Measurement of th& — 7,7, Cross-section and
Search for the Standard Model Vector Boson Fusion

Produced Higgs— 7,7, at ATLAS

Aimee Larner

Hertford College, Oxford

Thesis submitted in partial fulfilment of the requirements for the degree of

Doctor of Philosophy at the University of Oxford

Michaelmas Term, 2011



Measurement of theZ — 7,73, Cross-section and Search for
the Standard Model Vector Boson Fusion Produced
Higgs — 7,7, at ATLAS

Aimee Larner, Hertford College, Oxford

Thesis submitted in partial fulfilment of the requirememtsthe degree of Doctor of

Philosophy at the University of Oxford. Michaelmas Term120
Abstract

This thesis presents a cross-section measurement af ther, 7, process performed using
the ATLAS detector at the Large Hadron Collider at CERN. The dated were collected at
a centre-of-mass energy of 7 TeV during 2010 and correspinas integrated luminosity of
36 pb . This measurement uses the final state whererdiepton decays leptonically, to an
electron or muon, plus neutrinos, and the othkpton decays hadronically. Thé/Z — ¢, it
and di-boson background processes are estimated usingMainko simulation, thél’ — 7v
Monte Carlo background prediction is estimated using a satardriven method. The multijet
background is estimated with a fully data-driven ‘ABCD’ meathasing three exclusive control
regions built by inverting uncorrelated requirements @nisiolation of the electron or muon and
the product of the electric charge of the identified elecopmuon and hadronically decayed
lepton.

The measured cross-sections in each channel are corrextédef individual branching
ratios and yield the total cross-sectio( — 77, m;,, 66 - 116 GeV)= 1142+ 135.5(stat.)
+ 206.2(syst. 1= 40.19(lumi.)+ 3.6(theo.) pb for the electron channel ard — 77, m;,,, 66
- 116 GeV)= 857.6+ 81.4(stat.)+ 132.5(syst. 4+ 30.19(lumi.)+ 2.8(theo.) pb for the muon
channel, where the invariant mass of fheoson is between 66 and 116 GeV. These are in good
agreement with the theoretical prediction of 96@19.5 pb.

Performing a measurement of a well-known Standard Modelge® using the ATLAS de-
tector in this new high energy regime is essential for vdilidathe 7 lepton identification in
particular, which is essential for any new physics search s8H — 7;7,.

A cut-based analysis for the Vector Boson Fusion produced${igpson decaying to two
leptons channel is introduced and the possibility of usimgrhore complex analysis technique,
the Matrix Element method, to increase sensitivity is disedl.
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Chapter 1

Introduction

The Standard Model was developed to explain the experimeegalts of subatomic physics
experiments. The theory includes three forces, the eleagnetic, weak and strong and de-
scribes their interactions with the observed fundameradiqes. It has been tested to high
degrees of accuracy by a variety of experiments and measutstft]. However the Standard
Model is not complete, one of the questions left unanswegethé Standard Model is how
the particles acquire the masses seen in nature. The Higgsamem is a possible solution,
however the Higgs mechanism gives rise to an additionaasgalrticle which has not yet been

discovered, the elusive Higgs boson.

In March 2010 the Large Hadron Collider (LHC) at CERN producediitst collisions at
a centre-of-mass energy of 7 TeV, the world record for théadsg energy. The LHC has been
surpassing expectations of performance ever since, alithglve ATLAS detector, one of the
experiments stationed around the LHC ring. One of the pyrphysics goals of the two general
purpose experiments at the LHC, ATLAS and CMS, is to reach aenstahding of this mass

mechanism, either by discovering the Higgs boson or newipsiyeyond the Standard Model.

Before the ATLAS detector could be employed to search for neygigs it was necessary to
ensure the performance was understood and that the reectestioutput matched expectations
from Monte Carlo. To this end a wide range of performance studiere undertaken alongside
many rediscoveries of Standard Model particles, includiteg) andZ bosons. This thesis is
concerned with the measurement of the cross-section df ther,7;, process. To perform this
measurement, Monte Carlo simulation was used to estimatg thel/, tt and di-boson back-
grounds; a semi data-driven method was used to estimateottighution to the background

from thel — (v process. To estimate one of the most significant backgroritiés process,

1



Chapter 1. Introduction 2

the multijet background, a data-driven technique was d@esl. It was thoroughly tested and
the systematic uncertainties on this method of backgrostithation as well as on the Monte
Carlo were ascertained. The measured cross-section agrtéd imcertainties with the theo-
retical prediction, as well as with a measurement ofZhes ¢¢ (wherel = e*, u*) process by
the ATLAS experiment and with the CMS measurement ofAhe> 77 cross-section.

At the LHC an important Higgs boson search channel is theovd@xson Fusion Higgs pro-
duction mode, with the Higgs boson decaying to a pair l&ptons, due to the unique signature
afforded by Vector Boson Fusion. As the production crosskseds lower for the Vector Boson
Fusion mode than the dominant gluon-gluon fusion mode,ah&ysis has a longer timeline
and therefore it is important to consider possible stratefpr using a multivariate technique
to get the most power from the analysis. In this thesis the&kwas been completed by the au-
thor to introduce the Matrix Element technique and illugtithat the tools are already available
which could be used to implement this method in this channel.

The contents of this thesis are laid out with an overview ef $tandard Model of Parti-
cle Physics in chapter two followed by a description of theQ_bind the ATLAS detector in
chapter three. Chapter four describes a study of the ATLAfgérn for hadronically decaying
7 leptons and its performance in an environment approxirgdtie high luminosity conditions
expected at the design luminosity running of the LHC. The eselection of the cross-section
of the Z — 7,7, process and a description of the data-driven backgroumchasbn method
are detailed in chapter five, followed by an evaluation ofgiastematic uncertainties and the
calculation and interpretation of the results in chapter $he full analysis has been included
for completeness however the parts worked on by the autletrda the event selection opti-
misation, the development of the Same Sign background astimmethod and calculation of
its systematic uncertainties and the measurement of tbe@beisolation efficiency. In chapter
seven an introduction to a Vector Boson Fusion Higgs analgggs/en and the possibility of
using a Matrix Element method for a search in this channelsisugsed. Finally chapter eight

summarises and discusses the results presented in this thes



Chapter 2

The Standard Model and the Higgs Boson

2.1 Particle Physics

The Standard Model (SM) of Particle Physics is a relatigjstenormalisable, gauge theory
containing all known elementary particles and describivgform of the interactions between
them. There are four fundamental forces in nature, therel@etgnetic, the weak, the strong
and gravity. Of these, the first three have so far been unifiiedine Standard Model; the fourth,
gravity, has not yet been successfully described by a resiaible quantum field theory and
incorporated. At the subatomic scale of the Standard Mduaeéffect of the gravitational force

is negligible.

2.1.1 The Particles

The particles in nature fall into two types: fermions anddrss fermions have half-integer spin
(s) and bosons have integey the Higgs beings = 0. The fermions can be further divided
into leptons and quarks, where quarks feel the strong foreetty but leptons do not. Both

leptons and quarks can be divided into three generationk,raaroring the earlier generations

in properties but increasing in mass and decreasing inlisyabi

Lepton Mass MeV] Quark Flavour Mass MeV]

Ve <2x10° u 25779

e 0.511 d 5.0107

v <0.19 c 1.29709 x 10°

m 105.66 s 100739

vy <18.2 t 172.9+£ 0.6+ 0.9 x 10°

T 1776.82 b 4,198 x 10°
Table 2.1: Masses of the leptorid. Table 2.2: Quark masse$|]



2.1 Particle Physics 4

Decay Mode Branching Fractidrny /T
Leptonic:
e Uy 17.854+ 0.05 %
a7 78 17.36+ 0.05 %
Hadronic:
h*+4 > 0 neutrals 50.164+ 0.11 %
hEhTht+ > 0 neutrals 14.564+ 0.08 %

hERThTEhThT+ > 0 neutrals 1.02+ 0.04x 103

Table 2.3: Branching fractions of the most common decay caiiegfor ther lepton [1]. These
decays account for more than 99.9 % of thiepton decay widthh* represents™ or K+ and
neutrals representgs or 7’’s.

The leptons consist of single charged particles and etadlyineutral neutrinos. There are
three generations, each a different flavour, the eled¢rrthe muon(x:) and the tau leptofr)
all of electrical chargé®) = —1. Each has a corresponding flavour neutrino, respectively th
electron neutrindv, ), muon neutringv,,) and tau neutrindv, ). The masses of the leptons can

be found in table.1

As the generations increase in mass, it becomes possibteddeptons to decay. The
lepton can decay tev.v,; the additional mass of thelepton means it is heavy enough to decay
to hadrons, constituted of quarks, as well as the lightaolep A summary of the branching

fractions of the most common decays of thieptons is given in tablg.3.

In the original formulation of the SM, neutrinos were assdrieebe massless, however the
observation of neutrino oscillations between flavour statdicates that this is not the reali®; [
3]; how to incorporate these neutrino masses is still beirtgrdgned. In this document the

neutrinos will be treated as massless.

Each generation of quarks contains an up-type quark of ehafg; and a down-type quark
of charge— ' /3, the generations are: Up) and down(d), charm(c) and strangés), and top
(t) and bottom(b). The quarks do not exist in a free state due to the nature o$ttoag
interactions , discussed further in sectibid.2 The bound states are called hadrons and come
in two types: mesons, composed of a quark and an anti-quadkparyons, of three quarks

or three anti-quarks, of which the most common examplesher@itoton and the neutron, the
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Name Spin Baryon Lepton Charge
Number Number (Q)
(B) (L)
Quarks
u (up) 12 13 0 +2/5
d (down) /2 1/3 0 —1/3
Leptons
e (electron) /2 0 1 -1
v (neutrino) /2 0 1 0
Gauge bosons
~ (photon) 1 0 0 0
W=, Z (weak bosons) 1 0 0 +1,0
g; (8 gluons) 1 0 0 0

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

Interaction Boson Coupling constants Range [m] Typical Readimes [s]
Electromagnetic v ORI 00 ~< 10716
Weak W=,29 ay ~ da 10718 ~> 10712
Strong i ag ~ 100w 10710 ~10723

Table 2.5: Boson properties and the ranges of the interactimy mediate

building blocks of everyday matter. The masses of the quanidisted in table.2

To explain the allowed and dis-allowed reactions, certaianum numbers were intro-
duced; they are additive and conserved. The three useddsifgidhe fundamental particles
are Baryon numbe(B), Lepton number(L) and electrical chargé&y). The values for the

fundamental particles obey are given in tablé

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

but the flavour and th&, L and@ quantum numbers are inverted.

The second type of particle, the bosons, are the force nwedial he electromagnetic in-
teraction is mediated by the photon, which is electricabytnal, massless and observed daily;
the massivél’* and Z° bosons are mediators of the weak interaction, and the eabtied
gluons mediate the strong force. A summary of these bosodsthe range of the interactions

and lifetimes of the decays they govern is given in tébte
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2.1.2 The Interactions

Electromagnetic Charged leptons and quarks couple to the electromagnetiavfitil a strength

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

. . . . &2 ~ 1
The coupling constant is relatively weak atv = ;- ~ 3.

Following the Yukawa
hypothesis based on the Heisenberg uncertainty prindiggossible to calculate the range of
the interaction based on the mass of the force propagatdghejshoton is massless (the current

measured upper limit on the mass<isl0—'* eV [5]) the range is infinite.

Weak Both quarks and leptons can couple to the weak gauge bosoresstiéngth of the
interaction is given byyy,, by analogy with the electromagnetic field; based on a masseof t
gauge boson of order 100 GeV, the range of the force is shogedhat order 10 m. The
weak current can be charged or neutral, whereas the eleafroetic current has only a neutral
component. The charged current violates parity (the symnoéspatial inversion) and couples
only to left-handed particles (and right-handed antiipkas) however the neutral current will

couple to left and right handed particles.

Strong Quarks have an additional charge of colour; conventiondléy colour can be red,
green or blue. The force mediator for the strong force is therg of which there are eight
unique types, and in contrast to the electromagnetic fdreegtuons themselves carry colour
charge, which enables the quarks and gluons to self-intasado the weak bosons, leading to
a non-Abelian field theory. The gluons carry a colour and a@naatour, allowing colour to be
conserved at each interaction vertex, and the interactibtie force occur between quarks and
gluons. Since the gluon is massless one would expect the @&rtge interaction to be infinite;
this is not the case. The potential between the quarks is diye

V(r) o 2 4 kor (2.1)

r
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wherek is known as the “string tension”.

The strength of coupling constamf increases proportionally with distance+ol at ener-
gies approximately equal to the masses of light hadronsitgeonfinement. However due to
gluon-gluon vertices an anti-screening effect is producadsingx; to tend to 0 at very small

distances, causing asymptotic freedom.

2.1.3 Towards Unification

All three coupling constants, oy anda, are dependent on the energy scale of the interaction
and are therefore known as running coupling constants. eSime electromagnetic coupling
increases at smaller distances and the weak and strongragsiplecrease with distance it is
conceivable that there could be a distance where theseiogspbke the same value. If this
were the case, at that necessarily very high energy scalpaissible that there is a unified field

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

2.2 The Standard Model

The Standard Model which unifies the theories of electroreaignveak and strong interactions
is a gauge theory based on the underlying symmetry SI3pU(2), x U(1)y. Itis necessary
to build a Lagrangian densityy’, which is invariant under the transformation of these symme
tries. The Lagrangian is a function summarising the dynaroica system, it is obtained by
integrating the Lagrangian density over space. The Lagaangensity, which from now on
will be referred to as the Lagrangian, is a function only & flelds and their first derivatives.
For a given field the equations of motion can be determinexh fitte Lagrangian using the
Hamiltonian principle of least action; this states thatttiasition between two statesandt,

in a physical system is described by the stationary poinheféction, so the variation of the
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action, S, should be zero. The action is related to the Lagrangian as:
to
S = / ZL(0,9,9)d"x (2.2)
t1

wherep =0, 1, 2, 3 andl represents a field. This leads to the Euler-Lagrange equadtiich

gives the equation of motion fol:

0.% 0.%
50 50 " (2.3)

An example would be to take a Lagrangian for a free fermioun fi@) with a masgm):

Ly = 1y — mapy) (2.4)

Evaluating the Euler-Lagrange equation for this Lagramgjaves the Dirac equation, which

describes the equation of motion of the free fermion:

(70, —m)p = 0 (2.5)

Noether’s theorem states that if a Lagrangian is invariaien a symmetry transformation of
the fields then a conserved quantity is determined by thedragan. One example is that a La-
grangian which is invariant under space-time translatieads to four-momentum conservation.
This relationship between symmetries and conserved digantian also be used to investigate
the consequences of charge conservation; charge coneari@atelated to the symmetry of

phase transformationd]|

Let us consider the symmetry group of phase transformatibiesU(1) group. Using the

Lagrangian for a free spinor, eg.4, for a local transformation, where the parametatepends
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on the position in space-time, the field transforms undei) @$1

Y — ) = expligh(x)]p(x) (2.6)

whereq is charge.

The Lagrangian given in e@.4is not invariant: while the mass term is, the derivative term
destroys the invariance due to the dependenck of z. Thus it is necessary to introduce a
covariant derivative term which transforms in such a wayoasaincel this new term by trans-

forming in the same manner as the fields themselves:
D) — explig\(x)| D, (2.7)
where the gauge covariant derivative is given by:
Dy = 0y +iqA,(2) (2.8)

whereA,, is a vector field introduced to ensure the exact cancellatoier this transformation.
It transforms as:

A, (z) = Au(z) — 0,A(x) (2.9)

A, can be directly associated with the physical photon fieldrottucing a kinetic term for
the photon, the Lagrangian now takes the form of the Quantlentf®Dynamics (QED) La-
grangian:

_ _ 1 ,
gQED = ?/J(Z’Y“au - m)z/; - quv“w - ZF;WF“ (2.10)

whereF),, is given by:

F,, =0,A, —0,A, (2.11)

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

1
&L = §m3AMA“ (2.12)

would break the invariance of the system. Imposing locagganvariance here has thus neces-
sitated the introduction of a new vector boson field with astess boson, which interacts with

the fermion field.

In a similar manner to that used to build the local gauge thedrthe electromagnetic
interaction, QED, the strong interaction can be construatethe local gauge theory Quantum

ChromoDynamics (QCD)].

To form a local gauge theory of the weak interactions howeveickier. The requirement of
local gauge invariance leads to massless bosons, whictiabl&for the photon and the gluons,
but experimentally the weak bosons have been shown to bev@aps-10]. A local gauge
theory of the weak interactions with massive bosons is &eliby unifying the electromagnetic
and weak interactions, as in the Glashow-Weinberg-Salamei{®1-13] , an example of a
Yang-Mills theory [L4]. The symmetry must be broken spontaneously to give masketo t
bosons; this can be done using the Higgs mechanis&1P]. Masses can then also be given

to the fermions through the Yukawa interaction.

Let us follow the same procedure used to develop the QED fcsmao construct the local
gauge theory of the strong interaction. The underlying sgtnyngroup is SU(3). Beginning

from the Lagrangian for a free quark:
Ly = G0, —m)g; (2.13)

whereg; is a quark with one of the three colours, red (R), green (G)ue tB). The quark fields

transform under the colour symmetry transformation as:

g(x) — (em“("”)Ta)ijqj (x) (2.14)
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whereq, are the group parameters afé are the eight group generator matrices. As in QED,

to ensure invariance it is necessary to introduce a covatnvative:
D= 0, +igsTGY, (2.15)

wheregs is the coupling strength of the strong interaction. Thiswdeive includes the eight

gauge field<s}; which transform as follows:
a a ]' (&
Gu — Gu - g_Sauaa - fabcabGu (216)

wheref,,. are the structure constants of the SU@pup.

To finish let us add a gauge invariant kinetic term for the gafiglds, which yields the
gauge invariant Lagrangian:

_ . — a a 1 a 12
Zacp = @(iy" 0, —m)qi — 9s(a7" T50;) G — 7 GGl (2.17)

The final term describes the self interactions between thengl and’,, is the field strength
tensor given by:

Go, = 0,G5 — 0,G5 — gs fane LG, (2.18)

The underlying symmetry group of the electroweak gaugertheoSU(2), x U(1)y, weak
isospin () x weak hypercharg&(), the L subscript indicates that the weak isospin only couples
with left handed fermions and right handed anti-fermionse[@o this, the fermions transform

as left-handed doubletg () and right-handed singletg ().

Ve U
XL = or
e d (2.19)
L L

Yr = €n or UupR or dp
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Fermion @Q I I? Y

capm 1 e i -
N e
up,crty Yo Y2 Y2 s

dL,SL,bL —1/3 1/2 —1/2 1/2

Cpllp Ty —1 0 0 -2
UR,CR,(tR 2/3 0 0 4/3
dR,SR,bR —1/3 0 0 —2/3

Table 2.6: Quantum numbers for fermions.

The electromagnetic charge is related to weak isospin amadt Wwepercharge through the Gell-
Mann-Nishijima relationZ0]:

Q=I+ % (2.20)

where I? is the third component of isospin. In tab?e6 a summary of the values of these

guantum numbers for each fermion can be found.

In nature the charged weak interaction only affects lefieleal particles (and right-handed
anti-particles) however the neutral weak interaction dreddlectromagnetic interaction both
act on left and right-handed patrticles. The electroweadradtion introduces four gauge vector
fieldsW,>* and B,,. The interaction term with the left-handed doublet unde(3LJis given
by:

—igXt VT Wixe (2.21)

wherea = 1, 2,3 andT* are the generators of the SU(2) group. The interaction teitintive

fermion field under U(%) is given by:
Y - Y
— 9 Xe g X B = g Vr g YrB" (2.22)

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

where the relations after symmetry breaking (describeat liat this section) and mixing are
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given by:
W = (Wi +iW;)
u = costw W — sinfw B, (2.23)
A, = sinHWWi’—i-cosHWBu

wherefy, is the weak mixing angle, also known as the Weinberg angle.cbmponents of the
B, field in each vector boson enables the right-handed interecfor the neutraZZ, and A,

bosons.

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

of the groups SU(2) x U(1)y the following Lagrangian is obtained:

gEW = )‘(L”y“[iau - z'gT“Wﬁ — g/%BM]XL
+Yr*[i0, — gL B |Ur (2.24)

1 1
—iw, W — 1B, B

for massless fermions and bosons.

In order to address the issue of the massive gauge bosonsiuga qvariant manner let us
begin by introducing four real scalar fields. These must be invariant under SU(2) U(1)y
symmetry so we introduce them as a weak isospin doublet wetkvinypercharg®” = 1, and
weak isospin/ = 1/2.

b= o _ o1+ iy (2.25)
¢° ¢3 + iy
Having weak isospin charge and weak hypercharge allowe thielsls to couple to the weak
bosons. We can now introduce the gauge invariant Lagramige for these fields as:

: avira Y
Liiggs = (10, — gT*" W — g gBu)aﬁ!? —V(¢) (2.26)
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wherel/(¢) is the Higgs potential which takes the form:

V(¢) = 1?¢'¢ + M¢'¢) (2.27)

wherey? is the mass term antlis the self-coupling constant for the Higgs field. The chaite
constraints upon these parameters is very important) ensures that the potential is bounded
below. If we select:? > 0 the potential is u-shaped with a single minimum at 0 as ilatet on
the left in figure2.1 However requiring:?> < 0 creates a “Mexican-hat” potential, as illustrated
on the right in figur&.1 This potential now has an infinite number of ground state®atzero
values, which are no longer symmetrically invariant. Tlene the act of selecting a ground

state “breaks” or rather hides the symmetry.

Figure 2.1: The Higgs potential wher# > 0 on the left ang.?> < 0 on the right.

Let us select our ground state as:

Po = 72 ) (2.28)

wherev is the vacuum expectation value and can also be represesited a

v=— (NT) (2.29)
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This choice is specific, choosing an electrically neutraugid state will leave the U(%),
symmetry intact. Since this is in an exact symmetry it wiN@a massless boson, therefore the
photon remains massless. The way in which to select the drstate is by a rotation of the
field ¢ to ¢y. Let us parametrise the fieleland the fluctuations around the minimum in terms
of the four field)'%3 and H (z) as

0y + 6 - 0
é(z) = 2T — pila(@)re (@) 0 (2.30)

(v + H(x)) — ibs 750+ H(x))

then rotate; the three degrees of freedom of the fields, septing three massless Goldstone
bosons 21-25] , 6, , 3, are absorbed by the weak gauge bosons as third degreedbrine
This third degree is a longitudinal one in addition to the twansverse degrees and gives the
masses to the weak bosons. Let us now insggrt

o ==| " (2.31)

o\ L) = —= .
V2 v+ H(z)

whereH (z) represents the Higgs boson, into the Lagrangian in equatkgand the masses of
the bosons appear. Evaluating the first term of the Lagrargjiaes the couplings of the vector
bosons to the Higgs field and the vector boson massesWﬁnandBM fields are coupled by a

2 x 2 mass matrix which must be diagonalised to givg and M, the masses are given as:

My, = %vg
Mz = u\/g*+g" (2.32)
My = 0

whereM 4, was deliberately engineered. The maskks and M, are related by the Weinberg

angle:

M,
F‘;f = cos Oy (2.33)
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Evaluating the second term gives the Higgs field self-cagpdind the Higgs boson mass term:
My = V202\ = V2u (2.34)

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

invariant Yukawa couplings are required by renormalisgbiior the electron the term is:

Z, = = Ae[Xrd(x)er + erd(x)XL] (2.35)

where ). is the coupling constant of the electron. For the quark nsggseés necessary to
introduce an additional Higgs doublet, to give masses taphtype quarks, which when broken

takes the form:

5 1 [v+H (2.36)
cC = —= .
V2 0

It enables us to construct the gauge invariant Lagrangicedor the quark masses, for the first
generation quarks this is:

Ly = —NaX1PdRr — M XLOCUR (2.37)

—XadrOXL — MllROCXL
No predictions for the fermion masses are given by the thasie couplings are added man-

ually and the mass terms are proportional to the couplimghea form:

My = (2.38)

v
A ——
)
Here for simplicity the left-handed doublets and right-thaah singlets of quarks are as de-
fined in eq.2.19 however the weak interaction actually acts on a doublet afkgiwhich are
linear combinations of mass eigenstates. These mass &tgEare related to the flavour eigen-

states by the CKM matrixo, 27).
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Figure 2.2: The production cross-sections for each presluchechanism as a function of the
Higgs boson mass at a centre of mass energy of 7 278 ih order of decreasing cross-section
these are gluon-gluon fusion, vector boson fusion, astat@oduction with & boson, with

a Z boson and associated production with top quarks.

2.3 The Higgs Boson

2.3.1 Higgs Boson Production at the LHC

The Higgs boson production cross-section for each mode ahtecof mass energy 7 TeV is
shown in figure2.2 as a function of Higgs boson ma&&/;). These show that at the LHC
gluon-gluon fusion is the dominant production mechanisnttfe Standard Model Higgs boson
across the whole mass spectrum. These theoretical pdictvere derived using the latest
tools at either NNLO or NLO for each production mode, theytaeeproduct of collaboration
between the theoretical and the experimental communii€EAS and CMS) R8]. The four

dominant production mechanisms at the LHC are illustratdyure2.3.
In figure 2.3 (top-left), the associated production of a Higgs boson ity or Z weak

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

process has a rapidly falling cross-section witly, as illustrated in figur@.2
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Figure 2.3: The dominant production processes of the Stdridadel Higgs boson49]; (top-
left) associated production withl& or Z boson, (top-right) vector boson fusion, (bottom-left)
gluon-gluon fusion, (bottom-right) associated produttiath heavy quarks.

Figure 2.3 (top-right) illustrates vector boson fusion (VBF) fraii™ 17~ or Z°Z° bosons;
the W or Z bosons are radiated from quarks; they fuse to form a Higgerbo3he quarks
then hadronise to form very high momentum forward jets. Asdhs no colour connection
between them, there is a lack of hadronic activity betweemthThis leaves a clear signature
for discrimination against a background of multijets (aftenown as QCD background). This
production process has the second highest cross-sectios atHC.

In figure 2.3 (bottom-left), gluon-gluon fusion (ggF) is shown; this pess has the highest
production cross-section at the LHC by a significant margdime two gluons fuse via a heavy
guark (top or bottom) loop. Since there are large QCD backygtsyit is necessary to rely on
striking signatures from the Higgs decay to provide therthsioation. Examples are given in
section2.3.2

In figure 2.3 (bottom-right), associated production with heavy top ottdrm quarks is
depicted; with such a small production cross-section thasoel is often combined with tité
decay channel as it has the largest branching ratio. Hovileigeis very challenging, once again

due to the overwhelming QCD background.
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Figure 2.4: The Higgs boson branching ratios as a functiagheHiggs boson mas&§].

2.3.2 Higgs Boson Decays at the LHC

The branching ratios for the main Standard Model Higgs basmays are shown in figui4

as a function of Higgs mass. Certain combinations of prodacnd decay modes are chosen
as points of focus due to the differing difficulties in disaimating backgrounds. In the low
mass region)/ < 130 GeV, the decays to' 7~ (from VBF production) and~ are the most
important. Thebb decay channel is very challenging to distinguish from the Q@abkground;
the 77~ channel has the next-largest branching ratio and the tweaiat jets from VBF are
the signature which provide the discrimination against@@D background therefore this is
an important channel in this mass range. Hhedecay mode has a very clear signature but a
very small cross-section. At/ > 130 GeV theH — W W channel is crucial because of the
high branching ratio, this is the most sensitive channdiéendarly data searches at the LHC. At
these and higher masses/idi; > 200 GeV theH — ZZ channel, particularly if theZ Z pair

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

The mass of the Higgs boson is the only unmeasured paranfetiee S&tandard Model. As
the Higgs boson itself is still currently unobserved we caly @lace constraints on its mass.
The constraints that exist so far fall into three categoti@soretical, indirect experimental and

direct experimental.

2.3.3.1 Mass Constraints from Theory

The theoretical constraints on the mass of the Higgs bosowedigom the considerations of
the energy range in which the perturbative calculationfief3tandard Model are valid. These
constraints come from unitarity, the perturbativity of thiggs self-coupling, the stability of the
electroweak vacuum and fine tuning. These constraints awaaented in detail elsewher2d],

but can be summarised as 70 GeVM/; < 1 TeV.

2.3.3.2 Mass Constraints from Experiment

The indirect experimental constraints are provided froghtprecision measurements of elec-
troweak data. Due to the contributions that the Higgs bosakes to radiative corrections
to a number of electroweak observables, fitting these obb&rs can provide us with lim-
its on the Higgs mass. The most recent iteration of this fithisws in figure 2.5 where
the direct experimental search results are not includedfamdiiggs mass is estimated to be
My =965, GeV [30]. Also on figure2.5are the results of the most recent direct search exper-
imental exclusion limits available from LERBJ] and the Tevatrond2] when the fit was made.
When these direct experimental limits, and those obtairad the ATLAS B3] and CMS [34]
collaborations during 2010, are included in the fit, thereation is)M;; = 120";* GeV [30)].

There are three experimental constraints from direct bearat the three particle accelera-

tors: LEP, Tevatron and LHC.
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Figure 2.5: Indirect determination of the Higgs boson masg? as a function of\/; [30]. The
direct experimental limits are not included in the fit and blest fit value of\/; = 9673} GeV.

Mass Constraints from LEP A direct search at LEP was performed at centre-of-mass ener-
gies up to,/s = 209 GeV. The combined results of the four collaborationsrditiobserve a

signal and set an exclusion limit 8f; > 114.4 GeV at 95% Confidence Level (C.L31].

Mass Constraints from Tevatron The CDF and DO collaborations at the Tevatron have per-
formed a wide range of direct Higgs searchegjncollisions at a centre-of-mass energy of
Vs = 1.96 TeV. The results from both collaborations were comtbivwéh up to 8.2 fb'! of
analysed data from CDF and up to 8.6 fdrom DO. The most recently released limits at the
time of writing set the exclusion limit range of 156 My < 177 GeV at 95% C.L.35 as

shown in figure2.6.

Mass Constraints from LHC Since the beginning of the operation of the LHC at the centre-
of-mass energy/s = 7 TeV, the ATLAS and CMS collaborations have been ferventiyceing

for the Higgs. As the LHC records data at an almost dailygasig rate currently, the experi-
mental limits are updated very rapidly.

At the time of writing the most recent limit set by the ATLASptiment excludes three
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Figure 2.6: Observed and expected 95% C.L. upper limits oreties to the SM cross-section,
as functions of the Higgs boson mass for the combined CDF arah@lyses35].

mass ranges for the Standard Model Higgs boson at 95 % C.kg theluded regions are 146 -
230 GeV, 256 - 282 GeV and 296 - 459 G&6] by combining numerous analyses in different
decay channels using 1.0 to 2.3 flof proton-proton collision data.

The most recent limit set by the CMS experiment also excluldletmass ranges at 95 %
C.L., 145 - 216 GeV, 226 - 288 GeV and 310 - 400 G&V||

These results from the ATLAS and CMS collaborations have leembined B8] and to-
gether the full mass range 141 - 476 GeV has been excluded®at®b. and the range 146
- 443 GeV has been excluded at 99% C.L. except for three sngabne between 220 and
320 GeV. This combined exclusion is shown in fig@r& with shaded areas representing the
mass regions excluded by LEP and the Tevatron to highlightiiite of the mass range remains

to be excluded.

2.3.3.3 Looking Forward

As the Tevatron continues to analyse its recorded data anldHIC continues to record data at

an impressive rate the immediate future is an exciting tifte mass range in which the Higgs
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Figure 2.7: Observed and expected 95% C.L. upper limits oreties to the SM cross-section,
as functions of the Higgs boson mass of the combined resolits the ATLAS and CMS ex-

periments 38].

boson could be discovered is rapidly shrinking. If the SMdg$idoson exists it will surely
not be long before it is experimentally observed; on the okfaad if the SM Higgs boson is
excluded then the search will continue for new physics tdaxghe how the particles in the

SM acquire their masses.



Chapter 3

ATLAS Experiment

3.1 The Large Hadron Collider

The Large Hadron Collider (LHC)3B] at CERN was designed to accelerate and collide two
beams of 2808 bunches of protons to a design centre-of-masgyeof 14 TeV with a nominal
luminosity of 13* cm~2 s~!. Each bunch consists of 1.25 10! protons and circulates at a
frequency of 11 kHz, leading to a bunch spacing of 25 ns andhalzarossing frequency of
40 MHz.

It is also capable of colliding two beams of bunches of leacleiwat an energy of 2.76 TeV
per nucleon, giving rise to a centre-of-mass energy of 1% &d a design luminosity of
107" cm2 s,

In order to reach such high energies the particles go thrausgries of systems to incre-
mentally increase their energy prior to injection into thaimLHC ring. These systems are
illustrated in figure3.1; the protons are generated at 50 MeV in the Linac2, then aated to
1.4 GeV by the Proton Synchrotron Booster (PSB); then the psadioe injected into the Proton
Synchrotron (PS) where they reach energies of 25 GeV andnhlestiage before injection into
the main LHC ring is the Super Proton Synchroton (SPS) wher@totons are accelerated to
450 GeV.

At the four points where the two beams interact there aredgperiments stationed:
e ALICE: A Large lon Collider Experiment is specially designedstudy nucleus-nucleus
interactions during the heavy ion collision&]

e ATLAS: A Toroidal LHC ApparatusS is designed as a general pagpdetector to search for

the Higgs boson and beyond the Standard Model phy4ifs [

24
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LHC

Figure 3.1: A diagram illustrating the layout of the four eximents: ALICE, ATLAS, CMS,
and LHCb on the LHC ring as well as the injection system, wheietpe Linac2, Pb is the
Linac3 for heavy ions, PS is the Proton Synchrotron and S@Stiper Proton Synchrotron.

e CMS: Compact Muon Solenoid is another general purpose deteittothe same aims but

a different design42]
e LHCb: Large Hadron Collider beauty experiment is purposet boiineasureCP violation
and rareB meson decaysifj
The positions of all four experiments are shown in figBre

During 2010 when the data were collected for the analysisrde=s] in this thesis the LHC
was operating at a centre of mass energy of 7 TeV and a peakiaseous luminosity during

the data taking period of 2.1 x 0cm~2 s~! was achieved with 348 colliding bunches].

3.2 The ATLAS Detector

The ATLAS detector is one one of two general purpose deteebthe LHC. Due to the wide
and varied physics program the detector has a large rangesajrdconsiderations to meet.

These are as follows:

e Efficient tracking in a high luminosity environment, for ididication of electrons, photons

andr leptons and for precision measurements of lepton transvecnentum
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Accurate vertexing to allow for secondary vertex recorwttom and b-tagging and for use

in 7 lepton identification45]

Precise electromagnetic calorimetry for measurement @eatification of electrons, pho-

tons andr leptons

Full coverage with the hadronic calorimeters for accuret@npdFEs*s measurements

High precision in the muon momentum measurements

A fast and efficient triggering system to deal with the highrawates

A schematic of the ATLAS detector demonstrating the retapositions of each of the
subsystems can be seen in fig@t& the two people on the left hand side illustrate the scale.
From the centre outwards the ATLAS detector consists ofrther Detector, including the pixel
detector, the semiconductor tracker and the transitioratiad tracker, then the Liquid Argon

electromagnetic and Tile hadronic calorimeters followgdHg muon spectrometer system.

3.2.1 The ATLAS Coordinate System

The coordinate system is defined taking the origin to be theraction point; the: axis runs
along the direction of the beam and the- y plane transverse to it. The axis is positive,
pointing towards the centre of the LHC ring, and thaxis is positive when pointing up. The
azimuthal angle is defined around the ring in the— = plane and the polar angleis defined

from the beam line, in the — z plane.

Pseudorapidityr) is defined as:

n=—In {tan (g)} (3.1

The distance\ R is defined as:

AR = /A2 + Ag? (3.2)
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Figure 3.2: A schematic diagram showing the layout of théviddal subdetectors of the ATLAS detector and total size.
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The quantities transverse momentpm transverse energi; and missing transverse energy

EXiss gre defined in the — y plane.

3.2.2 Performance in 2010

During 2010 the LHC collided proton beams at a centre of massyy of 7 TeV. The increase in
instantaneous luminosity over the period of running in 2i31€hown in figure8.3(a) [46], and

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

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

of the recorded luminosity to the delivered gives a datatakfficiency of 93.6 %, weighted

by luminosity. The luminosity determination is measurethggshe luminosity detectors and
calibrated using Van-Der-Meer sca&/] and the most recent measurement has a systematic

uncertainty of 3.4 %48].

During this period all subdetectors performed well; a sumyntd the percentage of the
data taking period when each subdetector was running atectiofy data can be seen in ta-
ble3.1[49], an excellent achievement for the first year of running etriacord breaking energy.
The number of channels in each subdetector is shown in 8abkong with the approximate

operational fraction which shows the scale of the t&gk. [

Inner Detector Calorimeters Muon Spectrometers
Pixel SCT TRT|LArEM LArHAD LArFWD Tile | MDT RPC CSC TGC
99.1 99.9 100 90.7 96.6 97.8 100 99.9 99.8 96.2 99.8

Table 3.1: A table summarising the luminosity weightedtre¢afraction of good quality data
delivered by the ATLAS subsystems during all LHC runs withld¢ beam conditions and col-
lisions at a centre of mass energy of 7 TeV after the turn-otheftracking detectors, taken
between March 30 and October 31 2010. The subsystems are Pixel, Silicon Tracker (SCT),
Transition Radiation Tracker (TRT), Liquid Argon Electrogmeetic Calorimeter (LAr EM),
Liquid Argon Hadronic Calorimeter (LAr HAD), Liquid Argon Fward Calorimeter (LAr
FWD), Tile Hadronic Calorimeter (Tile), Monitored Drift Tub@hambers (MDT), Resistive
Plate Chambers (RPC), Cathode Strip Chambers (CSC) and Thin Gap @isghG C).
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Inner Detector Calorimeters Muon Spectrometers
Pixel SCT TRT|LArEM LArHAD LArFWD Tile | MDT RPC CSC TGC
80M 6.3M 350K| 170K 5600 3500 9800 350K 370K 31K 320K
96.4 99.2 97.5| 99.8 9.6 99.8 96.2 99.7 97.0 97.7 979

Table 3.2: A table giving the number of channels for each ABLfubsystem and the approxi-
mate operational fraction. Current on May12011.

T e B B B B e = 60—
q‘,” I ATLAS Online Luminosity \s=7Tev = [ ATLAS Online Luminosity Vs=7Tev
g [ LHC Delivered %\ 50[ [ LHC Delivered
%8 200~  Peak Lumi: 2.1x 10% cm? s g . [CJ ATLAS Recorded
g C g 40" Total Delivered: 48.1 pb*
'g 150 ; [ Total Recorded: 45.0 pb™*
£ I L 30
€ r o C
3 100 g F
™ - £ 20
5 F ® F
o L 8 r
- (o] L
50r T
0 Qb N
24/0321/04 19/05 16/06 14/07 11/0808/09 06/10 03/11 24/03 19/05 14/07 08/09 03/11
Day in 2010 Day in 2010
(a) Peak Luminosity (b) Sum Luminosity

Figure 3.3: Peak luminosity(left) delivered by the LHC(p&l) and cumulative sum of lu-
minosity(right) both delivered by the LHC(green) and reaatdy ATLAS(yellow) for stable
beam conditions and proton-proton collisions at a centraads energy of 7 TeV plotted versus
day.

3.2.3 Magnet Systems

The ATLAS detector magnet system consists of four magnate: barrel solenoid provides
a 2 T axial field for the Inner Detector tracking, the otheethare a barrel and two end-cap
toroids, providing 0.5 T and 1.0 T toroidal magnetic fields fiee barrel and end-cap muon
detector spectrometers respectively. The layout of themgnet systems can be seen in fig-
ure 3.4. The detailed design specifications for the ATLAS magnetesys and a description of
the mapping and careful calculations required in order tdehthe magnetic field are detailed

elsewhere41].

3.2.3.1 Solenoid

The central solenoid5[l] measures 5.8 m in length and the inner and outer radii ai@ 2.4

and 2.56 m respectively. The solenoid is required to progi@el magnetic field for the Inner
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Figure 3.4: An illustration of the layout of the solenoid magywithin the calorimeter and the
position of the eight toroid coils in the barrel and the eitginbid coils in each end-cap slid in
between those of the barrel.

Detector while minimising the amount of material which isig#d in front of the calorime-
ters. This is achieved by using a lightweight structure supand specially optimised material
to provide a high strength magnetic field from minimal materiThe solenoid also shares a
vacuum chamber with the Liquid Argon calorimeter to furtheduce the amount of material
by eliminating an extra vacuum wall. The total solenoid angp®rt structure reaches0.66

interaction lengthsg2).

3.2.3.2 Toroids

The toroidal magnet system is designed to provide strondibgmpower for the muon systems
while remaining open and light to reduce multiple scatggffects and give better resolution in
the precision muon chambers. The barrel toroid consistgbf eoils, each inside an individual

vacuum vessel, they are azimuthally symmetric. The end-shigte inside the ends of the barrel
and again each have eight coils positioned at equal spaeitvgebn those coils of the barrel
toroid, as shown in figur8.4. The barrel toroid is 25.3 m long, and the inner diameter ef th

coils is 9.4 m and the outer 20.1 m. The end-cap toroids ate%ot long, with inner and outer
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) End-cap semiconductor tracker

Figure 3.5: A schematic showing the relative positions @f tiwree independent subsystems
which comprise the ATLAS Inner Detector in the barrel and-eags.

diameters of 1.65 m and 10.7 m.

3.2.4 Inner Detector

The Inner Detector consists of three complementary subtigte The silicon pixel detec-
tor [53] is closest to the beam pipe and affords the best momentuolutes; it is invalu-
able for secondary vertexing. The silicon microstrip texdf64], along with the pixel detector
offers high resolution pattern recognition. Covering theyést area is the transition radia-
tion tracker p5], offering continued tracking and further options for é¢fea identification. A
schematic of the layout of the Inner Detector is shown in Bgub. The Inner Detector has a
momentum resolution of /p; ~ 0.04%pr (GeV)® 1.5%. The primary vertex can be resolved
using the Inner Detector with a resolution of 30 in the transverse plane and;b60 in the
longitudinal directional for events with greater than 7acis p6).

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

type bulk, doped with p-type strips, with an electric-fielgphed across the chip. When an



3.2The ATLAS Detector 32

electrically charged particle traverses a silicon detedtproduces pairs of electron-hole charge
carriers along its trajectory. The electrons drift to theipeely-charged backplane and the holes
to the negatively-charged p-type strips; this induces aatetal current which can be detected

and measured.

When a relativistic particle crosses a boundary between tatemals with different dielec-
tric constants it will produce transition radiation. The@mt it produces depends on the
factor of the particle, where = E/mc2, therefore an electron will produce significantly more
than any hadron, hence providing additional discrimimabetween the two via the use of low
and high thresholds. As such a small amount of transitioratiah is produced it is necessary

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

3.2.4.1 Pixel Detector

The pixel detector is designed to have the highest gramylarboth theR — ¢ andz directions;
there are three layers in the barrel which will be traverseeldeh track giving three spacepoints,
and three disks in each end-cap. There are approximatelynr@lion readout channels in total.
The first layer is only 5cm from the beampipe and is essentiabécondary vertexing, it is

known as the b-layer.

The nominal size for each pixel is 50400 .:m? and the pixels are arranged in modules, of
which there are 1744, where each module contains 4723 Xmgealesponding to 46080 readout
channels. Due to the high levels of irradiation expected tive lifetime of the detector the
design of the pixel modules has to account for the radiateonabe predicted. The pixel sensors
are oxygenated n-type silicon wafers of thickness 268, which when exposed to radiation
over time will become p-type and the leakage current wiltéase, in a time-dependent manner.
Therefore the pixel sensors are designed to be operateeédet®C and -10C to reduce this
leakage current and provide continued performance. Thel plietector has a resolution of

o4 = 10um in ther — ¢ direction andr, ~ 115:m in thez direction.
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3.2.4.2 Silicon Tracking Detector

The Silicon Tracking detector (SCT) consists of four laydrsilecon modules in the barrel and
nine disks in each end-cap. There are a total of 4088 modeigesy module containing four
sensors of 770 microstrips of 12 cm length, two pairs of senape mounted at small stereo
angles of 40 mrad in order to give accurate precision in bo#itijpn coordinates. In the barrel
one set of strips is oriented parallel to the beamline andbther at a small rotation, in the
end-cap one set is oriented radially and the second at a sotafion; each pair of sensors
comprises one spacepoint and therefore each chargeddraexgected to pass four spacepoints
in any direction through the SCT detector. The SCT has a totl3ofillion readout channels.

The SCT detector has a resolutionogf, ~ 17um in ther — ¢ direction.

3.2.4.3 Transition Radiation Tracking Detector

The Transition Radiation Tracker (TRT) detector in the Hasgion is composed of three layers
of modules. Each module is built from straws interspersetd plastic fibres which produce the
transition radiation, absorbed by the Xenon-gas mixtuteéstraws. In the end-caps there are
twenty independent wheels, each containing eight layessrafvs layered between transition-
radiation-producing plastic foils. Each straw containsieevanode, of length 1.44 m in the
barrel region and 0.37 m in the end caps. The 4 mm diametangasrrounding each wire
forms the cathode and the straws are filled with a Xenon-gagunei. In the barrel region, the
straws are all oriented along the beamline and can therefdyeoffer spatial resolution in the
R — ¢ plane; only a loose determinationfs available for tracking. In the end-caps the straws
are arranged radially and so offer resolution in the ¢ plane. In both the barrel and end-caps
a charged track is expected to traverse 36 spacepointsyboumehe transition region between
the barrel and end-caps, 08 |n| < 1.0, the expectation drops to 22 spacepoints. The TRT

detector has a resolution ef ~ 130Qum in the transverse direction.
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3.2.5 Calorimeters

To measure jets anl** accurately, full coverage by the calorimeters is requifédte ATLAS
calorimeter system extends up|td < 4.9. To fulfil the varying requirements across thenge
different components are used, these are shown in figjéirdn the|n| < 2.5 region matching
the Inner Detector region, where tracking is availablecigee measurements of electron and
photon momenta are necessary along with accurate showge sieasurements. Both are re-
quired for the electron and photon identification as wellasatcurate discrimination between
the two. Outside thig range, the measurements can be made with a coarser gragntdari
the jet andE»** reconstruction. The entire calorimeter had to be designée an appropriate
depth to contain the electromagnetic and hadronic showersesduce the punch through into
the muon detectors, this had an important impact on the mbht#oices. To meet these needs
there is an electromagnetic calorimeter covering the bame end-cap regions, described in
section3.2.5.1 surrounded by a hadronic barrel calorimeter and two exerchdronic bar-
rel calorimeters, two end-cap hadronic calorimeters arml hadronic forward calorimeters,

described in sectiof.2.5.2

3.2.5.1 Liquid Argon Electromagnetic Calorimeters

The electromagnetic calorimeters are divided into a baaklrimeter, composed of two halves
with a small gap at = 0, covering the rangé;| < 1.475, and two end-cap calorimeters,
each with an inner and outer wheel, where the the inner whaadrs 2.5< || < 3.2 and
the outer wheel 1.375 |n| < 2.5. The electromagnetic calorimeters use liquid argorhas t
active material, chosen for its radiation hardness anddspeterleaved with layers of lead as
the absorber. The geometry is accordion in shape as can bearséigure 3.7, this ensures
complete azimuthal coverage with no gaps and allows foetlagers of active material in the
region 0< |n| < 2.5 and two layers in the region not matching the tracking<2.m| < 3.2,

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

calorimeter in the region @ || < 1.8 to enable accurate measurements of the energy lost in the
material in front of the calorimeters. The first layer is véinely granulated in the direction,
to give excellent resolution to complement the precisiaaking; this is shown in figur8.7.

The electromagnetic calorimeter has an energy resolufiei B ~ 10%/vE @ 0.7%.

3.2.5.2 Hadronic Calorimeters

The hadronic calorimeter system is composed of one cerdratlband two extended barrels
covering the regiong)| < 1.0 and 0.8< |n| < 1.7 respectively, and two end-caps, each with
two wheels, two layers in depth, covering the region4.p)| < 3.2.

The barrel calorimeters use steel as the absorber andllatimg tiles as the active ma-
terial, this was chosen to maximise the depth availableaemminimising the cost. Radially
the hadronic calorimeter extends from 2.28 m to 4.25 m. Thitcaps use copper plates as
the absorber and liquid argon as the active material. Theohadcalorimeter has an energy
resolution ofo /E ~ 50%/v/E & 3%.

Finally the full coverage ovey is achieved using the forward calorimeters, these by neces-
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Figure 3.7: A figure showing the granularity of each layerls# €lectromagnetic calorimeter
and the accordion geometry.

sity should be dense and so while using liquid argon as theeagtaterial, in the first layer
copper plates are used for absorption, but in the secondayerd tungsten is chosen. The
copper is chosen to aid in heat removal and optimise resolwthile the tungsten which is
much heavier provides the required containment for thedradrshowering. The positioning
of these forward calorimeters is pictured in fig@ré. The forward calorimeters have an energy

resolution ofo /E ~ 90%/vE & 7%.

3.2.6 Muon Spectrometers

The muon spectrometers include chambers for accurategroaitd momentum measurement
as well as dedicated triggering mechanisms. The muon triggeé measurement can achieve
a momentum resolution of 10% up to£, = 1 TeV. The trigger can return a decision in
tens of nanoseconds. The Monitored Drift Tubes (MDTSs) atte tdbprovide precision mea-
surements of track position and momentum in the plane pdrpelar to the bending induced
by the toroidal magnet systems, described in se@i@m for the region 0< |n| < 2.7. For

the forward region in the innermost layer only, this cagabis supplied by the Cathode Strip
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Figure 3.8: A diagram illustrating the layout of the ATLAS llu Spectrometers.

Chambers (CSCs), because they are better able to cope witlytiex hite, between 20 || <
2.7. The triggering is provided in the barrel region by theifte® Plate Chambers (RPCs) for
In| < 1.05 and in the end-caps by the Thin Gap Chambers (TGCs) ford.05 < 2.4. The

summary of this layout is shown in figuBe8.

3.2.6.1 Monitored Drift Tube Chambers

The MDT chambers are designed primarily to achieve highigiettracking, they are capable
of accurately measuring the momentum of muons and givingséipo measurement in the
bending plane. In order to get the positiondinthe non bending plane, the track position in
7 is matched to the trigger chamber measurement, and therosi#op in ¢ is taken from the
trigger chamber. Each of the 1088 MDT chambers is built frodividual tubes for additional
robustness and operational stability, these tubes arstedalong the direction, at a tangent
to the beamline, in both the barrel and end-cap chamberseHne 18 different configurations

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

In the forward region 2.6< |n| < 2.7 the precision tracking in the innermost layer is much
more challenging due to the higher rates and backgrounds alifferent type of chamber is
required to cope with this. The CSCs are multi-wire propodlathambers with wires oriented
in the radial direction. The cathode strips are arrangedalayers, the first perpendicular to
the anode wires and the second parallel to them in order todadoth directional components
of the measurement. These chambers have better time andl spablution relative to the
MDT chambers, and thanks to the 2D measurements they caresiday resolve between two

tracks, hence their suitability for this environment.

3.2.6.3 Trigger Chambers

The muon trigger chambers need fast time resolution to wfedg tag bunch crossings and
fast read out times of the order of tens of nanoseconds tdeenab of the information in the
trigger algorithms. They also have accurate spatial réisoluparticularly in the non-bending
plane, to complement the precision measurements made byffechambers in the bending
plane. The barrel and end-caps represent significantlgrdift environments for the trigger
system, the end-cap regions will receive a much higher flumwbns and be subject to higher
backgrounds. In addition to this at higher valuegpthe muons will have a higher momentum
for a givenpr and the chambers will be outside of the magnetic field so thecaps will require
higher granularity for a similar precision to the barrel.eTtiwo different types of technology

chosen for these applications are RPCs for the barrel and TG@sfend-caps.

3.2.6.4 Resistive Plate Chambers

The barrel muon trigger system is divided into three layedifeerent radii, each layer contains
two detectors and therefore a possibility of six positiorasweements. The chambers are built

from two parallel electrode plates and no wires and can aatetyudeal with the expected rate
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and provide the necessary spatial and temporal resoluiagffiective triggering.

3.2.6.5 Thin Gap Chambers

The trigger system in the end-caps uses four layers, thitsedetthe toroid, and a fourth inside.
Each layer is built of TGCs which are multi-wire proportiortdlambers, offering very good

time resolution.

3.2.7 Trigger

The ATLAS trigger system is essential to reduce the highmewf data to a manageable rate
which can be stored at CERN for data analysis; this is done byla singe of different triggers
designed to select a variety of interesting physics sigeatu

A three-tier system is in use where each successive levakrethe selection and further
reduces the rate of data. The first level (L1) is realisedgudiedicated electronics and uses
reduced granularity detector information. The decisiorsihiie made and passed to a central
trigger processor (CTP)[] within 2.5 us, it reduces the rate from 40 MHz to 75 kHz.

The two higher levels, level 2 (L2) and the event filter le\i&F), known collectively as the
high level trigger (HLT), are software based triggers. L2sisustom algorithms and EF uses
algorithms similar to those used in offline reconstruction.

L2 uses Regions-of-Interest (Rols), detector areas idemtifiging the L1 selection, to
seed its algorithms using reduced granularity detectarimétion within these Rols; this re-
duces the amount of data to be processed significantly apd teekeep the processing time to
~40 ms/event. The rate input to the EF is kept under 3.5 kHz.

The EF is then able to use the full detector information anatawed calibration, it can make
much tighter selections due to the lower number of eventsdogss, taking approximately 4 s
per event; this final reduction brings the rate down to onl§ B@ and events passing this level
are written to disk, with a size 6f1.3 Mbyte.

Due to a wide range of physics needs many different triggéong are required; it is not
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possible to meet the tight restrictions of rate for all pbkesiriggers. Therefore a menu is
devised, granting an allowed amount of bandwidth to eaglgéri One available tool to reduce
the rate for a particular trigger is to implement a pre-scalpre-scale is a scale factor which
determines the percentage of events passing the triggearthavritten to disk, it can be set
independently at each level. As for a physics search it iesingble to lose events in this
manner, other possibilities to cope with the bandwidth f@abare to raise thg; threshold of
the trigger, to use a combined trigger, where instead ofjérigng on an electron, for example,
the trigger could fire when an electron and a muon are idedtdieto derive better trigger

strategies with new cuts.

3.2.7.1 Levell

The L1 trigger selects events containing high transversaembum {) physics objects: elec-
trons, muons, photons, jets and hadronically decayilgptons, in addition to events with high
total transverse energyut) or missing energy{;**). This is achieved through two types of

triggers: the L1 muon and the L1 calorimeter triggers.

L1 Muon The L1 muon trigger uses the trigger chambers describedcinse3.2.6.3 For
the end-cap these are the RPCs and for the barrel the TGCs. Tehepewially designed for
high speed as well as accurate position and momentum resoheécause the triggers need to

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

The trigger algorithm searches for high-muons originating from the interaction point
using coincidence techniques. There are 6 programmabiBresholds possible, three for the
low-pr region (< 10 GeV) and three for the highet- region (> 10 GeV). For both the end-
cap and barrel triggers, in the lowy- region, 2 hits are required, in 2 different layers of trigger
chambers, all of which must lie in one path, where the widtthefpath is proportional to the

pr threshold; for the highep region 3 hits in 3 layers are required.
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L1 Calo The L1 calo triggers can be subdivided further into jet andrgy electron and
photon, and- lepton. All work with reduced granularity trigger towerssam of the energy in
all calorimeter cells in a window measuridy; x A¢ = 0.1 x 0.1. These trigger towers are
subjected to a sliding window algorithm to identify the heghenergy clusters. For the electron
and photon triggers the region used correspondsito< A¢ = 0.2 x 0.2. Once identified the
cluster energies are then required to pass a pre-programinéidreshold. For the triggers
the region is the same size but uses the hadronic calorisetevell as the electromagnetic; for

the jet triggers the size can be programmed ta\Mgex A¢p = 0.4 x 0.4,0.6 x 0.6 or 0.8 x 0.8.

For the electron, photon andtriggers it is also possible to use a veto on isolation aater
this is calculated using an annulus around the central mginggy deposit within the Region-
of-Interest. The highest energy window of towers of size 2 form the core, the Rol will be
4 x 4, so the isolation annulus is formed from the towers surrougthe core. This isolation

veto affords much greater rejection against jets.

The L1 calo triggers count only the number of objects passaxh threshold, however the
geometric information of the object which passed the trnigggeomes the Rol which is passed

to the L2 trigger for further processing.

3.2.7.2 High Level Trigger

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

such as tracking, calorimeter clustering and muon ideatifio.

Since each trigger type, e.g. electron, muorepton, is designed to resemble offline se-
lection as closely as possible within the time limit, theywgreatly. It is beyond the scope of
this thesis to discuss the details of every trigger, whieghdocumented elsewhergg, with
the exception of the trigger for hadronically decayin¢ggptons which is discussed further in

sectiond.2
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3.3 Object Reconstruction and Identification

3.3.1 Tracking

In 25 ns at the LHC at & cm2 s7!, ATLAS can expect to see as many as 1000 charged
tracks. The challenge for the tracking algorithms is to aataly reconstruct the real tracks
corresponding to the particle trajectories. For the Innetebtor the tracking process can be

broken down into three steps:

3.3.1.1 Spacepoint Formation

The output from the pixel and SCT detectors is formed intotehgs One cluster from the pixel
detector gives information on the- ¢ — = direction, as each pixel gives two dimensions locally
and this can be transformed to give three, creating a spatef@ch strip on the SCT detector
will give a precise measurement in the strip direction oiig, for this reason that the strips are
mounted back to back at a stereo angle as described in s8c?a@h2 when these two hits are
combined they give a two dimensional measurement localliythas form a spacepoint. The

timing information from the TRT detector is transformedoichlibrated drift circles.

3.3.1.2 Trackfinding

Track seeds are formed from combinations of spacepointse ih the three pixel barrel layers
and one in the first SCT layer, clusters in the track seed aterbfis each SCT hit is added.
This trackfinding seeded by spacepoints yields a very highloau of track candidates, which
must be resolved before the track can be extended into thet@RiClude the calibrated drift
circles. Tracks are subjected to quality scoring cuts tolvesambiguities and a lower number
of higher quality tracks result which can be extended ingoRRT detector. The extended tracks
are refitted and the quality scores re-evaluated. If theyesloover than the original track, the

original track is kept and the TRT hits added as outliers &tthck. This is known as inside-



3.3 Object Reconstruction and Identification 43

out tracking, a complementary track searching algorithosed, known as outside-in tracking.
This begins with the unused TRT track segments and exterde timto the SCT and pixel
detectors, this is specifically useful for tracks arisimgnirconversions and secondary vertices,
which are likely to fail the inside-out quality requiremsrdue to a lack of hits in the inner

layers.

3.3.1.3 Post-processing

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

the primary vertex, secondary vertexing and reconstrncfghoton conversions.

3.3.2 Electrons

3.3.2.1 Reconstruction

The ATLAS reconstruction algorithm for electrons and pimstes based on finding clusters of
energy in the calorimeter and for electrons associatingettodusters with tracks in the Inner
Detector where possible. The clusters are formed usinglaglwindow algorithm $9] and
are required to have energies2.5 GeV. The clusters are formed fromx35 second layer cell
units, where one unitigs x ¢ = 0.025x 0.025 [B0Q].

The matching of the track to the cluster is done by extrapaathe track from its last
measured point in the Inner Detector to the second layereotéforimeter where the majority
of the energy is expected to be deposited. The differeneedaetthe expected impact parameter
on the calorimeter im and¢ is compared to the cluster position and the track with theskiw
AR (equation3.2) is chosen as the selected track. All the other tracks arereddaccording
to the quality of the track match and stored, as are all vesabalculated during the track
to cluster matching process. Track segments only in the WRM, no matching silicon track
(known as TRT-only tracks), have a lower priority than thba#t from silicon hits as TRT-only

tracks have a higher likelihood of being electrons from phatonversions.
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At the reconstruction level the electrons from conversiatislook identical to isolated
electrons, a track pointing to a cluster of energy, henckisistage to preserve the efficiency of
reconstructing isolated electrons, the electrons fronveons are stored and treated as elec-
trons and instead can be distinguished using the electentifitation algorithm, in particular
at the “tight” level, see sectiod.3.2.2

For the track matching, care is taken to account for Brentdsing losses by the electrons
by enlarging the size of th&¢ window on the side that the track bends as it passes throegh th
magnetic field. If the track contains only TRT hits the matghcan only be performed iA¢

due to the limited precision the TRT affords in the measurgroéther direction.

3.3.2.2 Identification

The ATLAS electron identification algorithm is designed tsadiminate real isolated electrons
from hadrons in jets from QCD processes, photons from elecoaversions and non-isolated
electrons from heavy flavour decays. It uses a combinatiaralorimeter, tracking and com-
bined calorimeter and tracking variables to achieve thiste@& levels are defined which cor-
respond to the level of background rejection in order to auoodate the needs of different
analyses, “loose”, “medium” and “tight'g[].

For the “loose” selection, shower shape variables and éxlteakage variables are used.
At the “medium” level calorimeter cuts, track quality regpments and track-cluster matching
criteria are used in addition to the “loose” selection reguients. For the “tight” level, cuts
on E/p, a requirement of a hit in the b-layer and cuts based on TRiicadiscrimination
between electrons and photons are added to the “mediunt” leve

The variables used in “loose” level identification ar;,.q1, Rhaq, w,2 andR,. These are
defined in table3.3.

The variables used in the “medium” level also include thewcaleter variables.;,; and
E..i0, also defined in tabl®.3 The tracking variables added at this level were optimised

on the first data. These are: Minimum numbers of hits in thelpaxnd SCT detectors and a



3.3 Object Reconstruction and Identification 45

maximum value of the transverse impact parameter of thdreteevith respect to the beam
spotd,. The track-cluster matching is subject to the quality regmient of a maximum cut on
Any, the An between the cluster and extrapolated track. All of thesmbbes are defined and
summarised in tabld.3,

The “tight” level identification adds the requirement of @t one hit in the b-layer as well
as a dedicated algorithm for rejecting conversions. Thektomality is improved by a tighter
cut on the transverse impact parameter and more stringgaireenents on the track-cluster
matching are added, including additional cutsfon between the track and cluster and a cut on
the cluster energy’ upon the track momentum and a tighter cut ol\n;. The TRT cuts used
are: total number of hits in the TRT detector and the ratioighfthreshold hits to total hits.

These variables are defined and summarised in taBle

3.3.3 Muons

There are four types of muon candidates reconstructed aA&TStandalone, Combined, Seg-
ment Tagged and Calorimeter Tagged. The tracking algoritised by the Muon Spectrometer
are common to the Inner Detector and are described in se8tibh For the types of candi-
dates which use tracks from the Muon Spectrometer thersvarditferent chains of algorithms
available, they use different pattern recognition andedéht techniques to combine the tracks

between the Inner Detector and Muon Spectrometer, thes&tare p1] and Muid [62].

Standalone Standalone muons are formed from tracks reconstructee iNtion Spectrome-
ter, extrapolated back to the beampipe, correcting fortpe&ed energy losses in the calorime-
ter. As these standalone muons use no Inner Detector infamahey are available up to
In| < 2.7. However they are missing in theegion around zero, where an accurate momentum
measurement cannot be made due to the gap in muon detectyagewwing to the services
access, such as for power supplies, cabling and cooling pfp@ndalone muons require track

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

Acceptance of the o |n| <2.47
Detector

e Ratio of £ in the first layer of the hadronic calorime-
ter to £y of the EM cluster (used over the range

. In| > 0.8 andjn| < 1.37) ® Rhant
Hadronic Leak-
age e Ratio of £+ in the hadronic calorimeter t&; of ® Rhaa
the EM cluster (used over the rangg > 0.8 and
In| < 1.37)

e Ratio ofn of cell energies in 3 x 7 versus 7 x 7 cell

1°2)

Second Layer of

EM Calorimeter e Lateral width of shower ® W
“Medium” cuts (includes “Loose”)

e Total shower width
® Wstot

First Layer of e Ratio of the energy difference associated with the
Calorimeter largest and second largest energy deposit of the sum® Eratio
of these energies

e Number of hits in the pixel detector(1)

Track Quality e Number of hits in the pixels and SCF(7) * dy
e Transverse impact parameter § mm)
Track Matching e An between the cluster and the track 0.01) o Anp
“Tight” cuts (includes “Medium”)
b-Layer o Number of hits in the b-layerx 1)
o A¢ between the cluster and the track 0.02) * Agy
Track Matching e Ratio of the cluster energy to the track momentum  ® E/p
e Tighter An cut (< 0.005) o An
Track Quality e Tighter transverse impact parameter catl{ mm) ® do

e Total number of hits in the TRT
TRT

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

conversions ¢ Electron candidates matching to reconstructed photon
conversions are rejected

Table 3.3: This is a summary of the variables used for eacH t#helectron identification and
their definitions for the central region of the detedtgr< 2.47 [60].

fore losses can occur at lower momentun§ GeV, where muons do not pass more than the

innermost layer of muon chambers.
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Combined Combined muons are computed using tracks reconstructee ilmtier Detector
and Muon Spectrometer, combined using one of the two chaipsaduce a quality matched
track. This can provide a more accurate measurement of ntamethanks to the information

from the Inner Detector, however they are only availableap|t < 2.5.

Segment Tagged Segment tagged muons begin from an Inner Detector track raneiérap-
olated to the first muon layer, where the track is matched stithight sections from inside a
MDT or CSC chamber. This is particularly useful for recovgriow-p; muons, which may not

extend past the first layer and be reconstructed as a full Mp&ctrometer track.

Calorimeter Tagged Calorimeter tagged muons also start from an Inner Detecok tand
search for matching energy deposits in the calorimeter hvhgree with those expected by a
minimum ionising particle. This can be useful for coverihg tegion|n| = 0 where there is a

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

3.3.4 Hadronically Decayingr Leptons

The 7 leptons decay leptonically to an electreri7.8% (~17.4%) (muon) of the time, and
hadronically~64.7% of the time, therefore it is very important to develop tecjuss for recon-
structing and identifying the hadronic decays. This is \@rgllenging in an environment such
as is produced at the LHC due to the multijet background whasha cross-section many times
larger than the signal processes (for example the jet ptimucross-section is-4 x 10° nb
for inclusive jets withpr > 60 GeV andn| < 2.8 aty/s = 7 TeV [63] and the production
cross-section fo#Z — 77 is just 0.96 nb at/s = 7 TeV [64]). The branching ratio for decays
to “1-prong” 7 leptons (one charged track) is 495and to “3-prong” (three charged tracks)
leptons is 15.2%. While “5-prong” decays will also occur these are typicatlp difficult to dis-
tinguish from the multijet background. This signature affwmack multiplicity is a key feature

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

this results in narrow, isolated deposits of energy in theroaeter.

3.3.4.1 Hadronically Decayingr Lepton Reconstruction

The reconstruction for hadronically decayindeptons is seeded by jets reconstructed in the
calorimeter using the Anti-r algorithm [65, 66] (see sectio.3.5.) using a distance parameter
of AR = 0.4, built from topoclusters5P] (see sectior3.3.5.) in the calorimeter. These seeds
are then matched to tracks identified using the Inner Dete@s ther decay products are
expected to be collimated the tracks must be in a core codk 0.2 and pass the following

quality requirements:

opT>lGeV

Number of hits in pixel b-layep 1

Number of pixel hits> 2

Number of pixel + SCT hits> 7

Transverse impact parametgl| < 1.0 mm

Longitudinal impact parameter multiplied bin 6, |z sin §| < 1.5 mm

An annulus surrounding the core cone of &2AR < 0.4 is defined as the isolation annulus;
tracks which fall in this region are stored and used for thenidication, but the definition of
a7 candidate as being single or multi-prong depends only omtimeber of tracks in the core
cone.

The directional components and ¢ of the reconstructed candidate are taken from the
seed jet, the mass is assumed to be zero, therefore thedra@snomentum and transverse
energy are equal. The energy of the reconstructedndidate is not taken from the seed jet as

this has been calibrated to nerjets [67]. Instead, all cells which contribute to the topoclusters
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within AR < 0.4 are summed at the electromagnetic scale and then thissatibrated to the
tau energy scaletp]. The 7 candidates are calibrated based on calorimeter responstoias

measured in Monte Carlo for hadronically decayinigptons.

3.3.4.2 Hadronically Decayingr Lepton Identification

There are three types of identification available, a simpis-based selection, a projective
likelihood and one using boosted decision trees. In thisishenly the cuts-based selection is
applied, so a brief introduction to this is included here #reldetails for the two multi-variate
identifications are documented elsewheld |

The cuts-based selection described here was optimised Mmte Carlo simulation of
bothW — 7v andZ — 71 generated with PYTHIA, and the background was taken from AT-
LAS data collected in 2010 afs = 7 TeV. The identification is optimised for signal efficiency
against the background efficiency of a di-jet sample, thect&n of electron type candidates
is dealt with separately using a dedicated electron V&8 pescribed in sectio.3.4.3 As
thepr of ther lepton increases and it becomes more boosted the decayctsdmicome more
collimated and the efficiencies of those variables whicttdles the shower width, in particular
Rgy (equation3.3), illustrate dependence gr-. Therefore in addition to optimisation in bins
of single or multi-prong candidates, the identificationl®oaptimised in bins of; to attempt
to flatten this dependence. The optimisation of thdentification defines different levels for
the identification, for example where “tight” defines thetragt rejection against the multijet
background and refers t030 % signal efficiency. The three variables used for the ased

identification are:
1. TheEM-radiusis the Er-weighted averagé& R among all calorimeter cells,

Y ErAR

Ren = W (3.3)

The sums are over calorimeter cells in the presampler andifics layers of the EM
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calorimeter withinAR < 0.4 of the axis of the seed jegEM-radius quantifies the spatial

narrowness of the candidate and isr-dependent.

2. Thetrack-radiusis thepr-weighted averagé& R among tracks associated to theandi-
date,

Ry = == (3.4)

The sums are over tracks associated torthepton candidate withiM R < 0.4 of the
axis of the seed jetrack-radius quantifies the spatial narrowness of theandidate and

is dependent on ther of the r lepton.

3. Theleading track momentum fraction,

pr(leading track)
pr(m)

ftrk,l = (35)

is the ratio of the transverse momentum of the highedtack to the total reconstructed

transverse momentum of thecandidate, calibrated at EM-scale (see sec3i@5.)).

3.3.4.3 Hadronically Decayingr Lepton Electron Veto

Many backgrounds te lepton final states contain electrons, these can be falsegnstructed
ast lepton candidates. To ensure efficient rejection of thes&drvaunds, for example from
W — ev or Z — ee processes, tracks which would pass identification requrgsas electrons
are vetoed. The algorithm designed to do this is known asthlectron veto $9]; it uses the

following variables:

e Energy deposited in the hadronic calorimeter

e Energy in the first layer of the electromagnetic calorimetgrassociated with the charged

track
e Ratio of theE in the electromagnetic calorimeter to the of the track

e Ratio of high-threshold to low-threshold TRT hits
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3.3.5 Jets andEiss

3.3.5.1 Jet Reconstruction

The default jet finding algorithm was chosen based on a setioegnes p8] produced be-

tween the experimental and theoretical communities to rengaod comparability between
different results. At the ATLAS experiment the recommengitdeconstruction algorithm is
Anti-kr [65, 66], using a distance parameter of eitlieR = 0.4 or 0.6.

The Anti-kr algorithm is a fast sequential recombination algorithmaklihs infrared and
collinear safe and includes the property of regular shagesd |

The inputs to this jet algorithm are 3D topological clustgopoclusters)$9]. Topoclusters
are built from a clustering algorithm which iteratively addeighbouring cells which pass an
energy threshold and therefore inherently includes naippression.

The default calibration for anti jets is currently at the electromagnetic scale, this means
the calibration used was determined from the response aftloeimeters to electrons and pho-
tons in test-beam data. It is at this stage that these jetsiséticted with a distance parameter
of AR = 0.4 are taken as inputs to the reconstruction of hadrogicitayingr leptons, as
described in sectioB.3.4.1 For jets there is an additional correction available tdbcate the
jets on a jet-by-jet basis to the hadronic scale, for whighdalibration is derived from Monte
Carlo simulations of the calorimeter response to hadrons;garametrised in terms of jgt-

andn [67].

3.3.5.2 EMss Reconstruction

EXiss stands for missing transverse energy; in any collisiongnshould be conserved ac-
cording to the conservation of energy principle. It is nosgble to measure total energy, as
the contribution lost longitudinally along the beampipeamat be measured; so instead the en-
ergy is measured in the transverse direction. E&E* is then the imbalance of energy in the

transverse direction.
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The hard process and all other background components whikcbontribute to theEmis
in an event such as multiple interactions, pile-up and nargecharacterised as energy de-
posits in the calorimeter and muon tracks. T is reconstructed from the calorimeter cells
and muon tracks using a cell-based algorithm. All cells ia ¢évent which are included in
topoclusters and therefore have already passed noiseesgppr are summed. The topoclusters
are classified into types of reconstructed objects, and ¢thenbe calibrated to the appropri-
ate energy scale, electromagnetic or hadronic. Once tloeim@ter deposits are summed, the
contributions from muon tracks are included and the calerandeposits are corrected for the

energy arising from muons traversing the calorime®é.[



Chapter 4

Tau Trigger Studies

4.1 Tau Trigger Performance

At the LHC, where the rate of collision data is 40 MHz, it is ed&# to select only events of
interest to record and analyse. Hadronically decayiteptons are an interesting key signal for
many new physics processes, such as Higgs boson decaysassgumetry. Having the ability
to trigger on an event containing a hadronically decayingpton as well as one containing a
leptonically decaying lepton greatly increases the potential sample of new physients
thanks to the higher branching ratio of théepton to hadrons, discussed in sectih. 1

The task of triggering events is further complicated by trespnce of additional collisions
in every bunch crossing; at the design luminosity of*1€m=2 s~!, 23 minimum bias events
are expected per bunch crossing, of which only one is likelyet a hard collision resulting in a
process of interest, the rest are known as “in-time” pilewlbpere “out-of-time” pile-up refers
to collision data from nearby bunch crossings. An examptéedifficulty posed for triggering
is shown in figuret.1where aZ — uu event recorded on Septembef”12011 is pictured with
20 reconstructed vertices.

The ATLAS trigger system is described in secti®i2.7 and further details specific to the
design and implementation of the Tau Trigger can be founéatien4.2

This study was a first look at the potential degradation ottigger performance in pile-up
conditions. It was undertaken prior to collisions at the L&i@ therefore before the successful
commissioning of the ATLAS Tau Trigger with collision data s = 900 GeV B9 and
Vs =7 TeV [70]. Therefore it is performed entirely using Monte Carlo.

The performance of the Tau Trigger is assessed by meastsiefficiency. In order to eval-

53
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—

Figure 4.1: ATLAS event display of 2 — uu event recorded on Septembef12011 with 20
reconstructed vertices. This is a typical occurrence irhtgh luminosity environment. Tracks
were required to haver > 0.4 GeV and at least 2 hits in the Pixel detector and 7 in the SCT.

uate the impact of additional activity in proximity to thdepton, the efficiency is parametrised
in the distance measuremekr: (given in equatiord.2) between the candidate and the nearest

jet in samples oft events.

4.2 Overview of the Tau Trigger

42.1 Levell

At Level 1(L1) a hardware trigger is used, based on triggeets, which are sums of calorime-
ter cells in the Electromagnetic (EM) and Hadronic (HAD)araheters, with granularity\n

x A¢ = 0.1 x 0.1. From these a Region-of-Interest (Rol) is formed of 2 towers. A local
maxima in £ is found in the core region of 2 2 trigger towers using a sliding window al-
gorithm. As illustrated in figurd.2 horizontal and vertical sums of energies are calculated and
various quantities are formed and compared to pre-progeththresholds.

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

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

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

e EMEnergy: The highest energy in a horizontal sum ok2L or a vertical sum of kx 2 EM
trigger towers

e TauEnergy: The EMEnergy added to HadCore

e EMiIsolation: The energy in the region betweerx2 and 4x 4 towers in the EM calorime-
ter

e Hadlsolation: The energy in the region betweenx22 and 4 x 4 towers in the HAD

calorimeter

For an example of the pre-programmed thresholds for thesslas see tablé.4 which gives
the default values for the taul6i trigger, a baseline triggamed for ite; threshold of 16 GeV

and i indicates that the configuration includes isolatiateda.
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4.2.2 Level?2

At Level 2 (L2) the trigger is seeded by the L1 Rol, it is able s& the full detector granularity
in this region and fast specialised algorithms with tragkim the Pixel and SCT detectors to

calculate a series of variables using both the calorimetdythe tracking.

Calorimetry variables The second layer of the EM calorimeter is used to refine théipos
of the candidate, then shape variables can also be caldulatgly the total energy of the
candidate is recalculated for L2 by summing the energy afhalllayers in the EM and HAD
calorimeters and applying an energy calibration.

To calculate the shape variables, only the second layeledEM calorimeter is used as the
majority of the energy is deposited there; three windowssae definedy x ¢ = 0.1 x 0.1 -
small,n x ¢ =0.2x 0.2 - medium, angy x ¢ = 0.3 x 0.3 - large.

The variables are defined as:

e StripWidth : The width of the energy deposition:

2

Z n?ell -Ecell Z Tecell -Ecell
. . large large
StripWidth = — 4.1
Z Ecell Z Ecell ( )
large large

e EMRadius: The energy weighted squared radius of the energy depositio

Z EcellAR2

cell
large

Z Ecell

large

EMRadiusy, = 4.2)

e IsoFrac: The difference in energy between the small and medium wisdwormalised to

the medium window:

z Ecell - Z Ecell
IsoFrac = 74 small (4.3)
Ece

e Calibrated n: Sum of the energy in all calorimeter layers, EM and HAD inrgéawindow,
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calibrated

Tracking variables Using the common L2 tracking algorithm the L2 trigger redonss
tracks in an area x ¢ = 0.6 x 0.6 around the calorimeter central position withya> 1.5 GeV
requirement. The highest- track is selected as the leading track, two cones are defined a

AR =0.15andAR = 0.3 and the region between these is known as the isolatiomreg

e NTracks: Number of tracks found in thAR = 0.3 cone
e Leading Track pr: pr of the Leading Track
e Charge: The absolute sum of the charge of all tracks in#h& = 0.3 cone

e SumPtRatio: Ratio of the sum of the of all tracks in the isolation region to the cone of

AR =0.15

4.2.3 EventFilter

The Event Filter (EF) follows the offline reconstruction@lghms more closely; it uses an area
around the L2 Rol to collect cells in x ¢ = 0.6 x 0.6 which offers more accurate direction
determination. Tracking is performed in an areajot ¢ = 0.4 x 0.4; if there are multiple
tracks, secondary vertexing can be performed. At EF caidrdollowing offline procedures
is applied to the- candidate.

The variables calculated at the EF level are:

e NTracks: Number of tracks in a cone & R = 0.2 withp; > 2 GeV

e EMRadius: An energy weighted radius of the transverse energy in teethiree layers of

the EM calorimeter:
Z ET,cellARcell

large

Z ETpell

large

EMRadiusgr = (4.4)

e IsoFrac: The sum of energy in an annulus between9.A\R < 0.2 divided by the energy
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in a cone ofAR =0.3:

Z Ecell

0.1<AR<0.2 (45)

Z Ecell

AR=0.3

IsoFrac =

e Leading Track pr: pr of the Leading Track in a cone &R = 0.2

e Calibrated Er: Total energy in a cone AR = 0.3 in all layers of the EM and HAD

calorimeters with a calibration applied

4.3 Simulation Samples

This study was performed using the TrigTauPerform (TTPkpge, designed by the Tau Trig-
ger working group for validation, optimisation and perf@amae studies on the trigger. As well
as including the fully simulated trigger decisions it entetathe trigger to enable the user to

change the cuts.

At the time this study was undertaken, no samples includilegyp were available, there-
fore to approximate a busy environmenttaample was used; it is a reasonable proxy because
it contains at least two b-jets and the possibility of otlets fromil — ¢g. The study was un-
dertaken using Monte Carlo simulated using the MC@NLO geae[dat] at a centre of mass

energy of\/s = 14 TeV.

In the ¢t events in the Monte Carlo sample used, the two top quarks decdy bosons
andb quarks, ondV boson decays leptonically to anyu, or 7 lepton and the other is free to
decay leptonically or hadronically. In figufe3the topology of this event shows that there will
usually be a jet from thé quark in proximity to ther candidate since thB” and theb-quark
typically decay collinearly, as well as any other jets thaynbe present from the underlying
event. The events selected for this study include at leashadronically decaying from alV/

boson.

This will not be a totally effective proxy for real pile-up ents, but the ability to be able to

classify performance as a function of proximity to jets isfus
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Figure 4.3: Schematic of & event where each’ boson can decay to either a lepton and a
neutrino or to hadrons.

4.4 Efficiency Measurement

4.4.1 Definition of Efficiency

For the purpose of this study let us define two types of effiyyfemeasurement, the first is
more widely used and shall be known as “relative efficienagfined in equatior.6; this
measures the trigger efficiency relative to the offline ratarctedr leptons and therefore a
measure of only the efficiency of the trigger. Changing a cuy mat necessarily improve
the efficiency when measuring relative to the offline if thé isualready applied in the offline
selection; therefore another definition is useful. Thidldmaknown as “absolute efficiency”
and is defined in equatiof.7; it is a measure of the efficiency of the trigger with respect t
the truth level. It decouples the trigger selection from difféne selection and highlights the
full effect of the cuts. This could potentially show recoyef r candidates not selected at the

offline level.

Ntri i
gger candidates
offline taus
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Ntri er candidates
€A = £E (47)

Ntruth taus

4.4.2 Tau Selection

Truth 7 candidates The truth7 leptons were selected with the requisitesiVaboson as
parent; visiblepy > 10 GeV (i.e. the sum of the decay products excluding the masy and

visible |n| < 2.5.

Offline 7 candidates At the time of this study two algorithms for reconstructingdnoni-
cally decayingr leptons were available. The first, tauR&g]|| a calorimetry-based algorithm,
identified EM and HAD calorimeter cluster deposits as seadshailt ar candidate incorpo-
rating information from Inner Detector tracking. The sedptaulp3p $8], a tracking-based
algorithm, used a low number of collimated selected tracka aeed and built a candidate
incorporating calorimeter information; it was possible do- candidate to have both seeds. Re-
constructed offline- candidates were then required to pass identification reongnts which
were seed-type dependent. Candidates seeded by tauRec iahmik seeds, with 1 track, had
to have a Likelihood12] value > 2.2, for any other number of tracks they had to have Likeli-
hood > 4.8. Candidates with a taulp3p seed or both seeds were doimave a cut based

DiscriCut [72] value of > 0.5.

Matching of = candidates Identified reconstructed offline candidates were matched to se-
lected truthr candidates withiA R < 0.2. Trigger candidates were matched to the selected

truthT at L1 with AR < 0.15, at L2 withAR < 0.1 and at EF wittAR < 0.1.

4.4.3 Efficiency Measurement Methods in Data

During data taking the efficiency measurement has to beschout in a different way; there are

three methods for doing this:
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e “Tag and Probe” - An event containing two similar objects $2d, one object is used to

trigger the event and the other can then be studied.

¢ “Orthogonal Trigger method” - An event is triggered on aeliféfint object such as missing

transverse energy and this sample can be used to measufidieaey of the Tau Trigger.

e “Bootstrap method” - A trigger with simply a lower threshotdlised to trigger events giving

a sample with which to measure the efficiency of the highezstold trigger.

4.5 Parton Matching

45.1 CalculatingAR

To assess the proximity of thelepton int¢ events to jetsA R was calculated between each
jet and eachr lepton; a distribution ofA R between all jets and alt candidates is shown in
figure4.4(a) The closest jet il\ R was then selected and this value is plotted in figurgb)

for each offliner lepton, where there may be more than one offtilepton per event.

16000( 16000 E
14000 E
12000 =
10000 &
80001 =
60001 =
40001 =
20001 =

w o b bd e b b b e b

Delta R Delta R
(a) Delta R between offline lepton and each jet (b) Delta R between offline lepton and closest jet

Figure 4.4: Distributions betweenleptons and offline jets.

The peak ai\R < 0.1 as seen in figuré.4(b)arises since the leptons themselves are re-
constructed as jets. Figuded(aghows that the values df R between each jet in each event and
each offliner lepton are spread throughout the rangé\dt. The algorithm used to reconstruct

offline jets was a cone algorithm with conesizefoR = 0.4 [58].
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It is very difficult to resolve whether a jet falling in the ieg of AR < 0.1 is a genuine
overlapping jet or the lepton itself reconstructed as a jet; obviously there isxune of both.
Due to this difficulty, this region was not studied here anstead the focus lies in the region
0.1< AR < 1.0. In all plots where efficiency has been plotted agaipst veto was placed on
jets at less thahR = 0.1.

This is clearer when the efficiency of the Tau Trigger is gdtagainstA R between the
lepton and its closest jet; whekR < 0.1 the efficiency was higher than at slightly larger values
of AR, for example 0.1< AR < 0.5, after that it began to rise again. The higher efficiency
at values ofAR < 0.1 further consolidates that many of these jets are in/fdeptons. This

feature can be seen in figues(b)

4.5.2 b-quark Matching

One way to use genuine overlapping jets in the simulation imatch the jets to parton$-
guark jets are expected to be close to theptons, shown in the topology in figu#e3. This
study matched jets tquarks in the event, these jets were then labelled-ggs’; the relative
efficiency for the Tau Trigger combined over all trigger lsweas plotted againgk R between
each selected truth and its closeskt-jet in the event, for the events which contain a selected
truth 7 and ab-jet. Theb-quarks were matched to their closest offline jefiR within a cone of
AR < 1.0 from theb-quark. The distribution id\ R of theseb-jets from each offline- lepton is
shown in figuret.5(a) where there is a significant reduction in the number of jethe region
AR <0.1.

In table4.1the relative efficiencies for each level of the trigger amasarised and divided
into regions ofAR = 0.5. There is a clear drop in efficiency from the average efiicy of
78 + 1% to 21+ 5% for the region 0.1< AR < 0.5, and to 70+ 3% for the region 0.5
< AR < 1.0. This is further illustrated in figurd.5(b) labelled as the ‘no parent’ case,
explained below.

To further purify the event selection to those shown in theotogy in figure4.3 require-
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Efficiency [%0]

TriggerLevell 5 1 - AR <05 05<AR<10 1.0<AR<15

L1 91+ 13 93+ 4 94+ 3

L2 724+ 12 88+ 4 88+ 3

EF 32+ 8 85+ 4 95+ 3

Combined 21+5 70+ 3 80+ 2

Trigger Level Efficiency [%]

15<AR<20 20<AR<25 25<AR<3.0 Allregions

L1 954+ 3 95+ 3 94+ 4 94+ 1
L2 89+ 3 89+ 3 90+ 4 89+ 1
EF 95+ 3 94+ 3 94+ 4 93+1
Combined 80+ 3 79+ 3 79+ 3 78+ 1

Table 4.1: Relative efficiencies of the Tau Trigger foteptons in proximity tob-jets (with
AR < 0.1 veto).
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Figure 4.5: Relative efficiency of Tau Trigger wittbget in proximity.

ments were placed on the parenthood of thiepton. Ther lepton was required to be the

daughter of 81 boson, and thé quark, to be the daughter of a top quark. This helps selexct jet



4.5Parton Matching 64

with higherp; which are more likely to affect the triggering, figudées(c)shows a comparison
between the scenarios with and without parent requiremérdspicts the normaliseg; dis-
tributions of the closest jet to each offlimdepton. It shows a slight reduction in the number of
lower-p jets with the addition of these parent requirements. In &gus(d)the dependence of
the Tau Trigger efficiency on the- of the closest jet is shown to be negligible. Since no benefit

was seen and this further reduced statistics, these regemts were not employed.

4.5.3 All Parton Matching

To raise statistics without generating more events and nergdise the study it was extended
to include jet matching to all partons instead of just thets. This increased the number of
offline 7 candidates with jets close to them from 9602 out of 1737 3n&ffti candidates in the
events to 16596; the percentagerdeptons affected therefore rose from 55 to 96% as seen in
table4.2

The parton matching was done in the same way as$-fets, within a cone oAR = 1.0
around the truth quarku( d, ¢, s or b) the closest offline jet was chosen and labelled as a
“parton-jet”. The efficiency of the Tau Trigger was again sw@&d for events which contained
one of the parton-jets andrdepton and the efficiency was plotted as a functiod\dt between
them. Figuret.6 shows both the absolute efficiency and the relative effigiémicthis scenario.
The similar shapes in both plots, figudes(a)and figure4.6(b) show that this degradation in

efficiency is a problem in both the trigger and the offline.

B-Jet  Parton-Jet

Number of Events 185350 185350
Number of Good- Leptons 17373 17373
Number ofr Candidates with Jets Close 9602 16596
Number ofr Candidates with No Close Jets 7771 777
Fraction ofr Candidates Affected [%] 55 96

Table 4.2: Statistics fdi-jet study vs parton-jet study.

This degradation is shown in tabde3, the values are averaged over a regiol\déf and are
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Figure 4.6: Trigger Efficiencies far leptons with parton-jets in proximity.

effectively weighted by the statistics, which are lowesthea area most degraded in efficiency,

0.1< AR < 1.0. In the corresponding plot for relative efficiencies gufie4.6(a) the effect is

clearer because the efficiency is averaged over smallebing? = 0.1. The efficiencies for

each level calculated independently are included in talide

Trigger Level Efficiency [%]
01<AR<05 05<AR<10 10<AR<15
L1 90+ 8 94+ 3 94+ 2
L2 74+ 8 87+3 88+ 2
EF 42+ 6 88+ 3 95+ 3
Combined 28+ 4 72+ 2 79+ 2
Trigger Level Efficiency [%] :
15<AR<20 20<AR<25 25<AR<3.0 Allregions
L1 95+ 3 95+ 3 95+ 4 94+ 1
L2 88+ 2 88+ 3 89+ 4 88+t1
EF 94+ 3 93+ 3 93+ 4 92+1
Combined 78+ 2 78+ 3 78+ 3 76+ 1

Table 4.3: Relative efficiencies of the Tau Trigger fdeptons in proximity to parton-jets (with

AR < 0.1 veto).

4.6 Variable Performance

Since the performance of the trigger has been shown to beedduith additional activity in

the event, it is important to probe the mechanisms of thgérglgorithm to look for any clear
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causes. As leptons are primarily identified by being isolated and oadlted, the most likely
individual cuts causing the degradation are expected thédesolation-based criteria because if
a jet were to lie in the isolation region surrounding theandidate it should cause thdepton

to fail the trigger. The baseline trigger taul6i was testbkd,variables used in the trigger and

their default values are listed in tabled.

Level 1 Quantities

EMCore > 0 (off)
HadCore > 0 (off)
EMEnergy > 0 (off)
TauEnergy > 9 GeV
EMIlsolation < 6 GeV
Hadlsolation < 0 (off)
Level 2 Calorimetry Quantities

StripWidth (single and multi-prong) <1.0
EMRadius (single and multi-prong) < 0.01470
IsoFrac (single and multi-prong) < 1.0 (off)
CalibratedE > 0 (off)
Level 2 Tracking Quantities

NTracks 1-7
Leading TrackPr > 0 (off)
Charge false (off)
SumPtRatio <0.1
Event Filter Quantities

NTracks 1-5
EMRadius (single and multi-prong) <0.1(0.12)
IsoFrac (single and multi-prong) < 1.0 (off)

Leading TrackPr (single and multi-prong) > 2.5 GeV

CalibratedE7 (single and multi-prong) > 16 GeV

Table 4.4: Taul6i standard trigger cut values.

As the degradation seems to occur when there is a jet clobe tdépton it is logical that if
the isolation requirements were relaxed in the Tau Trigerefficiency of these events should
rise. Each variable was given a variety of values for theeath over the range of the variable
distribution in thett sample. The distribution of each variable for all selectathtr leptons is
shown in figured.7.

For each variable a new trigger menu was defined, each of thedgh®rs in the menu
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mirrored the standard taul6i trigger with only one variathlanged.

For each trigger the efficiency was calculated for each ledspendently and for the trigger
combined over 6 regions @k R. The combined efficiency for each region&f? was plotted
for each trigger cut value to see if there were a trigger clitevavhich would give a suitable
trade-off between average efficiency and degradation ifother regions ofA R. Each variable
was tested for alt candidates and 1 and 3-prongandidates separately. Figute€3 shows the
relative efficiency of the trigger for al candidates per variable. From these plots it is clear that
none of the variables offered any cut values providing rédadn the difference between the
efficiencies for theAR < 1.0 andAR > 1.0 regions without lowering the average efficiency
too significantly; the outlook was the same in both the cagkeofl and 3-prong candidates.

The absolute efficiency measurements are shown in figQrer all  candidates; these are
important as they avoid any cuts already placed in the offilection i.e. if cuts were placed
in the offline selection it would not be possible to regain adgitional candidates by loosening
a cut. However the absolute efficiency distributions do hastrate any potential for retuning

the existing cuts in this manner.

4.7 Summary and Outlook

The performance of the Tau Trigger in conditions approxingapile-up was investigated. A
Monte Carlo simulated sample tifevents was used which contained le@pton and a minimum
of two jets expected to be in proximity to thdepton originating from the top quark decay. The
performance was investigated by parametrising the measugeger efficiency in terms oA R,
a distance parameter between theandidate and its closest jet.

The efficiency was shown to be lower when a jet was presentinetion 0.1< AR < 0.5
around ther candidate, the efficiency for all levels combined fell foisthegion to 28+ 4%
from the average, over atlcandidates with a jet within a radius &fR < 3.0, of 76+ 1%.

To ascertain if any particular variable could be causing tlégradation of performance, a
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study of each variable related to isolation criteria wagqyered. Each variable was changed
independently while the rest of the trigger remained ungkdn No values of any of the vari-
ables were observed which would reduce the difference ipénrmance between this region
and the others, without causing a large reduction in theadlvefficiency of the Tau Trigger.
Therefore this study concludes that in order to improveqrarince under pile-up conditions
new variables are necessary.

Since this study was performed as a preliminary study bdf@evailability of simulated
pile-up, a similar study of the degradation of performant¢he Tau Trigger was later per-
formed with simulated pile-up and reached the same comxiubiat new variables were nec-
essary to regain performance lost in pile-up conditions.o fiww variables were introduced
which were shown to be more stable with respect to pile-upveer@ able to improve perfor-
mance ¥ 3].

The trigger for hadronically decayingleptons is not used throughout the remainder of this
thesis. For the 2010 dataset it was possible to use singlenlépggers with a low enough
pr threshold. However a combinedand lepton trigger will be required to analyse 2011 data
due to the increase in instantaneous luminosity and ther¢fe rise of the threshold of the

triggers.
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Chapter 5
Z — 1413, Cross-section Measurement:

Event Selection and Background Estimation

5.1 TheZ — 7, Process

The Z — 77 process is a good source ofleptons decaying hadronically. Identifying these
is useful for manyr lepton physics performance studies which will improve thepton trig-
gering, reconstruction and identification. Théepton is often an key element in new physics
searches, both in signal and background processes, anddbestanding obtained by measur-
ing the cross-section is very useful.

The measurement documented here is performed in two ctgrthelfirst isZ — 7.7,
and the second i8 — 7,7,. The cross-section is also measured in the two fully lejtlhyi
decaying modes;] — 7.7, andZ — 7,7, and the four channels were combined and the results
publically releasedq4]. The first iteration of this analysis was released as anrghten using
~8.5pb! [75] and was shown at the XLVI Rencontres de Moriond Electrowession by the
author of this thesis. The combined cross-section measirehas been published as a paper
and shown at a variety of conferences.

The experimental signature for a hadronically decayitepton ¢7) is one or three charged
tracks collimated in a narrow, isolated cone of energy depas the electromagnetic and
hadronic calorimeters. The backgrounds to this topologysist of a lepton, which could be a
real lepton from heavy flavour decays, or a fake lepton, inteufdto a faker candidate from a
quark or gluon initiated jet.

One of the main backgrounds to this process is the multijekdpmund (often known as

72
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QCD) due to its large cross-section, selecting isolateatepis important to control this back-
ground; the isolation criteria are introduced in secttof.4 Another important background
process idV + jets, which has a cross-section ten times higher than tivaki To help re-
ject this background the angular correlations between iksing transverse energ$=) and
the visible decay products can be exploited, as well as treswerse mass quantity; both are
discussed further in sectidn5.2 The background from*/Z — ee, uu processes also needs
to be identified and removed where possible, this is donegusidi-lepton veto, described in

section5.5.1

5.2 ATLAS Datain 2010

5.2.1 Data Quality

The data used for this analysis was proton-proton collisiata at a centre-of-mass energy of
7 TeV collected by the ATLAS detector between July and Oat@040. Data were selected us-
ing a number of quality requirements. The LHC had to be opegatith stable beam conditions
and collisions taking place and requirements were imposeiti® conditions of the subdetec-
tors. The selection was performed using a system called Guos Lists (GRL), based on
requiring certain detector flaggg]. Both the solenoid and toroid magnets had to be opera-
tional and all L1 and Event Filter triggers had to be runniAdditionally, criteria to ensure the
quality of data for each reconstructed object were includdeélectrons, muons; leptons, jets

and Fimiss,

The luminosity was calculated using an ATLAS to@V]. The calculation was based on the
specific GRL and triggers used in this analysis. The resultsgaged to the most-up-to-date
luminosity measurement made by ATLAS, detailed78][ This resulted in 35.74 p for the

electron channel and 35.51 phfor the muon channel.
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5.2.2 Monte Carlo Simulation

The Monte Carlo used for this analysis was generated takiagraage of knowledge gained
from measurements made in early running in 2010, includiatenal distribution, underlying
event tuning, pile-up conditions and alignmer@| Once the Monte Carlo had been generated,
the full ATLAS simulation BO] was run and pile-up was modelled by overlaying minimum bias
events onto the generated event. The following generaters wsed to produce the Monte
Carlo samples: allW and~*/Z background samples as well as thesignal samples were
generated using PYTHIA8]], the ¢t samples with M@NLO [82] and the di-boson samples
with HERWIG [83]. The multijet (QCD) samples were produced with PYTHIA antefiéd to
contain at least one lepton with > 8 GeV andn| < 3. All 7~ decays were modelled using the
TAUOLA interface B4] and all generators were interfaced with the PHOTOS packBeo
model final state QED radiation.

The cross-sections for thé’, Z and~*/Z samples were calculated at NNLO and taken
from [86], except for the low-mass*/Z cross-sections which were taken fror@7[88]. The
rest of the cross-sections were calculated at LO by the géarsr All of the cross-sections used
in this analysis, for each simulated sample, are summainsighle5.1, along with the number

of generated events.

5.2.3 Pile-up Simulation

There are two sources of pile-up in the data, the first, ‘metipile-up”, arises from multiple
interactions in the same bunch crossing. The second, ‘®tire pile-up”, is additional activity
from previous bunch crossings. Both give rise to additioeabnstructed vertices in a given
event. This is simulated by overlaying minimum bias eventsrdhe hard interaction in a
particular bunch-train timing structure: individual bimes are separated by 150 ns and are

in trains eight bunches long; the second train follows 22%atey and a third after a longer

1TheseJ X e and.J X mu samples are QCD di-jet production and the numbers refemigesaofp; of the hard
scatter() = 8-17 GeV,1 = 17-35 GeV,2 = 35-70 GeV and = 70-140 GeV.
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Dataset Events Cross-section [nb]
Z — ee (my > 60 GeV) SM 990
Z = pp (mye > 60 GeV) 5M 990
Z — 77 (my > 60 GeV) 2M 990
W — ev 7M 1046
W — v 7™M 1046
W — 1 2M 1046
tt 1M 91.50
J1el(electron filterpr > 8 GeV,|n| <3) 998 k 8.81x 10°
J2e (electron filterpr > 8 GeV,|n| < 3) 497 k 2.54x 10°
J3e (electron filterpr > 8 GeV,|n| <3) 499 k 3.72x 10*
JOmu (muon filterpr > 8 GeV,|n| <3) 967 k 8.48x 10°
J1mu (muon filterpr > 8 GeV,|n| <3) 997k 8.14x 10°
J2mu (muon filterpr > 8 GeV,|n| <3) 495k 2.21x 10°
J3mu (muon filterpr > 8 GeV,|n| < 3) 499 k 2.85x 10!
v*/Z — 77 (10 GeV< my < 60 GeV) 190k 396.7
v*/Z — ee (15 GeV< my < 60 GeV) 996 k 146.2
v /Z — pp (15 GeV< my < 60 GeV) 999 k 146.2
wWw 250 k 11
YA 250 k 1.0
Wz 250 k 3.4

Table 5.1: Monte Carlo samples used for this analysis. Allamwere generated with
PYTHIA, except fortt which was generated with M@NLO and the di-boson samples gen-
erated with HERWIG. All samples are with bunch-train pilesgtup.
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Figure 5.1: Comparison of vertex distributions between @ai signal Monte Carlo before

(left) and after (right) vertex re-weighting.

pause. The simulation is generated with a Poisson disinibbmtith an expectation value of 2.2

additional minimum bias interactions per event to simutlagedata conditions. This gives rise to

a difference in the distribution of the number of verticesnmen data and simulation, therefore
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this distribution is reweighted in the simulation to mathk tlata. The initial difference can be
seen in figuré.1(a)and the result of the re-weighting procedure is shown in @§ut(b) The
weights were calculated separately for the electron anchrobannels and then averaged; they

are documented in tabe2

Noertez | Event Weight
1.970(8)
1.242(4)
0.853(3)
0.633(2)
0.509(3)
0.427(4)
0.392(6)
0.38(1)
0.39(2)
0 0.41(5)
=11 0.89(14)

P Ooo~NoOoh~,WwWNEPE

V

Table 5.2: Number of reconstructed vertices and correspgmale-up weights, the statistical
uncertainty of the last digit is given in parentheses.

5.3 Event Preselection

5.3.1 Vertex Requirement

Collision candidate events were selected by requiring at le@e primary reconstructed vertex

with at least 3 reconstructed tracks.

5.3.2 Jet Cleaning

Occasionally there are localised deposits of energy in #ha@ricneters which do not originate
from the proton-proton collision, these lead to mis-measwents ofE*s by causing high en-

ergy tails B9, or by being used as inputs for reconstructed jet amdndidates. One cause of
these deposits is high energy cosmic muons producing btexhksg radiation as they traverse

the calorimeters. By studying ATLAS data in 2010 with jet ¢iggs, a series of recommenda-
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tions for removing these events was formulat@@, P1]. These recommendations cut on the
following properties of jets reconstructed with the Ahtialgorithm B5, 66] (using a cone of

AR = 0.4).

I) the fraction of the jet energy deposited in the Hadronid Bap (HEC) calorimeter must be
greater than the fractional contribution of the HEC cal@ien contribution to the jet energy

from cells with normal signal shape

ii) if more than 50% of the jet energy is deposited in the HE@Gmeter, less than 50% of the
HEC calorimeter contribution to the jet energy must comenfieells with abnormal signal
shape

iii) the jet must not have negative energy with a magnitudsatgr than 60 GeV

iv) if the jet is central in the detectofr < 2.8) and more than 90% of the jet energy is
deposited in the electromagnetic (EM) calorimeter, les$ t80% of the total jet energy

must come from cells with an abnormal signal shape

v) the jet must primarily contain cells with energy depagitess than 10 ns before or after the

nominal proton-proton collision time

vi) if the sum of the transverse momentum of the tracks aasettito a central jet|¢| < 2) is
less than 10% of the total jet energy , at least 5% of the jetggmaust be deposited in the

EM calorimeter

vii) if a jetis not central [7| > 2.0), at least 5% of the jet energy must be deposited in the EM

calorimeter

iix) if the jet is central (n] < 2.0), the maximum fraction of the total energy in a single

calorimeter layer must not exceed 99%

If all jets in a given data event withy > 10 GeV passed these requirements and did not overlap

with an electron or muon, the event was kept.
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5.3.3 Trigger Requirement

Events were triggered using unprescaled single leptogdrgy For the electron channel the
trigger had a threshold of 15 GeV, for the muon channel tlggén for the earlier data had a
threshold of 10 GeV, and for the later of 13 GeV.

The trigger efficiencies were measured from different datapes using a tag and probe
analysis. For the muon channel this was performed on a sashgebosons decaying to two
muons p4] and for the electron channel from a samplelBfbosons decaying to an electron
and a neutrino. These efficiencies can be seen in @aBland tables.4 respectively. The ratio
of these efficiencies measured in data and simulation ¢atesthe correction factors applied to

the simulation to make them agree with data.

Trigger Efficiency [%0]

EF _mul0 MG 82.9+-0.9(stat.)-0.3(syst.)
EF nul3 MG 84.5+0.4(stat.)-0.1(syst.)
EF nul3 MG tight | 83.1+0.4(stat.x0.2(syst.)

Table 5.3: Muon trigger efficiency measured with respectffi;me selected muons with >
15 GeV in data. Details can be found i64].

Trigger EF_el5 nedi um[%)]

16 - 18 GeV| 95.8+2.2(stat.)}0.6(syst.)

18 - 20 GeV| 96.5+2.1(stat.}0.4(syst.)

> 20 GeV | 99.05+0.22(stat.x0.08(syst.)

Table 5.4: Electron trigger efficiency measured with respeoffline selected electrons in three
pr bins in data.

5.4 Object Selection

The Z — 7,7, sighature event contains an electron or a muon, a hadrgnédayingr lepton
and neutrinos. Leptons were required to pass preseledti@ni&, these preselected leptons
were then used to perform overlap removal, see sebtibA. If two or more of these preselected

leptons were present, the event was vetoed, see séchdhn After this, the leptons underwent



5.4 Object Selection 79

a tighter selection and the candidates were required to pass “tight” selection catesee

section5.4.5 The EX*s was reconstructed, but no direct requirement was made on it.

5.4.1 Preselection

Electrons The electron was required to have been reconstructed byeflaalticluster-based
algorithm with a matched track, as described in se@i@2.1 The electron identification algo-
rithm is designed to separate true electrons from jets ¢pddactrons. It uses variables based on
cluster shapes and tracking information. The electrontifieation has three levels of signal ef-
ficiency and purity, “loose”, “medium” and “tight'q0]. Preselected electrons were required to
havepr > 15 GeV, be withinn| < 2.47, excluding the transition region between the barrél an
end-cap calorimeters (1.37 || < 1.52) and pass “medium” electron identification criteria. T
avoid using any electron built from a cluster suffering frdetector problems, information was

used from the Object Quality maps (OQma&][ A summary of the preselection can be seen

in tableb5.5.

Muons Preselected muons were required to hawe> 15 GeV, andn| < 2.4 corresponding

to the trigger acceptance region. The muons were reconstias a track from the inner detec-
tor combined with one from the muon spectrometer. The peetedl muons were also required
to have a longitudinal distance from the primary vertgx,of less than 10 mm. A summary of

the preselection can be seen in tahlé

7 Leptons Preselected- candidates were required to haye > 20 GeV and be within
In| < 2.47, but not in the crack region (1.37 |n| < 1.52). Further information about the

7 reconstruction and identification algorithms can be foumsections.4.5

Overlap Removal Electrons, muons and candidates can often be reconstructed from the
same tracks or energy clusters, therefore it was importapetform overlap removal. Muons

are reconstructed with the highest purity, followed by &tats and finallyr leptons. If any
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Electron Preselection used for Overlap Removal and Di-feptio
pr > 15 GeV
|n| < 2.47, but excluding 1.3% |n| < 1.52
Not in bad OQmaps region, use map of run 167521
“MediumWithTrackMatch” electron
Electron Selection
pr > 16 GeV
“TightWithTrackMatch” electron

Table 5.5: Preselection and selection cuts of electrons.

preselected candidate overlapped with a preselected electron or muthmnah R < 0.4 it was
removed. If a preselected electron overlapped with a pretsd muon withiM R < 0.2 it was
removed. If any preselected electron or muon overlappel avltigherpr object of the same
type within AR < 0.2 it was also removed. After all cuts the overlap removasd slaown to

reduce signal efficiency by only 0.1%.

5.4.2 Electron Selection

In order to avoid the poorly modelled region of phase spaddensimulation where the;
of the electron is close to the trigger threshold, the seteefectrons were required to have
pr > 16 GeV. The selected electrons were also required to pasighe level of identifica-

tion. The full preselection and selection requirementdiated in tables.5.

5.4.3 Muon Selection

Selected muons were required to have good quality innectieteracks, this meant at least 1
hit in the b-layer, and that the sum of hits and dead sensdh®ipixel detector must be greater
than 1. They were also required to have a minimum of 5 hits aatl densors in the SCT
detector and less 2 holes in the pixel and SCT detector. Fiaalhdditional cut was applied to
the fraction of TRT outlier hits (see secti@B.1.9 to total TRT hits. The full preselection and

selection requirements are listed in tablé.
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Muon Preselection used for Overlap Removal and Di-leptoo Vet
pr > 15 GeV
In| < 2.4
“isCombinedMuon”
|z0] <10 mm

Muon selection
pr > 15 GeV
no BlayerHit expected or nBLayerHits O
nPixHits + nDeadPixelSensors 1
NSCTHits + nDeadSCTSensarsb
nPixHoles + nSCTHoles: 2
In| < 1.9: nTRT Outliers / (n"TRT Hits + nTRT Outliers) 0.9
& nTRT Hits + nTRT Outliers> 5
In| >= 1.9 : (NTRT Hits + nTRT Outliers- 5
& NnTRT Outliers / ("TRT Hits + nTRT Outliersx 0.9)
or nTRT Hits + nTRT Outliers< 6

Table 5.6: Preselection and selection cuts of muons.

5.4.4 Lepton Isolation

The leptons from Z> 77 events are typically isolated, unlike those from multije¢ets, which
can be jets falsely identified as leptons or muons producsidenets. Therefore requiring
that the leptons in the event passed strict isolation @igave powerful rejection against the
multijet background.

Two isolation variables were defined: the first (equatol) is the sum of the transverse
momenta of tracks in a cone &R = 0.3 or 0.4 around the lepton, divided by the transverse
momentum of the lepton. The second (equato?) is the sum of the transverse energy of
neutral and charged particles in the calorimeter in a core/f= 0.3 or 0.4 around the lepton,

divided by the transverse momentum of the lepton.

AZ th'r‘acks
prConepy = 28— (5.1)
T‘lepton
Z ETcal
AR
ErCong/pr = (5.2)
Tleptnn

For both variables, the contribution to either the sum ofttaesverse momenta or energies
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in the isolation cone from the lepton itself was subtractedrn inner cone oA R = 0.05.

TheprCone4Qpr andE-Coned(Qpy variables for muons are illustrated in figir2 (a)and
figure5.2(c)and theprCone4Qpr and E-Cone3Q pr variables for electrons in figurés2(b)
and5.2(d) In figure 5.2 the simulation and data required an opposite sigrandidate and
lepton, and the multijet background was taken from a costioiple in data in which the lepton

andr candidate were required to have same sign electric charge.

muon /0.01

=

(@)

2
electron / 0.01

0.25 0.3 K . . . 0.25 0.3
Hp, cone40 / P, ep, cone 40/ P,
(a) Muon isolatiorpCone40pr. (b) Electron isolatiomrCone40p.

10°

10*

muon /0.01

=

o

2
electron / 0.01

10°

102 e ) . s 10?

0 . . 0.15 0.2 0.25 0.3 X . . . 0.25 0.3
u ET cone40 / P, e E; cone 30/ P,
(c) Muon isolationEr-Cone4Qpr. (d) Electron isolations-Cone30p.

Figure 5.2: Isolation variables for electroweak simulatimultijet events and data events after
selecting one candidate and one lepton with opposite sign electric clsargjbe electroweak
background was obtained from simulation, weighted by esggdion. The multijet background
(QCD est.) was estimated by reversing the opposite signnegent.

These different cone sizes were tested for performancerinstef signal efficiency and
efficiency for multijet events, this can be seen in figbt8(a)and figure5.3(b) for muons
and electrons respectively. The signal was taken from sitiwul and the multijet events were

taken from a control sample in data, defined by invertingrtidentification requirements and



5.4 Object Selection 83

requiring the selected lepton andandidates to have the same sign electric charge.

To reject the multijet events while keeping a large numbesighal events, the following

cuts were chosen:
e For electronsprCone4Qpr < 0.06 andE-Cone30pr < 0.1
e For muonsprConedQpr < 0.06 andE,-Cone4Qpr < 0.06

the two cuts together are known as “combined isolation”. Gteesponding cut efficiencies

are given in tablé.7.

Isolation Variable Z — 17 | Multijet
muonp,-Cone4Qp; < 0.06 | 0.926(2)| 0.076(1)
muon E£7-Cone4Qpr < 0.06 | 0.872(3)| 0.0309(6)
muon “Combined Isolation” | 0.841(3)| 0.0143(4)

electronprCone4Qpr < 0.06 | 0.941(3)| 0.232(3)
electronErCone30pr < 0.1 | 0.814(4)| 0.082(2)
electron “Combined Isolation] 0.781(4)| 0.046(1)

Table 5.7: Efficiency of isolation variables for electromglanuons in signal simulation and
multijet background after object selection cuts. In pdneses is the statistical error of the last
digit.

The efficiency of the isolation cuts was measured in dataguaitag and probe method

and correction factors were applied to the simulation taemirfor the differences between

—el_Etcone40/p /

— el"Etcone30/pT /
el“ptcone40Q/pT

,eI_Btconeaol 1

simulation and data (further details in sect®d.1.7.

— mu_etcone40/p

— mu_etcone30/pT
mu_ptcone40/pT

_ mu_ptcon930lp¥

10*

Efficiency Multijet Background
Efficiency Multijet Background

10*

0.8 0.85 0.9 0.95 1 0.4 0.5 0.6 0.7 0.8 0.9 1
Efficiency Signal Efficiency Signal

(&) Muon channel. (b) Electron channel.

Figure 5.3: Isolation efficiencies of signal simulation andltijet data events for different
isolation variables.



5.4 Object Selection 84

5.45 Tau Selection

Hadronically decaying- leptons are reconstructed by searching for calorimetsr rigton-
structed using the Anti+ algorithm [65, 66] (with distance parametek R = 0.4) from topo-
logical clusters$9]. They were required to haye- > 10 GeV and were calibrated by applying
a correction to the reconstructed energy at the electrogimganergy scale. A track was as-
sociated to the candidate if it hag > 10 GeV and passed selected quality criteria, detailed
in [45). Additional variables were calculated for eacttandidate from the calorimeter and
tracking information, which were then used to identify gapality candidates.

The cut-based identification quality criteria defined in Wm2011 f5] were used for this
analysis. The cuts are detailed in sect8.4.2

There are three levels of cuts, “loose”, “medium” and “tiglidach level is defined based on
a target efficiency for the signal, where the target effigyeiioc “loose” is 60%, for “medium”
it is 45% and for “tight” it is 30%. This analysis required “diam” for one-prong candidates

and “tight” for three-prong candidates. Adl candidates also had to pass a separate electron

veto [58] (see sectior8.3.4.3. Ther lepton selections are summarised in tehke

7 Candidate Preselection
pr > 20 GeV
In| < 2.47, excluding 1.3% |n| < 1.52
7 Candidate Selection
Passes Electron Veto
1-prong “medium”, 3-prong “tight” cuts-ID

Table 5.8: Summary of the candidate selection cuts.

5.4.6 Transverse Missing Energy

The transverse missing enerdy*s reconstruction used components from three algorithms,

combined as in equatidn 3.

B = B2 (Calorimeter) + B (Muon) — EXS(Muon Track). (5.3)
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where EXss(Calorimeter) is a sum of all the energy deposited in calorimeter cells tised
topological clustersg9] which are calibrated to either the electromagnetic or biaidrscale
depending on the classification of the objeftss(Mwon) is the combined sum gf; of all
combined isolated muons, muons in gaps and non-isolated tnaicks in the muon spectrom-
eter. If a muon waf\ R > 0.3 from a jet, it was considered as isolaté®ss(Muon Track) is

the sum of the energy deposited in the calorimeter cellsdigtisd muons.

5.4.7 Object Selection Summary

Table5.9 summarises the cut flow so far, normalised to the integratedhosity. It shows that
the requirement of a selectedepton was the least efficient cut. Figur& shows the kinematic

distributions of the selected objects.

Electron channel (35.7pb) Muon channel (35.5ph)

Selection Nevents Nevents
Preselected Lepton and

Overlap Removal 2497(7) 2478(7)
Preselected Candidate and

Overlap Removal 1179(5) 1133(5)
Selected Lepton 690(4) 1143(5)
Isolated Lepton 531(3) 941(5)
Selectedr Candidate 141(2) 258(2)

Table 5.9: Summary of object selection effect on signal Mddarlo events for both channels.
Numbers are normalised to the integrated luminosity used.

5.5 Event Selection

5.5.1 Di-lepton Veto

In order to eliminateZ — /¢ background events, events with more than one preselegithle
of any kind were vetoed. This was also effective at suppngssi— 7 — ¢/+ vv background
events. Figuré&.5shows the number of preselected leptons for each backgsamgle. Re-

jecting leptons at the level of preselection instead ofctiEle offered an additional rejection
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Figure 5.4: Kinematic distributions for reconstructedtters andr candidates following all
object selections. A requirement of the charge oftleandidate to be of opposite sign of that
of the lepton was also applied. The predictions for indialdurocesses were taken from Monte
Carlo, except for the multijet background, which was takemfran orthogonal data sample
obtained by inverting the opposite-sign requirement asdaked using the multijet background
estimation.
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Figure 5.5: Distributions of the number of preselecteddaptprior to the di-lepton veto, fol-

lowing all object selections. A requirement on the chargéhefr candidate to be of opposite
sign to that of the lepton has been applied, the multijet gemknd contribution was estimated
by inverting this cut in data; all other processes were egtohusing Monte Carlo.

of 18% and 2% ot/ — ee and . background events respectively, while only losing an extra

0.1% of Z — 77 signal events.

5.5.2 W + jets Suppression Cuts

One of the most significant backgrounds to control wagthe jets background, consisting of
bothWW — /v andW — 7v — fvvr decays. Taking advantage of the kinematics of the event
topology it was possible to form two variables based on thection of the missing transverse
energy and the lepton, which effectively discriminatediasfathis background. Due to the
mass difference between tlieboson and the lepton, the decay products of thdepton are

collimated in the direction of the lepton.

D " cos Ag = cos (¢(€) — Q(EF™)) + cos (¢(m) — ¢(EF™)) (5.4)

The first variable, the sum of the differencessibetween the lepton ang»* and ther lepton
and theEss %™ cos A¢, is zero when the two leptons are back to back, as in the case of most
Z — 77 signal events. If theZ boson is boosted thEr* vector lies in the azimuthal range

spanned by the decay products, as illustrated in figuséa) and> _ cos A¢ is positive. In the
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Figure 5.6: Drawings of representative transverse plaieatations ol andZ decay products
and theE. The shaded angles indicate the angle (less t)aretween the lepton and the
(fake) 7 candidate. In (a), the is depicted to have non-zegg, which must be balanced on
the left by some other activity omitted for clarity.

W + jets events thé&ss vector tends to lie outside of this angle, as shown in figbrég)and

5.6(c) therefored _ cos A¢ is predominantly negative. Requiring cos A¢ > -0.15 effectively

discriminated against thé” + jets events.

Emlss \/2 pT E%liss . (1 — cos Aqb(é’ E%liss)) (55)

The second variablent (¢, EX*), is small for signal events, whereas in thé + jets events
it peaks around th&” boson mass. Due to the effectiveness of Yjeos A¢ cut, a loose cut
of mt < 50 GeV was used. The distributions of both of these variadesncluded for both

channels in figur®.7.

5.5.3 Final Event Selection

5.5.3.1 7 candidate cuts

To reject the multijet background, thecandidate was required to have unit electric charge and
exactly one or three tracks, which is strongly characterefthadronic decays aof leptons.

In Z — 77 events the lepton and thecandidate will be of opposite charge, however in
multijet events there is no bias towards opposite sign oressign, therefore an opposite sign

requirement gives good rejection.
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Figure 5.7: The distributions of cos A¢ are shown for the muon (a) and electron (b) channels.
The distributions of transverse massy, of the combination of the lepton and tfig"s* are
shown for the muon (c) and electron (d) channels. All of trlsibutions are shown following
the full object selections (Sectidn4) and di-lepton veto (Sectidn.5.1). A requirement on the
charge of ther candidate to be of opposite sign to that of the lepton was apgiied, the
multijet background contribution was estimated by invegtihis cut in data; all other processes
were estimated using Monte Carlo.

5.5.3.2 Visible Mass

The visible mass is defined as the invariant mass ofrtbandidate and the lepton and peaks
around 55 GeV forZ — 77 events as can been seen in the distributions of this varfable
both channels in figurB.8. Imposing a window cut on the visible mass of 35-75 GeV reduce
contamination fromZ — ¢/ events which peak around 90 GeV. This peak can be clearly seen

in the electron channel in figuge8(b)
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Figure 5.8: The distributions of the visible mass of the coration of the chosem candidate
and chosen lepton are shown for the muon (a) and electrorhémnels. These distributions
are shown following the full object selections (Sectmd) and event selections (Sectiérb),
except for the visible mass window and clearly show the exoésignal over background.

5.5.3.3 Selection Summary

Table5.10presents a summary of all event selections. The numbersatepassing each cut
in the muon and electron channels can be seen in tabldsand5.12respectively.

Then andpr distributions of the selected leptons andandidates for all events passing
the event selection can be seen in fighre In figure5.10the distributions of theZis, Ad
between the selectedcandidate and lepton, and thiE suppression cuts are shown after all
other cuts were applied. These give the reader a feel forifiebaitions and also show good
agreement with the data. In figusel 1the distribution of the number of tracks associated to the
selectedr candidate is shown in both channels and shows the chasiittestiape expected of

hadronically decaying leptons.

5.6 Background Estimation

To obtain estimates of the number of events from backgroaites the final event selection,
Monte Carlo was used for thé — ¢/, ¢t and di-boson backgrounds, normalised to integrated
luminosity and cross-section. TH& — /v andW — 7 backgrounds were taken from

simulation and normalised to agree with the data, using ke $aetor discussed further in sec-
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Event Preselection

Primary Vertex

Nvtac > 1 with Ntrk > 3

Jet Cleaning

Cleaning cuts “medium” withspecific modifications

Trigger

EF_el5 medi um(e channel)

EF_nmul0_MGEF _nmul3_MGEF nmul3_M3 i ght (u channel)

Preselection

Electrons

pr > 15 GeV

In| < 2.47, but excluding 1.3% |n| < 1.52

not in bad Object Quality map region, map of run 167521
“MediumWithTrackMatch” electron

Muons

pr > 15 GeV

n| <2.4
“isCombinedMuon”
| 20| <10 mm

T candidates

Overlap Removal

pr > 20 GeV
In| < 2.47, but excluding 1.3% |n| < 1.52
Order of lowest priority:candidate, electron, muon

Object Selection

Electrons pr > 16 GeV
“TightWithTrackMatch” electron
prConedQpr < 0.06 ; ErCone3Qpr < 0.1
Muons pr > 15 GeV

no BlayerHit expected or nBLayerHits O

nPixHits + nDeadPixelSensors 1

NSCTHits + nDeadSCTSensarsb

nPixHoles + nSCTHoles: 2

In| < 1.9: nTRT Outliers / (nTRT Hits + nTRT Outliers) 0.9
& NTRT Hits + nTRT Outliers> 5

In| >= 1.9 : (n"TRT Hits + nTRT Outliers- 5

& nTRT Outliers / (n"TRT Hits + nTRT Outliersx 0.9)

or nTRT Hits + nTRT Outliers< 6

prCone4Qpr < 0.06; ErConedQpr < 0.06

T candidates

Passed/eto
1-prong “medium”, 3-prong “tight” cuts-ID

Event Selection

W + jets Suppression > cos A¢ > -0.15

mt < 50 GeV

Di-lepton Veto

Remove Event if N(preselected leptong)

Visible Mass Cut

35 Ge\k m,,;s < 75 GeV

7 Candidate Cuts

Ntracks(Th) =1lor3
|charge(m,)| =1

Opposite Sign Cut

charge(m,) x charge(¢) <0

Table 5.10: Selection summary.



Data ~*/Z — 7 Multijets ~*/Z - up W —pv W — 110

tt Di-boson

Object Selection 1365 261(3) 163(9) 216(2) 649(6) 54(3) 38.9(5) 8.6(1)
Di-lepton Veto 1291 260(3) 162(8) 125(2) 648(6) 54(3) 34.3(5) 7.8(2)
W Suppression Cuts 462 231(3) 90(4) 58(1) 66(2) 18(2) 7.8(2) 1.34(5)
Myis = 35-75 GeV 327 205(2) 71(3) 23.1(9) 23(1) 10(0) 2.4(1) 0.49(3)
Nuk(m) =1or3,|Q(m)| =1| 247 187(2) 42(3) 15.3(7) 12.1(8) 51) 1.4(1) 0.32(2)
Opposite Sign 213 186(2) 23(3) 11.1(5) 9.3(7) 3.6(8) 1.3(1) 0.28(2)

Table 5.11: Numbers of events passing the cumulative eedttsons for the muon channel. The statistical errors erlg@hst significant digits
are given in the parentheses. The predictions for indiNifuacesses were taken from Monte Carlo, except for multijwtéch was estimated

with the Non-Isolated method described in sectob. 3
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Data ~*/Z — rr Multijets ~*/Z —wee W —ev W — 71V tt Di-boson
Object Selection 1203 141(2)  402(12) 164(1)  409(4)  24(2) 33.0(d)  6.4(1)
Di-lepton Veto 1144 140(2)  400(11) 116(1)  409(4)  24(2) 29.1(4)  5.9(1)
W Suppression Cuts 449 125(2) 159(6) 70(2) 43(1) 10(1) 6.7(2) 0.98(4)
Myis = 35-75 GeV 273 107(1) 95(4) 19.2(7) 12.8(7) 3.7(7) 1.7(1) 0.32(2)
Nea(m) =10r3,|Q(m)| =1 180 98.5(1)  53(4)  11.0(5) 6.7(5) 1.8(5) 1.13(9) 0.21(2)
Opposite Sign 151 97(1)  25(3) 6.9(4) 4.8(4)  15(4) 1.02(8) 0.18(1)

Table 5.12: Numbers of events passing the cumulative eedgttsons for the electron channel. The statistical emarthe least significant digits
are given in the parentheses. The predictions for indiViguzcesses are taken from Monte Carlo, except for multiyetsch was estimated with

the Non-Isolated method described in secto. 3
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Figure 5.9: Distributions of the selected lepton anchndidatepr andn, for events passing all
signal selection.
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Figure 5.10: The distributions of tHe>* andA¢ between the selectedcandidate and lepton,
in the final visible mass window for the muon (a),(c) and etacib),(d) channels and the W
suppression cut$, cos A¢ andmr , after all other cuts applied (e), (f), (g), (h). The stamdar
mr cut was applied when plotting the cos A¢, while the " cos A¢ cut was applied when
plotting them.
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Figure 5.11: The final track distribution after all cuts irpogite signed bin, except the require-
ment on ther track distribution itself and on the magnitude of theharge.

tion 5.6.1 To estimate the multijet backgrounds two data-drivemesion methods were de-
veloped which served as a useful cross-check to each othén. rBethods used three control
regions, known as an ABCD matrix method. The primary methaaSlime Sign method, used
the two uncorrelated variables, lepton isolation, seciigh4 and the product of the charge
of the electron or muon and the reconstructel@pton, sectiorb.5.3.] to create the control
regions and is described in sectibr6.2 The second method, the Non-Isolated method, used
the uncorrelated lepton isolation anddentification requirements, secti@¥.5 and is docu-
mented in sectio®.6.3 To aid understanding of this procedure, the regions fon ba¢thods
are shown side-by-side in a diagram format in figdré The Same Sign method was chosen
as the primary method because the control regions wererfseedignal contamination, mean-
ing an iterative procedure to extract the cross-sectionweasiecessary, as would have been
the case for the Non-Isolated method, which did not excligieas contributions in the control

regions.

5.6.1 W Scale Factor

The simulation has been shown to overestimate the fake nate jets in thelV + jets back-
grounds 92]. By defining al¥’ boson rich control region in data it was possible to invedég

the effect of this mis-modelling by looking at a comparisdrthe shapes of distributions of
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“Loose”

Non- and not
isolated C D “Tight” C D

Tau ID

Isolated A B T::Jgrg' A B

Opposite Same Isolated Non-
Sign Sign isolated

(a) Schematic diagram of the control regions(b) Schematic diagram of the control regions
for the same sign sample multijet backgroundfor the non-isolated leptons multijet back-
estimation method. ground estimation method.

Figure 5.12: Cartoon images to aid visualisations and siida of the two background esti-
mation methods.

data and simulation in this control region, and a scale fakfo was assigned to correct the
normalisation of the simulation to the data. To obtain tlwstomol region, both of thél” + jets
suppression cuts, described in secttoh.2 were reversed, but all other event selections were
applied in order to minimise contamination from the muttipackground. This gave a high
purity and simulation was used to estimate the contamindtmm other backgrounds, which

was subtracted from the number of data events, as in theviolipequation:

WCR WCR __ WCR WCR WCR
NW - kWNW — fVdata T ‘VZ—l0 Ntﬂdiboson (56)

In figure5.13the extent of this overestimation in the distributiongeffor the light lepton and
7 candidate is illustrated, before and after “tight” levatentification was required. It is clear
that the agreement between data and simulation is reagobetdre the requirement of “tight”
level 7 identification, thereforéy;; should be much closer to one for the control region where
identification was required to be “loose” but not “tight”. fi@rentky;, factors were required for
the opposite and same sign control regions, thought to beadilie different compositions of
quark and gluon jets in each sample and the fact that tdentification is modelled differently

for each. The events froml” + quark jet are opposite sign biased, whereas those fiorm
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Figure 5.13: Muon and pr distributions in thé?” control region, following na- identification
(a)/(c) and “tight” (b)/(d)7 identification. Following “tight” 7 identification, the simulation

overestimates thB contributio

gluon jet have no sign bia9$§].

n. A similar effect is seen in the electron chalnn

The measuredy; factors are listed below:

0.93 £ 0.04 (stat.)
0.73 £ 0.06 (stat.)
0.94 £+ 0.13 (stat.)
kw =
0.97 £ 0.04 (stat.)

0.63 & 0.07 (stat.)

0.83 = 0.15 (stat.)

Theseky, factors were applied

muon channel, loose 4 not tight 7, opposite sign
muon channel, tight 7, opposite sign
muon channel, tight 7, same sign
(5.7)
electron channel, loose + not tight 7, opposite sign

electron channel, tight 7, opposite sign

electron channel, tight 7, same sign

to thid” + jets Monte Carlo predictions in each of the control
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regions for both multijet estimation methods.

5.6.2 Background Estimation from Same Sign Sample

The first method for the multijet background estimation takelvantage of the fact that the
multijet background is expected to be approximately theeseegardless of whether the lepton

and ther candidate have the same or the opposite sign charge. Theviiodl relation can be

used:
Néultijets Nnc;ultijets
NB _—~ ND (5-8)

multijets multijets

where N is the number of multijet events in four statistically inéepent regions, denoted

{A, B,C, D} and defined as follows:

A: signal region with isolated lepton and the opposite siguirement

B: control region with isolated lepton and the opposite seguirement reversed

C". control region with inverted lepton isolation requirerhand the opposite sign require-

ment

D: control region with the opposite sign and isolation regoients inverted

This method takes advantage of the fact that the signal wapased of almost exclusively
isolated leptons whose charges are of opposite value t@ thibther candidates, therefore

signal contributions were effectively excluded in all cmhtegions B, C and D.

All four regions have the same cuts applied except for theospg sign and isolation re-
guirements, keeping this method simple and reducing thebeumf systematic uncertainties.
In each of the control regions an estimate for the number dfijetuevents was obtained by
correcting for theZ — ¢/, tt and di-boson contributions as predicted from simulatioth fam

thelW — (v andW — 7v contributions by correcting the simulation predictionswgshe iy,
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normalisation factors discussed in secttof.1as described by the equation:

Nmultijets - NData o NZ‘)TT - NZ—>Z€ o Ntﬂdz’boson - kW(NW—MV + NW%TV)

fori =B,C,D

(5.9)

The leptons from the backgrounds — /v, W — 7v andZ — ¢/ are typically very isolated,
like the signal, as discussed in sectmd.4 From simulation estimations, regions C and D are
~99% multijet pure. These multijet rich regions were used &asure the OS/SS rati®ysss

for multijets, which was expected to be very close to unity:

1.07 £ 0.04 (stat.) £ 0.04 (syst.) muon channel
Rosss = (5.10)

1.07 £ 0.07 (stat.) £ 0.07 (syst.) electron channel

This measured?psss was then used to scale the multijet estimate from region Bgon A,

using Eq5.1%

C
NA o Nmultijets NB
multijets — ND multijets
multijets

= Rosss Ny (5.11)

ultijets

These regions yielded the numbers shown in talll& The expected number of multijet events

in the signal regiom was

24 £ 6 (stat.) £ 3 (syst.) muon channel
NA = (5.12)

multijets
23 £+ 6 (stat.) £ 3 (syst.) electron channel

This method is limited by low statistics in the control ragidnvestigations of the effect of

possible systematic uncertainties were performed andem@ithed in sectiof.1.2.1

5.6.3 Background Estimation from Non-Isolated Leptons

The second method used the lepton isolation andrthandidate identification to define the

control regions as they are expected to be uncorrelatedcifgipg “loose” but not “tight”
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Muon channel Electron channel

Isolated | Non-Isolated| Isolated | Non-isolated
Lepton Lepton Lepton Lepton

Region A Region B| Region A Region B

Data 213(15) 1521(39)|| 151(12) 398(20)

Z =TT 185(2) 8.4(4) 97(2) 3.2(2)

v )Z — 1T 0.7(3) 0.05(5) 0.3(2) 0(0)

OS Events Multijet 24(6) 1511(39) 23(6) 394(20)

+ Final Selection W — (v 9.3(7) 0.3(1) 4.8(4) 0.2(1)

W — v 3.6(8) 0.08(8) 1.5(4) 0.04(4)

Z = U 8.7(3) 0.33(6) 4.9(2) 0.12(3)

v Z — 2.4(4) 0.16(8) 2.0(3) 0.03(3)

tt 1.31(1) 0.99(8) 1.02(8) 0.11(3)

Di-boson 0.28(2) 0.052(8)| 0.18(1) 0.009(3)

Region C Region D|| Region C Region D

Data 34(6) 1415(38) 29(5) 367(19)

Z =TT 1.3(2) 0.3(8) 1.0(2) 0.23(7)

v )Z =TT 0.06(6) 0.09(9) 0.2(2) 0(0)

SS Events Multijet 22(6) 1413(38) 21(5) 367(19)

+ Final Selection W — (v 3.7(5) 0.09(6) 2.3(3) 0(0)

W — 1v 2.1(7) 0.2(2) 0.3(3) 0(0)

Z = U 1.9(2) 0.11(3) 2.7(3) 0.05(2)

v Z — 2.5(4) 0.11(8) 1.3(3) 0.13(11)

tt 0.21(4) 0.61(6) 0.1(3) 0.06(18)

Di-boson 0.044(7) 0.021(4)|| 0.029(5) 0.005(3)

Table 5.13: Numbers of events in the control regions disligs sectiorb.6.2 The numbers
in parenthesis are the statistical errors in the leastfsgnit digits. The multijet expectations
were determined by the data-driven method discussed isdétibn. The other processes were
estimated with simulation.

7 identification helped to ensure high numbers of multijetdidates. The four independent
regions are defined as:
e A: signal region with isolated lepton and “tight’candidate
e B: control region with non-isolated lepton and “tight’'candidate
e (' control region with isolated lepton and “loose” but nogtit” = candidate
e D: control region with non-isolated lepton and “loose” but ftagght” = candidate
The control regions C and D were used to measure a ratio aftesbto non-isolated multijet

eventsR;,, which were then used to normalise the number of multijehes/en region B, to

give the number of multijet events expected to fall withia siignal region A, as in the following
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Muon channel Electron channel
Isolated | Non-isolated|| Isolated | Non-isolated
Lepton Lepton Lepton Lepton
Region A Region B| Region A Region B
Data 213(15) 1521(39)|| 151(12) 398(20)
Z =TT 185(2) 8.4(4) 97(2) 3.2(2)
v )Z — 1T 0.7(3) 0.05(5) 0.3(2) 0(0)
“tight” 7 candidate  Multijet 23(3) 1510(39) 25(3) 394(20)
+ Final Selection W — (v 9.3(7) 0.31(12) 4.8(4) 0.2(2)
W — v 3.6(8) 0.08(8) 1.5(4) 0.04(4)
Z = U 8.7(3) 0.33(6) 4.9(2) 0.12(3)
v Z — 2.4(4) 0.16(8) 2.0(3) 0.03(3)
tt 1.3(1) 0.99(8) 1.02(8) 0.11(3)
Di-boson 0.28(2) 0.052(8) 0.18(1) 0.009(3)
Region C Region D| Region C Region D
Data 283(17) 9696(98)| 225(15) 2159(46)
Z =TT 72(1) 4.2(3) 39.5(8) 1.4(2)
v Z =TT 3(2) 0.3(2) 0 0.03(3)
“loose” not “tight” Multijet 144(17) 9688(98)| 139(15) 2156(46)
T candidate W — (v 35(2) 1.8(3) 22(1) 0.6(2)
W — v 11(2) 0.5(3) 7.6(1) 0
Z — U 6.3(2) 0.28(5) 9.6(3) 0.20(4)
v Z — 0l 7.5(7) 0.3(2) 5.2(5) 0.2(2)
tt 2.3(2) 1.07(8) 1.4(1) 0.22(4)
Di-boson 0.31(3) 0.09(2) 0.22(2) 0.019(4)

Table 5.14: Numbers of events in the control regions disligs sectiorb.6.3 The numbers
in parenthesis are the statistical errors in the leastfsgnit digits. The multijet expectations
are determined by the data-driven method using non-igblafgons, discussed in that section.
The other processes were estimated with simulation.

relation:

A _ B _ B
N, - Nmultijets - Nmultijets

multijets

Riso (5 13)

C
Nmultijets

D
Nmultijets

Due to the inefficiencies in the cut-baseddentification for signal events, there was contami-
nation from signal events as well as other backgroundspadth this was a small percentage of
the total number of events in the control region. The simoatnormalised to the theoretical

cross-section, was used to correct for this contaminatsomguthis relation:

Nmultijets NZ—)M - N,

_ATP AT _ _ i i
- NData NZ—>7’T tt,diboson kW (NW—>€V + NW—>TV)

(5.14)
for:=B,C,D
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whereky, is detailed in sectios.6.1. The total estimated number of events from data and
each background, in each region, is detailed in tadkld. This method estimated the following

numbers of multijet events in the signal region A to be:

23 £+ 3 (stat.) £4 (syst.) muon channel

multijets
25 + 3 (stat.) £ 3 (syst.) electron channel

The number of the estimated multijet events is in good agesmith values obtained from the
method based on the same sign samplet®B{stat.)+ 3(syst.) events from multijet processes
in the muon channel and 28 6(stat.)+ 4(syst.) in the electron channel as presented in the

previous section.

5.7 Cross-section Calculation

The measurement of the cross-sections was performed tngrigrimula

Nobs - kag

0(Z = 77) X BR(T = lvv,T = Thea V) = A, C,

(5.16)

where

e N, is the number of observed events in data

Nyrg is the number of estimated background events

Ay denotes the kinematic and geometric acceptance for thalggocess

Cy is a factor containing the efficiencies for triggering, neswuction and identification

objects within the fiducial region

L denotes the integrated luminosity for the channel of irsere
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Ay is determined from generator level Monte Carlo as:

gen kin
AZ — Ndressed (517)

Ngen Minv
born

where N7 Minv

born

is the number of generated events at Born level, meaning édfier leptons
emit photons via QED final-state radiation, which fall withhe invariant mass window of 66-
116 GeV andVi7" " is the number of generated events which when dressed, fédlinathe
fiducial regions summarised below. The procedure of drgssients is a partial way to correct
back to Born level. The lepton decay products were “dressed” with photons radibyetthe

7 leptons themselves and the decay products, this was dong astone ofAR < 0.1 for

electrons and muons a¥lR < 0.4 for hadronic decay products to select photons to adceto th

7 lepton decay products.

The A, values were calculated using a PYTHIA sample generated avitmodified LO
parton distribution function (PDF) MRSTLO*9f]?and the ATLAS MC10 tuneq9. By
construction thed ; factor includes a correction for events which migrate iadite invariant
mass window in the fiducial region, including events from lihg mass tail (above 10 GeV)
from ~*/Z processes. The values are shown in t&blé the difference between channels can
be attributed to the difference inranges essentially, in the electron channel the crackmagio

excluded. The statistical uncertainty on both values2%s.

C5 is defined as follows:

Tecopass
N

Cy = (5.18)

Ngen kin

dressed

where N¢«°pss ig the number of events which pass all cuts after all of theeotion factors,

to correct simulation to data, have been appliad;” ~n is defined in the same way as above.

ressed

By construction the correction for events migrating into dlseeptance is included. For thg

values the statistical uncertainties ar&.5%.

2The * indicates that this PDF is modified and designed to bd irseonjunction with a LO matrix element,
required due to flaws in either the standard LO or NLO PDFs BIDF is optimised to perform better than
either P4).
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Muon channel Electron channel
Az 0.11691+4 0.00023(stat.) 0.10078 0.00021(stat.)
C;  0.2045+ 0.0024(stat.) 0.119F 0.0017(stat.)

Table 5.15: Central values for th¥e; acceptance factor defined by equattoh7from PYTHIA
ATLAS MC10 Monte Carlo generated with MRSTLO* PDF at generaswel andC'; correc-

tion factor defined by equatidh 18 determined using the same sample at generator level and
after full detector simulation.

The cross-sections defined by equatioh6are total inclusive cross-sections. The fiducial

cross-sections are obtained by settiygto one, which gives:

Nobs - kag

ol"(Z = 77) x BR(T — lvv, T — hadv) =
Cy- L

(5.19)

Measuring the fiducial cross-sections removes some of dw¢kical uncertainties from the
measurement.
The fiducial regions were defined by the following cuts:

Muon channel

e Muon: pr > 15 GeV,

n| < 2.4

e Tau: Er > 20 GeV,|n| < 2.47, excluding 1.3% || < 1.52

e Event:X cos A¢ > -0.15,m1< 50 GeV, 35< m;< 75 GeV
Electron channel

e Electron:Er > 16 GeV,|n| < 2.47, excluding 1.3% |n| < 1.52

e Tau: Ep > 20 GeV,|n| < 2.47, excluding 1.3% |n| < 1.52

e Event:X cos Ap > -0.15,mr< 50 GeV, 35< m,s< 75 GeV
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5.8 Z Candidates and Backgrounds after Event Selection

A summary of the number of events passing the selection ia diatl for the multijet back-
ground, estimated using the both methods, detailed inseetb.2and sectiorb.6.3 along with
the estimated number of events from each of the other eleetro backgrounds is presented in
table5.16 Since the Same Sign method was chosen as the primary méhodetasurement
of the cross-section is performed using this method, homeoth are included here to enable
the reader to draw a comparison. The number of events th& ses=m, after subtracting the
number of events estimated to be from backgrounds is: 41 &8(stat.)+ 4(syst.) for the muon
channel and 114 14(stat.) + 3(syst.) for the electron channel. This is compatible wiié t
Standard Model signal expectations of 18&.2.1(stat.)t+ 25.7(syst.) and 97.& 1.4(stat.)t

16.2(syst.) events respectively.

Muon channel (35.5 ph') Electron channel (35.7 pB)

Data (after all selections) 213 151

Est. multijet background OS/SS 24 + 6(stat.)+ 3(syst.) 23 + 6(stat.)+ 3(syst.)
Est. multijet background isol. lep. 23 + 3(stat.)* 4 (syst.) 25+ 3(stat.)* 3 (syst.)
Est.W, Z, tt , diboson background 25+ 1(stat.)+ 5(syst.) 14 + 1(stat.)+ 4(syst.)
Data (less backgrounds, OS/SS) 164 + 16(stat. xt-4(syst.) 114 + 14(stat. 1-3(syst.)
Data (less backgrounds, isol. lep. 164 + 13(stat.)+ 5(syst.) 111 + 11(stat.)+ 4(syst.)
SM signal expectation 186.2 4+ 2.1(stat.)+ 25.7(syst.) | 97.8 &+ 1.4(stat.)+ 16.2(syst.)

Table 5.16: Summary of — 77 observation results: observed number of events in data,
estimated background and number of data events after stibgyahe estimated background
compared to the SM signal expectation. OS/SS and Isol. Lefpr to the two multijet back-
ground estimation methods, described in sectmf2and5.6.3respectively.



Chapter 6
Z — 1p73, Cross-section Measurement:

Results and Systematics

6.1 Systematics

The systematic uncertainties were estimated for the Giounls of theA factor, the geomet-
ric and kinematic acceptance, and tfig factor, containing the efficiencies for triggering and
reconstruction and identification of objects in the fiduecggion, as well as for the background
estimations. There are two categories of uncertaintiethinbackground estimations, the first
type are the uncertainties associated with the simulatiedigtions for the electroweak back-
ground including those used to correct the contaminatiotihéncontrol regions for the data-
driven estimates; the second are the uncertainties agstei@h the data-driven method itself.
The systematic uncertainties on the simulation predistissed to correct for the contamination
in the control regions, in both background estimation meshevere propagated into the mul-
tijet estimates. Some systematic uncertainties were figgged in dedicated studies outside of

this analysis; where values are used from those studieserefes are given to the full details.

6.1.1 Systematic Uncertainties on Monte Carlo Predictions

6.1.1.1 Pile-up

To correctly model the pile-up in the simulation, the vertiestributions need to be reweighted
to match those in the data, details of this are in sed@i@m® The effect that the pile-up had on

the quantities used in this analysis was most evident irb@ed variables such &s:,, of the

107
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7 candidates and theCone variable used for the lepton isolation, discussed itioses.4.4
Both of these variables are shown in figéré& with various pileup conditions. The distributions
of 7 candidates were taken from simulation. The muons useddasttation distributions were

taken from the tag and probe analysis described in se6tibi.7
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Figure 6.1: Ther candidate electromagnetic radius was plotted from siradlaignal events in
(a) and thefz-Cone variable of isolated muons frath— . events in data in (b), both show a
comparison of the variable in events with different numlzgngertices: one, two and three and
above.
The systematic uncertainty was estimated by varying thghteiused up and down by 1

within the statistical uncertainty and measuring the paiage change in the final event yield

for each simulation sample. The results of this procedunebesseen in tablé.1

Shift Z — 77 Z — ee (my > 60 GeV) Z — up (mgy > 60 GeV) tt
+1l0 +0.35% +0.35% +0.35% +0.35%
-lo -0.35% -0.35% -0.35% -0.35%

Table 6.1: The percentage change in event yield when thaupil®eights were shifted up and
down by Ir on each simulated sample.

6.1.1.2 Energy Scale andz*** Scale

The uncertainty due to theenergy scale was assessed by scaling the energy of eartdidate
in the event and measuring the percentage change in theveralygeld. The scale factors were
binned inp7, n and the number of prongs of thecandidate, the scale factors used are given in

table6.2[45].
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1-Prong (n| Regions)

Multi-Prong (7n| Regions)

pr Region

<13 13-16 >16

<13 13-16 > 1.6

15< pr < 20 GeV
20< pr < 30 GeV
pr > 30 GeV

45% 7.0% 4.5%
35% 7.0% 4.5%
25% 7.0% 4.5%

14.0% 7.0% 6.5%
10.0% 7.0% 6.5%
8.0% 7.0% 6.5%
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Table 6.2: Scale factors used for rescalingandidates’ energy up and down.

Since they are correlated tf#g"*> and the electron energy must be scaled at the same time.

For the muons, the energy smearing was studied indepepdamd| found to be negligible.

Before the preselection of candidates and electrons, the energies of allrttend electron

candidates in the event were scaled either up or down anchdngge in electron energy was

propagated into the calculation @5, which is described in sectioh.4.6 Then all other

topoclusters in the event not within? < 0.2 of the selected lepton were scaled up or down

according to the formulat +a (1 + %) within |n| < 3.2, wherez and NV are chosen to cover

the full range of uncertainties derived from studiessfp in data and Monte Carlo for single

hadrons 95] [96]. In figure 6.2the distributions of2*** andr candidatep; are shown, for the

default values and once the clusters have been scaled bathdugown in energy. The value

of the systematic uncertainty per simulation sample wasiddfas the maximum shift in event

yield for any value ofi or N. These shifts are summarised in tablgd the maximal values used

as the systematics were 9.44(8.55)% for the signal sinama®9(24)%, 21(18)% and 13(18)%

fortheZ — (¢, W — (v, andtt backgrounds respectively in the electron (muon) channel.
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Figure 6.2: The variableB** in (a) andr pr in (b) before and after scaling the cluster energy
up and down.
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Shift Z —711(e) Z—ee WHijets tt
a=0.07, N-1=0.93 9.39 29 21.1 10.6
a=0.06, N-1=1.17 9.21 27 20 11
a=0.05, N-1=1.50 9.16 24 18.6 10.2
a=-0.05, N-1=1.50 9.1 -4.11 -8.74 -12.5
a=-0.06, N-1=1.17 -9.26 -4.58 -9.07 -12.9
a=-0.07, N-1=0.93 -9.44 -5.7 -10.1 -13
Cluster|n| > 3.2

a=1.1, N-1=0 -0.154 1.88 -2.15 1.63
a=0.9, N-1=0 -0.246 -0.803 -3.36  -0.0744
Shift Z—=71r(pn) Z— pp W+ jets tt
a=0.07, N-1=0.93 7.54 24.3 18.1 17.8
a=0.06, N-1=1.17 7.5 241 17.9 17.6
a=0.05, N-1=1.50 7.4 23.6 18.1 17.9
a=-0.05, N-1=1.50 -8.24 -17.9 -18.5 -13.5
a=-0.06, N-1=1.17 -8.42 -19.2 -18.4 -14
a=-0.07, N-1=0.93 -8.55 -20.1 -18.4 -14.7
Cluster|n| > 3.2

a=1.1, N-1=0 0.0517 -0.04 -0.0895 0.129
a=0.9, N-1=0 -0.0501 0.617 -3.71 1.5

Table 6.3: The percentage difference in event yield afterctbster energies andenergy were
shifted. In the electron channel the electron energy wassaaled.

6.1.1.3 Lepton Trigger Efficiency

Trigger efficiencies were measured using a tag and probgsasalThe efficiencies were cal-
culated in both data and simulation, with respect to recanttd and identified leptons. The
ratio of the efficiency in data and simulation yields the eotion factor which was applied to

the simulation to achieve agreement with data.

Muons Using theZ — puu tag and probe analysis, the trigger efficiency was measwed a
function ofn andpy; the trigger efficiency as a function of these two variablas be seen in
figure 6.3. The trigger efficiency is flat after the turn-onzat > 15 GeV with respect tor
and therefore the correction factors were only computedfasaiion of. Thern dependence
is due to the non-homogeneity of the muon detectors. In tldecap region there are muon
trigger chambers covering the full extent of the muon specaters and therefore the trigger

efficiencies are higher at 95%, in the barrel region there are some missing and therefor
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the trigger efficiency can be as low as 80%. This drops evehduin the transition region

at |n| ~ 1.2. By varying the parameters of the tag and probe analysi) as the size of

the invariant mass window, the systematic uncertaintiehese efficiency measurements were

estimated. The summary of these integrated trigger efi@snand the following correction

factors for each of the triggers used in this cross-sectieasurement are given in talfieland

table6.5respectively.
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Figure 6.3: Trigger efficiency and scale factors measuredata and simulation, for the
mul3MGtight trigger, where the green bands represent the unngrtamn the scale factors.
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ev data events and simulation. Scale factors for them&8lium trigger at EF level in (b) for

medium and tight level el

ectrons.

Electrons For electrons the trigger efficiency was measured using tiiereint methods. The

first, for offline electrons witlp > 20 GeV, was a combination of the results of two tag and
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Trigger Flag Efficiency
Type Data Simulation
EF-mulOMG 82.794 0.92 (stat.1- 0.31 (syst.) % 82.55+ 0.02 (stat.H 0.02 (syst.) %
EF mul3MG 84.48+ 0.40 (stat.1- 0.13 (syst.) % 82.55+ 0.02 (stat.1 0.02 (syst.) %
EF mul3MGtight | 83.07+ 0.39 (stat.x- 0.14 (syst.) % 82.05+ 0.02 (stat.}+ 0.02 (syst.) %

Table 6.4: Integrated efficiency for each muon trigger thoéd measured with respect to re-
constructed and identified muons.

Trigger Flag Scale
Type Factor
EF mulOMG 1.003+ 0.011
EF-mul3MG 1.024+ 0.005
EF-mul3MGtight | 1.013+ 0.005

Table 6.5: The scale factors for each muon trigger thresluskeld to correct the trigger efficien-
cies measured in simulation to those measured in data.

Electron pr Range Efficiency
Type Threshold Data Simulation
“medium” | 16 < £y < 18 GeV | 95.7+ 2.4 (stat.H 0.3 (syst.) %| 95.3+ 0.3 (stat.) %
“tight” 16 < B <18 GeV| 95.8+ 2.2 (stat.+ 0.6 (syst.) %| 96.6+ 0.3 (syst.) %

“medium” | 18 < Er < 20 GeV | 96.3+ 2.2 (stat.+ 0.4 (syst.) %| 97.50+ 0.16 (stat.) %
“tight” 18< Er <20 GeV| 96.5+ 2.1 (stat.1+ 0.4 (syst.) %| 98.55+ 0.16 (stat.) %

Table 6.6: The trigger efficiencies for the efrfedium trigger in two differenp; ranges for
“medium” and “tight” electrons, measured froml@ — ev tag and probe data analysis. For
the region ofp; > 20 GeV, the scale factor of 0.995 was used.

probe analyses, one usitfj— ee events and the other usiff — ev events. This gave the
correction factor of 0.995 0.005 B0, 97]. Electrons withp; > 20 GeV are on the plateau,
thus nopr binning was required as the efficiencies are flat with resfgept. The second is

for offline electrons withpr < 20 GeV, and was measured using a tag and probe analysis on
W — ev events. For this momentum range the efficiencies were birméslo p bins, 16-

18 GeV and 18-20 GeV since the trigger is turning on in ghigange. These efficiencies are
listed in tables.6. The scale factors obtained using this method are sumrdansable6.7[64].

The efficiencies measured for the edfedium trigger at Event Filter level using the second

method can be seen in figuBet along with the corresponding scale factors.
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Electron pr Range Scale
Type Threshold Factor
“medium” | 16 < £ < 18 GeV| 1.004+ 0.025

“tight” 16 < E7 < 18 GeV| 0.9924+ 0.023

“medium” | 18 < £ < 20 GeV| 0.987+ 0.023
“tight” 18< Ep <20 GeV| 0.979+ 0.021

Table 6.7: The scale factors for the edfedium trigger in two differenp; bins for “medium”
and “tight” electrons, used to correct the trigger efficiesdn simulation to those measured in
data.

6.1.1.4 Lepton Reconstruction and Identification Efficiency

Muons TheZ — uu tag and probe analysis was used to measure the efficiencg ofition
reconstruction and identification for both data and simoief98]. While the efficiencies were
found not to be dependent gn-, the combined muon reconstruction and identification effi-
ciencies varied depending on the region in the detectorreftwe the simulation to data scale
factors, were binned in different regions of- ¢ space, and can be found ifi§. The sys-
tematic uncertainties on these scale factors were esthigtearying the requirements of the

7 — pu tag and probe analysis.

Electrons Tag and probe studies were used to show that the electrongteaction efficien-
cies were well modelled in simulation and that no scale favts necessangf/]. The system-

atic uncertainty assigned to this measurement was 1.5%.

The efficiencies for the identification of electrons in siatidn and data were measured
using tag and probe analyses performedors ee andWW — ev events , the disagreement
between simulation and data was corrected for by defininkp $aators, dependent apand
pr. These dependencies were found to be uncorrelated, so ¢hectde factors, one binned in
n, the other inpy, were multiplied together to give the final scale factorse Tridividual scale

factors and the uncertainties on these measurements canrmif [60, 97].
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6.1.1.5 Leptonpr Resolution

To achieve agreement between data and simulation foZthe /¢ mass peak, smearing was
applied to the leptop in the simulated events. To estimate the systematic unegrian this
correction procedure the smearing factor was varied byooared the percentage change was

found to be only 0.2%.

6.1.1.6 Lepton Charge Misidentification

The mis-identification of lepton charge typically occureaEhowering of electrons; due to the
large number of charged tracks in the vicinity of the elettibis easier to combine the wrong
track with the electron. This effect was measured by looldhg — ce events, selected in a
tag and probe analysis, and comparing the number of everdsevioth electrons had the same
electric charge to the total number of events. The systematertainty on this measurement
was measured to be 0.2%. For muon events the charge-mifickidn rate for this analysis

was found to be negligible.

6.1.1.7 Lepton Isolation

The efficiency of the isolation requirements placed on thecsed leptons, discussed in sec-
tion 5.4.4 was measured using — ¢/ tag and probe analyses. The efficiency is defined as the
percentage of selected leptons which also pass the isol&uirements. By taking the ratio of
the efficiencies measured in data and simulation, cornedtictors were obtained which were

then applied to the simulation.

Muons TheZ — uutagand probe analysis was used to measure the efficienoy istfation
requirements. This was found to be dependenppiut notr, this dependence is illustrated
in figure 6.5(a) This was modelled well by simulation and the scale factoegsenconsistently
around one. The scale factors were applieg;irbins, the systematic uncertainties were calcu-

lated independently per bin, by varying the tag and probairements.
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Electrons A Z — ee tag and probe analysis was performed to measure the effiegeoicthe
isolation requirements on selected electrons. The sanméifidation criteria for the electrons
as used in the analysis, were used for the tag electron aedapt the isolation criteria were
used for the probe electron. In addition to this the elecnaere required to have opposite
sign electric charge and fall within an invariant mass wimdwsound that of theZ boson. No
background subtraction was found to be necessary as thiesijgction criteria on the tag
electron combined with the invariant mass window of the tfezteons was highly effective at
suppressing the multijet backgroundtd%. The efficiencies were calculated in binggfand

n independently, the distributions of these dependenciebeaeen in figured.5(b)and 6.5(d)
respectively. These were found to be non-correlated, ttver¢o get the final scale factors, the
scale factors in bins gf; andn were multiplied together. The systematic uncertaintieshese
scale factors were estimated on a bin-by-bin basis by vgrfia tag and probe requirements
such as electron identification level, invariant mass wimdize and minimunp, of the tag

electron.

6.1.1.8 7 Identification Efficiency

To evaluate the efficiencies and associated systematiatamdes on the cut-based iden-
tification [45 and dedicated electron veto, studies were performed osithelation to alter
conditions which affect event generation, shower modglind reconstruction and measure

the effects on the efficiencyp]. The following conditions were taken into account:

1. Detector Geometry
2. Monte Carlo event generator and underlying event model
3. Hadronic shower model

4. Noise thresholds of calorimeter cells for cluster retmuts$ion

The efficiencies and systematic uncertainties were measarkins of p, n, number of

prongs and in one or more vertices. The efficiencies and thdtieg event yield shifts are
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Figure 6.5: Efficiency of the isolation requirements andesd¢actors measured in data and
simulation, for muonsy;rCone40pr < 0.06 andE-Cone40)r < 0.06, plotted againsiy in
(a) andy in (c) and for electrong;rCone40) < 0.06 andE-Cone30pr, againspr in (b) and
against in (d), where the green bands represent the uncertaintyeosctie factors.

summarised in tablé.8where the systematic uncertainty quoted is the sum in qtia@raf the

effect of each variation listed above.

or (1) [GeV ] [20, 30] [30, 40] [40, 100]

Nik | Nyxp | Effic. [%] Syst. [%] | Effic. [%] Syst. [%] | Effic. [%] Syst. [%]
<2 |40.0+0.1 8.A40.8| 42.1+0.1 8.8:0.8 | 42.1+0.2 9.2:0.9
>3 | 31.40.1 11.6t0.7| 34.6:0.1 10.4:0.8 | 35.40.1 9.6:0.8
<2 | 23301 12.32.9]| 29.6+0.2 8.9:1.7 | 34.9-0.3 11.9:2.6
>3 |18.40.1 11.5:2.0| 24.6:0.1 11.#2.0| 30.3:0.2 10.5:t1.5

1

3

Table 6.8: The efficiencies of the lepton identification combined with the dedicated elec-
tron veto and the associated systematic uncertaintiesl4poongr candidates the “medium”
identification is used and for 3-prongcandidates the “tight” identification is used.
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6.1.1.9 Jet Fake Rates of Leptons

To estimate the uncertainty on the fake rate- @andidates from jets, the uncertainty was used
from the cross-check measurement of the scale factor. Théy scale factor is a measure
of the disagreement between data and simulation ofithgets normalisation and is attributed
to the jets fake rate. The difference from one is added in quadratur&eouncertainty on
the measurement of thig,, scale factor itself. The value of the systematic unceryaihis
yielded was 24 % in the muon channel. This uncertainty was #pplied toy*/Z — ¢/ and

tt events. In the electron channel it was only applied-toandidates which did not match
true electrons im*/Z — ee, this fake rate uncertainty of electrons fakingandidates was
estimated independently, see sec#ioh.1.10 Forit , where less than 2% of candidate fakes

come from electrons, the jet fake-rate uncertainty wasiegpd all events.

6.1.1.10 Lepton Fake Rates of Leptons

A 7 — ee tag and probe analysis was used to measure the fake rateaoididates originating
from electrons in both data and simulation. A scale fact@oiwect the fake rates in simulation
to those measured in data and the systematic uncertairdgiassd with this scale factor was
calculated independently for one and three promgndidates and in bins gffor 7 candidates
matched to true electron89]. The uncertainty was applied to the — ee and~*/Z — ee
simulation events, weighted by the percentage of eventsanther candidate could be matched

to a truth electron.

6.1.1.11 Electron Quality Maps

During the period that data were taken there were varioulsl@nos within the calorimeter. It
was necessary to reject electron candidates built usirggecki corresponding to these prob-
lematic regions. To do this, maps were builtjimnd¢ of dead and non-nominal HV regions,

dead Front End Boards and isolated dead or high noise chanhleése maps were updated
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throughout data running and applied to data, but only onewaepapplied to Monte Carlo, cor-

responding to~v52% of data, a systematic uncertainty due to this of 0.4% washated 10Q.

6.1.1.12 Jet Cleaning

Jets built from energy deposits not believed to be from thégor-proton collision were removed
using the method detailed in sectibr8.2 Due to inconsistencies between data and simulation
in the distributions of the variables used to remove thete gn efficiency measured by the
Jet/EXs group from inclusive jet studies was applied to simulatidhe effect of this on the
signal event yield was taken as the systematic uncertahs/was seen to be between 3.3%

and 3.6% in the muon channel and less than 1.5% in the electi@mel.

6.1.1.13 Cross-section and Luminosity

The uncertainty on the theoretical cross-sections usednmalise the Monte Carlo samples
was 5% for theZ samples 101] and +7%/-9.5% for thet sample L0Z. The uncertainty on

the luminosity measurement is 3.4%4].

6.1.2 Systematic Uncertainties on QCD Background Estimation

To calculate the uncertainties on the background estimatiethods, the relevant uncertainties
on each of théV, Z andtt processes had to be taken into account as the Monte Carlo was
used in the control regions. This effect was estimated byingreach different source of
systematic uncertainty up or down by for each Monte Carlo contribution simultaneously,
then the resulting percentage shifts for each systematiertainty were added in quadrature.

The methods themselves are subject to systematic undestabased on the underlying
assumptions, which were estimated using the proceduresssisd below. Finally both methods
have statistical uncertainties, which are included in tnammaries per channel along with the
other systematic uncertainties in tab®43 and 6.14 for the Same Sign and Non-Isolated

methods respectively.
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6.1.2.1 QCD Estimation Same Sign Method

The main assumption underlying this background estimatiethod is that for multijet events
there should be no bias towards events with a light leptoraanépton of opposite or the same
sign electric charge. In order to test this, a control samae defined, all overlap removed
candidates which failed “tight* identification were used, and th&,sss was plotted against
the isolation variablestl-Cone30p for the electron channel anfd,Cone40p; for the muon
channel. This test of the stability d?pss5 is shown in figure6.6. The bands represent the
statistical uncertainty, and with the exception of the Istwsolation bin in the electron channel,
which suffers from low statistics, the values lie within 8tatistical uncertainty on the measured
ratio. A conservative systematic was assigned as the maximawiation from the measured
value added in quadrature to the statistical uncertaintthercentral value, which is 12.4% in
the electron channel and 5.2% in the muon channel. To conffiainthere was no correlation
with the 7 identification, the control region of inverted isolationsuased to plot the measured
Rosss against each level af identification cut, “loose”, “medium” and “tight”, this is®wn

in figure 6.6. The inverted isolation for the electron channel wa&€one/40pr > 0.06 and
ErCone0/pr > 0.1; for the muon channel the inverted isolation wa€onel0/p; > 0.06
and E7Conel0/pr > 0.06. As no significant correlation is evident, and only thight” level

of 7 identification was used in the estimation, no additionateaystic was assigned.

6.1.2.2 QCD Estimation Non-Isolated Method

The main assumption in this method is that the lepton iswiedind ther identification are un-
correlated. To test this assumption, different values efepton isolation and different levels of
the 7 identification were chosen and the background estimatetegeFirst the isolation vari-
ables were loosened, for electrongicCone4Qp, > 0.1 andE-Cone30/pr > 0.2; for muons
to prCone4Qpr > 0.1 andErConed4Qpr > 0.1. In table6.9 where the variations are sum-

marised, this shift is labelled Isolation 1. The differentéhe estimate was 0.6% (1.8%) for the
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Figure 6.6: Stability ofRpsss as a function of calorimeter isolatiom {dentification) on top
(bottom) for muons (electrons) on left (right) in data. Tlodicsline represents the measured
ratio and the dashed lines give the statistical error. Thmated impurity from the electroweak
backgrounds is shown as a shaded box on each bin.

muon (electron) channel. Second the isolation variable® wghtenedp-Cone4Qpr > 0.1
and E-Cone30py > 0.05 for electronsprCone4Qpr > 0.03 andE-Cone4Qpr > 0.04 for
muons. This shift is labelled as Isolation 2. The differefarethis variation was 1.1% (0.8%)
for the muon (electron) channel. Third thadentification was changed to select “loose”, but
not “medium”, instead of the default “loose” but not “tight’candidates. This led to a much

more significant difference of 8.8% (3.5%) for muon (elegjrohannel.

As an additional cross-check, the shapes of the isolatiolahlas for different levels of
the 7 identification were compared to ensure no dependence wasrgrelhe sum of the two
regions containing “tight’r candidates (A+B) was compared to the sum of the two regions

containing “loose” but not “tight”r candidates. These comparisons can be seen in figydre
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Figure 6.7: Comparison of the shape of the isolation distioios for the A+B and C+D regions.

The shapes were found to be in agreement within the stalistncertainties and no systematic

was assigned on this check.

Variation Muon channel Electron channel
Default 22.6+ 2.7 25.4+ 3.1
Isolation 1 224+ 2.8 25.0+ 3.1
Isolation 2 22.4-2.7 25.6+ 3.1

7 candidate “loose” not “medium” 204 3.1 26.3+ 3.6
Systematic uncertainty from Isolation +0.3 + 0.5
Systematic uncertainty fromidentification +2.0 + 0.9

Table 6.9: Summary of the background estimates after eatdtioan described ir6.1.2.2and
the estimated systematic uncertainty for each.

To obtain a value for the total systematic on the backgrowstichation, the aforementioned
systematic uncertainties based on the correlations in #thod were added in quadrature with

those due to the systematic uncertainties on the contaiminairrections in the control regions,
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and with the statistical uncertainties arising due to thtéd Monte Carlo available to estimate

these corrections.

6.1.3 A Calculation Systematic Uncertainty

The dominant theoretical uncertainties affecting this sne@ament arise from limited knowledge
of the parton distribution functions and the modelling af fhboson at the LHC. They can be

divided into three components.

e Uncertainty within one PDF set

The CTEQ6.6 NLO PDF set was used to estimate this uncertaimigs 22 error eigen-
values available]03, for each error eigenvalugthe sample was reweighted to the error
eigenvalue, then the acceptancd$; and A%, were recalculated using the following

relation:

1 i i
Ay = 5\ (AY - A7)’ (6.1)

e Deviations between different PDF sets

The acceptance values from the default PDF were comparéwse bbtained when the
sample was reweighted to the HERAPDF1104] and CTEQ6.6 PDF sets. The resulting

deviation gave the systematic uncertainty.

e Uncertainty due to the modelling of the parton shower

A sample was generated using MC@NLO and Herwig parton shoambimed, with
the CTEQ6.6 PDF, MC10 tune and a minimum invariant mass of 60, @e¥dl used to
recalcuate thed; factor. The variation from the default value was taken asutieer-
tainty. Since the Herwig generator did not handle thgolarisation accurately during
lepton decays when interfaced with the MC@NLO generatoredtithe, a correction was
applied to account for the difference in acceptance caedlitom the MC@NLO sam-

ple. The correction was determined from dedicated samptetuped with and without
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7 polarisation switched on. The correction factors were miessto be 0.991% 0.0002

for the muon channel and 0.99840.0002 for the electron channel, where the errors are

statistical.

Muon channel

Electron channel

PYTHIA MRSTLO* 0.1169 0.1007
PYTHIA CTEQ6.6 0.1191 0.1026
PYTHIA HERAPDF1.0 0.1185 0.1020
PYTHIA CTEQG6.6m /.~ > 60 GeV 0.1185 0.1022
MC@NLO CTEQ6.6m - > 60 GeV 0.1174 0.1016
MC@NLO CTEQ6.6m - > 60 GeV

(with spin effect correction) 0.1165 0.1006

Table 6.10: Values of thel ; geometric and kinematic acceptance factor calculatedyubim
default PDF (PYTHIA MRSTLO?*) and other variations.

Muon channel

Electron channel

CTEQ 6.6 Eigenvector Set 1.2% 1.2%
Different PDF Sets 1.9% 1.9%
Model Dependence 1.8% 1.6%
Total Uncertainty 2.9% 2.8%

Table 6.11: Relative uncertainties on the factors, calculated as described in the text.

A summary of these systematic assessments concerning deteocént PDFs and models

is given in tables.10and 6.10 Additional sources of uncertainty on th; measurement

were considered, these were the modelling ofrtldecays with TAUOLA B4] and of the QED

radiation with PHOTOS§5]. The 7 leptonp; spectrum depends on the branching ratios of

the hadronic decay modes and thus the fraction of energyrdogve, in order to quantify the

effect of changing this fraction, a secondary sample wasmgged using SHERPALDS which

contains its own library of decay branching ratios. The PHOTOS Monte Carlo is known to be

accurate to better than 0.2%, which is negligible compare¢hkd uncertainties due to the PDFs.

The uncertainties from all sources were added in quadrabuotain the total uncertainty on

A, of 3% in both channels.
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6.1.4 ('; Calculation Systematic Uncertainty

As the C; value contains efficiencies for the detector, reconstonctind identification, the
uncertainties were those applicable to the signal sinanatiescribed in sectiof.1.1 Each
uncertainty is listed in tablé.12 these were added in quadrature to obtain the total unogrtai
The dominant systematic uncertainties werertidentification and energy scale. In the electron
channel another significant uncertainty arose due to tlye lancertainties on the correction

factors for the electron identification at low valueef between 16 and 20 GeV, wher&5%

of signal lies.
Systematic Uncertainty 0Cz/Cz Muon channel 6Cz/Cy Electron channel
Lepton Efficiency 3.6% 9.2%
Lepton Resolution Energy Scale) 0.2% 0.2%
Problematic Regions in the Calorimeter - 0.4%
e Charge Misidentification - 0.21%
7 1d Efficiency 8.6% 8.6%
Energy Scale Lepton and 8.6% 9.4%
Pile-up Reweighting 0.4% 0.4%
Jet Cleaning 1.8% 1.8%
Total Systematic Uncertainty 12.8% 15.8%
Statistical Uncertainty 1.2% 1.4%
Total Uncertainty 12.8% 15.9%

Table 6.12: Relative percentage systematic uncertairgrab&C';, factor.

6.1.5 Systematics Summary

A summary of each of the systematic uncertainties is givethénfollowing three tables: ta-
ble 6.13lists the systematic uncertainties on each of the backgi®intluding the multijets
estimated using the Same Sign method; t&bld lists the uncertainties using the Non-Isolated
method of multijet background estimation and tabl&5 gives the uncertainties on the Monte

Carlo prediction of expected signal.



Muon channel % Deviation)

Electron channel% Deviation)

Systematic Uncertainty (Nobs — Negg) | Multijet | W+ jets | +*/Z +tt | (Nops — Nprg) | Multijet | W+ jets|  ~*/Z +tt
Lepton Efficiency 0.24 1.6 3| 28(v/2) 0.31 2.7 71 5.00*/2)
5.9(tt) 9.0(tt)

Lepton Resolution( Energy Scale 0.018| 0.092 0.2 0.2 0.012| 0.065 0.2 0.2
Problematic Calorimeter Regions 0.0023| 0.016 0 0 0.022 0.14 0.4 0.4
e Charge Misidentification 0.0023| 0.016 0 0 0.014| 0.064 0.21 0.21
7 |d Efficiency 0.078 0.54 0 0 0.11 0.55 0 0
Energy Scale Lepton and 1.7 10 19 | 24.3(v*/Z) 1.3 8.8 21| 29.1(v*/Z2)
18.0(tt) 13.1(tt)

Lepton-jetr Fake Rate 1.1 5 0 24 0.66 3.9 0| 20(v*/2)
24 (tt)

Pile-up Reweighting 0.029 0.17 0.35 0.35 0.02 0.12 0.35 0.35
Jet Cleaning 0.067 0.41 0 1.8 0.066 0.51 0 2.5
kyw Factor 0.12 3.6 8.2 0 0.18 2.2 11 0
OSSSRatio 0.76 5.2 0 0 2 10 0 0
Theoretical Cross-section 0.2 1.4 0| 5.0(v/2) 0.12 1.3 0| 5.0(v/%2)
8.3(tt) 8.3(tt)

Total Systematic Uncertainty 2.2 13 21 34 2.5 14 25 35
Statistical Uncertainty 9.8 27 8.3 3 12 27 9.9 3.8
Total Uncertainty 10 30 22 34 12 30 27 35

Table 6.13: Summary of the systematic and statistical waicgies for each of the main backgrounds and for the predistgnal for both the
muon and electron channels using the Same Sign method afenhblickground estimation, described in sectto®.2 The “lepton efficiency”

entry includes the lepton trigger, reconstruction, idesdtion and isolation uncertainties added in quadrature.

SonewalsAS 19
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Muon channel % Deviation)

Electron channel{ Deviation)

Systematic Uncertainty (Nobs — Nogg) | Multijet | W+ jets |  +*/Z +tt | (Nops — Nprg) | Multijet | W+ jets|  ~*/Z +tt
Lepton Efficiency 0.08] 3.20 3.0| 2.8(v*/2) 0.54] 481 70| 5.0(v*/Z)
5.9(tt) 9.0(tt)

Lepton Resolution{ Energy Scale 0.004 0.19 0.2 0.2 0.31 0.13 0.2 0.02
Problematic Calorimeter Regions 0 0 0 0 0.32 0.25 0.4 0.4
e Charge Misidentification 0 0 0 0 0.31 0.14 0.21 0.21
7 |d Efficiency 0.61 4.49 0 0 0.89 2.51 0 0
Energy Scale Lepton and 1.41 13.1 18.8| 24.3(v*/2) 0.46 10.6 21.4| 29.1(v*/Z2)
18.0(tt) 13.1(tt)

Lepton-jetr Fake Rate 1.51 1.88 0 24 0.52 2.81 0| 20(v*/2)
24 (tt)

Pileup Reweighting 0.007 0.33 0.35 0.35 0.32 0.22 0.35 0.35
Jet Cleaning 0.03 1.15 0| 1.3(v/2) 0.32 0.79 0| 20(y/2)
5.0(tt) 5.0(tt)

kyw Factor 0.46 1.32 8.20 0 0.15 0.82 11.1 0
Multijet Estimate Method 2.22 8.84 0 0 3.02 4.05 0 0
Theoretical Cross-section 0.05 3.22 0| 5.0(v/2) 0.40 2.08 0| 50(v/2)
8.3(tt) 8.3(tt)

Total Systematic Uncertainty 3.12 17 21 34 3.4 13.1 25 35
Statistical Uncertainty 9.02 12 8.3 3 11.5 12.1 9.9 3.8
Total Uncertainty 9.54 21 22 34 12.0 17.8 27 35

Table 6.14: Summary of the systematic and statistical waicgies for each of the main backgrounds and for the predistgnal for both the
muon and electron channels using the Non-Isolated methodittijet background estimation, described in secBadh 3 The “lepton efficiency”

entry includes the lepton trigger, reconstruction, idesdtion and isolation uncertainties added in quadrature.

SonewalsAS 19
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Systematic Uncertainty Muon channel| Electron channel
(% Deviation) | (% Deviation)

Lepton Efficiency 3.6 9.2
Lepton Resolutionyf Energy Scale) 0.2 0.2
Problematic Regions in the Calorimeter 0 0.4

e Charge Misidentification 0 0.21

7 1d Efficiency 8.6 8.6
Energy Scale Lepton and 8.6 9.4
Lepton-jetr Fake Rate 0 0
Pileup Reweighting 0.4 0.4

Jet Cleaning 1.8 1.8

kw Factor 0 0
Theoretical Cross-section 5.0 5.0
Total Systematic Uncertainty 13.8 16.6

Table 6.15: The estimated systematic uncertainties of thet&Carlo predicted signal yield.
The “lepton efficiency” entry includes the lepton triggexconstruction, identification and iso-
lation uncertainties added in quadrature.

6.2 Cross-section Measurement

6.2.1 Measured Fiducial Cross-section

The fiducial cross-section was calculated, as definedl. i, to be

ol'(Z — 77) x BR(T — pvv, 7 — hadv) =

(6.2)
92.55 + 2.14(stat.)+ 3.42(syst.)+ 0.79(lumi.) pb
for the muon channel and
ol"(Z — 77) x BR(T = evv, T — hadv) =
(6.3)

26.59 + 3.16(stat.)+ 4.74(syst.)£ 0.94(lumi.) pb

for the electron channel, where the individual componehtsecalculation are summarised in

table6.16
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Muon channel Electron channel
Nps 213+ 15 151+ 12
Nops — Npig 164+ 16+ 4 114+ 144+ 3
Ay 0.11691+ 0.00023+ 0.00351| 0.10073+ 0.00021+ 0.00302
Cy 0.2045=+ 0.00244 0.0262 0.1197+ 0.00174 0.0189
L 35,51+ 1.21 35.754+ 1.22

Table 6.16: The components of the— 77 cross-section calculation. The first error is statis-
tical and the second systematic. For the multijet backgiastimation, the same-sign sample
method described in secti@n6.2was used.

6.2.2 Measured Total Cross-section

The total cross-section, as defined5rilg was found to be

0(Z = 77) X BR(T = pvv, T = Thaq V) =

(6.4)
192.9 4+ 18.3(stat.)+ 29.8(syst.)+ 6.8(lumi.) pb
for the muon channel and
0(Z = 17) X BR(T = evuv,T — ThaaV) =
(6.5)

264.1 + 31.3(stat.)£ 47.7(syst.)£ 9.3(lumi.) pb

for the electron channel, where each term in the calculasidéisted in tables.16

After correction of the total cross-section for the — v v, 7 — 7,.4) branching ratio,
0.22495+ 0.00074 for the muon channel and 0.23130.00074 for the electron channdl |
the following value for the inclusive cross-section wasantéd:

o(Z — 7T, Mjn, 66 — 116 GeV) =
(6.6)

857.6 £ 81.4(stat.)+ 132.5(syst.)+ 30.19(lumi.) 4 2.8(theo) pb
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for the muon channel and

o(Z — 7T, Mjn, 66 — 116 GeV) =
(6.7)

1142 + 135.5(stat.)+ 206.2(syst.)=+ 40.19(lumi.) + 3.6(theo) pb

for the electron channel.

6.2.3 Comparison toZ — ee, uu Channels and Theoretical Calculations

The obtained total cross-sections agree within uncerggintith the theoretical expectation of
960+ 49.5 pb [LOG. They are also, within uncertainties, in agreement withabmbined cross-
section ofZ — /¢ measured by ATLAS inth&Z — pp andZ — ee channels, 945 6(stat.)

+ 11(syst.)+ 32(lumi.) 4+ 38(acc.) pb 10q. Finally they are also compatible with the com-
bined measurement of thie — 77 cross-section in 4 channels, published recently by the CMS
collaboration, 1.0Gt 0.05(stat.)4+ 0.08(syst)}+ 0.04(lumi.) nb LO7]. The comparison of the

present study’s results with those quoted above can be $igeiin6.8.

ATLASZ - 1, T, °

[ ]

ATLASZ - 1 T,

ATLAS Z - pp/ee e — Statistical unc.
— Systematic unc.

: — Theoretical unc.
CMS Z - 11 (combined) _—

Lol R N R I I B
700 800 900 1000 1100 1200 1300 1400

Figure 6.8: Comparison of the measured cross-sections ¢oythitae combined cross-section
Z — (¢ measured by ATLAS in th&Z — up andZ — ee channels and to the combined
measurement of th& — 77 cross-section in 4 channels, published recently by the CMS co
laboration.
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6.2.4 Event Display

To illustrate the ATLAS detector identification ofa— 7,7, event, a candidate event is demon-
strated in the ATLAS event display format in figuBed. The particular event shown here was
collected at centre-of-mass energy 7 TeV and was recordetieof¢ August 2010. One
lepton decayed muonically and the other hadronically with&rged tracks. The muon and
hadronically reconstructed lepton have opposite electrical charge and the event centa
further reconstructed electrons, muons or jets. The musmpha 18 GeV, ther lepton has
visible pr = 26 GeV. The reconstructed visible massis, = 47 GeV, the transverse masg

=8 GeV and theEss = 7 GeV.

p;(n) = 18 GeV ~ A W] R ¢
pYs(th) = 26 GeV % \\ A I LA S
my;e (u.T_h) = 47 GeV N ﬂf

my (1, E7) = 8 Gev A EXPERIMENT

ET" =7 GeV
Run Number: 160613, Event Number: 9209492

Date: 2010-08-03 02:12:37 CEST

L — TT B

Candidate in 7 TeV CoIIisions'i,; N _SLANIAN N

3™

>
0

3-prong hadronic _
tau decay /

Figure 6.9: AZ — 7,7, candidate event collected gfs = 7 TeV on August 3’ 2010. Oner
lepton decays muonically and the other hadronically witihn&ged tracks.



Chapter 7

Vector Boson FusionH — 71y,

7.1 Cuts Based Analysis

In the low range of possible Higgs boson masség, < 130 GeV, one of the most important
search channels for the Standard Model Higgs boson is theeMBoson Fusion (VBF) pro-
duction of Higgs to twar leptons. As discussed in secti@r8.2the two forward jets from VBF
production are a useful discriminator against backgrodime main backgrounds to this signal
are from QCD multijets|V + jets and”Z + jets, where th&Z decays to pair of electrons, muons
or 7 leptons. The prospects for this channel were fully evallidig an analysis which was
designed and optimised fqfs = 14 TeV [108.

ATLAS has a procedure known as an “acceptance challengethngich member of an
analysis group is required to complete to ensure uniformitthe application of the cuts and
corrections, which was completed successfully and is deciwed here. It was performed for
the VBF Higgs— 77 analysis; at the time it was believed that the centre of maesgg of
the LHC during Autumn 2010 would bg’s = 10 TeV. Therefore the analysis discussed here
was designed using Monte Carlo simulation produced usingHBRWIG generator §3] at

V5 =10 TeV.

7.1.1 Object Selection

7.1.1.1 Electrons

Electrons were selected if they hagd > 10 GeV and passed the “medium” identification level

with no isolation criteria included; instead an isolati@guirement that less than 10% of the

131
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Er of each electron fell within an isolation cone AfR = 0.2 around the electron was applied.

7.1.1.2 Muons

Muons were required to haye- > 8 GeV, those selected were reconstructed using the com-
bined method where a muon spectrometer standalone trackxtrapolated to the interaction
point and matched to an inner detector track and qualityireouents were placed on the match-
ing. The muon was required to be the best matched candid#ie tase where multiple inner
detector tracks were present, and to hg¥e: 100 on the matching ang® < 500 on the fitting.
Requirements were made on the isolation of the muon, lesslid#nof the £ of the muon

was expected to fall in an isolation conedf? < 0.2.

7.1.1.3 7 leptons

The hadronically decaying leptons were required to hawe > 20 GeV, 1 or 3 tracks, integer
charge, of valuet1, and to pass the cuts-based identification level of “metijur@9 as well

as the dedicated electron veto, described in se&idr.3

7.1.1.4 Jets

The jets were reconstructed from topoclust&$ Lising a cone algorithnb] with a radius of

AR = 0.4, they were required to haye > 20 GeV andn| < 4.8.

7.1.1.5 Overlap Removal

Muons, electronsr leptons and jets can all be reconstructed using the samgyedeposits
since the algorithms are not exclusive. The most accurgezteconstruction and identifi-
cation belongs to the muons, then the electrons, ther tleptons and finally the jets, thus
a hierarchy is created; objects which overlapped within @ecof AR = 0.2 were removed
in order of reliability. For example if an electron overlaggpwith a muon, the electron was

removed.



7.1Cuts Based Analysis 133

7.1.2 Event Selection

Each of the event level cuts was studied in the course of th&e¥4analysis 108, for this
analysis proposal the same criteria were used, however-ttieesholds were lowered to reflect

the reduction in the centre of mass energy.

7.1.2.1 Trigger Requirement

The event selection required that a single lepton triggex pessed: in the electron channel the
trigger was EFe12 medium; for the muon channel the trigger was iBE10. Since ther of a
lepton resulting from a lepton decay is low compared with that of leptons from didextays

of bosons, the ideal trigger threshold is low, approximeai€l GeV, however this is optimistic

because the rates increase with decregsing

7.1.2.2 Lepton Requirements

If the electron trigger was passed, then the electrons iewbet were required to haye > 15 GeV
and similarly if the muon trigger was passed, then the muare wequired to haver > 15 GeV.
This ensured that the lepton which passed the trigger hadragh enough to not be affected
by the lower efficiencies incurred on the turn-on curve fa thgger at values g close to
the trigger threshold.

In order to reject the background frofh — ¢/ it was necessary to reject events which had
two or more reconstructed and identified leptons of any flavou

The 7 lepton was required to pass “tight” level identificatiatDf] and to have opposite

charge to the selected lepton.

7.1.2.3 Missing Transverse Energy

When ther leptons decay they produce neutrinos alongside the vidixtay products, which

are either a light lepton (an electron or muon) or chargedreudral mesons. These neutrinos
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are undetected and form the missing transverse energy e¥ém. By requiringziss > 20 GeV

it was possible to discriminate against events where nainestwere present such as— (/.

7.1.2.4 Transverse Mass

The quantity of transverse mass was defined in se&ibrg, for the discrimination it affords

againsti’ + jets events a cut af/ < 30 GeV was applied.

7.1.2.5 Collinear Approximation

Since ther leptons are typically highly boosted when they decay, tleag@roducts tend to be
collimated; by assuming that the neutrinos are collineénéovisible decay products it becomes
possible to reconstruct the invariant mass of a pair kejptons,M...,..

The unknown quantity in the system is the proportion of thiepton’s energy which is
carried away by the neutrinos. For the hadronically deaayitepton this fraction is denoted
x, and for the leptonically decayinglepton,z;. Using ther andy components of the measured
EXiss and using the assumption that the sum of the neutrinosggiiethe E2'* it is possible to
calculater;, andz; as long as the twe leptons are not produced back to back. To avoid events
where this is the case a restriction was placed on the azahatigular distribution of the two
7 leptons:|A¢..| < 0.9. In order to avoid unphysical solutions due to the missneement of

Emiss the fractions of- momentum were restricted toQ z;,; < 1. The invariant mass is given

by:
M p

A/ L1Th

wherel; ;, is the invariant mass of the visible decay products from épédn and hadron and

M,, = = \/2(Ep + Eup)(E + Ey) (1 — cosOyp,) (7.1)

L, represents the energy of the visible decay products of tdeoha decay, similarly; the
energy of the visible leptort;,, is the energy of the neutrino from the hadronilepton decay
and E,, is the sum of the energies of the neutrinos from the leptordecay.6,, is the angle

between the visible lepton and the reconstruetéspton.



7.1Cuts Based Analysis 135

A window cut was placed on this mass variable centred on thea®d Higgs boson mass

for this sampleMy = 120 GeV, of 105 Ge\k M., < 135 GeV.

7.1.2.6 Vector Boson Fusion Specific Cuts

In a VBF event there are two high momenta jets, typically higlyj and in opposite hemi-
spheres of the detector. Due to colour coherence betweenttiere is suppressed QCD ra-
diation in the central region. This is shown in figufel where they of the first and second
highest momentum jets is shown compared to two importarkdraands,” — uu + jets and
tt — up + jets, these plots are produced using 14 TeV Monte Caig|[ Identifying these
two jets provides a good indicator of a VBF signal. This wasealbg requiring at least two
jets, with the leading jet (highest-) to havepr > 20 GeV; then that the two highest- jets

be in opposite hemispheres, hy x n;, < 0, with a separation afAn);, , > 3.6. To ensure

ji,2
that the correct two jets were selected a di-jet mass cutmpssed of\/;; > 500 GeV as this
reflects that the jets are high in energy and well separated.distribution of the difference in
pseudorapidity between the two jets and their invariantsmsshown in figur&’.2 compared
to two main backgrounds, all produced @t = 14 TeV [10g. Since the Higgs decay was
expected in the central region, two requirements were ubatither lepton, and the lepton,
should lie between the jetsin(7;,,7;,) < 7, andny, < max(n;,,n;,). As no additional QCD

activity is expected in this central region a central jebwstis employed; if any other jet in the

event hadn| < 3.2 the event was discarded.

7.1.3 Results

7.1.3.1 10 TeV Validation Analysis

The result of the application of each cut is shown in table This illustrates which were the
tightest cuts and the overall level of efficiency of the sigselection which can be expected

using such a complex set of event level cuts.
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Figure 7.2:An between VBF jets (a) and invariant-mass distributions of V&5 [b) in VBF
H — 77 — pp events at a Higgs mass of 120 GeV— WW — upu andZ — pp + n jets.
A requirement); x 1, > 0 is used in addition to the cuts on jet. Monte Carlo produced at
Vs =14 TeV [108.

As is shown in tabl&.1 only ~1% of signal events passed such stringent selection require
ments. This analysis could potentially benefit from a moabetate analysis technique which

could preserve these signal events while still providingcate rejection against the main
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Cut Total | Electron channel Muon channel
Number [%] | Number [%)]
Start 49954| 49954 100.0] 49954 100.0
Trigger Passed 32191 14701 29.4| 15802 31.6
Di-lepton Veto 22197, 10630 21.3| 11567 23.2
Tight 7 5781 | 2766 5.5 3015 6.0

Missing Transverse Energy 4539 | 2180 4.4 2359 4.7
Transverse Mass 3394 | 1667 3.3 1727 3.5
Collinear Approximation | 1970 968 1.9 1002 2.0
Tight Jet Requirement | 1557 770 15 787 1.6
Forward Jet Requirement 1258 629 1.3 629 1.3
Centrality Requirement | 1115 570 1.1 545 1.1

Jet Separation 889 447 0.9 442 0.9
Di-jet Mass 711 357 0.7 354 0.7
Central Jet Veto 621 319 0.6 302 0.6
Mass Window 499 258 0.5 241 0.5

Table 7.1: Number of events passing each cut in the \BF> 7,7, (My = 120 GeV) simu-
lated signal sample.

backgrounds and the remainder of this chapter discussepdksibility by means of a Matrix

Element analysis.

7.1.3.2 14 TeV Full Analysis

Since the validation analysis concerns only the signalctele to give an indication of the
sensitivity of the analysis and the power of the cuts witlpees to background a summary
of the results from the full analysis at 14 TeV is includedeheA summary of the cuts and
their values is given below and in table2 the cross-sections for the signal and the evaluated
backgrounds are included at each stage in the cut flow, tHegb@end estimations techniques

used to obtain these predictions are described fully in tammublication L0§.
e Trigger: Electron trigger 22 GeV threshold with isolatiamauon trigger 20 GeV threshold

e Trigger lepton: At least one lepton withy- greater or equal to the corresponding trigger

threshold
e Di-lepton Veto: Exactly one identified lepton

e 7 Candidate: Exactly one identifiedlepton with opposite charge to the lepton



VBFH =717 | Z—=71r+jets 1) tt Z = +jets | W — (v +jets diboson
QCD EWK =1 (S WWI/WZ|ZZ
Cross-section (fb) 309.1 168.4x 10° | 1693 833 x 10° 768.6x 10° 8649x 10° 174.1x 10°
Trigger 57.2(1) 51.5(1)x 10° | 230(1) | 209.8(2)x 10° | 633.8(4)x 10° | 4411(9)x 10* | 32.0(1)x 1C®
Trigger Lepton 49.5(1) 42.7(1)x 10° | 190(1) | 179.1(2)x 10° | 588.0(4)x 10° | 3815(9)x 10° | 28.0(1)x 10°
Di-lepton Veto 43.4((1) 38.4(1)x 10° | 171(1) | 156.4(2)x 10* | 216.5(4)x 10° | 3811(9)x 10* | 23.7(1)x 10
7 Candidate 8.02(7) 3062(42) | 19.3(4) 5224(56) 20250(156) | 32537(1012) 704(30)
Exiss > 30 GeV 4.96(5) 850(20) 12.1(3) 4251(50) 468(26) 21001(801) 474(26)
Collinear Approximation 3.34(5) 514(15) 7.8(2) 606(19) 17(3) 324(46) 32(6)
Transverse Mass 2.46(4) 415(13) 6.5(2) 176(10) 11(2) 67(18) 14(3)
Jet Multiplicity 2.02(4) 235(7) 6.0(2) 162(9) 8(1) 49(11) 7(2)
Forward Jets 1.52(3) 40(3) 2.3(1) 32(4) 1.3(6) 2.9(3) 3(1)
Jet Kinematics 0.82(2) 2.7(1) 0.72(6) 1.8(2) 0.10(2) 0.7(1) 0.06(1)
Central Jet Veto 0.72(2) 1.2(1) 0.49(5) 0.25(4) 0.047(6) 0.43(6) 0.02(2)
Mass Window 0.61(2) 0.11(2) 0.04(2) 0.012(5) 0.008(1) 0.020(6) 0.001(2)

SISAjeuy paseg sinD T’/

Table 7.2: Cross-section after each cut in the VIBBF 77 (My = 120 GeV) simulated signal sample and the~ 77 + jets,tt, Z — ({ + jets,
W — (v + jets and diboson backgrounds (fiPB. The statistical uncertainty on the last figure due to theted Monte Carlo statistics is given
in brackets.

8¢T
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Emiss > 30 GeV

e Collinear Approximation: &< x; < 0.75, 0< 2, < 1, and(cos A¢);, > -0.9
e my < 30 GeV

e Jet Multiplicity: At least one jet withp; > 40 GeV and at least one additional jet with >

20 GeV

e Forward Jets: In opposite hemisphengsx 7;, < 0, with tau centralitynin(n;,, n;,) < 7.

andn, < max(n;,,n;,) for the two highespr jets
e Jet KinematicsAn;; > 4.4 and di-jet mass:;; > 700 GeV for two forward jets

e Central Jet Veto: The event is rejected if there are any awhditijets withpr > 20 GeV in

In| <3.2

e Mass Window:my -15 GeV< m,, < my + 15 GeV around the test Higgs masswof, =

120 GeV

7.2 The Matrix Element Analysis Method

The Matrix Element method is a complex analysis techniqgtferdig from a straight-forward
cuts based analysis primarily by the direct inclusion of fileMatrix Element cross-section
calculation of the process. This calculation is convoluigtth detector resolution functions to
produce a likelihood function based on the measured qiestithis technique was originally
developed at CDF and DO to minimise statistical uncertasntie0-113. It has since been
used to make an accurate measurement of the top quark matsschsicbver electroweak single
top production 114-118. There are two ways in which the matrix element can be uséd an
benefited from; the first is to calculate an event likelihooddtion, which encapsulates all of
the kinematic information. Instead of applying a raft oféamnatic cuts which can greatly reduce
the size of the event sample using a variable based on thig Ekelihood function allows the

maximum power of the events because each event is includbdawieight effectively. The
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second method is to calculate a sample likelihood, this bhan be fitted and simultaneously
enables the user to measure theoretical parameters dssogith the process or experimental
parameters associated with detector resolution, for elajep energy scalesl9, thereby

reducing the systematic uncertainties.

The sample likelihood.,,..,..) is related to the event likelihood;,.) by:

N
%ample({xz O_Z g JF = H evt f aga _> (72)

where ' are then measured particle quantities of eventa are the theoretical parameters
of the processﬁ are the experimental parameters of the detector famtk the fractions that
each possible process contributes to the event samplegwhés the number of events. By

minimising — In .Z,,,,,. the parameters, ﬁandfare determined.

The analysis method proposed here uggs to build a discriminant, wherg,; is defined

as:

—

Lo @0, 0, f) = prfp 7 (7.3)

where %, ,; is a sum of the likelihoods for each process which could domte to the event,
weighted byfp, the fraction of total events that the process represerdssammed overP
which is the number of processes which could give rise toWieate The likelihood for a given
processpP, to yield the observed event given the theoretical and éxgatal parameters and
ﬁ, is given by:

wheredop is the differential cross-section for the event measurdterdetector with parame-
tersz and this is normalised by dividing by the total observed sreasction for the events seen
in the detectorg%*. The differential cross-section for two incoming protopsandps, to yield
the measured event takes into account the detector resolution functighgr, ; 5), known

as the transfer functions, which describe the detectoorespto the input final state particles,
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given byy, to be measured as it is defined as:

dop(p1,p2 — 754, E) = /dUP(p17p2 — 7, Q)W (Z, y; g)dy (7.5)
)

wheredop(p1, p2 — ¥; @) is the differential cross-section for two incoming protéagive the

final state particleg. This cross-section is obtained using the formula:

dop(p1,p2 = J; @) = / drydzy Z fppr(x1) fppr(z2)dop(ar, az — ¥; ) (7.6)

T1T2 alas

The differential cross-sectiofvp(p1,p2 — ;@) is proportional to the differential cross-
section for two quarksg; anda,, to produce the final state particlgs The calculation uses
the parton density functions for the different quarks, swdmver all possible flavours and
integrated over the fractions of momenta that the quarky éam their parent protony; and
T9.

Finally the differential cross-section for two incomingaglas to produce the final state par-

ticlesy is given by:

- (27T)4|MP(G1; as = U; 07)|

2
dop(ay,as — §;d) = d®,,, (7.7)

T1T2

where M p is the matrix element for the hard process addg,; gives the phase space for the

number of final state particles; given by the four momenta

7.3 Matrix Element Analysis

The proposal for how to make use of the Matrix Element tealmiq this VBF Higgs analysis

is to create a new variable based on the event likelihoosl viniiable is the likelihood ratio:

LR — o%ignal

= 297 7.8
D%ackground ( )
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where LR is the Likelihood RatiaZ;;,.., represents the likelihood that the event is of signal

type and similarly%,..q4-0und represents the likelihood that the event is of the backgitaype.

Since the likelihood depends on the differential crossigegiven in equatior?.5this dif-
ferential cross-section needs to be calculated for botkigmal and background processes. The
Matrix Element technique is particularly useful in disc@ting against backgrounds found to
be irreducible using kinematic cuts only, so for the purpafdhis calculation let us assume the
background intended to discriminate againstis+ 77 + jets. Since the final state will be the

same for both processes the only difference in the calonaibmes from the Matrix Element.

7.3.1 Calculating the Matrix Element

It is not necessary to calculate the Matrix Element manuahyhis calculation; it is possible to
use a Matrix Element generator, for example MadGrd@t)[to produce code to calculate this
Matrix Element during event generation. At the same time Glaghh also generates the value

of the total cross-section for each possible subprocesshudused for the normalisation.

7.3.2 Calculating the Signal Likelihood

To be able to perform the calculation of the signal likeliddet us begin from equatioi.5.
The measured particles are twdeptons,r, andr,, and two jets,; andj,, with the measured
propertiest in the detector. The final state particles from the Matrixnig@t calculation which
give rise to the measured particles are twleptons,; andr,, and two quarksy; andg,, with
the propertieg.

The initial protons colliding are namee and p,, whereas the individual quarks which

collide are labelled; andas.

The detector response is described by a transfer functenformula describing the total

transfer function for this process incorporates a tranffection for each type of final state
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particle, in this case jets andleptons. This formula is given as:

Nr

52(71'7"60 _ '[[Z.rlLat>WT(EZeC/E;CLat) %
1

Te,h
t=

1
H 62(,&’;60 o a*g}at)met(E;ecj Eﬂg/@at7 ng}at; S¢)
j=1

WERH = o
= 7.9

where theay are the unit vectors of the momentum of each particle, erdmnstructed particles
(rec), the T lepton, 75, Or jet, j, or Matrix Element level particleémat), the v lepton, 7/,
or quark,q’. Similarly £ is the energy of each of these particles; is the jet energy scale
which is dependent oq,, the flavour of the Matrix Element level quark giving rise ke get.
The number of possible assignments of Matrix Element leaeligles(mat) to reconstructed
particles(rec) is known as the number of combinations,,,,. The transfer function given in
equation7.9 describes the assumption that the direction of the momeriiath ther leptons
and both the jets is well measured. The calculation of tha fofra transfer function is described

in more detail in sectiof.5.

In order to continue the calculation, the differential a«@&ction detailed in equatiah7
needs to be evaluated, in order to do this it is necessarypanekthe density of states factor,

d®,, for this particular final state. It is given by:

dP,; = Mar+ar—7T1 —To—q — @)
" ) 3 ) 3 (7.10)
BP, &P, o &#P,
@2k, * ([@mni2k, X @nP2E, * ([@n)’2k,

Since there are 6 patrticles involved in this interactiorghegepresented by a 4 momentum,
there are 24 quantities needed to fully describe an evehiofytpe. For any unknown variable
it is necessary to perform a numerical integration over aisi®s; this is time consuming and
computationally intensive. Therefore it is best to simpttie solution as much as possible by

introducing assumptions and constraints.

The first assumption is that the incoming quarks have no ¥eaee component to their

momentum, this removes 4 unknowns. By using the equdfiba- P? + m?, where the as-
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sumption is thain, ; = 0 andm. is 1.777 GeV one additional degree of freedom per particle
is constrained. Each delta function imposes a constrashieéiminates an unknown quantity;
there are 12 in total from both thé&,, ; factor and the transfer function, shown in equaftfioh0
and equatiorY.9respectively. This leaves only two unknown quantitiesngs variable trans-
formation these can be chosen to be any two variables, hetesthvariables chosen afe, and

E.,. Ideally a good choice is a variable which has a peaked bligion as this best enables the
integration to converge when using a numerical integrgieckage such as VEGA%Z1, 127].

To summarise, the steps required to evaluate equétmare:
e Use the values of integration variables and the solutiommbtain all particle momenta
e Evaluate the Jacobian determinant for the variable tramsfton

e Use the MadGraph code to evaluate the Matrix Element andptywit by frpr for each

incoming quark, summing over all possible flavours
e Calculate the transfer function for each final state particle

e Repeat all of the above steps for each possible combinatiqnaok - jet assignments in the

final state

7.4 Example Results

A simplified example of the use of the variable Likelihood Ratias carried out. Since each
subprocess has a different Matrix Element and the calocuatiust be performed separately for
each, the first simplification was to choose a process withal smamber of subprocesses as an
illustrative example. Here the procegs — Z — 77 was chosen due to the lack of additional
permutations of quark flavour in the final state. The backgdgorocess should have the same
objects in the final state hengg — ~/H — 77 was chosen, generated by requiringza
final state with naZ boson allowed in the intermediate state. The mass of thethggon was
set to 120 GeV. Since these samples are well separated meinivenass it should demonstrate

that the Matrix Element method is correctly implemented.rBsamples were generated using
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MadGraph at 14 TeV centre-of-mass energy.

The next simplification was that before the stage where tteggiation was implemented,
the likelihoods for signal and background were evaluated#yx using the full momenta infor-
mation for all particles from the generated events.

Therefore this simplified example in fact shows a perfeat edsere all particles are matched
correctly to their ‘reconstructed’ counterparts, which all measured perfectly.

Figure 7.3(a) shows the signal likelihood evaluated on a signal samptenglty peaking
at 1 and figurer.3(b) shows the signal likelihood evaluated on a background sastpbngly
peaking at 0. This illustrates the possible discriminati@at can be achieved. With the inclusion
of the transfer functions, simulated Monte Carlo passedutiita detector simulation and the
integration these peaks will become less sharp but willlstilwell separated and this is where

the method becomes more powerful.
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Figure 7.3: Likelihood Ratio evaluated on a signal samplafa)a background sample (b).

7.5 Transfer Functions

The transfer functions describe the probability densittheffinal state particles with momenta
i/ to be reconstructed in the detector with the propertie§his parametrisation speeds up and
simplifies the calculation to make it manageable. The deteessponse is different for each

type of particle observed in the detector, such as elegtronens, leptons and jets.
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The determination of transfer functions for jets was welia#ed at D0123, so here let

us discuss calculating the transfer functions#deptons and the associated difficulties.

The Matrix Element generators available do not contain rijgsans of 7 lepton decays;
while it is possible to interface with TAUOLA34] to generate samples containing decayed
leptons it is not possible to generate the Matrix Elementiiem. Therefore the decay of the
leptons and the energy carried away by the neutrinos neduts aocounted for in the transfer

functions instead.

Instead of the gaussian peak one would expect for measurengesolution of the energy
measurement for the electrons or muons, an asymmetris tattoduced as a result of including

the neutrino energy. This shape can be seen from the leftanmaiigure7.4 and figure7.5.

The 7 transfer functions must be calculated separately for tloayieto electrons, muons
and one or three charged mesons to account for the diffeet@ttr response to each particle.
The resolution functions were shown to be dependent on tggiofr lepton and its value of
n; these dependencies are shown in figireand figure7.5, alongside the distribution against

¢ where no dependence is seen.

To calculate the transfer functions a sample of simuldtéd- 7v events was used. The

transfer functions are functions &f £, which is given by:

AE = Eiruth — Ereco (711)

whereFE,,...;, IS the energy of the truth levellepton before decay an,... is the reconstructed
energy of the visible particle, either the lepton or the restaucted hadronically decaying

lepton.

Some basic preselection quality criteria were imposedcivhiere based on the the Bench-

mark analysis foeZ — 77 at+/s = 14 TeV [124].

Truth7 leptons and all reconstructed objects were required toyave2.5 andpr > 10 GeV.

Reconstructed electrons had to pass “medium” selectioarigjtmuons were to be recon-
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Figure 7.4: The dependence &fF [GeV | on E [GeV ] (left), n (centre) andy (right) for the
case where the decays leptonically. The large tail extending to higheuealof AE on the
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Figure 7.5: The dependence AfF [GeV | on E [GeV ] (left), n (centre) andy (right) for the
case where the decays hadronically. The large tail extending to higheuealofA E on the
left plot is caused by the inclusion of the neutrino in thesfar function. This dependence plus
the dependence onillustrates the need for the transfer function to be binme# andn

structed as combined, with the Muon Spectrometer track medt¢o an Inner Detector track
and the best match selected. Hadronically decayilgptons were required to pass “medium”
level selection cuts and the dedicated electron veto. Tbenstructed object was matched

within AR < 0.4 to the truthr lepton.
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7.6 Summary and Outlook

The Vector Boson Fusion produced Higgs boson decaying to-tl@ptons search channel is an
important addition to those that have already been usecirdhly data searches at the ATLAS
detector B6]. The two highp jets and the lack of jet activity between them leads to a signa
which can be distinguished from a multijet background.

The analysis level cuts used for this discrimination as aglthose used to reject other com-
mon background were introduced as chosen for an analysis@faV centre-of-mass energy.
While they offer clear rejection (as illustrated in the futledysis proposal at 14 Te\LD§)) their
efficiency is low; this could be improved through the use ofdtivariate method.

One of the irreducible backgrounds in this channel is the-» 77 + jets. The Matrix
Element method here could prove an effective tool; convduthe calculated Matrix Element
for a process with detector resolution functions to prodatigelihood variable. This variable
by its nature encapsulates all of the kinematic informasibaut a process.

The calculation and how it could be performed in this chawes discussed. A simple
example in practice was used to illustrate the power of thlaatkin distinguishing between two
different processes with the same final state. Finally thetpralities of creating the required
detector resolution functions were detailed and exampleng

This technique could be used to increase sensitivity indh&nel and the examples show
that many of the tools required to perform this analysis &esdy available.

The possibility of developing a multivariate analysis fesed on the VBF Higgs production
mode is a longer term goal. At this stage in data taking thissts are still too low to focus
on the VBF Higgs production. Singgy — H 7,7, has a cross-section 10 times higher than that
of VBF H — 7,7, both modes are being studied. Currently a cuts based anaksiptimised

for data taking at a centre-of-mass energy of 7 TeV, is bearfppmed on the 2011 dataset.
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Conclusion

The theory of the Standard Model (SM) was developed duriagséitond half of the 20cen-

tury and has been highly successful at explaining the obdgparticle reactions. It describes
all of the fundamental particles observed and the threedonahtal forces which govern their
interactions. An overview of this theory and an insight ifisodevelopment was given; a de-
scription was also included of the Higgs mechanism, prappos@nswer one of the important

guestions the SM has not so far answered: how the partictpsradheir masses.

In the SM the masses of the massive gauge bosons are notn@dylaor are the masses of
the fermions. The inclusion of the Higgs mechanism in the $Megates the required masses
but also a neutral Higgs boson. The Higgs boson has beerhseéafar directly at the LEP
accelerator, the Tevatron, and most recently the LHC bubbtget been observed. The current
limits from these direct experimental searches mean tleattiss of the Standard Model Higgs
boson must beél/y; > 114.4 GeV according to LER3]], My < 156 or My > 177 GeV
according to the Tevatror8f], and My < 141 or My > 476 GeV according to the LHC

combined results38] from the ATLAS and CMS experiments.

The ATLAS detector at the LHC, used to collect data for thisitieis one of the two ex-
periments at the LHC designed as a general purpose deteceatch for the Higgs boson and
beyond the Standard Model physics. Since the spectrum dfigggims is broad there were
many different specifications and design consideratioasqal on the ATLAS detector. A de-
scription of the ATLAS detector and the many subsystems lvbanstitute this large, complex
piece of apparatus was given. An overview of the range ofrtigcies used to identify each
type of particle or physics object was included. The triggesigned to identify hadronically

decayingr leptons was described and an early study of performance kieagns This study
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highlighted the difficulties of identifying objects in an environment such as the LHC, where

additional activity is often present due to the high instaebus luminosity.

Since the successful start of the data taking period at tterdebreaking new high centre-of-
mass energy of 7 TeV at the LHC a number of measurements ad&@thiModel processes have
been performed. Each of these interesting measurementsmmeto show how well the ATLAS
detector is performing and how accurately the detectoratjmer, physics reconstruction, and

identification are understood.

In this thesis the measurement of the cross-section af'the 7,7, process was presented.
This channel is particularly useful to commission many atpef theH — 7,7, analysis. The
events were selected by an optimised cut-flow; the backgi®otmthis process, the — ¢/,
tt and diboson processes were estimated using Monte Carlo efid th- /v predictions were
normalised to data. For the multijet background a methodstionate this using data was de-
veloped. This method took advantage of two uncorrelatedbias, the isolation requirements
on the electron or muon lepton and the product of the electrazge of this lepton with the
hadronically decayed candidate. These two variables were used to create a mafoxmex-
clusive regions to perform the estimation. This method waswsed, its robustness tested and
a full study of the uncertainty associated with this meth@s werformed. For the signal and
each background process a study of each of the systemagctaimties was conducted, from
both theoretical and experimental sources. The crosgesests measured in two channels,
one with the leptonically decayinglepton decaying to a muon + neutrinos and the other with
it decaying to an electron + neutrinos.

Each channel was corrected for its branching ratio and tleetttal cross-sections that
were obtained are(Z — 77, m;,, 66 - 116 GeV)= 857.6 + 81.4(stat.) + 132.5(syst.)

+ 30.19(lumi.) + 2.8(theo.) pb for the muon channel an(Z — 77, m;,, 66 - 116 GeV)
= 1142+ 135.5(stat. 1 206.2(syst.}t 40.19(lumi.)+ 3.6(theo.) pb for the electron channel,
where the invariant mass of ti#eboson is between 66 and 116 GeV. These measurements agree

within uncertainties with the ATLAS measurement of the sresction of theZ — ¢/ process
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(wherel = e, 1) [10Q and with the CMS measurement of the— 77 process107).

In order to effectively search for the Higgs boson at the L@ & study its properties if it
is found, the ATLAS experiment aims to use as many channglessible. Some channels are
more suited to earlier searches than others due to theiehggnsitivity, this is illustrated by
the inclusion of only six channels in one of the early releaseclusion limits by the ATLAS
collaboration B3]. As the LHC continues to operate it is important not onlyriclude more
channels but also to gain the maximum sensitivity possibksich channel. As measurements
such as that of the cross-section of the— 7,7, process confirm that the reconstruction and
identification of the electrons, muons|eptons andZ*** is performing well and is understood
it becomes possible to consider employing multivariatanéepues.

The channel where the Higgs boson is produced by Vector Bossiof and decays to
two 7 leptons was discussed. A cuts-based analysis performedooteMCarlo simulation at a
centre-of-mass energy of 10 TeV served to introduce thabbas currently employed to reject
backgrounds for this channel and to highlight the low sigridtiency for them. The benefits of
a Matrix Element analysis were discussed and a discrinmgatiriable based on this technique
was defined. An example analysis was used to illustrate dodt aire already available to begin

developing this analysis.
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