 Hadronic calorimeters

The hadronic calorimeter is installed outside of the EM calorimeter with the scintillator-

iron technical (tile) calorimeter in the barrel region covering |η| < 1.7 and LAr technical

similar as the EM in the end-cap and forward regions covering |η| up to 4.9.

• Tile calorimeter

Tile calorimeter [55] consists of barrel (longitudinal barrel denoted as LB) and

extended barrel (EB) parts. The part of LB (EB) installed on the A-side of the

ATLAS is called LBA (EBA), while the part on the C-side is called LBC (EBC). In

the azimuthal direction, the tile calorimeter is divided into 64 equal modules with

a 1.5 mm gap between each two [59], while in the η direction, the readout cells are

’pseudo-projective’ to the center of the ATLAS detector [60]. The coverage of LB

in |η| is up to 1.0, while EB covers 0.8 < |η| < 1.7. Similar as EM calorimeter,

the tile calorimeter is divided into three layers perpendicular to the beam line

with interaction length (λ) 1.4, 4.0 and 1.8, respectively. They are called layer-

A (or first layer), layer-BC (or second layer) and layer-D (or third layer). The

radii of the tile calorimeter is from 2.28 m to 4.5 m with total weight about

2630 tons [59].The granularity is much simpler than EM calorimeter that layer A

and B are 0.1× 0.1 and layer C is 0.2× 0.1 in ∆η ×∆φ.

It is a scintillator-iron sampling calorimeter with iron and scintillator-tile period-

ically arranged along the direction z, with 3 mm tile and 14 mm iron plates in one

period, as shown in figure 3.12 [55]. Scintillator-tile is the active material while

iron is used as absorber. The readout system, which is fast for the signal pro-

cessing, are wavelength shifting fibers on both sides of the scintillator to readout

signal to two photomultipliers separately.

• Hadronic LAr

Hadronic LAr [47] are the end-caps of the hadronic calorimeter (Hadronic

End-Cap: HEC) utilizing the similar techniques as the electromagnetic calorime-

ter but with different geometry and absorber. It consists of two wheels on each

side with the ones near to the collision point constructed with copper plates of

thickness 25 mm and the ones further to the collision point built with 50 mm

copper plates. The copper is used as the constructer and absorber. In each
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Figure 3.12: Sketch of the tile calorimeter module. The tile and iron plates are arranged

periodically along the z direction.
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wheel, 8.5 mm gaps between the two copper plates are divided into four equal

drift spaces (∼ 1.8 mm) by three parallel electrodes with the middle one for the

signal readout. The coverage of the HEC in |η| is up to 3.2 with granularity in

∆η × ∆φ of 0.1 × 0.1 within region 1.5 < |η| < 2.5 and 0.2 × 0.2 within region

2.5 < |η| < 3.2.

• Forward calorimeter

Forward calorimeter (FCAL) [47] is installed in the forward region (3.1 <

|η| < 4.9) trying to cover as near as possible to the pipe line to measure the jets

produced in soft collision. In that region, material standing with large radiation

is needed. It is installed 4.7 m far from the interaction point for the reduction of

radiation consideration.

Three sections constitute the forward calorimeter housed on the end-cap cryostat

and an external tube that is to carries the FCAL weight and withstands the end-

cap cryostat wall. The first section utilizes copper as absorber while the second

and third sections use tungsten as absorber.

The geometry of the FCAL is built out with metal matrix filled with rods and

tubes in the longitudinal channels, that rods are at high voltage while matrix and

tube are grounded [32].

Tile calorimeter, HEC together with FCAL provide almost full coverage of the space

to measure the jets produced in the collision, there for EmissT will be reconstructed well

under this geometry.

3.2.4 Muon spectrometer

Three parts with different purposes constitute the muon chamber: The toroid pro-

viding the magnetic field to bend the muon tracks, the trigger instrumented and the

momentum measurement chamber.

The toroid is composted of eight large air-core coil installed symmetrically around

the beam line outside of the hadronic calorimeter (the barrel toroid) and two end-

caps installed at the ends of the barrel toroid. The barrel toroid covers |η|¡1.0 while

the end-caps cover 1.4 < |η| < 2.7. In the transition region 1.0 < |η| < 1.4, no precise

measurement is provided due to the multi-scattering. The toroid provides 4.1 T (3.9 T)
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magnetic field in the barrel (end-caps) for the muon chamber in the direction of the

azimuthal angle, therefore, the muon tracks resolution in R-z direction is good.

The trigger instruments consists of Resistive Plate Chambers (RPCs) covering the

barrel region and Thin Gap Chambers (TGCs) providing trigger system for the end-

cap regions. The trigger system coverage is |η| < 2.4 with high time resolution, fine

granularity (1 cm) and high position resolution of muon tracks.

The precise readout system includes Monitored Drift Tubes (MDTs) covering |η| < 2

and Cathode Strip Chambers (CSCs) to withstand the high radiation covering 2 < |η| <
2.7. They provide a precision measurement parallel to the bending direction that is

R-z direction, where R refers to the end-cap and transition regions and z refers to the

barrel region. The resolution of the MDTs is at accuracy of ∼ 30 µm.

3.3 Data taking structure at ATLAS

LHC provides beams to every experiment apparatus and makes the beams collision in

the center of every detector. Beams and collisions are controlled by LHC while each

experiment manages their own data taking. To control the data well, several scales on

time are defined.

• LHC Filling, period when beams are filled in the machine.

• Run, a run is defined as the period of data taking of a detector, e.g period between

the detector starting and stopping to readout data. A run is called calibration

run if it is taken for calibration purpose. Usually, calibration runs are taken with

sub-detectors independently. A run is defined as a physics run when it is taken

for physics analysis. Mostly, physics runs require all the sub-detectors combined

together and synchronized to LHC clock. Usually, when there are collisions,

physics runs are taken.

To distinguish runs with each other, a unique number is assigned to this run when

it starts, which is called run number. Several successive runs with similar ATALS

detector configuration are assembled into a run period.

• Luminosity Block (LB), smaller time scale during a run. Sub-division of a run

into luminosity blocks of length 2 minutes is implemented to control the data. LB
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is the smallest granularity of data taking. If there are problems with detectors in

this LB, the LB will be flagged as problematic and not used for analysis.

3.4 Trigger and computing

3.4.1 Trigger

Three levels of trigger are used for the event selection before the events being recon-

structed offline. The first level is hardware-based called LVL1, while the second and

third levels are software-based called LVL2 and EF respectively. LVL2 and EF are both

called High Level Trigger (HLT). Higher levels of triggers process events based on the

information provided by the previous level of the trigger, so a trigger chain is formed.

The purpose of the trigger is to reduce the readout rate to reduce the storage of

the data. The challenge of the trigger is to select interesting events within a very short

time space. The LHC collision rate is 40 MHz and the ATLAS final readout rate at

EF level is designed to be 200 Hz. LVL1 trigger is required to make decision within

2.5 µm and reduce the readout rate to 75 kHz(40 kHz in the start stage of the LHC) by

discarding the not interesting events. LVL2 trigger is required to reduce readout rate

to 2 kHz (1 kHz in the start stage of the LHC). The EF are finally reduce the readout

rate to 200 Hz. [61].

3.4.2 Computing

Events in each run passing EF trigger are processed through several stages until to the

format useful for analysis. At each process stage, a unique data format is allowed. The

data selected by the trigger (raw data) are reconstructed firstly and centrally in the

computer farm called teir-0 located at CERN. The reconstructed events are assembled

into to a data format called Event Summary Data (ESD), the ESD is reconstructed

again to Analysis Object Data (AOD). The ESDs are then assigned to different grid

sites by saving only 10% of the total data statistics, while the AODs are duplicated

at least in two different sites with full data statistics. At last, flat ntuple data for-

mat (D3PD) that can be analyzed using ROOT [62] directly are produced base on

AOD. The reconstruction and analysis frame of the ATLAS data is called Athena,

which is now developed to release 16 until now. Analysis can be based on AOD and

ESD datasets as well.
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4

Pion response in calorimeter

using combined test beam data

collected in 2004

4.1 Introduction

The purpose of test beam is to understand a detector’s response to different kinds of

particles. Calorimeters are detectors to measure the energy deposited by particles show-

ering in them. Electromagnetic like particles, such as electrons and photons, deposit

almost all of their energies in the electromagnetic calorimeter by producing electromag-

netic showers. For hadronic particles, like pions and koans that are main part of jets in

the proton-proton collision, deposit their energies mostly in the hadronic calorimeter.

Test beam set-up in 2004 was to understand the response of single electron and pion

response in the ATLAS sub-detectors. The energy of electrons and pions were known in

the test beam, unlike the particles produced in the p-p collision. Therefore, the study

of particles’ response with known energy is the first step for the ATLAS experiment.

4.2 The combined test beam set-up

4.2.1 The beam line set-up

The test beam was produced and accelerated in PSB, PS and SPS. The equipments

of test beam were installed at H8 beam line on SPS. Proton beams with constant
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energy of 450 GeV were produced in SPS and were impacted on a beryllium primary

target with thickness up to 30 cm. The secondary particles, including electrons, pions,

muons and koans were produced through electroweak and nuclear interactions between

protons and target material. The secondary particles were then selected by monitors

and passed through different beam lines:

• Particles with energy between 10 GeV and 400 GeV (high energy beams denoted

as HE) were selected and collimated along the straight beam line that was the

same direction as the input proton beam [63]

• Pions taking energy lower at 80 GeV were directed to another beam line by a

magnetic field and were impacted to a polyethylene target with 1 m long installed

45 m before the experiment setup up to produce beams with energy lower than

10 GeV (Very Low Energy beams denoted as VLE). The VLE beams were then

re-directed to the HE straight line after collimated [64].

Figure 4.1 shows the beam line set up for the test beam in 2004. The devices on the

beam line were to collimate, identify and measure the measure the momentum of the

particles. The blue triangles in the figure denote the positions of dipoles; the yellow

tangles denote Cherenkov counters which are used to identify pions from electrons; the

pink tangles BC0, BC−1 and BC−2 denote the beam wire chamber used to measure

the beam momentum by measuring the deflection angle of it; the cyan tangles S0, S1,

S2 and S3 denote the trigger scintillators used to trigger events; SMV and SMH denote

the muon scintillator used to veto the muon in the HE beam line and beam halo before

beam reaching the detector [63]. HE pion beams were produced from 20 to 350 GeV,

while VLE pion beams were 2 to 9 GeV.

4.2.2 The detector set-up

Several modules of the barrel region of the ATLAS sub-detectors were install after

the beam line set-up for the data taking. All the modules from sub-detectors were

installed in a similar way to the real ATLAS detector. The hardware readout and

software reconstruction were implemented in a similar way to the real ATLAS as well.

Figure 4.2 shows the sub-detectors arrangement.

The inner detector system is composed of six modules of Pixel detector, two modules

of SCT and two wedge of TRT, as well as magnet to provide magnetic field for the Pixel
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Figure 4.1: The beam line set-up for test beam that is on H8 beam line at SPS in 2004.

Figure 4.2: The detectors set-up for the data taking of test beam in 2004.
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and SCT (different from ATLAS where TRT is install inside the magnetic field). The

calorimeter system includes one module of liquid argon calorimeter (LAr), three barrel

modules and three extended barrel modules of tile calorimeter, as well as cryostat to

house the LAr calorimeter module. Several muon detectors section are installed after

the hadronic calorimeter modules, but are not used in the analysis.

The Pixel detector consists of six modules arranged as 3 compartments and 2

sectors. It is the first sub-detector the test beam injects into and is positioned at

a positive angle with respect to injecting beam direction. The SCT consist of two

modules installed after the pixel modules and is provided with 2 T magnetic field

together with the pixel modules by the magnet. The TRT wedges are installed after

the SCT at a distance 1114 cm with respect to the last module of SCT and outside of

the magnetic field. The LAr module is installed after the TRT, with a coverage at

η − φ plane of 0 < η < 1.4 and −0.2 < φ < 0.2; the cryostat is made of aluminum and

consists of an inner and outer walls with thickness of 4.1 cm and 3.9 cm and is separated

by a vacuum gap [63], which is installed surrounding the LAr module to house the LAr;

a foam block is stalled between the cryostat and the LAr for excluding the LAr in front

of the calorimeter. The tile calorimeter is installed after the LAr module and outside

of the cryostat; three barrel and three extended barrel modules are used for the analysis

with a coverage in η − φ plane of −1 < η < 1 and −0.15 < φ < 0.15.

4.2.3 Data collection

The pion beams are separated into π+ and π− to understand the detector response

separately. π+ beams are produced at energy 20, 50, 100, 150 and 180 GeV, while π−

beams are produced at energy 150, 180, 200, 250, 320 and 350 GeV. All the π± beams

are injected in several fixed η directions mimicking the η position in the ATLAS. The

η directions are 0.20, 0.25, 0.35, 0.45, 0.55 and 0.65.

4.2.4 Energy reconstruction in the LAr

The energy reconstruction in the LAr modules is similar to the one at ATLAS. Charged

particles from the beam (produced by collisions at the ATLAS) or the shower in the

absorber lead pass through the sensitive material LAr and produce ionized electrons.

The ionized electron drift to the electrodes and produce electrical currents proportional

to the energy deposited by the charge particles in the cell [53]. The ionized signals are
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transited to the read-out system through cables. In the test beam set-up, the read-

out crates are installed on the cryostat, including the Frond End Boards (FEBs) and

calibration boards housed there.

The calibration boards are used to provide signal having exponential shape to the

detector with know amplitude. The calibration signal is then reconstructed in the way

the same as the physics signal. The purpose of calibration signal is to calibrate the

non-uniform response and different capacitance among cells [52].

The ionized signals are amplified on the FEB. Then the amplified signals are shaped

and sampled Nsamples times every 25 ns (the default Nsamples is five in the physic runs

at ATLAS and 32 in the calibration runs) [51]. Each sample is then digitized. The

digitized signals are used to reconstruct the cell energy by the formula:

Ereccell = FµA→MeV · FDAQ→µA ·
1

Mphys

Mcali

·
∑
i=1,2

Ri[
N∑
j=1

OFCj(Sj − Ped)]i, (4.1)

where the terms are defined as bellow:

• Sj is the jth sample for the digitized signal in the cell.

• Ped is the pedestal for each cell. It is obtained from runs taken without any

beam or calibration pulse injection [51].

• OFCj is the coefficient for sample j: given a digitized signal shape, its amplitude

is reconstructed using Optimal Filtering (OF) method [66], that the amplitude

is a linear weight sum of coefficients (OFC) of the digitized sample with each

sample is subtracted by the pedestal [63].

• Ri is the ramp denoting the relation between the injection current on the cali-

bration board in the unit of DAC-counts and the reconstructed output amplitude

in the unit of ADC-counts. It is obtained from calibration boards. The injected

signals are known in the calibration run. For a fixed channel on the calibration

boards, the injected signal is changed step by step then the out signal amplitude

is reconstructed at each step. The relation between the injected signal and the

out signal amplitude is described by a polynomial. Ri is the ith order of the

relation [52]. In the test beam, the highest polynomial order is two as shown in

equation 4.1.
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• 1
Mphys
Mcali

corrects the difference between the signal obtained from calibration board

and the one from FEB.

• FDAQ→µA is to convert current in DAQ unit to µA.

• FµA→MeV is to convert current to energy.

Detailed description of energy reconstruction for LAr calorimeter is in reference [50].

4.2.5 Energy reconstruction in the tile calorimeter

Tile calorimeter use scintillator as the sensitive material and iron as the absorbing ma-

terial. Scintillator and iron plated are arranged in a periodical manner: one scintillator

with thickness of 3 mm ⇀ one iron plate with thickness of 5 mm (master plate) ⇀

one iron plate with thickness of 4 mm (spacer plate) ⇀ one iron plate with thickness

of 5 mm (master plate). They forming a period of a scintillator−iron structure with

18 mm long [56, 57, 58]. The light produced in the scintillators by the passing through

particles is transported via wavelength shifting fibres into photo-multipliers (PMT).

The signal is amplified by the PMT and converted into electrical signal. The electrical

signal is then shaped, sampled every 25 ns, amplified and digitized. The energy for

each cell is then reconstructed based on the digitized signal [63].

4.3 Noise and pedestal in the calorimeters

Noise and pedestal for each LAr cell were checked during the test beam experiment.

The noise and pedestal are obtained using randomly triggered (random trigger) events.

Figure 4.3 shows the noise distribution for cells in each layer of the LAr. The noise

shown in the figure is checked in a run with beam momentum 7 GeV and injecting η

at 0.2. Data is compared to MC simulated with Geant4 in Athena release 12. MC

predicts the noise value well in the middle layer and back layer where the cell size is

large (0.025×0.025 and 0.05×0.025 in the η×φ plane, respectively). In the strip layer

the MC gives larger noise value comparing to the data where the cell size is rather

small (0.003× 0.1in the η × φ). The noise in the presampler (which is used to correct

the energy lost of electrons and photons in front of the calorimeter [32]) of data is much

smaller comparing to the MC.
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(a) (b)

(c) (d)

Figure 4.3: The noise of cells in each layer of LAr obtained in test beam data and

corresponding MC with beam momentum 7 GeV and injection at η = 0.2. The y-axis is

the cell energy in unit MeV, x-axis denote the cells η position. a) is for the presampler, b)

is for the strip layer, c) is for the middle layer and d) is for the back layer
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The typical noise values are 35 MeV, 12 MeV, 28 MeV and 22 MeV for layer

persampler, strip, middle and back layer of LAr calorimeter respectively [64].

Figure 4.4 shows the noise of cells in tile calorimeter for each layer. The MC predicts

the cell noise of the absolute value but with a smaller spread among cells comparing to

the data.

The typical noise values are 30 MeV, 30 MeV and 25 MeV for the first layer, second

layer and third layer of tile calorimeter calorimeter respectively [64].

4.4 Timing in the electromagnetic calorimeter

In the ATLAS collision data taken, the readout clock of each calorimeter cell must be

synchronized to the LHC clock to get the correct energy for the corresponding event [51].

The recorded signals of the measured particles are delayed due to the readout cable

length and particles fly time from the interaction point to the cell [54]. The delay needs

to be known for synchronizing all cells to the LHC clock. The delay of the cables can

be obtained from calibration run where the input time and output time are all known.

The delay due to the particles flight time exists only in collision run, but its difference

from event to event is small (assuming all the particles are produced at the original

point of the ATLAS. Even the primary vertex is different from the original point, the

difference of the flight time from event to events is still negligible). Therefore, it can be

calculated for a given cell assuming the particles flying with speed of light. The time

offset is the difference of the delay time obtained from collision data and calibration

data. It is required that the cell time offset of LAr should be within 1 ns [52]. In the

test beam, the clock of calorimeter cell should be synchronized to the trigger time. The

time offset is obtained in a similar way as in the ATLAS.

Some problems of LAr cell time offset are found during the analysis of the test

beam data. Some runs show two peaks of cell time offset due to the mis-match of

trigger to the event counting. As shown in figure 4.5, left plot shows the cells time

offset in the LAr of a run for cells that are selected around the beam injection direction

within −0.2 < ηcell − ηbeam < 0.2 (no requirement in the φ direction). The cell energy

is required to be greater than 2.5 GeV. Right plots shows the cells time offset versus

the event number of the run. Two peaks appear in the cell time offset, with strange

correlation with the event number, which means unknown problems happened during
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(a) (b)

(c)

Figure 4.4: The noise of cells in each layer of tile calorimeter obtained in test beam data

and corresponding MC with beam momentum 7 GeV and injection at η = 0.2. The y-axis

is the cell energy in unit MeV, x-axis denote the cells η position. a) if for the first layer,

b) is for the second layer and c) is for the third layer
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(a) (b)

Figure 4.5: The LAr cells time offset distribution (left) in a run with 200 GeV and η = 0.2

and the time offset of cells versus event number in the run (right)..

the data taken. We decide to skip these runs with the timing problem that can be

repaired with reprocessing.

Figure 4.6 shows the distribution of the cells time offset distribution for a run with

out trigger mis-match problem.

4.5 Combined performance of pion response in the elec-

tromagnetic and hadronic calorimeter from 20 to 350 GeV

The main issue of pion response study in the test beam is to reject electron and muon

backgrounds. To reject the electron background, first and second layer of LAr calorime-

ter are used, where electron has different response comparing to the pion. To reject

the muon background, tile calorimeter is used, where muon is expected to deposit con-

stant energy by passing through the condensed material. Figure 4.7 shows the energy

deposited by particles in the middle layer versus in the strip layer of the LAr (from

runs with beam energy 180 GeV as an example). Electrons deposit most of the energy

in LAr especially in the middle layer. As shown in the figure, the top-right part of the

events are from electron. Comparing left and right plot, the beams energy are the same

but the injection η positions are different where particles in beam with η = 0.25 pass

through more material than with η = 0.2. Thus the energy deposit in the strip and
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(a)

Figure 4.6: The LAr cells time offset in a run with 150 GeV and η = 0.45, where the

time offset distribution is good.

middle layers for electron are both increased in the run with beam injection at η = 0.25

comparing to at η = 0.2 while the energy deposited by the other particles (bottom-left

part) is not changed (because the energy deposition is through ionization instead of

shower). The red straight line dividing bottom-left and top-right parts in the plots is

to separate the electron from other particles. The red horizontal line is to reject π0

which deposit most of its energy in the middle layer, because it converts to photons in

the strip layer and showers in the middle layer. Adding the energy in middle layer and

strip layer for electrons candidates gives the total energy near to 180 GeV.

Figure 4.8 shows the non-electron particles energy in the LAr versus in the tile

calorimeter. Left plot shows the case for run with beam energy 20 GeV and injection

η = 2.5, while right plot shows the run with beam energy 180 GeV and injection

η = 0.25. The events (actually particles) occupying the bottom-right parts in the plots

are the pions showering only in the tile calorimeter. Particles depositing energies both

in the LAr and tile calorimeter are the pions starting to shower in the LAr. Particles

in the third part of the plots (bottom-left), where the deposited energies in the LAr

and tile calorimeters are very small, are supposed to be muons which will be rejected

by cut Etile/Ebeam > 0.3, where Etile is the energy in the tile calorimeter and Ebeam is
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(a) (b)

Figure 4.7: Energy of particles deposit in middle layer versus in strip layer of the LAr.

Left plot shows the run with beam energy 180 GeV and injection at η = 0.2, right plot

shows the run with energy 180 GeV and injection at η = 0.25.

the measured beam momentum.

To get the response of pions in the calorimeter, several criteria for selecting good

beams are applied.

• ADC counts in the trigger scintillator S1, S2 down and S3. The requirements for

different runs are different according to the distribution of the ADC counts in the

scintillators. Distributions of different scintillators in the same run are different.

The typical cut value for S1, S2 down, S3 left and S3 right are <∼ 1000, <∼
1300, <∼ 800 and <∼ 800, respectively.

• Beam position in beam chambers BC0, BC1 and B2 in the x and y directions are

required to be within one sigma of the mean position of the beam. Different runs

have different beam position cuts according the to particles position recorded by

the beam chambers.

• Relative beam position between BC0 and BC1 (and BC1 and BC2) in the x and y

direction are required to be within one sigma of the mean relative position. This

is realized by getting the distribution of difference in the particle position in BC0

and BC1 (and BC1 and BC2) and then getting the mean and the sigma of the

distribution.
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(a) (b)

Figure 4.8: Energy of particles deposit in the LAr versus in the tile calorimeter. Left

plot shows the run with beam energy 20 GeV and injection η = 0.25, right plot shows the

run with energy 180 GeV and injection η = 0.25.

• Muon tag from SMV is used to reject muons.

After the beam quality requirements, cuts are applied to reject electrons and muons

and get pure pions. To reject electrons Elar/Etotal is required to be < 0.98. To reject

muons Etotal/Ebeam is required to be > 0.3. In addition, number of cells in LAr are

required to be > 0 to avoid the timing problem in the event.

Figure 4.9 shows the total energy of pions deposit in the LAr and tile calorimeter,

where the beam is positive charged with energy of 150 GeV and injection η = 0.25. The

total energy is fitted with a Gaussian distribution that gives a fit probability around

0.079.

To get the pions response in the calorimeter, runs with the same injection energy

and η are combined together. The combined total energy in the LAr and tile calorimeter

and its uncertainty are obtained through formula:

µEtotal
=

1

w

N∑
i

wi · ρi (4.2)

δEtotal
=

1√
w

(4.3)
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(a)

Figure 4.9: Total energy distribution of pion in the LAr and tile calorimeter. The

distribution is fitted with Gaussian that gives a fit probability around 0.079. This is an

example, where the run is positive particles run with beam energy 150 GeV and injection

η = 0.25.

where ρi and δi are the total energy and its uncertainty for the ith run, N is the

total number of runs with the same energy and injection η, wi = 1
δi2

and w =

N∑
i

wi.

The pion response in the LAr and tile calorimeter with respect to the beam energy

are shown in figure 4.10 for the π+, while figure 4.11 for the π−. Point at beam energy

150 (250) GeV and η 0.2 (0.45) are missing because these runs have time problem.

Points at beam energy 320 GeV are missing due to technical problem. The response

for π+ varies from 62% to 76% with lower response for lower energy, while the response

for π− varies from 75.5% to 78.5%. Comparing the overlapped beam energy from 150

to 180 GeV,π− shows higher response because π− beams have no proton contamination

which gives lower energy response in the calorimeter.

The resolution of energy response of pions in the LAr and tile calorimeter with

respect to the beam energy are shown in figure 4.12 for π+, while figure 4.13 shows for

π−. Linear relation is shown for the response with respect to the
√
E, where E is the

beam momentum measured using beam chambers on the beam line. The resolution for

π+ (π−) response varies from 0.11 to 0.26 (0.1 to 0.14) for different η direction. Higher
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4.5 Combined performance of pion response in the electromagnetic and
hadronic calorimeter from 20 to 350 GeV

(a) (b)

(c) (d)

(e) (f)

Figure 4.10: The π+ energy response in the LAr and tile calorimeter with respect to the

beam energy at fixed η. a) η = 0.2, b) η = 0.25, c) η = 0.35, d) η = 0.45, e) η = 0.55

and f) η = 0.65. The X axis is the nominal beam energy, Y axis is the energy

response.
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BEAM DATA COLLECTED IN 2004

(a) (b)

(c) (d)

(e) (f)

Figure 4.11: The π− energy response in the LAr and tile calorimeter with respect to the

beam energy at fixed η. a) η = 0.2, b) η = 0.25, c) η = 0.35, d) η = 0.45, e) η = 0.55

and f) η = 0.65. The X axis is the nominal beam energy, Y axis is the energy

response.
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4.6 Summary

beam energy shows better response resolution.

4.6 Summary

Test beam data collected in 2004 is analyzed. In the VLE analysis work, the noise of

every cell has been studied. The noise study for the calorimeter is the first work to get

the correct energy of particles. The average noise value of each layer has been found to

be: 12 MeV in the presampler, 12 MeV in the first layer, 28 MeV in the second layer

and 22 MeV in the third layer of the LAr, 30 MeV in the first layer, 30 MeV in the

second layer and 25 MeV in the third layer of the tile calorimeter.

In the HE analysis work, the timing (cell-time to trigger-time offset) of the LAr

cells has been obtained by requiring at least 2.5 GeV of energy deposition in the cell

and proved to be within 5 ns for good runs. This work is important because the correct

energy reconstruction of the LAr is largely dependent on the timing.

The calorimeter response and energy resolution to pions in the EM and hadronic

calorimeter is studied. It is the first step to know the hadrons response in the calorime-

ter with know type of particles and energy. Since hadronically decay τ lepton is impor-

tant at ATLAS, and the production of hadronically decay τ lepton is mainly pion(s),

study of the response and shower shape is important for the τ lepton research. Low

energy resolution has been improved using topo-clusters. In addition, calorimeter re-

sponse to HE pions increases with the injection energy and slightly different from their

η positions. The resolution is linear with respect to the 1/
√
Ebeam.
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BEAM DATA COLLECTED IN 2004

(a) (b)

(c) (d)

(e) (f)

Figure 4.12: The π+ energy resolution in the LAr and tile calorimeter with respect to

the beam energy at fixed η. a) η = 0.2, b) η = 0.25, c) η = 0.35, d) η = 0.45, e) η = 0.55

and f) η = 0.65. The X axis is
√
E, where E is the beam momentum measured

with beam chambers on the beam line, Y axis is the energy resolution.
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4.6 Summary

(a) (b)

(c) (d)

(e) (f)

Figure 4.13: The π− energy resolution in the LAr and tile calorimeter with respect to

the beam energy at fixed η. a) η = 0.2, b) η = 0.25, c) η = 0.35, d) η = 0.45, e) η = 0.55

and f) η = 0.65. The X axis is
√
E, where E is the beam momentum measured

with beam chambers on the beam line, Y axis is the energy resolution.

57



4. PION RESPONSE IN CALORIMETER USING COMBINED TEST
BEAM DATA COLLECTED IN 2004

58



5

Reconstruction and identification

performance of the hadronic

decay τ lepton at ATLAS

5.1 Introduction

As already illustrated in chapter 2, τ lepton is interesting to many processes, such as

low mass Higgs boson in the SM, neutral and charged Higgs bosons in the MSSM, as

well as the predicted new particles in the SUSY models and massive bosons W ′ and

Z ′. Therefore, understanding the reconstruction and identification performance of the

τ lepton is very important for the new physics searches at ATLAS.

5.2 τ lepton at ATLAS

To satisfy the large range of interesting physics scenery, τ lepton has to be recon-

structed and identified from low transverse energy (∼ 10 GeV) to very high transverse

energy (∼ 500 GeV) [33]. Figure 5.1 shows the visible transverse momentum spectrum

of the τ leptons under different energy scale depending on the theory models [33].

τ is a lepton with diverse decay modes. Table 5.1 illustrates the dominant decay

modes of τ lepton in the analysis. More detailed information, including rare decays,

is illustrated in PDG live page [1]. Here only some of the important τ− decay modes

are shown. According to the charge conservation and the lepton number conservation,

the number of charged products must be odd and one τ neutrino in the final states
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Figure 5.1: The visible transverse energy of τ leptons from different physics processes.

is required. It decays to leptons, including electron plus electron neutrino or muon

plus muon neutrino, with ∼ 35% probability. The remaining 65% decay probability

is hadronical, where ∼ 49% is with 1 charged particle (1-prong) and ∼ 15% with 3

charged particles (3-prong). In the hadronic decay modes, sometimes, one or more

neutral particles are produced where, in most cases, the neutral particles are π0s as

shown in the table. 5-prong or 7-prong decay is less than 1%. Due to larger tracks

multiplicity and wider distribution of the shower shape because of less energy assigned

to every objets, 5-prong and 7-prong decay will suffer from more QCD background. At

ATLAS, only 1-prong and 3-prong decay modes are considered.

Reconstruction and identification of τ leptons is referring hadronically decayed

modes. Because its leptonic decay modes are difficult to be distinguished from original

electrons and muons. To reconstruct and identify hadronically decaying τ leptons, both

inner-detector trackers and calorimeters information are used. We denote the visible

part of hadronically decaying τ lepton as τhad to distinguish with τ lepton.

5.3 The ATLAS detector for τ leptons

5.3.1 Tracking performance

As shown in table 5.1, the most important decay modes are the ones with charged

pion(s) in the final states. The ATLAS inner-detector is used to reconstruct tracks

from charged particles by finding the correlated hits on different layers. To avoid

mis-recontruction and mis-identification (fake tracks) from the track reconstruction
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5.3 The ATLAS detector for τ leptons

Modes with 1 charged particle

Products Branching Rario (%)

e−νeντ 17.85± 0.05 Leptonic

µ−νeντ 17.36± 0.05 decay modes

h−ντ 11.61± 0.06

π−ντ 10.91± 0.07

h−neutral(s)ντ 37.06± 0.10 Hadronic

h−π0(s)ντ 36.54± 0.11 decay modes

π−π0ντ 25.51± 0.09

π−2π0ντ 9.29± 0.11

π−3π0ντ 1.04± 0.07

Modes with 3 charged particels

Products Branching Rario (%)

h−h−h+ντ 9.80± 0.08

π−π−π+ντ 9.32± 0.07 Hadronic

h−h−h+neutral(s)ντ 5.38± 0.07 decay modes

h−h−h+π0(s)ντ 5.08± 0.06

π−π−π+π0ντ 4.48± 0.06

Table 5.1: The decays modes of τ leptons
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Figure 5.2: Reconstruction efficiency for tracks from charged πs for one- and three-prong

hadronic τ decays from W → τν and Z → ττ signal samples as a function of the transverse

momentum of the track (left) and of the pseudo-rapidity for three different ranges of track

pT (right).

algorithm, several qualities are applied to select good tracks at the reconstruction level

of the τ leptons. These criteria are illustrated in section 5.4.4.

Tracking efficiency for τhad is defined as the probability that a truth track of charged

pion is reconstructed as a track and passes the criteria. Figure 5.2 shows the standard

track selection efficiency with respect the transverse momentum and pseudo-rapidity

from tracking performance work group in 2008. The track criteria for τhad is tighter

than the standard ones, so the efficiency is lower as shown in figure 5.2 [33].

5.3.2 Vertex reconstruction

The decay length of τ lepton is long enough (87.11µm) for producing a secondary vertex,

and it is possible to be reconstructed and identified using the ATLAS inner-detector. To

distinguish a secondary vertex, beam spot and primary vertex reconstruction is essen-

tial. Secondary vertex is identified according to its distance to the primary vertex both

in transverse and parallel planes. Primary vertex in principle is the vertex produced

by the collision itself. With increasing instantaneous luminosity at the LHC, multi-

collisions in a single bunch-crossing cannot be neglected. So several primary vertices

can be reconstructed in one event. Primary vertex is defined as the most energetic one,

whose
∑

(p2
T ) is the largest. The pile up vertices are the remaining primary vertices.

Figure 5.3 shows the distance distribution of pile up vertices to the primary vertex in

62



5.3 The ATLAS detector for τ leptons

direction x, y and z at the ATLAS coordinate system while the pile up vertex is nearest

to the primary vertex comparing to other pile up vertices in the event along beam

direction. This is to give an idea about how the pile up vertices distributed around the

primary vertex. The distance between in x and y direction is small, that is because

pile up vertices are also distributed along beam line. The distance in z direction can

be large that is because the pile up collision can be far from the primary collision. The

distribution is obtained for different periods of data taking. The distance in direction x

and y are smaller at high instantaneous luminosity period (e.g. period I) due to more

constraint beam in LHC. Figure 5.4 shows the size of the primary vertex for directions

x, y and z, while Figure 5.5 shows the pile up vertices size. The size of primary vertex

is at most 0.05 mm in direction x and y, while it is at most 0.3 mm in the z direction.

The resolution is worse along the beam as expected. Because the tracks in the trackers

are bended in the transverse plane in magnetic field at the ATLAS and the resolutions

of the inner detector in the x and y directions are designed to be better than in the z

direction. The pile up vertices show worse resolution in all the directions. The primary

and pile up vertices are required to have at least four associated tracks.

The secondary vertices performance has been studied by tau work group in 2008

using MC samples. Simulated Z → ττ and W → τν samples are used to study

the secondary vertices reconstruction performance. The track-seeded τhad candidates

matching to truth τ in the MC samples are separated into two categories. The first one

is composed of candidates with all their three tracks passing the criteria and matching

to the same true τ lepton. They are denoted as fully-matched candidates. The second

category is composed of candidates with at lease two associated tracks passing the

criteria and at least one of the tracks matching to a true τhad. They denoted as

partially-matched candidates. Figure 5.6 shows the resolution of the secondary vertices

for perpendicular and parallel to the τhad flight direction. More detailed study please

have a look at the paper [33].

5.3.3 Calorimeter performance

Calorimeters are used to reconstruct objects shapes for their identifications. τhad is

a narrow jet with small particle multiplicity comparing to the real QCD jet. Shapes

reconstruction in the calorimeter of the particles becomes important for the τhad iden-

tification.
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(a) (b)

(c)

Figure 5.3: The distance between pile up vertices and primary vertex event by event in

direction a) x, b) y and c) z when the pile up vertex is the nearest one to the primary

vertex along beam direction in the ATLAS coordinate systerm.
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5.3 The ATLAS detector for τ leptons

(a) (b)

(c)

Figure 5.4: The primary vertex size in direction a) x, b) y and c) z. The vertex size is

defined as the vertex fit error.
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(a) (b)

(c)

Figure 5.5: The pile up vertex size in direction a) x, b) y and c) z. The vertex size is

defined as the vertex fit error.
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Figure 5.6: Residuals of the secondary vertex position in the transverse plane perpen-

dicular to the beam line (left) and in the direction along the beam line right. They are

obtained using MC simulated with center-of-mass at 14 TeV. The main information these

plots provide is resolution of secondary vertex along beam direction is worse than the one

perpendicular to the beam direction, which is expected because of worse position measure-

ment along beam for vertex. Also, the residuals of vertex with tracks full matched to real τ

is smaller than the partially matched ones, because the partially matched vertex can have

tracks not from the secondary vertex.

As shown in table 5.1, τhad with π0 in the final states are not negligible. On average,

π0s carry about 55% energy of the visible part of the τhad. It is possible to reconstruct

the π0 clusters in a narrow cone due to the EM calorimeter’s fine granularity, especially

in the first layer.

5.3.3.1 π0 reconstruction in τ candidates

π0 cluster reconstruction is started from cells around the track direction with pT >

6 GeV within cone size 0.4 and only clusters within a smaller cone size 0.2 are con-

sidered. The clustering is performed through the topological clustering algorithm (The

clustering starts from a energetic cell with energy > 4 σnoise. Neighbor cells are in-

cluded in the cluster if their energy is > 2 σnoise. The cells search in the clustering

continues until the cells carrying energy > 0 σnoise. Therefore, a clustering scheme is

formed by searching the energetic cells around the most energetic cell with a cell energy

step 420 σnoise [63]). During the π0 reconstruction, to avoid the charged particles ef-

fects to the π0 energy, cells around the charged particle impact point at the calorimeter

within cone 0.0375 are not considered. Subtraction of energy is performed until the
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Figure 5.7: Number of the reconstructed π0 in the τhad candidates. MC agrees data

within the statistic uncertainty.

total energy of cells takes 70% of the track momentum. In case track deposits more

than 40% of its energy in the hadronic calorimeter and large fraction of energy are

found close to the track impact point in the pre-sampler and strip layer, subtraction

is performed only in the middle layer and stopped when the remaining cells transverse

energy takes 2.5 · ET of the transverse energy collected in pre-sampler + strip layer.

Clusters are accepted if their transverse energies are greater than 1 GeV and are

separated from tracks with ∆R > 0.0375. Besides, clusters take more than 10% of

their total energy in pre-sampler + strip layer are considered as π0 clustered as well.

Figure 5.7 shows the number of π0 clusters. The data sample is real data collected in

2009 with center of mass energy 900 GeV.

5.3.4 Electron veto with tracker and calorimeters

Electron veto based on standard electron selection rejects most of the backgrounds from

W → eν and Z → ee, ∼ 85% from the MC estimation. To improve the veto efficiency,

veto algorithm within τhad reconstruction and identification is implemented. The used

variables are: [33, 67]:
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• The energy deposited in the hadronic calorimeter (EHCAL).

• The energy not associated with a charged track in the strip layer of the electro-

magnetic calorimeter (Estripmax ).

• The ratio in the transverse plane of the associated energy in the electromagnetic

calorimeter and the track momentum (ET /pT ).

• The ratio of the number of high threshold to low threshold hit (including outliers)

in the TRT (NHT /NLT ).

The algorithm rejects a factor of 60 against electron from W → eν events while

keeps 95% of signal from MC W → τν sample.

5.4 τhad reconstruction performance at ATLAS

Due to the huge cross-section of QCD multi-jets process in p-p collisions (at an order

of barn), distinguishing τhads from real QCD jets is the most important part both

at the reconstruction and identification level. Comparing to QCD jets that come

from hadronization of quarks and gluons produced after inelastic collision, τs decay

to charged particles are with small particles multiplicity. So τhads are narrower than

QCD jets. Just because they are narrow, electron and muon can also fake as τhad (sec-

tion 5.3.4). Using information of muon spectrometer, fakes from muons can be de-

creased very much. To identify τhad from electrons, hadronic calorimeter information

is used. Based on these features, τhad reconstruction algorithms calculate shape vari-

ables and save them, as well as energy and tracks information, preparing for τhads
′

identification.

Two algorithms are developed to reconstruct τhad. The first one is calo-seeded,

that uses a jet as the seed. The second one is track-seeded, that uses a track as

the seed. If the two seeds are matched within ∆R < 0.2, the τhad candidate is double-

seeded. Therefore, τhad candidates can be divided into three categories according to the

two algorithms: track-only-seeded candidates, calo-only-seeded candidates and double-

seeded candidates.
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5.4.1 Calo-seeded reconstruction algorithm

The seed in this algorithm is a jet with cone size 0.4 reconstructed by Anti-Kt algorithm

with pT > 10 GeV and the jet reconstruction is from topological clusters. Tracks

are found around the jet direction, which pass the track criteria ( see section 5.4.4).

Reconstruction of the shower shapes of the objects is then performed using dedicating

algorithms based on calorimeters information. These variables are commissioned both

at low center-of-mass energy
√
s = 900 GeV and high center-of-mass energy

√
s =

7 TeV . The commissioning is based on good collisions in the data from the Minimum-

Bias stream. The common selections are: good collisions are presented by requiring

tracking and calorimeter systems are in good status. In the 900 GeV data samples,

at lease one calo-seeded τhad candidate with un-calibrated transverse momentum pT >

7 GeV is required, the associated track criteria are: |d0| < 1.5 mm, |z0| · sin(θ) <

1.5 mm, number of Pixel hits ≥ 1 and number of SCT hits ≥ 6, the tracks are found

around candidates within a cone ∆R < 0.2 or ∆R < 0.3 for candidates with or without

seed track [67]. In the 7 TeV data samples, further selections are applied by requiring a

jet trigger with threshold of 5 GeV, no ”bad” jet in the event and at least two back-to-

back (|∆φ| > 2.7 to select good τhad candidates) and τhad candidates with pT > 15 GeV ;

the associated track selection are: |d0| < 2 mm, |z0| · sin(θ) < 10 mm and number of

Silicon hits (number of Pixel hits plus number of SCT hits) ≥ 7 [68]. MC shapes are

normalized to the data in the plots. The MC used in the commissioning are generated

with Pythia at 900 GeV and 7 TeV, respectively. They are simulated with Geant4 and

reconstructed under Athena release 15. The shower shapes variables that are important

for the identification are illustrated below, with some of the plots for 7 TeV overlaid

with MC signal τhad from Z → ττ sample. The variables show discrimination power of

τhad from QCD multi-jets according to that signal τhad is narrower than QCD jet.

• The electromagnetic radius REM :

It is the transverse energy weighted radius defined as:

REM =
ET,i

∑∆Ri<0.4
i=1 EEMT,i∑∆Ri<0.4

i=1 EEMT,i
, (5.1)

where i runs over all the cells around the seed direction within distance

∆R < 0.4 in the electromagnetic calorimeter except the last layer, ET,i is the
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Figure 5.8: Transverse energy weighted radius in the electromagnetic calorimeter, com-

missioning with center-of-mass energy at a) 7 TeV and b) 900 GeV collision data.

uncalibrated energy projected to transverse plane for cell i and ∆Ri is the distance

of cell i to the seed direction [33].

Most of the cases, τ leptons are boosted to high energy at ATLAS. Therefore,

τhads are well collimated. Due to the small particle multiplicity, τhads are narrower

than QCD jets on average. It is expected that τhad takes most of its energy in the

core region (∆R < 0.1 around the seed direction). Therefore, REM is smaller for

τhad candidates comparing to jets. Since QCD jets become narrower with their

transverse momentum, the identification power of this variable will be weakened.

It is a powerful variable to distinguish τhad and QCD jets, because electro-

magnetic granularity is fine enough to use the width for exacting τhad from QCD

jets. Figure 5.8 shows the REM distribution comparing data and MC samples for

center-of-mass energy of
√
s = 7 TeV (left) and

√
s = 900 GeV (right). Data is

slightly wider than MC, which is due to underling events are not modeled well in

the generator. In the right plot, τ signal from Z → ττ MC sample is overlaid,

where the expected signal is narrower comparing the background.

• The central energy fraction fcent, or denoted as fcore

It is the transverse energy fraction in the central (core) region of τhad candi-
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Figure 5.9: Fraction of energy deposited in the core region of τhad candidate commission-

ing with center-of-mass energy at a) 7 TeV and b) 900 GeV collision data.

dates. It is defined as:

fcent =

∑∆Ri<0.1
i=1 ET,i∑∆Rj<0.4
j=1 ET,j

, (5.2)

where i, j runs over all the cells around the seed direction within distance

∆R < 0.1 and ∆R < 0.4 respectively in the calorimeters, ET,i and ET,j are the

energy projected to transverse plane for cell i and j and ∆Ri, is the distance of

cell i, j to the seed direction.

fcent is larger for τhad comparing to QCD jets. Figure 5.9 shows the fcent dis-

tribution comparing data and MC samples at
√
s=7 TeV (left) and 900 GeV (right).

Data shows smaller value comparing to MC samples.

• The transverse energy in the calorimeter over the leading track trans-

verse momentum ET/pT :

Comparing to QCD jets, leading track in τhad is more harder. Since π0(s) are

produced in most of the decay cases, ET /pT is larger than 1 in most of the cases

but smaller than QCD jets. Figure 5.10 shows the ET /pT distribution comparing

data and MC samples at center-of-mass energy 7 TeV (left) and 900 GeV (right).

Data and Monte Carlo agree with each other very well especially for 7 TeV sam-

ples.
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Figure 5.10: τhad candidate transverse energy over leading track pT , compared at center-

of-mass energy a) 7 TeV and b) 900GeV.

• The cluster mass mclusters: The invariant mass of the τhad candidate calcu-

lated from associated topo-clusters.

It is smaller for τhad candidates than QCD jets because QCD jets are from

parton hadronization. Figure 5.11 shows the mclusters distribution comparing

data and MC samples for center-of-mass energy at
√
s = 7 TeV (left) and

√
s =

900 GeV (right). Very small difference found between data and MC, where data

shows slightly large mass from cluster.

• Track Radius Rtrack:

It is transverse momentum weighted track width calculated from tracks sys-

tem similar to REM . Its definition is illustrated in the equation below:

Rtrack =

∑∆Ri<0.2
i pT,i∆Ri∑∆Ri<0.2
i pT,i

, (5.3)

where i runs over all tracks associated to the τhad candidate, ∆Ri is referred

to the seed jet direction and pT,i is the transverse momentum of the ith associated

track.

τhad candidates are narrower and less charged particle multiplicity comparing

to QCD jets. Therefore, of Rtrack is smaller for τhad candidate than QCD jet. Left
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Figure 5.11: Invariant mass of τhad calculated from associated topoclusters for a) 7 TeV

and b) 900 GeV data.

plot of figure 5.12 shows the Rtrack distribution comparing data and MC samples

for center-of-mass energy at . Shape for Monte Carlo shows slightly narrower

than data.

• The track mass mtracks: The mass of the τ candidate reconstructed from

associated tracks.

The variable is the same as the mclusters but measured independently with

track system, providing a cross-check to the calorimeter based mass and less effect

by the pileup while only consider the tracks at one vertex. Figure 5.12 shows the

mtracks distribution comparing data and MC samples for
√
s = 7 TeV. Data and

MC are found to agree with each other very well.

• The Electromagnetic fraction fEM : The energy fraction of τhad candidate

deposited in electromagnetic calorimeter.

The energy of the candidate is GCW (Global Cell-energy-density Weighting

calibration scheme) calibrated. fEM is defined as below:

fEM =

∑∆Ri<0.4
i EGCWT,i∑∆Ri<0.4
j EGCWT,j

, (5.4)
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Figure 5.12: Left plot shows the data and MC comparison for transverse momentum

weighted radius from τhad associated tacks system. Right plots shows the data MC com-

parison for invariant mass calculated from τhad associated tacks system.

where i runs over all the cells in the electromagnetic calorimeter except the

back layer, j runs over all the cells in the calorimeters including electromagnetic

and hadronic ones. ET,i and ET,j are the transverse energy measured in cell i

and j respectively.

QCD jets deposits its energy mainly in the hadronic calorimeter, while τhad is

companied by π0(s) and deposit more energy in the EM calorimeter. Therefore,

fEM is expected larger for τhad. Figure 5.13 shows the fEM distribution com-

paring data and MC samples for center-of-mass energy
√
s = 7 TeV (left) and

√
s = 900 GeV (right). Slight different found between data and MC.

• The hadronic radius Rhad

It is the energy weighted radius in the hadronic calorimeter (including the

last layer of EM camlorimeter). It is defined as:

Rhad =

∑∆Ri<0.4
i=1 EhadT,i ∆Ri∑∆Ri<0.4
i=1 EhadT,i

, (5.5)

where i runs over all the cells around the seed direction within distance

∆R < 0.4 in the hadronic calorimeter and the back layer of electromagnetic

75



5. RECONSTRUCTION AND IDENTIFICATION PERFORMANCE OF
THE HADRONIC DECAY τ LEPTON AT ATLAS

(a)

ATLAS Preliminary

 = 900 GeV )sData 2009 ( 

Non­diffractive minimum bias MC

T/EEM
TE

­0.2 0 0.2 0.4 0.6 0.8 1 1.2
­c

a
n

d
id

a
te

s 
/ 

0
.1

τ
N

u
m

b
e

r 
o

f 
0

20

40

60

80

100

120

140

160

180

200

220

T/EEM
TE

­0.2 0 0.2 0.4 0.6 0.8 1 1.2
­c

a
n

d
id

a
te

s 
/ 

0
.1

τ
N

u
m

b
e

r 
o

f 
0

20

40

60

80

100

120

140

160

180

200

220

(b)

Figure 5.13: Left plot show the fraction of τhad energy in the electromagnetic calorimeter

at center-of-mass energy 7 TeV, calo-only-seeded candidates is shown only. Right plot

shows the fEM at center-of-mass energy 900 GeV for calo-seeded candidates.

calorimeter, ET,i is the energy projected to transverse plane for cell i and ∆Ri is

the distance of cell i to the seed direction.

Rhad is smaller for τhad candidates comparing to QCD jets. Because the

granulation of hadronic calorimeter are rougher than EM calorimeter, Rhad is not

used in τhad identification for the data collected in 2010.

Figure 5.14 shows the Rhad distribution comparing data and MC samples.

Left is for center-of-mass energy
√
s = 7 TeV and right is for 900 GeV.

• The isolation fraction fring:

It is the transverse energy fraction of τhad in the isolation region (ring of

0.1 < ∆R < 0.2 around the seed direction). It is defined as:

fring =

∑0.1<∆Ri<0.2
i=1 ET,i∑∆Rj<0.4
j=1 ET,j

, (5.6)

where i, j runs over all the cells around the seed direction within distance

0.1 < ∆R < 0.2 and ∆R < 0.4 for the numerator and dominator respectively in

the calorimeters. ET,i and ET,j are the energy projected to transverse plane for

cell i and j and ∆Ri is the distance of cell i to the seed direction.
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Figure 5.14: Left plot shows the transverse energy weighted radias in the hadronic

calorimeter. Green points illustrate the Rhad for the τhad from W → τhadν MC. The

selection is a little different from the commissioning study, so the difference is a little

larger comparing to other variables like REM in the 7 TeV samples. Right plot shows the

Rhad at 900 GeV. Both plots are for calo-seeded candidates.

Thanks to the collimation of τhad, fring is expected to be smaller than QCD

jets. It is less sensitive to cell noise, because the effect is weakened by cancelation

between the dominator and numerator. Figure 5.15 shows the fring distribution

comparing data and MC samples. Left is for center-of-mass energy
√
s = 7 TeV

and right is for
√
s = 900 GeV.

• Number of hits in the η strip layer Nstrip: Finely segmented in η direction

in the strip layer of electromagnetic calorimeter is utilized here to reconstruct a

variable used for τhad identification. Nstrip is the number of cells with energy at

least 200 MeV in η direction within cone size 0.4 around the seed jet direction.

5.16 shows the Nstrip distribution comparing data and MC samples. Here

only the comparing for data and MC with
√
s = 900 GeV is shown. The selection

is different from the commissioning study where more cleaning event selection was

applied. Besides, at the early stage of data taking when the ATLAS detector was

not understood, the difference between data and MC was acceptable.

Nstrip used to identify τ decay modes without neutral particles, such as τ → πν.
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Figure 5.15: Left plot shows isolation fraction in the calorimeter. Green points are Rhad

for the τhad from W → τhadν MC. The selection is a little different from the commissioning

study, so the difference is a little larger comparing to 900 GeV case. Right plot shows the

Rhad at 900 GeV. Both plots are for calo-seeded candidates.

(a)

Figure 5.16: Nstrip distribution of data and MC compared for 900 GeV collision data.
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Figure 5.17: Tracks multiplicity for τhad candidates. Left shows the track multiplicity

at 7 TeV with MC signal from MC overlaid. In the background sample more tracks

associated to τhad are found comparing the signal sample. Right plot shows the associated

track multiplicity at 900 GeV, where 0-track bin discrepancy is found.

In these modes, very small number of cells in the strip layer pass the 200 MeV

energy criteria.

• Number of tracks associated to the τhad: Ntrk: The typical number of

tracks associated to τhad (not QCD jets) is 1 or 3. It is an important parameter for

τhad identification. The tracks are counted around the seed within ∆R < 0.3 (0.2)

in the τhad candidates without (with) seed track, where the tracks must pass the

criteria listed in seciton 5.4.4. Please note, the track selection is different in

Athena release 15 and 16.

Figure 5.17 shows the number of associated tracks of τhad candidates at
√
s =

7 TeV (left) and 900 GeV (right). MC agrees data within statistic uncertainty

when center-of-mass energy is at 7 TeV. The discrepancy found in the 0-track bin

for 900 GeV collision data is found.

Due to track selection efficiency, τ candidates with 0, 2 or even more than 3 tracks

are reconstructed as well.

If a τ candidate is calo-seeded, this means the candidate is a calo-only-seeded or

double-seeded. More than 95% τ candidates are reconstructed with calo-seeded algo-
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rithm, where more than 50% are from calo-only-seeded ones, as studied in MC samples

generated at
√
s = 7 TeV [69, 75].

5.4.2 Track-seeded reconstruction algorithm

This algorithm starts from a track with transverse momentum at least 6 GeV and pass-

ing the seed track criteria as illustrated in section 5.4.4. Tracks are found around the

seed tracks with a tighter criteria, see section 5.4.4. The shape variables are calculated

by combining calorimeter and tracker information or just based on tracks and clusters

separately. Some variables that are important for identification are listed below:

• REM :

It is very similar as REM in calo-seeded candidates but only refers electromag-

netic calorimeter cells around the seed track direction within cone size ∆R < 0.2

(instead of 0.4 in calo-based algorithm). It is defined as equation:

REM =

∑∆Ri<0.2
i=1 EEMT,i ∆Ri∑∆Ri<0.2

i=1 ET,i
, (5.7)

where i runs over all the cells around the seed direction within distance

∆R < 0.2 in the electromagnetic calorimeter except the back layer, ET,i is the

uncalibrated energy projected to the transverse plane for cell i and ∆Ri is the

distance of cell i to the seed direction.

Figure 5.18 shows the REM distribution comparing data and MC samples

for 7 TeV data. Since the cells for the reconstruction are collected around cone

size 0.2, the width for track-based candidates is narrower than the calo-seeded

ones. MC predicts data within the statistic uncertainty. The green points denote

the τhad candidates from MC W → τν sample.

• The number of hits in strip layer in η direction Nstrip.

Same definition as in calo-seeded candidates but refers to the seed track

direction.

• The transverse energy weighted width in strip layer in η direction ∆η

Same definition as in calo-seeded candidates but cells are around seed within

∆R < 0.2.
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(a)

Figure 5.18: Transverse energy weighted radius for track-seeded candidates at 7 TeV.

• fring:

Isolation fraction is the same as in the calo-seeded algorithm but refers to

the seed track instead of jet direction and the energy in the dominator is in the

region ∆R < 0.2. Energy is measured at EM scale.

• fcent:

The same definition as in the calo-seeded algorithm except that the total

transverse energy in the dominator are from cells around the seed track within

∆R < 0.2.

• Rtrack: Transverse momentum weighted width for the track system. It is the

same as in the calo-seeded algorithm but refers to the seed track instead of jet

direction.

• The invariant mass of track system mtracks: the same definition as in the

calo-seeded algorithm but refers to the seed track instead of jet direction.

• The number of tracks in the isolation cone:

The isolation cone region is defined as the ring with its center as the seed

track and size 0.1 < ∆R < 0.2.
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5.4.3 double-seeded τhad candidates

Double-seeded candidates are expected to have better reconstruction performance com-

paring to the track-only-seeded and calo-only-seeded ones, because both good quality

tracks and clusters appear. The shape variables are reconstructed separately for double-

seeded candidates along the seeding jet or the seeding track for the calo-seeded or

track-seeded algorithm. This means two sets of shape variables are reconstructed sepa-

rately, but only the variables reconstructed referred to the seeding jet using calo-seeded

algorithm are used for the identification.

5.4.4 Criteria of the tracks associated to τhad candidates

This section summarizes the track criteria and how the selected tracks are saved for

different reconstruction algorithms. The criteria used in Athena release 15 and 16 are

different. To make things clear criteria of tracks for release 15 and 16 are described

separately in sections.

5.4.4.1 Track criteria in Athena release 15

The tracks in the commissioning of the reconstruction algorithms shown in previous

section is selected according to the criteria in Athena release 15 that is listed below:

• The seed track. It is the seed track in the track-seeded algorithm. Criteria:

pT > 6 GeV , |d0| < 2mm and nHitsSi ≥ 7, where nHitsSi is equal to number of

Pixel Hits plus number of SCT Hits.

• The default tracks. They are the non-seeding tracks in the track-seeded algo-

rithm, including the track-only-seeded and double-seeded candidates. Criteria:pT >

1 GeV , |d0| < 1mm, |z0| × sin(θ) < 1.5mm, number of B-layer hits ≥ 1, number

of Pixel hits ≥ 2 and nHitsSi ≥ 7.

• The loose tracks. The are the tracks searched around the seeding jet axis in

the calo-seeded candidates within distance ∆R < 0.3, and around the seeding

track axis in the trk-only seeded candidates within distance ∆R < 0.2. Criteria

pT > 1 GeV , |d0| < 2mm, |z0| × sin(θ) < 10mm and nHitsSi ≥ 7.
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To facilitate the identification, validation and analysis related to τhad, tracks passing

above criteria are divided into several categories according to their distance to the seed

direction. For the calo-seeded, it is referring to the seeding jet direction, while in the

track-only-seeded ones is referring to the seeding track direction. According to the

distance to the seed, τhad candidate is divided into ”core” and ”wide” regions. Calo-

seeded and track-only-seeded candidates are slightly different on the divination.

• Calo-only-seeded candidates:

Core region is within cone size ∆R < 0.3 around the seeding jet direction.

The tracks are required to pass the loose track criteria.

Wide region, in principle it is defined as 0.3 < ∆R < 0.4, but no tracks in

that region is saved into τhad variables in release 15.

• Track-only-seeded candidates:

Core region is within cone size ∆R < 0.2 around the seeding track direction.

The tracks are required to pass the default track criteria. Besides the default

track, tracks that fail the default track criteria are saved also preparing for track

validation.

Wide region, same as calo-only-seeded, in principle it is defined as 0.2 <

∆R < 0.4, but no tracks in that region is saved into τhad variables in release 15.

• Double-seeded candidates:

Core region is defined as ∆R < 0.2 for the default tracks around seeding

track and ∆R < 0.3 for the loose ones around seeding jet.

In release 15, the track selection is too complicated. To avoid the difficult situations,

track criteria are changed in release 16.

5.4.4.2 Track criteria in Athena release 16

In release 16, tracks associated to the τhad candidates do not include the loose ones.

Also, for the track-only-seeded candidates that have no matched clusters in the calorime-

ter are not be considered in the identification methods (section 5.5). So the tracks refer

to the calo-seeded candidates, except the leading track in the rack-only-seeded candi-

dates. The criteria are listed:
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• The seed track. It is the seed track in the double-seeded candidates. Criteria:

pT > 6 GeV , |d0| < 1mm, |z0| × sin(θ) < 1.5mm, number of B-layer hits ≥ 1,

number of Pixel hits ≥ 2 and nHitsSi ≥ 7, where nHitsSi is equal to number of

Pixel Hits plus number of SCT Hits.

• The default tracks. The non-leading tracks pass default track criteria within

∆R < 0.2 around the seeding-jet axis in calo-seeded candidates. Criteria: pT >

1 GeV , |d0| < 1mm, |z0| × sin(θ) < 1.5mm, number of B-layer hits ≥ 1, number

of Pixel hits ≥ 2 and nHitsSi ≥ 7.

• Other tracks. Tracks fail the default track criteria are saved for possible vali-

dation study afterwards. Criteria: These tracks are referring all the tracks failing

the default track selection around the seeding jet within R < 0.4.

• The loose tracks. This kind of tracks will be deprecated at last anyway, but

just saved in release 16 for the transition from old track selection in release 15 to

the new one afterwards. But they are not used in analysis. They are searched

around the seeding-jet axis within distance ∆R < 0.3. Criteria: pT > 1 GeV ,

|d0| < 2mm, |z0| × sin(θ) < 10mm and nHitsSi ≥ 7.

The ”core” region and ”wide” region are defined in the calo-seeded candidates:

• Core region is within cone size ∆R < 0.2 around the seeding jet direction. The

tracks are required to pass the default track criteria.

• Wide region is defined as the ring 0.2 < ∆R < 0.4 around the seeding jet axis.

Tracks passing default track criteria in this region are saved as wide-tracks.

5.5 Identification algorithms

Three identification methods for τhad have been developed at ATLAS. They are cut-

based, Boosted Decision Tree (BDT) and Likelihood (LLH) methods. BDT and LLH

are Multi-variables methods (MV). At the first stage of data taking, due to lack of

knowledge of the ATLAS detector, safe variables are used to identify τhad from QCD

jets in the methods. These variables are required to be powerful enough to reject

backgrounds from QCD jets objects. At last, seven variables are chosen for this purpose.
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Identification Level REM < Rtrack 1/(ET/pT )

Loose Ntrk ≤ 1 0.063 + 0.663
pT

0.134 + 0.0328
pT

& −2.04 · 10−4pT −2.72 · 10−4pT
No cut

pτhad
T < 80 GeV Ntrk > 1 0.179 + 0.0339

pT
0.0565 + 0.695

pT

−5.17 · 10−4pT −1.44 · 10−4pT
4.55

Medium Ntrk ≤ 1 0.0522 + 0.715
pT

0.134 + 0.0328
pT

& −1.71 · 10−4pT −2.72 · 10−4pT
8.33

& pτhad
T < 80 GeV Ntrk > 1 0.162 + 0.447

pT
0.0303 + 0.810

pT

−4.62 · 10−4pT −9.9 · 10−5pT
3.33

Tight Ntrk ≤ 1 0.0306 + 0.819
pT

0.134 + 0.0328
pT

& −1.03 · 10−4pT −2.72 · 10−4pT
7.14

pτhad
T < 80 GeV Ntrk > 1 0.0833 + 0.903

pT
0.0146 + 0.879

pT

−2.15 · 10−4pT −7.21 · 10−5pT
2.5

Table 5.2: Cut value on identification variables validated in November 2010

They are REM , Rtrack, ET/pT of the leading tracks, Cluster mass, Track

mass, Central energy fraction and Electromagnetic fraction. These variables

are illustrated in section 5.4.

5.5.1 Cut-based method

By cutting on these variables with different thresholds, three criteria of τ identification

(τ−ID) levels are defined, denoted as loose, medium and tight with the signal selection

efficiency lower successively. The cut values validated in November 2010 are illustrated

in table 5.2.

Cut values shown in table 5.2 are only for τhad with transverse momentum 15 GeV <

pT < 80 GeV . τhad in W → τν analysis has a upper-limit cut of 60 GeV on transverse

momentum, as shown in chapter 6.

The performance of identification method can be reflected by two variables: signal

efficiency and background efficiency. Signal efficiency is obtained from Monte Carlo

before pure signal sample can be extracted from real collision data. It is the ratio

of reconstructed τhad candidates matched to generated hadronic decay τ leptons and
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passing the identification criteria (N τhad
pass,match) to the total number of reconstructed

τhad candidates matched to generated hadronic decay τ leptons (N τhad
pass,match). If the

reconstructed τhad and hadronical decaying τ lepton at generation level are overlapped

within ∆R < 0.2, they matched with each other. The τhad candidate is required to

have a transverse momentum threshold 15 GeV and reconstructed with correct number

of associated tracks with respect to the matched true τ lepton. Larger value of signal

efficiency refers to better algorithm performance. The signal efficiency is:

εsig =
N τhad
pass,match

N τhad
match

, (5.8)

The background efficiency can be obtained from data where the background samples

are obtained by selecting QCD di-jets events. Contrary to signal efficiency, smaller

value of background efficiency refers to better algorithm performance, that means less

backgrounds are selected as signal. It is denoted as:

εbkg =
N bkgd
pass

N bkgd
total

, (5.9)

where N bkgd
pass is the number of reconstructed τhad candidates passing the identification

criteria in the background sample, N bkgd
total is the total number of reconstructed τhad

candidates.

The signal efficiencies of cut-based algorithm are 30%, 50% and 60% for tight,

medium and loose respectively [70]. These results were obtained with athena release

15, means the old set of tracks criteria. Figure 5.19 shows the background efficiency and

signal efficiency. Please note that for the cut-based algorithm, the cut values on identi-

fication variables are different in the table 5.2, where in the table the cut was optimized

in November 2010 while this background and signal efficiency is studied in August 2010.

For the W → τν analysis (will be illustrated in chapter 6) the identification with cut

optimized in November 2010 will be used.

5.5.2 Multi-variables identification methods

All the seven safe variables are used in the BDT identification method, while six of

them (except fcent due to its correlation with other variables) are used in the LLH

method.
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Figure 5.19: Background efficiency obtained from data using integrated luminosity ∼
244 nb−1 (left) and signal efficiency obtained from MC Z → ττ sample (right).

5.6 Summary

The two reconstruction algorithms (calo-seeded and track-seeded) of τhad developed

and implemented at ATLAS have been illustrated in this chapter. With collision data

collected at the starting of LHC at
√
s = 900 GeV and 7 TeV, both the two algorithms

have been commisioned. The commissioning is important for the implementation of

identification of τhad and essential to the analysis related to τ lepton. In the commis-

sioning using 7 TeV data, with the selected QCD jet events in the data and MC, MC

signal of τhad from Z → ττ sample is overlaid. This has shown that the defined vari-

ables are powerful for the discrimination of τhad from QCD jets as expected (like REM ,

fring and Rtrack etc.). Variables show good performance in data and MC comparison

for the background events. This gives us the confidence to use them in the identification

algorithms and then applied to the physics analysis related tau τ lepton(s).

Three identification methods (cut-based, BDT and LL) of τhad have been developed

and implemented at ATLAS. These algorithms have been studied and compared using

the first data with about 244 nb−1 data collected at
√
s = 7 TeV . The signal efficiencies

of cut-based algorithm are 30%, 50% and 60% for tight, medium and loose respectively.

Multi-variables algorithms (BDT and LLH) show better signal efficiency and higher

background selection.
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τhad with the commissioned good and safe variables for identification will be applied

to the analysis, like W → τν and Higgs→ ττ .
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6

Towards measurement of W → τν

cross section at
√
s = 7 TeV

6.1 Introduction

This chapter is to select the W → τν events with the τ decaying hadronically (W →
τhadν

1). A very preliminary cross section measured at center-of-mass energy
√
s= 7 TeV

is obtained as well.

When W boson decays leptonically, a neutrino is produced along with the lepton.

Neutrinos are neutral and have negligible couplings to materials in detector. The escape

the detector and hence measuring a missing momentum. At p-p collider, it is impossible

to measure the momentum of the colliding quarks or (or gluons) event by event along

the beam direction. But in the plane perpendicular to the beam line, quarks (or gluons)

almost do not have momentum. According to the low of conservation of momentum,

the vector sum of the momentum from neutrinos and the one from the visible particles

are opposite to each other in the direction but the absolute value is the same. We call

the measured missing momentum in the plane perpendicular to the beam direction as

missing transverse momentum (EmissT ) [72, 73, 74].

Theoretically, for the mode of W boson decaying into τ and ντ , τ and ντ take the

1In this chapter, W → τhadν denotes the W → τν process with τ decaying hadronically. Please

note here the τhad here in W → τhadν is different in chapter 5. In chapter 5, τhad denotes the visible

part of the hadronic decay τ lepton. In this chapter, when τhad appears in W → τhadν, it means the τ

lepton decays hadronically, while the τhad appears outside of W → τhadν, it means the visible part of

the hadronic decay τ lepton
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(a)

Figure 6.1: The solid blue line shows the EmissT distribution from W → τhadν at the

generation level. It shifts to left comparing to the dashed red line, EmissT from W → eν at

the generation level.

same momentum of their absolute values but the directions are opposite to each other

in the transverse plane at ATLAS assuming the idea collision conditions. Considered

the fluctuations of the measurements from detector, the directions of the two leptons

are not exactly back-to-back in the transverse plane. But the angle between them is

large (near to π).

τ ’s lifetime is short, that it cannot fly far enough for the detectors to detect it

directly. However, τ lepton is boosted with a large Lorentz factor in most of the cases

in the W → τν events, the secondary vertex can be reconstructed in the multi-prongs

decay modes thanks to the precise measurement of the inner detector. Due to the

large boosting, the decaying products from τ lepton are nearly collimated. Therefore,

neutrino(s) from τ lepton decay balances, to some extent, the missing transverse mo-

mentum from neutrino produced along with τ . However, there is still large missing

transverse momentum for these kinds of events. Figure 6.1 shows the missing trans-

verse momentum at the generation level (from MC samples) for the W → τhadν overlaid

with W → eν events. EmissT from W → τhadν shifts to a smaller value comparing to

W → eν events due to the balance from the neutrino(s) produced by τ lepton decay.

Figure 6.2 shows, at the generation level, the pT of the τhad from W → τhadν

overlaid with the τ lepton pT (filled region); For comparison, the pT of electron from

W → eν events at the generation level is shown in the plot (dashed line). Same as the

EmissT , pT of the τhad from W → τhadν shifts to left.
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6.2 Data samples

(a)

Figure 6.2: The solid line shows the pT of the visible part of the hadronically decaying

τ from W → τν at the generation level. It shifts to left comparing to the τ lepton (filled

region) and pT of electron from W → eν (dashed line) at the generation level.

In next sections, data samples, MC samples, trigger, cut flow and background es-

timation will be illustrated. Using track-based missing transverse momentum (pmissT ),

50% backgrounds are reduced while saving 92% signal events as studied in data and MC

samples. By applying another new method (new defined EmissT significance: Snew
Emiss

T
)

we manage to reduce the large pile up effects of the method used in previous W → τν

analysis [71]. Track-based missing transverse momentum [76] combined with Snew
Emiss

T

will be used in the signal selection and cross section measurement.

6.2 Data samples

We use data at center-of-mass energy
√
s = 7 TeV collected from March 31 of 2010 to

the end of the year. Under our trigger strategy (section 6.3), the integrated luminosity

is 36.8 pb−1.

Due to increasing of the luminosity from LHC during the year 2010, different trigger

settings are used. Data is divided into different periods according to the data taking

configuration, where within a single period, runs have the same conditions.

Seven data periods were collected in 2010. Some data periods are separated into

several sub-periods, as shown in table 6.1. The structure and corresponding luminosity

under the trigger we are using for the analysis will be illustrated in section 6.3.1.
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Data periods A B C D E F G H I

Number of sub-periods 1 2 2 6 7 2 6 2 2

Table 6.1: Number of sub-periods for each data period collected in 2010.

6.2.1 Data stream and format

Events passing a trigger chain (section 3.4.1) are written into a data stream correspond-

ing to the trigger. At present, four different data streams for physics analysis have been

established at ATLAS:

• JetTauETmiss: Consists of events passing jet, τ or EmissT trigger chain.

• Egamma: Consists of events passing electron or photon trigger chain.

• MinBias: Consists of events passing minimum bias trigger chain.

• Muons: Consists of events passing muon trigger chain.

For this analysis, JetTauETmiss data stream is used. D3PD (section 3.4.2) produced

centrally by τ performance group with a tag 07-00-01-01 is utilized.

6.2.2 Data Quality and Good Runs List

Data Quality (DQ) is monitored both online and offline. The purpose of data quality

monitoring is to select good runs having real collisions, all the related sub-detectors

being well operated and the events processing systems working smoothly, etc.

Good Runs List (GRL) is a number of runs passing data quality criteria. It is

obtained based on the DQ information taking the luminosity block as the unit to select

the events good for the dedicated analysis.

For W → τν process, good EmissT and τ candidates are needed. This requires that

all the sub-detectors are operational according to the expected status and the software

of τhad and EmissT are running smoothly. This requires that both the inner detector and

calorimeters running in optional conditions.
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6.2 Data samples

6.2.3 Monte Carlo simulation samples

MC samples for signal and background events are listed in table 6.2. Signal sam-

ple (W → τhadν) is obtained from inclusive W → τν sample by requiring the existing of

at least one hadronically decaying τ at true level, while the W → τlepν sample (treated

as background) is composed of the rest events.

The processes are generated with cross section to the next-to-next-to-leading order

(NNLO) [81, 82]. The cross section values of inclusive W → τν, W → eν and W → µν

are 10.46 nb, while Z → ee, µµ and ττ are 0.99 nb. Pythia 6.4 [79] is used to generate

the processes. The generated particles are then simulated with Geant4 [80]. The

backgrounds from these processes are called EW backgrounds.

The samples that are simulated with in-time pile up setup (section 6.2.3.1) are

used in this analysis.

6.2.3.1 Vertices re-weighting

Two kinds of pile up models have been developed for the MC samples. One is in-time

pile up, the other one is bunch-train pile up.
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6.2 Data samples

(a) (b)

Figure 6.3: Number of vertices distribution for collision data in different data peri-

ods (from period D to period I), right plot shows the same distribution but with log scale

of the y-axis. The distribution is obtained after the number of vertices requirement in the

event selection flow (section 6.6.1).

• in-time pile up: In the early stage of data taking, bunches were far from each

other. The pile up came from the collisions within the triggered bunch, it is

called in-time pile up. To simulate the in-time pile up the hard collided events

are overlaid with minimum-bias MC events, where the overlaid interactions is a

Poissonian distribution with mean value < n >= 2 [83].

• bunch-train pile up: From period G until to end of the data taking in 2010, the

number of bunches were increased in a ”train”. So that the space between bunches

were shorten to ∼ 75 ns while space between trains were long enough. Pile up

was not only from the same triggered bunch, but also from near by bunches. We

call the kind pile up from near by bunches as out-time pile up. In the simulation

technique language, the simulation trying to translate the pile up due to short

spaces between bunches (and also the pile up due to multi-collision from the single

bunch) are called as bunch-train pile up.

The number of vertices distribution for data in different periods are different as

shown in figure 6.3. In the later periods, e.g. period G, H and I, the pile up is

not negligible any more. The distribution is obtained after the number of vertices

requirement in the event selection flow (section 6.6.1).
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(a) (b)

Figure 6.4: Number of vertices distribution comparing data and MC for in-time

pile up setup (left) and for bunch-train pile up setup (right). The data is from run

166786 (middle of period H1) to 167844 (the last run of period I) that is applied trig-

ger tau16 medium xe22 noMu (section 6.3), while the MC is applied the same trigger.

The distribution is obtained after the number of vertices requirement in the event selection

flow (section 6.6.1).

As the number of vertices in MC is not the same as in data, re-weighting of vertices

distribution for MC according to the number of vertices distribution in data is necessary.

Figure 6.4 shows the number of vertices from in-time pile up MC samples comparing

to data (left), and the number of vertices from bunch-train pile up MC samples com-

paring to data (right). The distributions are after the number of vertices requirement

in the event selection flow (section 6.6.1). The bunch-train pile up model predicts the

number of vertices distribution a little bit larger comparing to data.

Figure 6.5 shows the weight for in-time (left) and bunch-train pile up MC sam-

ples (right). To be consistent, the distributions are after the jet cleaning requirement

in the event selection flow (section 6.6.1), since the analysis is done by re-weighting

number of vertices in MC samples after the jet cleaning cut. However, the weights

after the number of vertices requirement and after the jet cleaning has no difference, as

shown in figure 6.6 of the number of vertices distribution for data (left) and MC signal

sample (right) at different event selection levels.
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6.2 Data samples

(a) (b)

Figure 6.5: Weight for in-time pile up (left) and bunch-train pile up MC samples obtained

in release 16 (right). To be consistent, the distribution obtained is after the jet cleaning

requirement in the event selection flow (section 6.6.1), since the analysis is done by re-

weighting number of vertices in MC samples after the jet cleaning cut. The weight is for

the MC samples applied with trigger tau16 medium xe22 noMu.

(a) (b)

Figure 6.6: Number of vertices distribution after different cuts (number of ver-

tices requirement, jet cleaning and |∆φ(EmissY , jet)| > 0.5) for data is from run

166786 (middle of period H1) to 167844 (the last run of period I) that is applied trig-

ger tau16 medium xe22 noMu (left) and for the MC signal with in-time pile up set up that

is applied the same trigger (right).
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6.2.3.2 Vertices re-weighting strategy

The strategy for the vertices re-weighting is to re-weight period by period if the triggers

among periods are different. Otherwise if the triggers are the same through several

periods, the re-weighting is based on all the data through these periods. In section 6.3,

trigger strategy will be illustrated, where all the periods collected in 2010 are separated

into two parts with each part contains several periods. The re-weighting will be obtained

separately for the two parts. Because different triggers provide different acceptances,

we cannot combine the weight directly from different triggers.

6.3 Trigger

Two triggers, based on EmissT and τhad candidate signatures, are used for the W → τν

analysis (aiming to the cross section measurement) in the data samples collected in

2010. They are:

• tau12 loose xe20 noMu: This trigger starts from narrow clusters with pT

threshold of 5 GeV and at least 10 GeV missing transverse momentum with-

out muon correction (xeXX noMu) at L1 [85]. The objects firing the L1 trigger

are then passed to HLT triggers L2 and EF for further selection. At L2, the clus-

ters passing the L1 trigger are required to have a pT threshold of 7.55 GeV and

passing the loose τhad criteria at trigger level; The missing transverse momentum

without muon correction is required to be larger than 12 GeV of its pT . At EF,

The objets from L2 are re-calculated again; The clusters pT threshold is increased

to 12 GeV; Loose criteria at EF level is applied again. Missing transverse mo-

mentum without muon correction at EF level is required to be at least 20 GeV

for its pT .

• tau16 medium xe22 noMu: This trigger is very similar with tau12 loose xe20 noMu

but with different thresholds for the objects (clusters and missing transverse mo-

mentum without muon correction) and medium τhad criteria instead of loose. The

thresholds of the clusters at L1, L2 and EF are 6 GeV, 9 GeV and 16 GeV. The

thresholds of the missing transverse momentum without muon correction are L1,

L2 and EF are 10 GeV, 15 GeV and 22 GeV.
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6.3 Trigger

To be more clear, table 6.3 shows the criteria for trigger tau12 loose xe20 noMu

and tau16 medium xe22 noMu. In the table, pisolT /pcoreT is the scalar sum of the tracks

with pT > 1.5 GeV in the isolation/core region (0.1 < ∆R < 0.3/∆R < 0.1) around

the reprocessed cluster at L2; loose track is the track with pT > 1 GeV .

6.3.1 Trigger strategy for the analysis

Actually, at the beginning of data taking, HLT was off until the first several runs in

period D1 (run 158269). Trigger bit of tau12 loose xe20 noMu was off until period

D2(run 158582) [87]. The total integrated luminosity until tau12 loose xe20 noMu

turned on is about 100 nb−1, which will not be considered in this analysis. From run

166786 (middle of H1 after run 166658) trigger tau12 loose xe20 noMu is pre-scaled.

Therefore, tau16 medium xe22 noMu is used. The data samples are separated into two

parts according to the trigger. We call the two parts as data periods D3H1 and H1I

for simple denotation.

Table 6.4 shows the summary of the trigger strategy. Based on the trigger strat-

egy, the vertex re-weighting values for in-time pile up MC samples are shown in ta-

ble 6.5. The re-weighting is applied to one vertex, two vertices, three vertices, four

vertices and more than or equal to five vertices events, where the events with more

than four vertices are re-weighted together. In period H1I, events passing the trigger

tau12 loose xe20 noMu are used in the background control regions as will be illustrated

in section 6.8.

6.3.2 Trigger turn-on curve

Figure 6.7 shows the efficiencies of EmissT (left) and τpT (pτT ) (right) in the trigger

bit tau16 medium xe22 noMu. They are obtained from signal MC sample. The re-

quirements on EmissT at least 30 GeV and pτT between 20 and 60 GeV as shown in the

figure will be illustrated in section 6.6. The pτT goes through almost all the turn-on

curve (right), which means the systematic from trigger would be large. On the other

hand, requirement of EmissT at 30 GeV is at the middle of the turn-on curve (left).
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tau12 loose xe20 noMu tau16 medium xe22 noMu

Levels objects thresholds thresholds

L1
cluster > 5 GeV > 6 GeV

xe noMu > 10 GeV > 10 GeV

L2
cluster

> 7.55 GeV > 9 GeV

REM ≤ 0.0178 REM ≤ 0.0124

pisolT /pcoreT ≤ 0.1 pisolT /pcoreT ≤ 0.1

1 ≤ N core
trk ≤ 10 1 ≤ N core

trk ≤ 10

xe noMu > 12 GeV > 15 GeV

EF
cluster

> 12 GeV > 16 GeV

N loose
trk = 1 & REM ≤ 0.105 N loose

trk = 1 & REM ≤ 0.08

N loose
trk > 1 & REM ≤ 0.125 N loose

trk = 1 & REM ≤ 0.092

N loose
trk = 1 & plooseT,leading ≥ 2.5 GeV N loose

trk = 1 & Rtrkdist ≤ 0.076

N loose
trk > 1 & plooseT,leading ≥ 2.5 GeV N loose

trk = 1 & Rtrkdist ≤ 0.062

1 ≤ N core
trk ≤ 10 1 ≤ N loose

trk ≤ 6

xe noMu > 20 GeV > 22 GeV

Table 6.3: Trigger configuration for tau12 loose xe20 noMu and

tau16 medium xe22 noMu.

Data periods Runs range trigger Luminosity (pb−1)

D3H1 158632-166658 tau12 loose xe20 noMu 12.27 pb−1

H1I 166786-167844
tau16 medium xe22 noMu 24.53 pb−1

tau12 loose xe20 noMu 5.80 pb−1 (pre-scaled)

Table 6.4: Trigger and corresponding luminosity for the analysis.

100



6.4 Objects reconstruction

Vertices Signal W → eν W → µν W → τlepν Z → ee Z → µµ Z → ττ

Re-weighted to data from run 158632 to 166658

=1 1.74 1.72 1.73 1.75 1.98 1.71 1.78

=2 1.11 1.12 1.09 1.13 1.21 1.13 1.15

=3 0.84 0.84 0.83 0.84 0.83 0.83 0.83

=4 0.68 0.69 0.68 0.67 0.63 0.70 0.67

≥ 5 0.57 0.57 0.58 0.56 0.46 0.57 0.54

Re-weighted to data from run 166786 to 167844

=1 1.12 1.14 1.07 1.14 1.32 1.12 1.14

=2 0.97 0.99 0.95 1.00 1.07 0.98 1.02

=3 0.94 0.94 0.95 0.93 0.92 0.91 0.93

=4 0.97 0.95 0.98 0.93 0.87 0.98 0.94

≥ 5 1.11 1.07 1.20 1.07 0.87 1.16 1.03

Table 6.5: Vertex re-weighting values for in-time pile up MC samples. The

re-weighting is applied to one vertice, two vertices, three vertices, four vertices

and more than or equal to five vertices events, where the events with more

than 4 vertices are re-weighted together.

6.4 Objects reconstruction

Several objets are needed in this analysis, including jet, EmissT , τhad, electron, µ and

tracks.

• Jets used in this analysis are reconstructed with anti-kt algorithm starting from

topological clusters. Jet size of 0.4 is used.

• EmissT involved in this analysis is reconstructed using the full events and cal-

ibrated based on the physics objects. The tracks reconstructed but not reach

the calorimeter (therefore no matched topo-clusters) are added back to the EmissT

calculation. And if the track matched to the topo-cluster, the track momentum is

used to the EmissT reconstruction [84]. EmissT,x and EmissT,y are reconstructed firstly
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(a) (b)

Figure 6.7: Efficiencies of EmissT (left) and pτT (right) in the trigger bit

tau16 medium xe22 noMu obtained in the signal MC sample.

by projecting the cells to x and y axis of the ATLAS coordinator. EmissT are

calculated according to
√

(EmissT,x )
2

+ (EmissT,y )
2

and calibrated with objects based

calibration scheme (RefFinal). ΣET is the scalar sum of the transverse energies

of the objets used to reconstruct EmissT .

• τhad used in the analysis are reconstructed using calo-seeded algorithm (sec-

tion 5.4.1).

• Electron and muon veto is to reduce backgrounds from processes producing

electron or/and muon. Two schemes are involved:

Electron and muon veto within τhad reconstruction and identifica-

tion algorithm: Electron veto has been illustrated in section 5.3.4, that it is

implemented based on several variables to separate electron and τhad. Based on

this, medium and tight schemes have been developed. The medium veto gives a

rejection factor of 50 by loosing ∼ 5% of signal while the tight veto gives a rejec-

tion factor of 1000 while only ∼ 15% of signal reduction. Muon veto is mainly

based on the feature that muon deposits little energy in calorimeters (including

electromagnetic and hadronic). Based on this, events with total deposited energy

in calorimeters ≤ 5 GeV are rejected.

Event based electron and muon veto: Here the electron and muon

reconstruction are from the egamma and muon performance group.
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6.5 Backgrounds processes

• Tracks here are referring all the inner-detector tracks. In the analysis, track

parameters used to select good quality tracks are required to be with respect to

primary vertex.

6.5 Backgrounds processes

The main backgrounds considered in the W → τhadν analysis are listed:

• QCD multi-jets:

When one of the jets in the event is mis-identified as τhad and the EmissT is

mis-measured due to its resolution and jets mis-measurement, QCD multi-jets

becomes background events. It is the dominant background for W → τhadν

because of large cross section (at an order of barn).

• W → τlepν, W → eν and W → µν :

When the electron or muon is mis-identified as τhad, they become W → τν

backgrounds. However, thanks to the powerful electron and muon veto both in

and out of τhad reconstruction algorithm, the backgrounds from W → eν and

W → µν are not important. W → τlepν is treated as background because it has

very similar behavior as W → eν or W → µν.

• Z → ee and Z → µµ :

When one of the electrons/muons is mis-identified as τhad and another one is

missed, Z → ee and Z → µµ become backgrounds. Cross section of Z → ee(µµ)

at the LHC is about 10 times smaller than W → τν, and the electron and muon

identification efficiency are high, the backgrounds fromZ → ee and Z → µµ are

negligible.

• Z → ττ :

When one of the τs decays hadronically, Z → ττ becomes irreducible back-

ground. However, Z → ττ cross section is 10 lifetimes less then W → τν,

background from Z → ττ is small.
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6.6 Event selection

6.6.1 The preselection

We need to clean events that are not cleaned up by DQ and trigger. After applying

the GRL and trigger requirements, several cleaning cuts are implemented additionally.

First, make sure that the events are from collision by requiring at least one vertex

with number of associated tracks ≥ 3. The associated tracks are the ones used to

reconstruct and fit the vertex.

Second, clean up the events with badly reconstructed jets [77]. This is to avoid the

τhad coming from a bad reconstructed jet which may come from noise in the calorimeter

or out-of-time cosmic rays. The jets are required to have pT > 20 GeV when the cleaning

criteria is checked.

Third, veto the events with at least one jet in the crack region (1.3 < |η| < 1.7)

with pT > 20 GeV . This is to avoid mis-measured EmissT due to mis-measured jet pT .

Fourth, veto the events with at least one reconstructed jet with pT > 20GeV near

to EmissT in the φ direction (transverse plane), i.e. |∆φ| < 0.5. This also is to avoid

mis-measured EmissT due to mis-measured jet pT .

6.6.2 The signal event selection

After preselection, further selections are implemented to select signal events according

to the signal signature (τhad + EmissT ). First we require the event has a large missing

transverse momentum by cut on EmissT > 30 GeV. Events are then required to have at

least one calo-based τhad candidate passing the tight tau identification criteria. Here

the tight tau identification is referring the cut-based algorithm. The leading one (with

highest pT ) is treated as the τhad from W → τhadν events, called leading-tight τhad

candidate. Then the leading-tight τhad candidate is require to take pT between 20 GeV

and 60 GeV and not sit in the crack region (1.3 < |η| < 1.7). The purpose of cutting on

pT of the leading-tight τhad candidate is to reduce the background from QCD multi-jets

where the jets with large pT pass the selection.

To reduce backgrounds form electroweak processes, W → eν, µν, τlepν, Z → ee and

Z → µµ, electron and muon veto are applied. Here the electron and muon veto is

implemented with the one developed by tau performance group (section 6.4). After

that, event based lepton veto is applied for further cleaning of backgrounds from such
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processes: events are rejected if at least one loose electron or one combined muon with

pT > 5 GeV is found.

After all the above cuts, QCD multi-jets background is still dominant. Two methods

of ∆φ(EmissT , pmissT ) combining with new defined EmissT significance are used to reduce

the QCD background. These two methods are new comparing to previous study, like in

the W → τhadν observation analysis [71]. New defined EmissT significance use the
∑
pT

in the dominator instead of
∑
ET .

∑
pT is the scalar sum of the pT of the tracks passing

passing good quality criteria (section 6.7.2.1) associated to the primary vertex (by

requiring the track impact parameters small). Therefore, the pile up dependence is

reduced significantly. Its definition is:

SnewEmiss
T

=
EmissT [GeV ]

0.5[GeV 1/2] ·
√

ΣpT [GeV ]
, (6.1)

while the old one is defined as [71]:

SoldEmiss
T

=
EmissT [GeV ]

0.5[GeV 1/2] ·
√

ΣET [GeV ]
, (6.2)

6.7 Track-based missing transverse momentum and new

Emiss
T significance

6.7.1 Track-based missing transverse momentum

The motivation to define the pmissT [76] is to distinguish processes with real missing

energy from backgrounds producing fake missing energy by utilizing the correlation

between it and the EmissT . It takes an important role in suppressing QCD multi-jets

background for W → τhadν signal selection.In QCD events, EmissT comes mainly from

mis-measurement of jets pT . The mis-measurement is random, so the direction of

EmissT , e.g φ(EmissT ) is random. The case is similar to pmissT in the QCD multi-jets

events. However, the case is different in W → τhadν, where EmissT is due to neutrinos in

the final states. Calorimeters measure the EmissT and provide the direction of real EmissT ,

which is not random. Similar to calorimeters, trackers detect the charged particles. The

opposite vector sum of the charged particles gives pmissT . The direction of pmissT reflects

the direction of the vector sum of the neutrinos pT , e.g. EmissT direction. Therefore, in

the events with real missing energy, pmissT and EmissT point to the same direction in the

transverse plane.
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(a) (b)

Figure 6.8: Data and MC comparison for the difference between EmissT and pmissT in

the azimuthal direction (∆φ(EmissT , pmissT )). a) is at the normal scale with Monte Carlo

samples normalized to data luminosity and b) are the same but with log scale in the y-axis.

The data is from data period H1-I2 and the plots are obtained after lepton veto.

Figure 6.8 shows the data and MC comparison for the difference between EmissT

and pmissT in the azimuthal direction (∆φ(EmissT , pmissT )). The QCD multi-jets MC

is not shown due to its less statistics that makes sharp peaks in the plots. However,

according to the MC samples prediction, signal from W → τhadν shows the peak around

zero where data have much more events in the regions with large —∆φ(EmissT , pmissT )|,
where the events are taking fake EmissT . The tracks in pmissT are required to pass several

track quality cuts: pT > 500 MeV , |d0| < 1.5 mm, |z0| · sin(θ) < 1.5 mm, Number of

Pixel hits ≥ 1 and Number of SCT hits ≥ 7.

To avoid the smearing of the correlation from pmissT and EmissT by the different

track selections of tracks associated to τhad and tracks used to calculate pmissT , tracks

associated to τhad candidates that fail criteria for pmissT calculation are added back to

pmissT calculation. However, the effect is very small in this analysis because the τhad

associated track quality criteria is similar to the one in the pmissT calculation (section ??).

6.7.2 New defined Emiss
T significance

Figure 6.9 shows the 2-dimensional distributions of EmissT versus ΣpT (left) and EmissT

versus 0.5 ×
√

ΣpT (right) of data overlaid with MC signal events, where EmissT and

ΣpT are at the unit of GeV and the plots are obtained after lepton veto cut in the cut

flow. Clearly, signal events mostly occupy the positions with relatively small ΣpT .
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(a) (b)

Figure 6.9: 2-dimensional distributions of EmissT versus ΣpT (left) and EmissT versus

0.5 ×
√

ΣpT (right) of data overlaid with MC signal events, where EmissT and ΣpT are at

the unit of GeV and the plots are obtained after lepton veto cut in the cut flow.

Figure 6.10 shows the 1-dimensional distribution of Snew
Emiss

T
of data/MC compari-

son (left) and the 2-dimensional distribution of Snew
Emiss

T
versus transverse mass of W

boson calculated from the leading-tight τhad candidate and EmissT (right). In the left

plot, QCD multi-jets background is not shown because of low statistics of the MC sam-

ples. However, QCD multi-jets background is not important in the region with large

Snew
Emiss

T
where signal is dominated (e.g. regions with SEmiss

T
> 13 ).

6.7.2.1 Track selection for ΣpT calculation in the Snew
Emiss

T

To select tracks being from primary vertex, criteria are: pT > 1 GeV , |d0| < 1.5 mm,

|z0| · sin(θ) < 1.5 mm, Number of Pixel hits ≥ 1 and Number of SCT hits ≥ 7. Also,

tracks associated to τhad candidates failing previous criteria are added back to the
∑
pT

calculation. pT > 1 GeV is required instead of pT > 500 MeV in the pmissT to reduce

the pile up dependence of ΣpT . Because position resolution for low pT track is worse,

involving low pT tracks will involve tracks from near by pile up vertices, the pile up

dependence of ΣpT will be increased. Figure 6.11 shows the resolution of parallel impact

parameter z0 versus track pT (left) and its profile to the track pT (right). Resolution

of z0 becomes worse quickly with decreasing of track pT .
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(a) (b)

Figure 6.10: Snew
Emiss

T
distribution comparing data and MC without QCD multi-jets MC

samples being shown (left) and Snew
Emiss

T
versus transverse mass calculated from EmissT and

the leading-tight τhad for data and signal samples (right) after lepton veto.

(a) (b)

Figure 6.11: The resolution of parallel impact parameter z0 versus track pT (left) and

its profile to the track pT (right).
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6.7.3 Cut optimization of ∆φ(Emiss
T , pmissT ) and Snew

Emiss
T

for W → τhadν

signal selection

The cut optimization is studied using data period H1-I2 (runs from 166786 to 167844)

and based on EmissT calibrated using Local Hadronic Calibration scheme [84]. To ap-

ply the ∆φ(EmissT , pmissT ) and Snew
Emiss

T
into W → τhadν analysis, the optimized cut is

|∆φ(EmissT , pmissT )| < 0.6 and Snew
Emiss

T
> 13 for signal selection. The two cuts are opti-

mized together. First, fix the Snew
Emiss

T
optimized cut and then scan |∆φ(EmissT , pmissT )|

cut value to get the most optimized cut for the variables.

Table 6.6 shows the numbers of data and signal by cutting on different values of

Snew
Emiss

T
from 10 to 15 with 0.5 as one step. The background number equals to the

counted data number subtracting the counted MC signal number. The optimization is

done after lepton veto cut in the cut flow.

Cuts Data Signal Background S/B S/
√
B

> 10 3773± 61 1666± 35 2111± 70 0.79± 0.03 36.3± 1.4

> 10.5 3217± 57 1576± 34 1641± 66 0.97± 0.04 38.9± 1.8

> 11 2753± 52 1485± 33 1268± 62 1.17± 0.06 41.7± 2.22747

> 11.5 2347± 48 1355± 31 992± 57 1.37± 0.08 43.0± 2.7

> 12 2050± 45 1232± 30 818± 54 1.51± 0.11 43.1± 3.0

> 12.5 1749± 42 1099± 28 650± 50 1.69± 0.14 43.1± 3.5

> 13 1491± 39 988± 27 303± 47 3.26± 0.52 56.8± 9.0

> 13.5 1271± 36 885± 25 386± 44 2.29± 0.27 45.0± 5.3

> 14 1081± 33 790± 24 291± 41 2.71± 0.39 46.3± 6.6

> 14.5 927± 30 693± 22 234± 37 2.96± 0.48 45.3± 7.3

> 15 773± 28 606± 21 167± 35 3.63± 0.77 46.9± 10.0

Table 6.6: Optimization of Snew
Emiss

T
cut for W → τhadν signal selection
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6. TOWARDS MEASUREMENT OF W → τν CROSS SECTION AT√
S = 7 TEV

Snew
Emiss

T
> 13 gives the maximum S/

√
B (S is the number of signal events from

MC sample and B is the background number) and relative high S/B. Based on

this, the cut on the ∆φ(EmissT , pmissT ) is optimized by scanning its cut value from

|∆φ(EmissT , pmissT )| < 1.3 to |∆φ(EmissT , pmissT )| < 0.4 with 0.1 as the step.

Table 6.7 shows the number corresponding to different cut on |∆φ(EmissT , pmissT )|.
The background here is the same in table 6.6. The optimization is done with Snew

Emiss
T

>

13. Even cut on |∆φ(EmissT , pmissT )| < 0.5 gives the highest S/
√
B and S/B, we select 0.6

as the cut since we optimized again after the QCD background estimation (section 6.8).

Cuts Data Signal Background S/B S/
√
B

|∆φ(EmissT , pmissT )| < 1.3 1317± 36 964± 26 353± 45 2.73± 0.35 51.3± 6.7

|∆φ(EmissT , pmissT )| < 1.2 1296± 36 959± 26 337± 45 2.85± 0.38 52.2± 7.1

|∆φ(EmissT , pmissT )| < 1.1 1278± 36 953± 26 325± 44 2.93± 0.41 52.9± 7.4

|∆φ(EmissT , pmissT )| < 1.0 1258± 35 945± 26 313± 44 3.02± 0.43 53.4± 7.7

|∆φ(EmissT , pmissT )| < 0.9 1223± 35 937± 26 286± 44 3.28± 0.51 55.4± 8.6

|∆φ(EmissT , pmissT )| < 0.8 1200± 35 920± 26 280± 43 3.29± 0.51 50.5± 8.6

|∆φ(EmissT , pmissT )| < 0.7 1162± 34 897± 25 265± 43 3.38± 0.55 55.1± 9.0

|∆φ(EmissT , pmissT )| < 0.6 1120± 33 873± 25 247± 42 3.53± 0.61 55.5± 9.5

|∆φ(EmissT , pmissT )| < 0.5 1063± 33 843± 25 220± 41 3.83± 0.72 56.8± 10.7

|∆φ(EmissT , pmissT )| < 0.4 956± 31 753± 23 203± 39 3.71± 0.72 52.9± 10.2

Table 6.7: Optimization of ∆φ(EmissT , pmissT ) cut for W → τhadν signal selection

6.7.4 Cut flow

Tables 6.8, 6.9 and 6.10 show the cut flow for all the data used in the analysis. Cut

flow for EW backgrounds and signal are also shown in the same table, where the MC

numbers are after vertices re-weighting (section 6.2.3.1). Table 6.8 is for period D3H1,

table 6.9 if period H1I and table 6.10 is for all the data by adding the numbers from

periods D3H1 and H1I.
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6.7.5 Performance of the new methods

The increasing of the LHC instantaneous luminosity makes the pile up effects on this

analysis non-negligible. It is reflected on the variables distribution under different

number of vertices in the events. Figure 6.12 shows the distributions of Eold
Tmiss , ΣET

and EmissT dependence on number of vertices in data sample. The vertices are all

required to have ≥ 3 associated tracks. Large dependence on pile up is found for

Eold
Tmiss and ΣET , while EmissT shows less dependence. That is because collisions from

pile up mainly produce particles with low pT and ET . ΣET adds every particles that

deposit energy in the calorimeter, even the particles are from pile up collisions. EmissT

is less effected because it is the vector sum of the particles ET and small EmissT value

is expected from pile up collisions.

pmissT has similar behavior as EmissT because it is vector sum of the tracks. Therefore,

the pile up dependence is small for pmissT . Figure 6.13 shows the pmissT for events with

different number of vertices in data sample.

Using the Snew
Emiss

T
, the pile up effects are reduced very much. Figure 6.14 shows

a) Enew
Tmiss and b) ΣpT dependence on different number of vertices in data sample.

Comparing to figure 6.12, the shapes of Snew
Emiss

T
and ΣpT have no much difference under

different number of vertices.

Table 6.11 shows the fraction of selected events number after to before applying

Sold
Emiss

T
(Snew
Emiss

T
) under different number of vertices. In the single vertex events, Sold

Emiss
T

save about 45% percent of events before applying it, while in the high pile up events,

only 2% of events are saved in the data sample. The signal selection efficiency for

SEmiss
T

goes down to 14% from 76%. While the selection efficiency for Snew
Emiss

T
shows

stable ratio both for data and signal MC samples, especially for the signal selection

efficiencies are around 60% for different number of vertices.
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6.7 Track-based missing transverse momentum and new EmissT significance

(a) (b)

(c) (d)

Figure 6.12: Pile up dependence of EoldTmiss , ΣET and EmissT , which is checked by plotting

the variables distribution with different number of vertices in data sample. The a) EoldTmiss ,

b) ΣET and c) EmissT pile up dependence are obtained after lepton veto but before EoldTmiss

cut. The d) EmissT pile up dependence after pre-selection but before EmissT cut. These pile

up dependence distributions are obtained from data and without normalization.
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(a)

Figure 6.13: The pmissT distributions for events with different number of vertices in data

sample.

(a) (b)

Figure 6.14: a) Snew
Emiss

T
and b) ΣpT dependence on different number of vertices in data

sample.
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6.8 QCD multi-jets background estimation

Number of vertices
Ratio after/before

data Signal

1 vertex
Snew
Emiss

T

0.34 0.57

SEmiss
T

0.45 0.76

2 vertices
Snew
Emiss

T

0.24 0.58

SEmiss
T

0.21 0.49

3 vertices
Snew
Emiss

T

0.19 0.59

SEmiss
T

0.08 0.31

≥ 4 vertices
Snew
Emiss

T

0.20 0.63

SEmiss
T

0.02 0.14

Table 6.11: Pile up dependence of the cuts efficiency of Sold
Emiss

T
and Snew

Emiss
T

.

6.8 QCD multi-jets background estimation

A QCD multi-jets background estimation algorithm called ”ABCD method” is imple-

mented in this analysis. The method estimates QCD multi-jets background in the

signal region from background control regions. The background control regions and

signal region are established by dividing a 2-dimensional plot into four regions (de-

noted as A, B, C and D region respectively). The x and y axises of the 2-dimensional

plot are from two of the variables for signal selection in the cut flow.

Figure 6.15 shows a sketch of the 2-dimensional plot, where we define region A

as signal region, while regions B, C and D as QCD multi-jets background dominated

regions. Line 2 and 4 are movable to change the signal contamination in B, C and D

regions.

To use the ABCD method, two conditions need to be satisfied. First, the two

variables establishing the 2-dimensional plot should not have correlation between them

for the background events. Second, background control regions B, C and D should have

negligible signal and other non-QCD backgrounds contamination [71]. Then the QCD
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(a) a

Figure 6.15: A sketch of 2-dimensional plot showing the regions deviation. Where region

A is signal region, while region B, C and D are background regions.

background in signal region (region A) is estimated based on this formula:

NA =
NB ·NC

ND
, (6.3)

The first condition can be checked by comparing one of the variables shapes requir-

ing the other variable pass or fail the signal selection cut. But if signal contamination

in background region is not negligible, correction for this contamination need to be con-

sidered into formula 6.3. Assuming signal events from MC in region A, B, C and D are

SA, SB, SC and SD, respectively (Same assumption for non-QCD background (EW):

EWA, EWB, EWC and EWD). Ratios of non-QCD events (including signal and EW)

in the background regions to the signal region are denoted as:

ci =
Si + EWi

SA + EWA
, (6.4)

where i denotes background regions B, C and D.

QCD multi-jets background numbers in each background region after non-QCD

contamination correction are:

N corr
B = NB−cB·Nnon−QCD

A , N corr
C = NC−cC ·Nnon−QCD

A , N corr
D = ND−cD·Nnon−QCD

A ,

(6.5)
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(a) (b)

Figure 6.16: 2-dimensional plot of τhad − ID and Snew
Emiss

T
, where x-axis is τhad − ID and

y-axis is Snew
Emiss

T
. Left plot is for data sample and right plot is for signal sample.

where Nnon−QCD
A is non-QCD events in region A from MC. It is SA + EWA.

Formula 6.3 is changed to:

NQCD
A =

(NB − cB ·Nnon−QCD
A ) · (NC − cc ·Nnon−QCD

A )

ND − cD ·Nnon−QCD
A

, (6.6)

where NQCD
A is the estimated QCD background in signal region A.

In this analysis the two variables used in the ABCD method are τhad−ID vs Snew
Emiss

T
.

τhad − ID and Snew
Emiss

T
are both variables used in the cut flow and powerfully dis-

tinguish QCD mult-jets background and signal. 2-dimensional plot from these two

variables is show in figure 6.16. Left plot is the τ − ID versus Snew
Emiss

T
for data sample

and right plot is the τ − ID versus Snew
Emiss

T
for the MC signal sample.

The A, B, C and D regions are defined as (all the regions have passed the event

selection criteria except the two):

• Region A: Signal region with events passing tight τhad − ID and Snew
Emiss

T
> 13.

• Region B: Background region with events passing tight τhad− ID but Snew
Emiss

T
<

13.

• Region C: Background region with events passing loose but fail tight τhad− ID
and Snew

Emiss
T

> 13.
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(a) (b)

Figure 6.17: Correlation check of the two variables used in the ABCD method. Left plot

is he Snew
Emiss

T
distributions comparing background sample with loose but fail tight τhad−ID

and tight τhad − ID, where the background sample is obtained from data by requiring

tracks number associated to τhad larger than 3 and right plots is the Snew
Emiss

T
shapes in the

background region with τ associated number > 4 and > 0, where the background control

sample is obtained in the data sample by reversing the ∆φ(jet, EmissT ) cut.

• Region D: Background region with events passing loose but fail tight τhad− ID
and Snew

Emiss
T

< 13.

The correlation between these two variables is checked by comparing the shapes of

Snew
Emiss

T
under different τhad − ID requirements. Figure 6.17 shows the Snew

Emiss
T

distri-

butions comparing background sample with loose but fail tight τhad − ID and tight

τhad− ID (left). The background sample is obtained from data by requiring the tracks

number associated to τhad larger than 3. The right plot shows the Snew
Emiss

T
shapes in the

background control sample with τ associated number > 4 and > 0. The background

control sample is obtained in the data by reversing the ∆φ(jet, EmissT ) cut (events that

are having |∆φ(jet, EmissT | < 0.5 with jet pT > 20 GeV). The shapes are consistent

with each other within statistical uncertainties.

Table 6.12, 6.13 and 6.14 provide the numbers in different control regions of data

and MC samples for period D3H1, H1I and all the data.
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A B C D

data 1007± 32 2818± 53 2766± 53 11904± 109

signal 723± 9 534± 7 1131± 11 492± 7

EW 70± 1 62± 0.8 214± 2 73± 1

ci 0.75± 0.07 1.70± 0.15 0.71± 0.06

Table 6.12: Events number in different regions for data and MC using τhad −
ID and Snew

Emiss
T

as the variables to estimate QCD background for data period

D3H1 (run 158632 to 166658).

A B C D

Data 1336± 37 2776± 53 1421± 38 5782± 76

Signal (MC) 1008± 20 665± 16 536± 3 232± 2

EW (MC) 105± 2 85± 1 100± 0.3 33± 0.2

ci 0.67± 0.07 0.57± 0.06 0.2± 0.02

Table 6.13: Events number in different regions for data and MC using τhad −
ID and Snew

Emiss
T

as the variables to estimate QCD background for data period

H1I (run 166786 to 167844).

A B C D

Data 2343± 49 5594± 75 4187± 65 17686± 133

Signal (MC) 1731± 22 1199± 17 1667± 11 724± 7

EW (MC) 175± 2 147± 1 314± 2 106± 1

Table 6.14: Events number in different regions for data and MC using τhad−ID
and Snew

Emiss
T

as the variables to estimate QCD background for all the data (run

158632 to 167844). The numbers are the sum of period D3H1 and H1I and the

uncertainties are only statistical calculated using error propagation.

Signal and EW contamination is not negligible in background control region B, C

and D (especially in B and C). The QCD background is obtained by solving formula 6.6.
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The estimated QCD multi-jets background, signal and EW background number in

region A is listed in table 6.15. The numbers are the sum of period D3H1 and H1I and

the uncertainties are only statistical calculated using error propagation. At last we get

624± 45 QCD background in signal region.

Period Signal QCD EW

D3H1 621± 55 326± 34 60± 6

H1I 924± 53 316± 30 96± 6

All 1545± 76 642± 45 156± 8

Table 6.15: Estimated QCD background in signal region A using τhad− ID and

Snew
Emiss

T
as the variables to estimate QCD background.

Figures 6.18, 6.19 and 6.20 show the data and MC comparison for the variables

used in the analysis. The QCD multi-jets events are extracted from the background

regions and normalized to the estimated QCD multi-jets background in signal region.

The non-QCD backgrounds are from MC sample in region A. The data and MC com-

parisons are implemented on period D3H1 and H1I separately. Figure 6.18 includes

the τhad related variables: the pT , Rtrack, number of associated tracks and charge dis-

tribution. Figures 6.19 and 6.20 include the missing transverse momentum variables:

Snew
Emiss

T
, EmissT , pmissT , ∆φ(EmissT , pmissT ) and ΣET . These plots show the data and MC

comparison for period H1I.

6.9 Preliminary results of cross section

The cross section is calculated according to the formula [88]:

σW =
Nobs −Nbkg

Acc ·
∫
Ldt

, (6.7)

where Nobs is the observed events in the data, Nbkg is the estimated backgrounds

events, Acc is the acceptance of the signal and
∫
Ldt is the integrated luminosity

collected by ATLAS after the trigger selection.

The acceptance is defined as:

Acc =
NMCsignal,reconstruction,selection

NMCsignal,generation,all
, (6.8)
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(a) (b)

(c) (d)

(e)

Figure 6.18: Data and MC comparison for τ variables, where the QCD background is

extracted from region B. a) Number of associated tracks to the τ , b) Rτtrack, c) RτEM , d)

pτT and e) τcharge.
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(a) (b)

(c) (d)

Figure 6.19: Data and MC comparison for event selection related variables, where

the QCD background is extracted from region C. a) EmissT , b) ΣpT , c) pmissT and d)

∆φ(EmissT , pmissT ).
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(a) (b)

(c) (d)

(e)

Figure 6.20: Data and MC comparison for event selection related variables, where the

QCD background is extracted from region C and D. a) Number of associated tracks to the

Snew
Emiss

T
, b) EmissT , c) ΣpT , d) pmissT and e) ∆φ(EmissT , pmissT ) (not cut on it just have an

idea how it looks like).
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where NMCsignal,generation,all is the number of all the generated events in signal sam-

ple and NMCsignal,reconstruction,selection is the total number of events after reconstruction

and event selection (section 6.6).

The acceptance can be written into two parts. The two parts are defined as [17]:

AW =
NMCsignal,generation,cut

NMCsignal,generation,all
(6.9)

CW =
NMCsignal,reconstruction,selection

NMCsignal,generation,cut
(6.10)

where

• AW is the fiducial acceptance, CW is the factorized correction between data and

MC of any discrepancy in trigger efficiency, reconstruction and selection.

• NMCsignal,generation,cut is the number of signals after the fiducial cuts at the gen-

eration level in the signal MC sample.

Since we are using different trigger in the analysis for different period of data, the

cross section is calculated period by period and combine together at last. Table 6.16

shows the cross section for different periods and the combined results. In the table only

statistic uncertainty is shown. In this table, the acceptance is calculated according to

equation 6.8. For the final results the cross section and systematic uncertainties will

be obtained according to equation 6.10.

Acc σW→τν (nb) Remarks

D3H1 0.0087± 0.0002 5.82± 0.44 Statistic uncertainty only

H1I 0.0061± 0.0002 6.22± 0.32 Statistic uncertainty only

All 0.0075± 0.0001 5.96± 0.26 Statistic uncertainty only

Table 6.16: The cross section measured period by period and the combined

results. Only statistic uncertainty is shown.

6.9.1 Systematic uncertainties

Systematic uncertainties come from all the systems in equations 6.8 to 6.10. Table 6.17

shows the systematic uncertainties list, that will be considered in the cross section

measurement.
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Factor Source

Nbkg

Correlation of the two variables in ABCD method

Signal contamination in background region of the ABCD method

Background regions definition

AW

Parton Distribution Functions (PDFs) [87]

Geometry cut (η)

Kinematic cut (EmissT )

Kinematic cut (τpT )

CW

Trigger efficiency

Jet fake as τhad rate

Electron fake as τhad rate

τhad reconstruction efficiency

τhad identification (τhad − ID) efficiency

τhad energy scale

EmissT energy scale

Jet cleaning

MC tune

Vertex reweighting weight

Track efficiency

Track resolution

Vertex resolution

Pile up

Table 6.17: List of the systematic uncertainties need to be measured in the

cross section measurement.

Several systematic uncertainties have been studied:

• The systematic uncertainty from the background regions definition of the ABCD

method. This systematic uncertainty is obtained by changing line 4 (figure 6.15)

to smaller values than the signal cut 13 on Snew
Emiss

T
. The change is required to
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be within the resolution of Snew
Emiss

T
. To be safe, line 4 is changed to Snew

Emiss
T

= 9.

Therefore, regions A and C in figure 6.16 is not changed but region B and D is

changed that the Snew
Emiss

T
is smaller than 9. The systematic uncertainty is found

to be around 1%.

• The systematic uncertainty from MC vertex re-weighting. This systematic is

obtained by re-weighting the MC samples at different event selection level: after

jet cleaning (default) and after lepton veto. After jet cleaning cut, the events from

data include all the physics processes, while the signal fraction is largely increased

after lepton veto. The systematic uncertainty obtained this way is around 1%.

• The systematic uncertainty from luminosity measurement is 3.4% [89].

• The systematic uncertainty from τhad energy scale is 10% at most [90]. It is

provided by the tau performance work group. The systematic uncertainties are

applied according to the τhad pT , η and number of associated tracks. pT between

20 and 30GeV, |η| < 1.3 and multi-prongs of τhad gives the largest uncertainty

10%.

The cross section measurement is undergoing. Therefore, not all the the systematic

uncertainties listed in table 6.17 are obtained.

6.10 Summary

In this analysis, the importance of W → τν has been illustrated that it is not only

for many new particles predicted in theory but also important for checking SM at high

energy scale, as well important for checking the performance of τhad identification.

Two new methods have been introduced aiming to measure the cross section of

W → τν at ATLAS. The the correlation track-based missing transverse momen-

tum (pmissT ) and calorimeter-based missing transverse momentum (pmissT ) is used to

reject the background with fake EmissT (like QCD multi-jets events). It utilizes that, in

the events with real EmissT , the independent measurements from tracks and calorimeter

objects have strong correlation. The new defined EmissT significance is to reduce the pile

up effects (pile up effects are important at LHC with such high instantaneous luminos-

ity) that the old EmissT significance faces. Its principle is that the
∑
pT can be recon-

structed vertex-based that the pile up vertices do not effect that much to the collision
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vertex with interesting physics. Using ABCD method the estimated QCD multi-jets

background has proved to be 642± 45 (statistical error only) with the estimated signal

number1545 ± 76 (statistical error only). The cross section of W → τν → τhadν has

been preliminarily estimated to be 5.96± 0.26 nb (statistical error only).
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Summary and outlook

The work presented in this thesis has shown the ATLAS calorimeter performance, as

well as the hadronic τ lepton reconstruction and identification, its (τ lepton) application

to the selection of theW → τν signal using collision data at center-of-mass energy 7 TeV

and preliminary measurement of the cross section using the data collected in the 2010

with an integrated luminosity 36.8 pb−1.

The calorimeters response and resolution to pions using test beam data collected

in 2004 have been discussed in chapter 4. The noise of the calorimeter cells has been

studied. The average noise value of each layer has been found to be: 12 MeV in the

presampler, 12 MeV in the first layer, 28 MeV in the second layer and 22 MeV in the

third layer of the LAr, 30 MeV in the first layer, 30 MeV in the second layer and 25 MeV

in the third layer of the tile calorimeter. Timing of the LAr calorimeter is studied and

found to be within 5 ns for good runs. Calorimeter response and resolution to both

VLE and HE pions have been studied. Low energy resolution has been improved using

topo-clusters. In addition, calorimeter response to HE pions increases with the injection

energy and slightly different from their η positions. The resolution is linear with respect

to the 1/
√
Ebeam.

τhad reconstruction and identification algorithms have been studied and optimized

with MC and data events. τhad signal efficiencies of cut-based identification method

have been proved to be 30%, 50% and 60% for tight, medium and loose identification

level respectively and background rejection factor in an order of hundred for the tight

level. Multi-variable identification algorithms (BDT and LLH) have also been studied

and shown a higher efficiency and larger background rejection.
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7. SUMMARY AND OUTLOOK

The analysis of W → τν → τhadν has been performed and a preliminary cross

section has been extracted. Track-based missing transverse momentum (pmissT ) has

been optimized and leading to QCD multi-jets background rejection of 60% with the

requirement of |∆φEmissT , pmissT | < 0.6. The new defined EmissT significance has been

used to estimate remnant QCD multi-jets background in the observed events and has

proved to be less dependent on high pile up events. The total number of estimated

signal events is 1545 ± 76 (statistical error only) while the estimated QCD multi-jets

background is 642 ± 45 (statistical error only). Using the data collected in 2010 with

integrated luminosity 36.8 pb−1, a preliminary cross section has been estimated to

5.96± 0.26 nb with statistical uncertainty only.

In the W → τν events or processes related to τ lepton in the final states where

τ decay hadorniacally, the possibly produced neutral particles (π0 mainly) can not be

reconstructed to pmissT . This would smear the correlation between pmissT and EmissT . To

avoid or reduce the smearing effects, correction on reconstructed π0 candidates in the

τhad is needed. Also, the pmissT can be reconstructed vertex by vertex, therefore the pile

up effects on pmissT is small comparing to EmissT .

The pile up issue would take a major role for almost all the physics analysis in 2011

as the LHC will increase the instantaneous luminosity. Therefore new defined EmissT

significance and related ideas will be very useful. To reduce the pile up effects the

tracks pT is required to be at least 1 GeV, this is not the best choice since it requires a

kinematic cut. To improve the case, all the reconstructed tracks will be used but with

tighter impact parameter (z0) requirements to make sure the tracks are from a certain

vertex.

The year 2011 is expected to be the Higgs boson year. The delivered data should

be enough to exclude or give enough evidence of the significance over a large mass

range. Besides, due to rare backgrounds for particles predicted in the Supersymmetry

and exotic models, exciting results could be obtained as well. τ is important for Higgs

in the low mass region (< 140 GeV) and new particles search, which is not the case

in electrons and muons. Therefore, τ would take a more important role in the next

years. W → τhadν process need to be measured precisely again for the purpose of

understanding τhad performance at ATLAS and the background for the new phenomena.

With the knowledge related to τ lepton and detector of ATLAS, search for Higgs boson

with the final state as τ+τ− will be implemented.
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