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Abstract

The single particle response of the ATLAS Inner Detector has been simulated.
The impact parameter resolution was parameterised as o(dy) = 11 @ 59/pr
pm and o(29) = 85 @ 94/pr um, with pr in GeV. The b-tagging performance
was evaluated, for a b-tagging efficency e, = 0.5, the light quark rejection
R, = 83 £ 6 for 97% silicon microstrip and pixel detector efficiency and
R, = 61 x4 for 90% detector efficiency for 200 GeV jets. The viability for
a Higgs boson search using the channel ttH — bW bW ~bb was examined.
For a total integrated luminosity of 3 - 10*pb~! and a Higgs boson of mass
mpy = 80 GeV the signal significance was 11.7, for my = 100 GeV 6.5, above
mpy = 110 GeV the signal significance fell below the 50 level.



This thesis is dedicated to my parents



ii

Author’s Declaration

The work described in this thesis was done by the author. No portion of the
work referred to in this thesis has been submitted in support of an application
for another degree or qualification of this or any other university or other
institute of learning. The software tools used to perform this work were

written by the ATLAS Collaboration and others.



iii

Acknowledgements

This work owes much to the active help and kindness of many people. 1
would like to express my thanks to my supervisors, Prof. Kenway Smith and
Tony Doyle. Without their help and encouragement this thesis would never
have been written.

I also owe thanks to the ATLAS Inner Detector group, in particular Alan
Poppleton and Giorgos Stavropoulos for writing and explaining the iPatRec
reconstruction package.

My thanks go to Maya Stavrianakou for her help at CERN and Catherine
Maclntyre for sorting out many of the problems that cropped up over the
years.

I gratefully acknowledge the financial support MCP Wafer Technology
Ltd. (now Wafer Technology Ltd.) for their sponsorship of the Particle
Physics & Astronomy Research Council CASE award which enabled me to
study at Glasgow.

Finally many thanks go to the other members of the Glasgow PPE group,

fellow students and staff, with whom working was a pleasure.

2001
Glasgow



iv

Notation

Throughout this thesis the following notation will be used. The coordinate
system has its origin at the interaction point of the LHC colliding proton
beams, with the z-axis parallel to the beam direction. The (z, y) or (r, ¢)
coordinate systems are used, as appropriate, to denote positions in the trans-
verse plane. The positive z-axis is defined as pointing from the interaction
point to the centre of the LHC ring, with the positive y-axis pointing up-
wards. The azimuthal angle ¢ is measured around the beam axis and polar
angle @ is the angle from the beam axis of a track or to a given point. The

pseudorapidity 7 is defined as
n = —Intan(6/2)

AR is the distance in the pseudorapidity-azimuthal angle space

AR = /(An)? + (A¢)?

The transverse momentum pr, energy Er and other transverse variables are
defined in the zy plane.

The trajectories of charged particles are described by five helix parameters
in a uniform magnetic field. These quantities are all measured at the point

of closest approach of the track to x = y = 0. The parameters are:

1/pr the reciprocal of the transverse momentum;



¢ the azimuthal angle, where tan ¢ = p,/py;

dy the transverse impact parameter, the distance to the beam axis at the

point of closest approach;
cot @ the cotangent of the polar angle, where cot § = p,/pr;

zy the longitudinal impact parameter, the z position of the track at the

point of closest approach in the xzy plane.

Masses, momenta and energies are expressed in units where A =c = 1.
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1 Introduction 1

Chapter 1

Introduction

The Standard Model (SM) of particle physics has successfully explained all
experimental observations from the current generation of high energy particle
accelerators. In the SM particles acquire mass by spontaneous symmetry
breaking, through a process known as the Higgs mechanism. As part of this
process a new spin 0 particle is introduced, the Higgs boson, which has yet to
be observed experimentally. The mass of the Higgs boson is not predicted by
the SM. Experimental constraints rule out a Higgs mass below 109.7 GeV [1]
and theoretical arguments indicate that the Higgs mass should be less than
1 TeV.

The Large Hadron Collider (LHC) accelerator being built at the Euro-
pean Laboratory for Particle Physics (CERN), on the French Swiss border, is
expected to become operational in 2005, and will provide an excellent oppor-
tunity to discern the predicted Higgs boson. The LHC will collide two beams
of protons each with an energy of 7 TeV. Four detectors are planned: AT-
LAS (A Toroidal LHC Apparatus), CMS (Compact Muon Solenoid), LHCb
and ALICE (A Large Ion Collider Experiment). ATLAS and CMS are gen-
eral purpose detectors, LHCb is dedicated to b-quark physics and ALICE is



dedicated to heavy ion physics.

This thesis is concerned with the Inner Detector (ID) of the ATLAS ex-
periment. The conditions in the ATLAS detector are experimentally difficult.
Proton bunches will cross in the detector centre once every 25 ns with a total
inelastic pp interaction cross section of ~ 80 mb. This gives an expected
23 interactions per bunch crossing at the design luminosity of 1034cm=2s~1.
This generates a large background of ‘minimum bias events’ superimposed on
any physically interesting events making event/track reconstruction within
the detector challenging. The large number of particles in the inner detector
per event also leads to a very high radiation environment.

The ID provides the ATLAS detector with the primary method of dif-
ferentiating between, or tagging, particle jets originating from b-quarks and
from non b-quarks. This is done by measuring the impact parameter of tracks
in a jet. Tracks in jets from b-quarks tend to have high impact parameters
compared to jets from non b-quarks.

In a search for the Higgs boson b-tagging is of primary importance at the
low end of the possible Higgs mass range, where the Higgs decays primarily to
bb. Tagging is used to identify the signal from the large background of events
with light quark jets, which is orders of magnitude higher in cross-section
than the signal.

Chapter 2 discusses the theoretical background of the Standard Model,
with particular attention to spontaneous symmetry breaking and the Higgs
mechanism. Chapter 3 describes the Higgs production and decay modes
expected at the LHC. Chapter 4 describes the geometry and layout of the
ATLAS detector in general and provides a more detailed description of the
inner tracking detector. Chapter 5 describes the response of the ID to sin-

gle particles. In Chapter 6 the identification of hadronic jets of particles is



examined. The jets are identified using impact parameter measurements, as
originating either from a b-quark or not. The performance of three differ-
ent ID layouts are compared in terms of b-tagging performance. Chapter 7
describes how the b-tagging of jets is used to examine a particular Higgs
production channel of associated production with tf. The analysis focuses
on the problem of identifying which b-jets in a given event come from top
quark decays and which from the Higgs boson decay. The significance of the
signal is determined as a function of Higgs mass. Finally, Chapter 8 provides

conclusions and closing remarks.
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Chapter 2

Theory

2.1 Introduction

This chapter introduces the fundamental interactions of matter and the Stan-
dard Model (SM) of particle physics. After a brief description of Quantum
Electrodynamics (QED) and Quantum Chromodynamics (QCD), the Higgs

mechanism for mass generation is described.

2.2 Fundamental Interactions

There are four types of interaction that are sufficient to explain all currently
observed phenomena in physics. These are gravitation, electromagnetism,
weak and strong interactions. For high energy particle physics, where typi-
cally particle masses are O(107%") kg, the gravitational force is so weak as to
have no significant effect on elementary particle interactions. The dominant
force on charged particles down to 107!% m is the electromagnetic interac-
tion, which is responsible for the binding forces between atoms and between

molecules, and is described by QED.
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The weak interaction mediates many particle decays, for example nuclear
B decay and all neutrino interactions. The theory of electromagnetic and
weak interactions can be unified into one electroweak theory as proposed by
Glashow, Salam and Weinberg [2].

The strong interaction accounts for the binding of particles in nuclei,
the confinement of quarks in hadrons and gives rise to the large number of
observed hadrons. Quarks and gluons directly feel the strong force which is
described by QCD.

The unified electroweak theory and QCD together form the basis of the
SM of particle physics. The success of the SM is such that so far no experi-
mental contradictions have been found. However the SM is not complete and
some experiments have indicated that extensions are required. For example
the solar neutrino detector Super Kamiokande [3] has inferred a non zero
mass value for the neutrino. Also the SM does not explain why there are
three generations of quarks and leptons, when only one generation is required
to make up the ordinary visible matter of the universe. In addition the Higgs
particle, required by the SM process for generating the boson masses and by
Yukawa coupling, the lepton and intrinsic quark masses has yet to be found
experimentally. The search for the Higgs particle is a major motivation for

building the LHC.

2.3 The Standard Model

The SM is a gauge theory which describes the electromagnetic, weak and
strong interactions. The model has been described in detail in many text-
books and review articles, see [4, 5, 6]. The three forces described by the SM

are each mediated by spin 1 particles called gauge bosons. Table 2.1 lists
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Interaction Boson | Mass (GeV) Charge | Typical cross- | Relative
(e) section (mb) | Strength
Strong gluon |0 0 10 1
Electromagnetic | v 0 0 10~3 102
Weak W* | 80.419+0.056 | +1 10~ 106
VA 91.1882+0.0022 | 0

Table 2.1: The interactions and corresponding gauge bosons of the Standard

Model. The masses of the W* and Z° are from [8].

the bosons corresponding to each interaction, the typical cross-section and
relative strength of each interaction.

The fundamental fermions are spin % particles, divided up into leptons,
which interact electromagnetically and weakly, and quarks which also interact
strongly. The fermions are grouped into three families as shown in Table 2.2.
In addition each fermion has a corresponding anti-particle, with the same
mass and spin but opposite charge.

In the SM, quarks and leptons are true elementary particles with no
internal structure, size or excited states. Nuclei, atoms and molecules are all
built up out of the first family of fermions. The second and third families
have an identical structure and differ from the first family only in mass and
flavour. In the minimal SM a single additional scalar particle is predicted,

responsible for mass generation, the Higgs boson H.

2.4 Standard Model Dynamics

QED describes the electromagnetic interaction, between charged fermions

and photons. The QED Lagrangian consists of three parts, the Dirac La-
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Family Leptons Quarks

Flavour | Charge (e) | Mass (GeV) | Flavour | Charge (e) | Mass (GeV)
1st Ve 0 <5-107° u 2/3 7-1073

e -1 5.11-107* d -1/3 15-1073
2nd Yy 0 <03-1073% (¢ 2/3 1.3

" -1 1.06-10"1 | s -1/3 0.2
3nd [ 0 < 0.03 t 2/3 175

T 1 1.777 b -1/3 48

Table 2.2: The fundamental fermions of the Standard Model. The masses
given here for the u, d and s quarks are intrinsic masses and all masses are

from [8].

grangian for a fermion field v, the Maxwell Lagrangian for the electro-
magnetic vector potential A, and an interaction term between photons and

fermions. The QED Lagrangian has the form
- 1 , _
L =0,y — m)yp — ZF,“,F“ — gy APy (2.1)

where m is the fermion mass, ¢ is the fermion charge and F,, = 0,4, —0,A,.
The first term represents the fermion field, the second the photon potential
and the third the interaction term. The theory is Abelian (i.e. the group
elements commute) and is based on the group U(1).

QCD describes the strong interaction, between spin % quarks and spin
1 gluons. It is a non-Abelian (i.e. group elements do not commute) gauge
theory based on the group SU(3). The fundamental differences between
QCD and QED are the appearance in QCD of interaction terms between
only gluons and the three colour charges of QCD as opposed to the positive
and negative charges in QED. (The photon in QED has no electric charge,



2.4 Standard Model Dynamics 8

however gluons have the colour charge of QCD.) This difference underlies
the confinement of quarks into hadrons and the decreasing strength of the
strong coupling with increasing energy scale.

The QCD Lagrangian consists of a Dirac Lagrangian for a fermion field
¥, gluon potential A} and an interaction term between gluons and fermions.

The Lagrangian has the form
1 T f ol AG a
L= —ZGz,,G“‘“’ + (07" — m) — igh Ay T (2.2)

where m is the intrinsic quark mass, g the quark gluon coupling constant,
a is a colour label, running from 1 to 8 for SU(3) and T are a set of eight
independent Hermitian traceless 3 x 3 matrices. The gluon field strength

tensor G}, is
0,4, — 9, A, + gf"bcAf,Af, (2.3)

where f°¢ are the structure constants of SU(3) and the third term in the
gluon field strength represents the gluon gluon interactions.

In QCD hadrons are formed from quarks, bound by colour interactions
into colour singlet states, either as three-quark baryons or quark-anti-quark
pairs forming mesons. The binding energy of a quark in a hadron is infinite,
hence free quarks are not observed. However as the coupling strength de-
creases at high energies, quarks inside hadrons can behave in many ways as
free particles, for example in Deep Inelastic Scattering [7].

Weak interactions act on the flavour degrees of freedom of quarks and
between leptons in the same family. If weak interactions were distinct from
QED interactions then a new ‘quantum flavourdynamics’ acting on the lepton
types and quark flavours would be introduced. However this is not the case,

the weak and electromagnetic interactions are linked together.
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The electroweak interactions are based on the gauge group SU(2), ®
U(1)y, where the groups SU(2); and U(1l)y refer to the weak isospin and
the weak hypercharge. The L denotes that the SU(2) part acts only on
the left-handed parts of the fermion fields. The gauge boson mediating the
weak interactions are the charged W and the neutral Z° Charged current
interactions, due to the exchange of a W, are responsible for nuclear 3 decay
and muon decay (u~ — e~ +0.+v,). Weak neutral current interactions (such
as electron-neutrino scattering) are due to the Z°.

The Z° couples only to quarks or leptons within the same family, i.e.
there are no flavour-changing neutral currents. The W% also couples to
leptons only in the same family. However for quarks the W= couples not to
the quark mass eigenstates ¢ but to linear combinations ¢’. This allows for
quark decays such as s - u+ W~ and b — ¢+ W~. This mixing can be

described by the Cabibbo-Kobayashi-Maskawa mixing matrix [9]

d Vud ‘/us Vub d
=] Ve Voo Vo || s (2.4)
v Via Vis Vi b

where V;; are numerical values giving the size of the mixing between two
quarks.

All the gauge theories of the SM are renormalisable, that is divergences
introduced by adding additional loop diagrams to a calculation (Figure 2.1)
can be cancelled by rescaling the fields, masses and couplings in the orig-
inal Lagrangian. For example the charge on the electron is replaced by a
‘bare’ electronic charge ey = e + Ae. The calculation of Ae is non-trivial
and increases in complexity as more loops are added to diagrams. Without
renormalisation the divergences introduced by loop diagrams would mean

that no measurable physical quantities could be calculated.
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Figure 2.1: Vertex renormalisation in QED, to the one loop level. (a) shows
the Feynman diagram for electron positron pair production. At the one loop
level of corrections this diagram is replaced by the original diagram (b) plus
a correction for the self energy of the electron (and a similar correction for
the self energy of the positron) (c), the self energy of the photon (d) and a

vertex correction (e).
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2.5 The Higgs Mechanism

The term mass in high energy physics can refer to several different types of
masses. The spontaneous breaking of the SU(2) symmetry in the Higgs mech-
anism gives rise to the mass of the W* and Z° bosons. The intrinsic masses
of the leptons and quarks are then generated in the SM by Yukawa couplings
between a fermion and the Higgs boson. The masses of the hadrons arise
partly from the intrinsic quark masses and partly from the QCD interactions
that form the hadrons.

Electroweak theory has four gauge bosons which, without any additions,
gives rise to four massless gauge bosons. Physically the photon is massless
however the W* and Z° have mass of the order of 100 GeV. Simply adding
mass terms for the W+ and Z° to the Lagrangian would violate the gauge
symmetry, which is required if the theory is to be renormalisable and therefore
predictive.

For example in Figure 2.2 (e~e™ scattering at the 1 loop level) both the
photon and Z° can propagate in the loop. The momentum around the loop
may take any value so the amplitude is of the form [ d*q (propagators). In
the case of a photon in the loop then the integral becomes [ 8*qA.A.A,A,
where A represents the propagators for the electron and photon. At high ¢?
the electron propagator goes as 1/q and the photon propagator goes as 1/¢>.
Hence the integral becomes [ 64qql6 which is convergent, however for the Z°

the propagator is

~Gu + 4uq,/ M?
i “qz _';\42/ (2.5)
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v/Z

e

Figure 2.2: A one loop Feynman diagram for e”e™ scattering.

v/Z

e
e

where M is the Z° mass, and ¢* the Z° four momentum, which becomes

. QuQy

at high ¢>. Therefore the integral for the Z° propagator would become
J 0*q;x which is logarithmically divergent. Counter-terms can be added to
the Lagrangian to cancel the divergence in the integral, however high-order
diagrams with more loops would introduce an infinite number of divergences
requiring an infinite number of counter-terms. The theory would become
non-renormalisable and be unable to give any predictions. The W* and Z°
masses cannot be added in ‘by hand’ however the masses can be generated
consistently using the Higgs mechanism [10].

To introduce the Higgs mechanism consider, a simple world of scalar

particles [4], ignoring gauge fixing terms, with the Lagrangian

1 1 1
£ =508 - 3u* - " (2.7)
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where ¢ is the scalar particle field, the first term is the particle kinetic energy
(T), the second and third terms are the potential energy (V') made up from
the particle mass term (second term) and a four particle vertex with coupling
A (third term). With A > 0 there are two possible forms of the potential as
shown in Figure 2.3 depending on the sign of 2. With u? > 0 the Lagrangian
describes a scalar particle with mass p (the p2¢? term). The ground state
corresponds to ¢ = 0. In the second case, where u? < 0, there is a mass term

of the wrong sign for the field ¢. The potential has two minima which satisfy

v

ag = W+ =0 (2:8)

and are therefore at ¢ = +v with v = /—pu2?/A. The energy minimum
is moved from ¢ = 0 and hence the physical states sit at this minimum.

Perturbative calculations should therefore use expansions about ¢ = %v, so

¢(z) = v +n(z). (2.9)

Substituting this back into the Lagrangian gives

1 1
L= 5(8,,77)2 - 2Pn? — v — ZAU“ + const. (2.10)

This gives a mass term (\v?n?) for the field n with m,, = v2Xv? = /—2u2
with the correct sign as well as a triple scalar vertex (Avn®). The higher order
terms represent the interaction of the 7 field with itself.

The two Lagrangians £ and £’ must describe the same physics. However
L cannot be solved perturbatively whereas the perturbative solutions of £’
give the correct physical picture. This way of ‘generating’ mass is referred

to as ‘spontaneous symmetry breaking’.
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Figure 2.3: The potential V(¢) = 1u%¢?+ 3A¢* for (a) u? > 0 and (b) p*> <0
with A > 0 in both cases.

Next, consider a complex scalar field, which will lead to massive vector

particles, ¢ = (¢; + i¢)/+/2 with the Lagrangian

L= (0,9)"(0"¢) — u*¢"¢ — A(¢"9)* (2.11)

The Lagrangian possesses a U(1) global gauge symmetry, i.e. it is invariant
under a global phase change, ¢ — e**¢. As in the case of the scalar field, if

A > 0 and p? < 0, the potential minimum is not at the origin. Substituting

¢ = (¢1 + iy)//2 for ¢ gives

L= @b + 5@t — LB+ )~ MG+ (219

The potential V(¢) = —3u*(¢2 + ¢3) — 1A(¢? + ¢3)* now has, in the ¢y,4;
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plane, a circle of minima of radius v with

l'l’2

as can be seen in Figure 2.4. Again the Lagrangian can be expanded about
a particular vacuum point, chosen to be ¢ = 1/u2/2) = v/+/2, in terms of
new fields by substituting

¢(x) = \/g[v +n(z) +1((z)] (2.14)

where 7 and ( are the new fields. This gives

= -@C) ( ) —v2An+ .. (2.15)

with additional constant terms and cubic and quartic terms in 7 and ¢. The
term v2\n is in the form of a mass term for the 7 field with a mass of V212
However there is no corresponding mass term of the ( field, i.e. the theory
contains a massless scalar particle, known as a Goldstone Boson.

This Goldstone Boson will disappear if, instead of a global gauge sym-
metry, a local gauge symmetry is considered. To make the Lagrangian given
in 2.11 invariant under a U(1) local gauge transformation, ¢ — eie@ g, re-
quires J, to be replaced by D, = 0, —ieA,, where the gauge field transforms

as A, - A, + 19,a. The Lagrangian then becomes

L= (0" +1ieA")$" (0, +ieAy)p — u'¢"¢ — A(d"0)" - —F,“,F'“’ (2.16)

Again taking p? < 0 and translating the field ¢ to a true ground state the

Lagrangian becomes
L = ( 8uC)* + ( 0,n)* — v*an® + ;ezv2A A¥ — evA,0"¢

— ZF’“’F # + interaction terms (2.17)
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Figure 2.4: The potential <> for a complex scalar field for the case /i2 < 0
and A> 0.
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The Lagrangian £’ now appears to have a massless Goldstone boson ¢, a
massive scalar 77 and a massive vector A, where, m; = 0, m, = v2\v? and
my4 = ev. However by giving mass to A, its polarisation degrees of freedom
have increased from 2 to 3, as it can now possess longitudinal polarisation.
Simply translating field variables cannot create new degrees of freedom, so
the fields in £’ do not all correspond to distinct physical particles. In fact
by using a particular gauge transformation the ( field can be eliminated.

Substituting a different set of real fields h, 8, A, where,

¢ — \/g(v + h(z))e®E (2.18)

Au— Aut 0,8 (2.19)

into the original Lagrangian and choosing 6(z) so that h is real then the

Lagrangian becomes
L' = 1(6 h)? — M?h? + l(32v2A2 — \vh3 — 1/\h4 + le?’Azh,2
9 ® 2 u 4 2 ]
+ve’ AZh — %Fu,,F‘“’ (2.20)

which is independent of # and the Goldstone boson does not appear.

The apparent extra degree of freedom is spurious, as it is only the free-
dom to make a gauge transformation. This Lagrangian describes two massive
interacting particles, a vector gauge boson A, and a massive scalar h, which
is called a Higgs boson. The Goldstone boson has been ‘absorbed’ into the
gauge boson in the form of its additional freedom corresponding to longitu-
dinal polarisation. This is the basic form of the Higgs mechanism to generate

massive vector bosons.
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The spontaneous breaking of a U(1) gauge symmetry can be generalised
to a non-Abelian theory [11, 12]. The aim is to find a Higgs sector which will
break SU(2), ® U(1)y to U(1)em.

From the Lagrangian

L= (0,9)'(0"¢) — u?o'p — Mo')’ (2.21)

where ¢ is a complex SU(2), doublet with hypercharge Y = 1, the simplest
choice to maintain local gauge invariance is to replace d, with the covariant

derivative

.
D, =8, +igT WA + %YB,, (2.22)

The Lagrangian then becomes

Lriggs = (Dud)'(Dug) + 1266 + A(¢'9)” (2.23)

As charge is equal to the sum of the third component of weak isospin and

half the hypercharge, @ = T3 + Y/2 then the charge assignment for ¢ is,

b= < ¢* ) (2.24)
¢0

To maintain charge conservation only the ¢° should get a vacuum expectation
value. This motivates rewriting ¢ in terms of two new fields x* and H, both

of which are real

= L giraxt 0 2.25
¢ \/5 ( v+ H ) ( )
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where v? is chosen to be %2 to give a minimum at H = 0. The potential is

1 A
V(H) = —§u2(v + H)? + Z(u + H)*. (2.26)
Substituting into Lgiges gives

1 0
¢ =—=U 2.27
V2 v+ H ( )

where U is an SU(2), gauge transformation. As the Lagrangian is gauge
invariant it cannot depend on U which can be absorbed into a redefinition

of the gauge field so that in the ‘unitary gauge’ the Lagrangian has the form

LHiggs = (Du‘z’)t(Dud’) +42dle — Vg, 8 (2.28)
with
1 0
= 2.29
6= ( o ) (2.29)

Again the Goldstone boson fields have disappeared from the particle spec-
trum, defined by the Lagrangian. The vacuum expectation value for the

scalar fields is

1 0
<¢>= 7 ; (2.30)

The expectation value is not invariant under SU(2), transformations or un-
der U(1)y as ¢ has been assigned Y = 1. However the expectation value is

invariant under U(1).,, transformations as

Q<o>=(Ts+ %Y) <¢$p>=0 (2.31)
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So the SU(2);, ® U(1)y group is spontaneously broken to U(1),,, and three
Goldstone bosons are generated. The vector bosons W= and Z° absorb the
Goldstone bosons, thus acquiring mass, while the photon remains massless
as U(1)em is unbroken. One massive neutral scalar particle is left, the Higgs
boson.

Expanding out the Lagrangian the masses of the W*, Z° and H are
identified as

miy, = igzv2 (2.32)

1 , 1 ¢°
2 _ “ (42 2y,,2 _ 2 2.33
myz 4(9 + g% 460829me (2.33)
my = 2\v* (2.34)

As the parameters v and A are free then the mass of the Higgs boson is not
predicted.

Masses for the fermions can also be generated using the Higgs boson using
Yukawa couplings. Figure 2.5 shows the Higgs coupling to the electron in
the SM. In the Lagrangian this is represented by the terms

L= _ge(ZeL¢eR + éR¢TleL) (235)
with
Ve
lop, = (2.36)
e
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CR(T = 0, Y = -—2)

Figure 2.5: The Higgs H coupling to the electron in the Standard Model. T

is weak isospin, Y is hypercharge, eg is the right handed part of the electron

field and ey is the left hand part. The Higgs couples equally to the left and

right handed fields.

where ¢ is the Higgs field, l.; is the left handed part of the electron/v,

doublet and ep, is the right handed singlet component [5].

The Higgs doublet has the correct SU(2) ® U(1) quantum numbers to

couple ereg. Substituting

into the Lagrangian gives

L= —ﬁv(eLeR + eger) — £(€L6R + erer)H

V2 V2

and by choosing g, such that

=
[\]
N

me =

S

(2.37)

(2.38)

(2.39)
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the Lagrangian then becomes

L =—-meee— %eeH (2.40)

As g, is arbitrary the mass of the electron is not predicted. The second
term is small as v = 274 G5/ = 246 GeV [8] and has not produced a
detectable effect in electroweak interactions. The muon and tau are similar
however the quark sector is more complicated as both the upper and lower
components of the SU(2),; doublet acquires a mass. The Higgs mechanism
does not account for the masses of the hadrons as these arise from the QCD

bindings of the quarks into the hadrons.

2.6 Summary

The fundamental interactions and particles of the SM of particle physics
have been introduced. The Higgs mechanism to give mass to the W* and
Z° boson has been described. In addition the Higgs fields have been shown

to allow Yukawa couplings to give fermions mass.
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Chapter 3

LHC Phenomenology

3.1 Introduction

This chapter gives an overview of the expected processes at the LHC. The
production processes and decay modes of the SM Higgs are described. Finally
associated Higgs production with ¢¢ is introduced and a search method is

motivated.

3.2 LHC Accelerator

The SM Higgs particle has not been found and the ability to find the Higgs,
should such a mechanism prove physically correct, is one of the main reasons
for building the LHC. In addition to the Higgs the LHC has the potential to
find any new physics, such as supersymmetric particles. In supersymmetric
theory all known particles have a supersymmetric partner which differs in
spin. Spin ; fermions have spin 1 partners and spin 1 bosons have spin }

partners. Any supersymmetric particles also differ in mass, they must be

heavier than the known particles otherwise they would have been detected
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already. In addition the LHC will be able to find any new and unexpected
physics at these new energy scales.

The centre of mass energy of the electron-positron collider LEP2 is limited
by energy loss due to synchrotron radiation, and the highest centre of mass
energy currently obtained is 209 GeV [1]. Linear electron-positron colliders
have been proposed but will require more investment than circular colliders to
achieve TeV centre of mass energies. To reach higher centre of mass energies
the LHC will collide protons on protons.

The performance of hadron colliders is limited not by synchrotron radi-
ation but by the strength and cost of the required bending magnets. Each
parton in the proton carries only a fraction of the total momentum and hence
the centre of mass energy for a hadron collider has to be higher than 1 TeV
to give quark and gluon interactions at the TeV scale.

At the TeV energy scale the cross-sections and branching ratios for some
of the more interesting processes are very small. In order to observe a suffi-
cient number of events in a reasonable time the LHC requires a high lumi-
nosity, and hence a high bunch crossing rate.

The LHC accelerator will collide together two proton beams of 7 TeV
energy, to give a centre of mass energy, /s = 14 TeV. The accelerator is to be
built in the existing LEP tunnel at CERN and hence will have a circumference
of 27 km. The current schedule for the LHC has a 3 year run from 2005 at
a luminosity of 10** cm~2s~! followed by running at a higher luminosity of

10* cm~2s7! for the remaining lifetime of the experiment, around 10 years.
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3.3 Physics at the LHC

The total cross-section of proton-proton collisions at the LHC is estimated
to be o7 = 110 mb £20 mb [27]. Of these interactions 26% are calculated
to be elastic, leaving an inelastic cross-section of o ~ 80 mb. The cross-
sections are to be compared to interesting signal processes such as the b-
quark production cross-section of o,; = 500 ub or top quark production
cross-section of o = 833 pb [19]. There are significant uncertainties in
the process cross-sections due to the lack of higher order corrections, parton
density uncertainties, the energy scale for the QCD evolution and the models
used by the event generators.

The cross-sections of a selection of processes at the LHC are shown in
Table 3.1. For low luminosity running this gives an interaction rate of 8 - 107
per second and for high luminosity an interaction rate of 8 - 108 per second.
The LHC will produce approximately 5 - 10'2 bb pairs in the first year alone
and will allow investigation of decays of the Bs. The LHC can also be called

a ‘top factory’ producing over 8 - 10° ¢f pairs per year at low luminosity.

3.4 Higgs Production

The experimental observation of the Higgs boson is one of the most important
physics goals of ATLAS. The SM gives no direct prediction for the mass of the
Higgs boson. Experimental constraints from LEP2 directly rule out a Higgs
mass below 109.7 GeV [1] and the data favours slightly a Higgs boson with a
mass of 115 GeV. High precision electroweak data are also used to indirectly
constrain the Higgs mass via their sensitivity to loop corrections. Assuming
the validity of the SM, a fit to all the electroweak data gives my = 80159

GeV [31]. Theoretical arguments indicate that the Higgs boson should have a
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Process Cross-section
Inclusive bb production 500 ub
Inclusive W production 140 nb
Inclusive Z production 43 nb
Inclusive #t production 833 pb

wWw 71 pb

wWZz 26 pb
Inclusive H production, my = 100 GeV  27.8 pb
WH, myg =100 GeV 1.87 pb

tHH, my = 100 GeV 1.01 pb

Table 3.1: The expected cross-sections for selected processes at LHC. [19]

mass below 1 TeV. The upper limit of around 1 TeV is obtained from unitarity
arguments [25, 26, 28]. When the Higgs mass increases the amplitude for high
energy scattering of longitudinal W bosons, which includes contributions
from Higgs exchange diagrams, becomes large. In order that the scattering
does not violate unitarity then the Higgs mass must be less than 1 TeV or
WW and ZZ interactions will show new physics at around the 1 TeV scale.

There is no single production mechanism or decay process [34, 35] which
dominates over the potential Higgs mass range (80 GeV to 1 TeV) observable
with ATLAS. Instead there are several different discovery scenarios depend-
ing on the mass of the Higgs particle.

There are several Higgs production methods at the LHC which have the

potential to lead to observable cross-sections. These include:
e gluon-gluon fusion;

e WW and ZZ fusion;



3.5 Higgs Decay Modes 27

e associated production with W and Z bosons;
e associated production with ¢£.

Figure 3.1 shows the Feynman diagrams for these production methods.
Figure 3.2 shows a particular calculation of the Higgs production cross-
sections at the LHC [32]. The dominant production mode is gluon fusion
which is an order of magnitude higher in cross-section than the other pro-
duction methods for all but the highest masses. However the direct produc-
tion channels cannot be triggered on by the ATLAS detector for low Higgs
mass (my < 130 GeV). The ttH production cross-section is lower than given
in Table 3.1, ~ 25% less for my = 100 GeV. The difference in production
cross-sections is due to the lack of precise knowledge of the gluon distribution
at small parton momentum z, which is important for the intermediate mass

Higgs, and the effect of NNLO perturbative QCD corrections [33].

3.5 Higgs Decay Modes

The decay of the Higgs boson after production depends critically on its mass.
The Higgs couples preferentially to heavy particles so the Higgs boson de-
cays primarily into the highest mass particles energetically allowed. The

important decay modes for observing the Higgs are [19]:
e H — ~ direct or associated production;
e H — bb associated production with WH, ZH and ttH;
e H»ZZ —v4land H— ZZ — llvy;

e H—WW = lvjjand H— ZZ — 1Tl 5.
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Figure 3.1: Higgs production diagrams for (a) gluon-gluon fusion, (b) WW or

Z Z fusion, (c) associated production with W or Z bosons and (d) associated

production with ¢z.
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Figure 3.2: Higgs production cross-section as a function of Higgs mass. [32]

Figure 3.3 shows the branching ratio of the Higgs as a function of my. For

my < 130 GeV the dominant decay is to bb. Beyond this mass range, decays

to WW dominate with decays to ZZ at about half the rate of decays to

WW. From my = 350 GeV the decay mode to ¢t opens up, however the

branching ratio is about 20% of the WW branching ratio.

The H — 7+ decay [19] is a rare decay. However it is a promising channel

for Higgs searches in the mass window 100 < my < 150 GeV and requires

excellent energy measurement from the ATLAS detector. The important

backgrounds are the irreducible prompt vy continuum, QCD jet-jet, vy-jet

and (if mg =~ myz) Z — ee.
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Figure 3.3: Higgs branching ratio as a function of Higgs mass. [32]

The associated production channels WH and ttH are applicable for

mpy < 120 GeV. They both require excellent b-tagging. Background in both

cases are tf + jets and W + jets. The ttH channel is discussed in section 3.6.

The decay channel H — ZZ* — 4l provides a clean channel for

120 < myg < 800 GeV. For my > 180 GeV both the Z’s are real. Back-

grounds here are ZZ* continuum production and Zbb.

For a Higgs mass close to twice the W mass the H — ZZ* — 4l branching

ratio is reduced as the H — WW decay mode opens up, suppressing the ZZ*

branching ratio. For a Higgs mass of 170 GeV the H — WW branching ratio

is close to 1. The H — WW decay is also useful up to my = 1 TeV, however
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below my < 800 GeV H — ZZ — 4l is the simpler discovery channel.

The discovery potential of these channels is determined from the signifi-
cance of the channel which is equal to the expected number of signal events
divided by the square root of the expected number of background events,
both determined from Monte Carlo simulations. Figure 3.4 shows the overall
significance for Higgs discovery from all channels [19]. Clearly the low mass

region is the most challenging for ATLAS to discover the Higgs.

3.6 ttH

H — bb is the dominant decay mode for a Higgs mass less than twice the W
mass. Recent LEP2 results suggest a possible Higgs discovery for my ~ 115
GeV [1] making this channel of particular interest. The direct production
from gluon-gluon fusion with decay to bb cannot be efficiently triggered nor
extracted from the huge QCD background. The signal can be observed in
associated production, if the Higgs is produced with a W or Z boson or a
tt pair. The leptonic decays of the W and Z or the leptonic decay of the
W from the decay of the top quark provide an isolated high-pr lepton for
triggering.

The channel ¢tH is useful in the mass range 80 < mpyg < 120 GeV. The
cross-section for ttH production is approximately 1 pb for a Higgs mass of
100 GeV [36].

The initial production process is either gluon or quark fusion, with gluon
fusion dominating via the diagram shown in Figure 3.1 (d). Each top quark
decays to a bottom quark and a W boson and in this mass range the Higgs
decays into a bb pair.

In order to provide a trigger at least one of the W bosons is required
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to decay semi-leptonically. The Higgs signal would then appear as a peak
in the bb invariant mass distribution. The analysis of this channel therefore
depends on excellent b-tagging performance. The b-tagging performance of
the ATLAS detector is discussed in Chapter 6 and Chapter 7 describes the
ttH analysis.

3.7 Summary

The operation parameters of the LHC have been described. The expected
physics of interest and in particular, a Higgs boson search with the ATLAS
detector at the LHC have been introduced. The production and decay modes
of the SM Higgs boson have been described and the channels used for search

for the Higgs boson with ATLAS have been discussed.
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Figure 3.4: The sensitivity of the ATLAS detector for the discovery of the

SM Higgs Boson, for 3 year’s low luminosity running (£ = 3 104 pb).
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Chapter 4

The ATLAS Experiment

4.1 Introduction

This chapter describes the ATLAS detector for the LHC accelerator. The
overall parameters are first introduced then the separate sub-detector sys-
tems are described. Particular attention is paid to the inner detector as this
provides the b-tagging ability, which is required for the Higgs search with
ttH discussed in Chapter 7.

4.2 Detector Overview

ATLAS [13] is a general purpose detector which will be installed at CERN
as a detector for the LHC [14]. Three other detectors will also be built:
LHCb [15], ALICE [16] and CMS [17].

The high bunch crossing rate at the LHC causes difficulties for the de-
tector readout electronics. Studies of the readout design show that the small
interval between bunch crossings is more challenging in the detector design

than the pile-up of minimum bias events. The original bunch crossing sepa-
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ration of 15ns was relaxed to 25ns due to these considerations.

The initial design of the ATLAS detector is described in the Letter of
Intent [18]. The Technical Proposal [13] gives a more detailed description
of the detector. The design of the detector is still evolving somewhat al-
though, with the definitions described in the Technical Design Reports for
each detector subcomponent, the design has now largely stabilised.

The design of the detector is based on the requirement to exploit the
physics potential of the LHC accelerator to the full. Section 3.3 covers the

physics processes. The detector requirements from the potential physics are:

e Good electromagnetic calorimetry for electron and photon identifica-

tion;
e Good hadron jet energy and spatial resolution;

e Hermetic calorimetry to measure accurately jet and missing transverse

energy;

o Efficient tracking at high luminosity for lepton momentum measure-
ments, for b-quark tagging, and for enhanced electron and photon iden-

tification;

e Tau and heavy flavour vertexing and reconstruction capability of some

B hadron decay final states, at lower luminosity;

e Standalone, precision muon momentum measurements up to the high-

est luminosity;
e Large acceptance in tracking coverage out to |n| < 2.5;

e Triggering and measurements of particles at low pr thresholds, e.g.

pr > 6 GeV for muon trigger at low luminosity.
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The detector, shown in Figure 4.1, is approximately 42 m long, with a ra-
dius of 11 m and an overall weight of approximately 7000 tons. The main

components of the detector, in increasing radius are:
e the inner detector (ID);
e the superconducting solenoid;
e the electromagnetic calorimeter (ECAL);

e the hadronic calorimeter (HCAL);

the air-core toroid magnet and the muon spectrometer.

4.3 Detector Subsystems

In this section the detector subsystems are described starting with the magnet
system. The sub detectors are then described starting from the outer muon
spectrometer inward to the ID. The details of the detector design are still

evolving and the design described dates from 1999.

4.3.1 Magnet System

The magnet design for ATLAS consists of an inner solenoid and an outer air-
core toroid magnet system. The inner 2 Tesla solenoid is positioned between
the ID and the ECAL.

The solenoid half length in z is 2.65 m which is shorter than the 3.35 m
half length of the ID. The length of the solenoid is a design compromise.
A shorter length reduces the amount of material in front of the calorimeter

while a longer length increases the uniformity of the magnetic field inside the
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ID. The solenoid coil which requires cooling is integrated into the vacuum
vessel of the ECAL barrel cryostat, eliminating the material and space of
independent cooling vessel walls. The superconducting magnet is kept at 4.5
K and gives a 2 T field in the center of the ID falling to 0.5 T at the outer
edges of the ID.

The air-core toroid system for the muon spectrometer is made up of a
barrel section, and two end-cap toroid sections. The barrel section design is
26 m long with an inner bore of 9.4 m and an outer diameter of 19.5 m. The
end-caps are 5.6 m long and have an inner bore of 1.26 m. The individual
toroids each consist of eight flat coils symmetrically arranged about the beam
axis. The end-cap toroids are rotated with respect to the barrel so that the
barrel and end-cap toroids will interleave.

The design gives a (relatively) light and economical structure for the
large volume of the magnetic field. Using only eight coils results in the total
bending power of the system varying, from 3 Tm at a 7 = 0 to about 8 Tm

atan=28.

4.3.2 Muon Spectrometer

The muon detector system in ATLAS serves a dual purpose, both as a trigger
to select events with muons and as a precision muon spectrometer. For the
trigger system the rapidity coverage extends to || < 2.4 and down to pr > 6
GeV. The muon spectrometer as a whole has a rapidity coverage out to
|n| < 2.7. For momentum resolution the design performance is to measure
pr to 2% accuracy at pr = 100 GeV, degrading to an accuracy in pr of 8%
at pr = 1000 GeV.

The muon spectrometer, shown in Figure 4.2, consists of the air-core

toroid, a barrel section and two end-cap sections. The barrel section is made
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up of three layers of high precision tracking chambers and each end-cap from
three vertical discs of tracking chambers. The three layers of the barrel
section are positioned at radii of 4.5 m (inner to the toroid), 7 m (inside of
the toroid system) and 10 m (outer to the toroid system). The design uses
two types of chambers for precision tracking measurements and two types
of chambers for triggering. The individual precision chambers have a 80 um
measurement accuracy and are small enough to have a low occupancy (max
5% per measurement cell) for good pattern recognition and long chamber
life.

The air-core toroid provides a magnetic field that is configured such that
the muon trajectories are mostly orthogonal to the field. The precision mea-
surement of the muon tracks is either the z coordinate, for the barrel section
or the r coordinate in the end-caps. The precision chambers are of two
types [20] monitored drift tube (MDT) proportional chambers and cathode
strip chambers (CSC) which are used in the end-caps due to their higher
granularity.

The MDTs are aluminium tubes of 30 mm diameter, with a 400 um wall
thickness and a 50 um diameter central wire. When an ionising particle
passes through the tube electrons are ionised from the gas inside the tube.
The electrons travel to the anode wire and the radial position of the particle
traversing the tube can be determined by measuring the time taken for the
ionisation induced charge to move from the particle path to the wire. The
MDTs are arranged into multilayers each made up of 3 or 4 MDT layers.
The CSC are multiwire proportional chambers with cathode strip readout.
The anode wire pitch is 2.54 mm and the anode-cathode spacing is the same
as the anode wire pitch. To obtain the precision coordinate the cathode is

segmented into strips which are orthogonal to the anode wires and the charge
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Figure 4.2: A three-dimensional cutaway view of the muon spectrometer,

indicating the different chamber technologies used.
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induced on the cathode strips by the electron avalanche on the anode wire is
measured.

For the trigger muon chambers two types of chamber are used: thin gap
chambers (TGC) and resistive plate chambers (RPC). The TGCs are used
in the barrel and end-cap regions and the RPCs are used in the barrel. The
TGCs are a type of multiwire proportional chamber but with the anode wire
pitch larger than the cathode-anode distance. The anode wires provide the
trigger signal. The RPCs are gaseous detectors with two parallel bakelite
plates, 2 mm thick, separated by 2 mm with a gas mixture between the
plates. Primary ionisation electrons are multiplied by an electric field of 4.5
kV/mm across the plates. The signal is read out by capacitive coupling using

metal strips on both sides of the detector.

4.3.3 Calorimetry

The ATLAS calorimetry is separated into an electromagnetic and a hadronic
calorimeter. This is possible due to the different interaction lengths of electro-
magnetic and hadronic interactions. The ATLAS calorimetry system consists
of an inner barrel cylinder and end-caps located inside the muon spectrom-
eter. The conceptual layout of the calorimetry is shown in Figure 4.3. The
total thickness of the ECAL is 24 radiation lengths (Xp) in the barrel section
and 26 X, in the end-caps. The HCAL has a total thickness of 11 interaction
lengths ().

For electromagnetic showers the variations in shape and registered energy
are small for showers of equal incident energy, hence energy resolution is lim-
ited by the resolution of the calorimeter and by pre-showering. The size of
an electromagnetic shower is linearly dependent on the X, of the calorimeter

material. Material in front of the calorimeter causes pre-showering: electro-
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magnetic showers which start in front of the calorimeter and cause the energy
of a track deposited in the ECAL to be spread out over a larger area of the
calorimeter than would otherwise be the case.

For hadronic showers the nuclear processes producing the secondary pi-
ons, neutrons etc., have large variations in the amount of energy transferred
to the secondary particles. Hence the resolution on the energy measurement
in a hadronic calorimeter is normally limited by the variations intrinsic to the
shower. The size of a hadronic shower is linearly dependent on the interaction
length A of the calorimeter material.

The ECAL sections use liquid argon technology, utilising the rapid rise
time (approx. 1 ns) of the ionisation current. This, together with suitable
electronics, gives a very fast (approx. 40 ns) calorimeter readout. However
this readout time is still greater than the bunch crossing interval of 25 ns,
resulting in the piling up of tracks from more than one bunch crossing in a
single readout cycle.

The ECAL subdetector sections each consist of 1.5 mm or 1.1 mm thick
lead absorber plates, arranged in an ‘accordion’ geometry. The absorber
plates are clad in 0.2 mm thick stainless steel sheets to give mechanical
strength. Between two absorber plates is a liquid argon region in the middle
of which is a three layer Kapton-copper readout electrode.

The HCAL uses several different techniques due to varying requirements
and radiation environments over the 7 range of the HCAL. Out to || < 1.7
an iron scintillating tile [21] system is used. The iron is the absorber for the
incoming tracks, the shower then causes scintillation in the tiles which are
read out by wave length shifting fibres into photomultipliers. Over the range
1.5 < |pg| < 4.9 liquid argon calorimetry is used. The HCAL liquid argon

uses copper as the absorber for || < 3.1 and in the forward region (|n| > 3.1)
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both copper and tungsten are used.

The expected energy resolution of the ECAL is AE/E = 10%/VE &
0.7% (E in GeV)!, where the first term arises from variations in the electro-
magnetic showers and the second term from calibration of the detector. A
third term, arising from detector noise, is negligible.

For the HCAL the expected energy resolution is AE/E = 52%/VE &
0.4% (E in GeV) for pions. Again the first term is due to shower statistics

and the second term to detector calibration.

4.3.4 Inner Detector

A cutaway view of the ATLAS ID is shown in Figure 4.4. The ID is lo-
cated inside the barrel cryostat of the electromagnetic calorimeter, which
also houses the superconducting solenoid. This provides the axial 2 Tesla
field for tracking. The ID contains three types of precision detectors: three
layers of silicon pixel detectors, four layers of silicon strip detectors (SCT)

and the transition radiation tracker (TRT). The requirements of the ID are:
e to reconstruct efficiently the tracks and vertices in an event;

e to perform, together with the calorimeter and muon systems, electron,

pion and muon identification;
e to find short lived particle decay vertices.

The high precision measurements required of the ID need fine granular-
ity detectors due to the very high track multiplicity expected. The highest

precision detectors, located immediately around the vertex region, are silicon

lthe @ indicating combining in quadrature i.e. the square root of the sum of the values

squared.
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Figure 4.4: Three dimensional cutaway view of the ATLAS ID showing the

sub detectors of the ID.

pixel detectors, with a precision of 12 fim in r<*>and 66 fim in 2. Outside the
pixel discs are silicon microstrip detectors (anp = 16 /zm, az = 580 /im). The
number of these precision layers is limited due to the material introduced
and power dissipation of these detectors, as well as the high cost of the de-
tectors. Each track will cross at least four strip layers and 3 pixel layers, for
M < 2.5. The Transition Radiation Tracker (TRT) or straw tube tracker
provides a large number of tracking points, typically 36 points per track. The
TRT uses less material per point and at a lower cost per point, although at
a lower precision (a = 170 finl) than the pixel and strip detectors.

The ID half-length in z of the ID is 350 cm and the outer radius is 115
cm. The ID is physically divided into three parts: a barrel section with a half
length of 80 cm and two identical end-caps which fill the rest of ID cavity.
The precision tracking layers are cylinders in the barrel section and discs
in the end-cap sections. In both cases the precision detectors are contained

within a radius of 56 cm. External to the precision layers is the continuous
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TRT tracker out to 105 cm, beyond which are the support and services. The
TRT wheels at the outermost z extend inwards to a lower radius to help give
a uniform coverage over the full acceptance.

In the barrel section the pixel layers are segmented in r¢ and z. Each
layer of silicon strips consists of two silicon strip detectors back to back with
a 40 mrad stereo angle between the strip directions. For the barrel layers
one set of strips in each layer measures the ¢ coordinate. End-cap strip
detectors again have two layers back to back with a 40 mrad angle between
the strips but here one of the strips is always in the radial direction. The
TRT straws are parallel to the beam axis in the barrel and arranged radially
in the end-cap.

The expected pr resolution is Apr/pr < 30% for muons with pr = 500
GeV and the expected vertex resolution is 25 ym in z and y and 40 um
in z. Figure 4.5 shows a cross sectional engineering layout of the ID. The
space point resolutions and basic design parameters of the ID elements are
summarised in Table 4.1. The inner-most pixel layer at 4 cm enhances the im-
pact parameter measurements, secondary vertex measurement and the heavy
flavour tagging. However the lifetime of the inner pixel layer is expected to
be limited due to radiation damage and it will need to be replaced after a
few years of operation, the precise time being dependent on the luminosity

vs. time profile of the LHC.

Pixel Detector

Silicon is an excellent material for tracking detectors as the minimum energy
required to create an electron/hole pair is 3.6 eV. For a minimally ionising
particle approximately 80 electron/hole pairs are produced per um thickness

of silicon that the particle traverses. If a voltage is applied across the silicon
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System Position Resolutions Channels |n|

coverage
ré (um) r/z (um) @ (mrad) (10°)

Pixels B-layer 12 66 (2) 0.3 16 2.5
Barrel 12 66 (2) 0.08 81 1.7
End-cap 12 77 () 0.08 43 1.7-2.5

Strips  Barrel 16 580 (z)  0.035 3.2 14
End-cap 12 580 (r) 0.029 3.0 1.4-2.5

TRT Barrel 170 (per straw) 0.17 0.1 0.7
End-Cap 170 (per straw) 0.32 0.7-2.5

Table 4.1;: Parameters and measurement resolutions for individual detector

elements of the ID.

then the electrons and holes will move towards the surface electrodes where
they can be detected.

Pixel semiconductor detectors are used closest in to the interaction point
due to the extremely high charged particle multiplicity in the region. The
pixel system resolution determines the impact parameter resolution and hence
the b-tagging ability of the inner tracker. With a two dimensional segmenta-
tion the detector gives space points without the ambiguities associated with
strip detectors. However this requires advanced electronics so that each pixel
can be read out. Each readout chip is bump-bonded to the detector substrate
and hardened to withstand over 30 kGy of ionising radiation and over 5-10'3
neutron per cm? per year of full luminosity operation[13].

The pixel barrel section of the inner tracker is made up of pixel modules
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Layer = Radius Active half- Tilt angle
(cm)  length (cm) (degrees)

B-layer 4.0 38.4 +10.5
Layer 1 11.0 384 +9.5
Layer 2 14.2 33.8 +9.5

Table 4.2: ID pixel barrel parameters.

arranged on three cylindrical layers at average radii of 4 cm, 11 cm and 14
cm. The pixel modules have a small tilt from the perpendicular to the radial
direction. The tilt angle was chosen to maximise the charge collected by a
single pixel and thus keep the single pixel detection efficiency high. Table 4.2
gives the radii, active half lengths and tilt angles for each of the three layers.

The individual pixel modules in the barrel are 62.4 mm long and 22.4 mm
wide, with a total of 61440 pixel elements on each module. Each individual
pixel is 50 um in r¢ and 300 ym in z. Each module uses 16 readout chips. The
modules overlap in order to give hermetic coverage, as shown in Figure 4.6.

The barrel pixel modules are arranged in long ‘ladders’, which are parallel
to the z axis of the detector. The modules overlap in z with alternate modules
shifted £0.03 cm from the nominal radial position. The pixel ladders are
tilted in ¢ giving an overlap in the active area of the modules.

The end-cap pixel modules are arranged in rings, modules adjacent in ¢
are mounted on alternate sides of the support and service ring. The modules
are arranged so that there is an overlap of 200 ym in r¢. There are two types
of pixel ring: inner (active radius from 11 to 16 cm) and outer (active radius
from 16 to 21 cm). One outer ring and one inner ring are placed together on
three discs at z = 47, 64 and 78 cm. The fourth disc at 107 cm consists of

one outer ring alone. The parameters of the pixel discs are summarised in



4.3 Detector Subsystems 50

Figure 4.6: Quarter segment of the pixel and SCT detectors showing, from
bottom left to top right, the beam pipe; three pixel layers; a support cylinder;
four microstrip layers; and outer support cylinder. The purple coloured part

of each detector module is the active area.
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Ring type Number of Active R,,;, Active R4z

Modules (cm) (cm)
Inner 108 11.00 15.94
Outer 144 15.90 20.84

Table 4.3: End-Cap pixel ring parameters.

Disc number 2z position Ring types

(cm)
1 47.3 inner, outer
2 63.5 inner, outer
3 77.6 inner, outer
4 107.2 outer

Table 4.4: End-Cap pixel disc parameters.

Tables 4.3 and 4.4.

SCT Detector

The silicon strip detectors used in the ATLAS detector have a single-sided
readout of nt strips with an n-type bulk, as this is expected to be resistant
to radiation. Over time the high radiation environment of ATLAS will cause
the bulk material to change into a p-type semiconductor. This will happen
after 1-2 years of full luminosity running, however the detectors will still be
functional.

As with the pixel detector the SCT consists of a barrel detector unit and
two end-cap detectors. The SCT barrel is formed from modules arranged in

four cylinders. Each layer has an active half length in z of 74.5 cm and a tilt
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Layer r Number of

(cm) modules in ¢

1 30.0 32
2 37.3 40
3 44.7 48
4 52.0 56

Table 4.5: SCT barrel layer parameters.

angle of 10° . Table 4.5 gives the different parameters of each of the barrel
layers. Each SCT barrel module is made up of two silicon strip detectors.
Each strip detector is formed from two silicon crystals 6.36 cm square and 300
pm thick to form a 12.72 cm long, 6.36 cm wide silicon surface. This gives
768 strips each of 80 pm width across each detector module. The innermost
of the two strip detectors is rotated by 40 mrad relative to the outermost
detector, along the long axis of the module parallel to the beam pipe.

The modules which make up the barrel are arranged, end to end, on long
ladders parallel to the beam direction. The ladders each hold 12 modules.
Modules within a ladder are staggered by £1 mm above and below the layer
radius to give an overlap of the active area in the z-direction. The SCT
ladders are tilted in the ¢ direction to maximise the strip efficiency and to
give an overlap in the r¢ direction (typically 1-2 mm active area overlap).

Each end-cap SCT module is formed from two trapezoids of active semi-
conductor material. The precise size and shape of the trapezoids depends
on the radial position occupied in the SCT end-cap. These strips are each
keystone-shaped, i.e. their width is uniform in ¢. As the width of each of
the modules is dependent upon which ring they are mounted on, the strip

pitch also varies, from about 63 um for the smallest radii modules to 85 ym
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Ring type Number of Active r,  Active 7,

modules (cm) (cm)
1 92 43.8 56.0
2 40 33.4 45.1
3 40 39.9 45.1
4 40 26.0 33.1

Table 4.6: End-Cap SCT ring parameters.

for the largest.

The two semiconductor trapezoids are set at an angle to each other of
40 mrad, with the strips of the inner trapezoid running radially. The rotation
is in the opposite direction for adjacent wheels.

On each ring adjacent modules are separated by 0.25 cm in 2 to allow for
an overlap of active area in ¢. Four types of ring are used to cover different
radial ranges. The parameters of the rings are given in Table 4.6.

Each of the rings are arranged on one of nine wheels. Rings which overlap
in active radii are placed on opposite sides of a wheel. To avoid lining up
all the overlapping material in ¢ the wheels are rotated in ¢ with respect to

each other. Table 4.7 gives the parameters for the nine wheels.

TRT

The TRT is the outer-most subdetector of the ID located between the silicon
tracker and the solenoid. The TRT consists of straw detectors, thin pro-
portional chambers which can operate at very high rates due to their small
diameter and the isolation of the sense wires within individual gas envelopes.
The TRT is radiation hard and each track which traverses the TRT will on

average trigger 36 straws. Electron identification is performed using xenon
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Wheel 2z position Ring  Active 7., Active 1. ¢ rotation

number (cm) types (cm) (cm) degrees
1 83.9 1,2,4 26.0 56.0 0

2 92.5 1,2 33.4 56.0 2.3

3 107.2 1,2,4 26.0 96.0 -2.3

4 126.0 1,2,4 26.0 96.0 0

) 146.0 1,2,4 26.0 56.0 2.3

6 169.5 1,2,4 26.0 56.0 -2.3

7 213.5 1,2 33.4 56.0 0

8 252.8 1,3 39.9 56.0 2.3

9 277.8 1 43.8 56.0 -2.3

Table 4.7: End-cap SCT wheel parameters.

gas to detect transition radiation photons created in a radiator between the
straws.

There are 370,00 straws in total. Each straw is 4 mm in diameter. The
barrel straws are 150 cm long and the end-cap straws are between 39 cm and
55 cm long. The straw tube wall consists of 85 ym of Kapton and the gas
mixture in the straws is 70% Xe, 20% CF4, 10% CO,. The CF4 provides a
faster drift-time for electrons than pure xenon, which gives a higher spatial
resolution and reduces the effect from neighbouring bunch crossings. The
CO; is added as a xenon/CF4 mixture is not stable under high voltage and
prevents sparks and streamers in the straw. Running along the centre of each
straw is a gold covered tungsten anode wire, 30 um in diameter. The total
drift time is expected to be 40 ns compared to the 25 ns bunch crossing time.

There are about 50,000 straws in the barrel. Each straw is divided in two

at the centre, to reduce the occupancy and to give a read out at each end.
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Each end-cap contains 160,000 straws which are read out at one end only.
All charged particles with || < 2.5 and pr > 0.5 GeV cross approximately

40 straws.

4.4 Triggering

The bunch crossing rate at the LHC is 40 MHz. The ATLAS trigger sys-
tem [24] has three levels of event selection. The final event storage rate after
the three triggers is designed to be 100 Hz. This requires a rejection factor
of 107 against minimum bias events, while keeping the acceptance for rare
and new physics events as high as possible.

Initial selection of events is performed using information from only a
subset of the detector read outs. The muon trigger chambers are used to
find high pr muons, reduced granularity information from the calorimeters is
used to find high pr electrons, photons, jets, 7 leptons decaying to hadrons
and to find any large missing transverse energy. The level 1 trigger decision
is based on the presence (and/or absence) of these objects in combination.

The level 2 trigger uses ‘regions of interest’ which are marked by the
level 1 trigger. These regions of interest come from the position of objects
found by the level 1 trigger. The level 2 trigger then selectively accesses
data from the readout buffers, using only the data required to reach a level
2 trigger decision. Although the level 2 trigger can access all of the data for
an event, usually only a few percent of the data will be required to make
a trigger decision. The final trigger level is the event filter system, which
will use adapted offline analysis routines. The event filter will perform the
final selection of events to be written to permanent storage for later offline

analysis.
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4.5 Summary

The ATLAS detector has been introduced. The layout and basic operation
of the sub detectors has been described and the measurement precisions of

the sub detectors of the ID have been given.
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Chapter 5

Single Track Performance

In this chapter the performance of the ATLAS ID in measuring the param-
eters of single tracks is evaluated. The properties calculated represent an
idealisation of what can be expected in normal LHC operation, independent
of the pattern recognition problems associated with multi-track events. The
resolutions determined depend on the detector material description and the
individual subdetector resolutions. In particular the effect of removing the

innermost pixel layer, the B-layer, is investigated.

5.1 Overview of ATLAS Software

The software simulates physics events in the ATLAS detector in a number
of steps. Initially an event generator such as PYTHIA [37], HERWIG [38] or
ISAJET [39] is used to generate the hard process and the resultant particles
for simulation through the detector. For example in the b-tagging and ttH
analyses in Chapters 6 and 7 PYTHIA was used to generate events.

The next step is the simulation of particles through the detector and the

digitisation of the detector response to the passage of these particles. This is
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done using the GEANT [40] package, with the ATLAS geometry description
and digitisation subroutines in the DICE [41] package.

The final step is the reconstruction of tracks from the simulated response
in the ID, summation of energy measured in the calorimetry and reconstruc-
tion of tracks in the muon spectrometer. Here only the track reconstruction
in the ID was required. Several reconstruction programs are available, they
are iPatRec [42], xKalman [44] and PixIRec [45]. The data from all the sep-
arate programs in the simulation sequence is stored in a set of ZEBRA [46]

banks (allowing each package to run separately or in sequence).

5.1.1 Detector Simulation

The GEANT package (version 3.21) is used to extrapolate the particle four
vectors though the ATLAS detector. For single particle studies the parti-
cle four vectors are generated within GEANT. The GEANT program allows
for the magnetic field provided by the solenoid (either as a uniform field or
with a more complex field map), ionisation energy loss, multible scattering,
bremsstrahlung, photon conversions, nuclear interactions of hadrons and the
decays of long-lived particles. Energy which is deposited in the sensitive vol-
umes of the detector is recorded in the HITS bank. The GEANT simulation
requires an accurate geometrical description of the detector. This descrip-
tion is provided by the ATLAS interface to GEANT called DICE (Detector
Integration CodE). A list of all the stable particles generated by PYTHIA
(or single particles generated by GEANT) and those created by interaction
in the detector are stored in the KINE bank.
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5.1.2 Digitisation

The DICE package also simulates the electronic response of the detector to
the particles. The response of the active parts of the detector to the energy
deposited in an active region is obtained in a form similar to that expected
from the readout electronics after formatting by the online computers.

The channel numbers, times, energies etc are stored in the DIGI banks.
The requirement at this stage is for an accurate description of the physical
processes by which analogue signals are collected and transformed by the
readout electronics to digital signals. The HITS banks from several collisions
can be combined to reproduce the effect of the superposition of several events

at high luminosity on the digitisations.

5.1.3 Reconstruction

The digitisations from DICE are used to find tracks in the ID and from
these to calculate the momenta and direction of the track. The ID tracking
volume extends out to || < £2.5. For the ID there are three track recon-
struction algorithms, these are iPatRec, xKalman and PixlRec. Any track
reconstruction algorithm has two basic requirements: to find the tracks of
particles in the detector, introducing the minimum number of fake tracks and
to give the best estimation of the tracks’ actual momenta and direction. For
precision detectors with multiple active layers track finding is done by first
combining hits in a limited number of active layers to form track candidates.
These track candidates are then extended out to other active layers to try
and find hits in these layers which lie along the extended track candidate.
Track candidates are then accepted as tracks if they satisfy some minimum

criteria such as minimum number of hits on the track, maximum number of
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hits shared with other tracks, minimum p, etc.

iPatRec

The iPatRec pattern recognition algorithm [42] is designed to exploit the
greater two-track resolution of the pixel and SCT tracking layers. The pro-
gram begins track finding from the space-points in the high precision tracking
layers. During the initialisation phase a geometry database which describes
each module of the precision tracker, the layers of the TRT and the inert sup-
port/service material is built up. In each case the details of the geometry,
material thickness and detector resolution are generated, as well as keys to
the appropriate hit decoding, clustering and space-point building algorithms.

Reconstruction is performed in a conical road which joins the vertex re-
gion to a seed region on the outer surface of the Inner Detector. Several types
of seed can be used: electron/photon candidates from the EM calorimeter,
jets from the hadron calorimeter and muon tracks found in the external muon
detectors. In addition, for test purposes the Monte Carlo truth information
can also be used as a seed.

The space-points contained in the road are collated into four partitions
dependent on their relative distances to the vertex region. By design, each
track in the ID is expected to have six or more space-points. The first and
last partitions are defined such that, in the absence of detector inefficiency
and secondary interactions, a track from the vertex region would have a least
two space-points in both partitions. Track candidates are found by taking
space point combinatorials from three different partitions. A space point in
the first partition is obligatory, which in general requires a hit in the first two
pixel layers. Primary tracks which undergo a secondary interaction can be

recovered by performing reconstruction only in the first three layers providing
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there are sufficient hits.

A local helix interpolation between these space-points is used to associate
the remaining hits and to find any holes (an active detector region traversed
without a hit) on a track. This gives the precision of interpolation with the
ability to follow ‘catastrophic’ processes such as an electron bremsstrahlung
close to an intermediate point.

To select hits in the TRT, which are a continuation of the track from the
precision layers, a histogramming technique [43] is used, which also resolves
left /right drift ambiguities. To limit high luminosity and jet core effects
where hit densities can be large in the TRT tight cuts are made on the straw
residuals and on the ratio of found to expected hits in the straws.

Additional parameters are included in the track fitting to allow for mul-
tiple Coulomb scattering and in the case of an EM calorimeter seed to allow
for electron bremsstrahlung. The shape of the clustered hit pattern in each
discrete detector layer is examined in a track dependent context to allocate
a weight to the cluster. Tracks are then ranked by a quality factor. This
factor is defined according to the radial track length, the absence of holes,
the track fit x? and the presence of TRT confirmation. The search strategy
then extracts the highest quality track candidates from the remaining unused

space-points.

PixIRec

PixlRec [45] exploits the high precision space-points and good two track
resolution of the pixel detectors. Track finding is initiated from the inner
most pixel layers and goes outwards. A combinatorial search is performed
using hits from the pixel layers to find track candidates. The track candidate

finding algorithm uses an abstraction of the actual detector which relies on
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a hyperplane concept. Here a hyperplane is a set of different parts from
various subdetectors, built according to some symmetry and periodicity rules
which are defined in the ATLAS reconstruction software. Some allowance
for inefficiencies in the precision detectors can be made by introducing some
redundancy into each hyperplane.

Once the track candidates have been found, remaining precision hits from
the SCT layers within a narrow road around the track candidate are asso-
ciated using the Kalman [49] filter algorithm. Precision is improved using

TRT hits with the conformal mapping method developed for xKalman.

xKalman

Unlike iPatRec and PixlRec, the xKalman [44] algorithm initiates pattern
recognition by finding track segments in the TRT. T'wo techniques are used to
perform the reconstruction: a histogramming method and the Kalman filter-
smoother formalism. The histogramming technique is used for track finding
in the TRT and the Kalman technique for the high granularity precision
detectors.

There are three steps in the xKalman track finding process. First a global
pattern recognition in the TRT is performed, which generates a set of possible
track candidate trajectories. The algorithm is applied in 2D projections of
the TRT, in the r¢ plane for the barrel TRT and in the z¢ plane for the end-
cap. This straight-line track representation allows the same histogramming
method to be used in both parts of the TRT. The drift time information
from the straws is not used in the first step. Each of the track trajectories
found is defined as a helix which is used to define a track road through the
precision tracker, along which all the measured hits in each precision layer

are collected.
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In the second step all possible helix trajectories within the initial road,
with a sufficient number of precision hits, are found. The tracking and fitting
are performed simultaneously using the Kalman filter-smoother formalism.
An essential part of the algorithm is the treatment of multiple scattering
noise contributions and bremsstrahlung energy losses during the track search
procedure, which can be conveniently implemented using the Kalman filter.

For each of the candidate trajectories a so-called u-fit, which accounts
only for multiple scattering and ionisation energy losses, is produced. If the
TRT identifies the track candidate as an electron then xKalman also produces
an e-fit, which includes bremsstrahlung energy losses. The result of the e-fit
is used only if the fit increases the number of accepted measurement points
from the precision layers. A cut is then applied at this stage based on the
total number of hits each track candidate has in the precision layers.

For the final, third, step the accepted track trajectories are then extrapo-
lated back into the TRT. A narrow road around all hits in the TRT are then

included for the final track updating and fitting.

5.2 Track Parameter Resolutions

For these single track studies muons are used in the simulation, which are
typically affected only by multiple scattering and ionisation energy losses.
Electrons, being lower in mass than muons, are not used as they emit a sig-
nificant amount of bremsstrahlung radiation as they move through the ID
magnetic field. This reduces the momentum of the electron which can intro-
duce ‘kinks’ on the track. Hadrons are not used as hadronic interactions can
lead to the particle track ending, making reconstruction impossible. However,

in general, a hadron will not interact in the ID and then the reconstructed
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track parameters are similar to those from muons.

The nominal ATLAS vertex spread of 15 ym in the zy plane and 5.6 cm
in z was used to remove any acceptance effects due to tracks at exactly the
same 7. The uncertainty on the impact parameter will then be the sum in
quadrature of the measurement error on the impact parameter and the beam
spot spread. Typically this degrades o(dp) from 16 pm to 22 pm for high
(pr > 20 GeV) tracks and from 24 pym to 28 um for lower momentum tracks.
However for the impact parameter resolutions given later the degradation due
to the beam spot spread is removed by determining the impact parameter
with respect to the actual generation point, not the nominal vertex position.
This is done so that the given uncertainty on the impact parameter is due

only to measurement errors.

5.2.1 Track Parameterisation

The trajectory of a particle moving in a uniform magnetic field with no
multiple scattering and negligible bremsstrahlung radiation, is described in
the bending plane (the r¢ plane in the ATLAS detector) by a helix

1
T'¢ = —d() —+ ¢0T + %7’2 (51)

and in the 7z plane by a straight line
z=2zy+cot(f)r (5.2)

where dj is the impact parameter, ¢q is the ¢ coordinate of the track in the
zy plane at the point of closest approach to the coordinate origin, p is the
radius of curvature (see Figure 5.1) and 2z is the z perigee defined as the z

value of the point on the track where the impact parameter is calculated.
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Figure 5.1: The helix parameters of a track moving through the bending

plane of a uniform magnetic field.

5.2.2 Momentum Resolution

The relevant quantities in the physics of hadron collisions are the transverse
momentum pr and pseudorapidity n of the tracks. The ATLAS ID has a
solenoidal field and measures the curvature (1/p) of charged tracks. In the
absence of multiple scattering the error on the track curvature resulting from

N individual position measurements is constant and equal to [47]
€
o(1/p) = T3V AN (5.3)
where € is the error on each position measurement, L is the distance between
the two end point measurements and Ay is a constant depending on the num-

ber and separation of the individual measurement points. With no energy
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loss, in a uniform field B the radius of curvature p = pr/eB. Therefore

o(1/pr) = ¢ B o(1/p) = 05/ Ax (5.4)

Hence the uncertainty on 1/pr is constant without multiple scattering. With
multiple scattering an additional term is added in quadrature to the mea-

surement error term and the uncertainty on 1/pr takes the form [48]
B,
o(l/pr) = Ap ® -
(1/pr) v prvVsin@

where Ay and By, are constants, with A, = £5¢\/Ay

(5.5)

Figure 5.2 shows the resolution on 1/pr for tracks with pr = 200 and
20 GeV as a function of |g|. At pr = 200 GeV the detector resolution is
dominated by the constant term and is hence quite uniform in |n|. At the
lower pr = 20 GeV the effect of the material in the services ‘dogleg’ can be
seen as a bump on the resolution curve around |n| = 1.5. This is seen for
20 GeV and not 200 GeV tracks since tracks at the lower momentum are
affected more by the multiple scattering.

Reducing the pr further (see Figure 5.3) to 5 and 1 GeV, clearly shows the
effect of multiple scattering at all || with a marked degradation in resolution

and with degrading resolution with increasing |n|.

5.2.3 Angular Resolution

Figure 5.4 shows the ¢ resolution for p = 200, 20, 5 and 1 GeV as a function
of |n|. At high pr the ¢ resolution is fairly constant with || as there are sets
of r¢ measurements at approximately the same radii for |n| < 2.5.

Figure 5.5 shows the resolution on cot(f) for the same transverse momen-
tum values. Over the precision barrel region (|| < 1.0) the resolution for
cot(#) is approximately constant. Further out in 7 in the end-cap region, the

precision measurements are in 7. Hence the resolution rises like cot(@).
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Figure 5.2: pr resolution for pr = 200 GeV (left) and 20 GeV (right), without
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Figure 5.3: pr resolution for pr = 5 GeV (left) and 1 GeV (right), without
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Figure 5.5: cot(6) resolution for pr of 200, 20, 5 and 1 GeV.
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5.3 Impact Parameter

The measurement of the transverse impact parameter, dy, of a track is essen-
tial for the reconstruction of secondary vertices, e.g. from B decays; heavy
flavour tagging; lifetime measurements and associating tracks to the correct
primary vertex. As will be shown, at high momenta the resolution is de-
termined by individual measurement resolutions and is dominated by the

precision of the first detector layer, the B-layer at r = 4 cm.

5.3.1 Parameterisation

The calculation of the impact parameter resolution is, in general, a non trivial
calculation !. For two measuring planes the impact parameter resolution can
be parameterised as A @® B/pr. The plausibility of this parameterisation can
be seen for the zy resolution for a particle traversing two detector planes, as
shown in Figure 5.6.

By geometry 2z, is given by

T122 — T2y

— 172 24 5.6
%0 rn —To ( )

When multiple scattering occurs only at the measuring planes, then z; and
2z, are uncorrelated and only the multiple scattering which occurs at the first
plane contributes to the measurement error.

The shift in position of measurement 2, caused by multiple scattering is
(rg—r1)d; and the RMS value of 6; is C/pr, where C contains the dependence

on detector width and material and is equal to [52]

C = I—&t—}—c@qn\/x/Xg [1+ 0.0381n(z/Xo)] - (5.7)

!for a detailed description of the general calculation method see Haywood [50].
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Z Primary Vertex

Figure 5.6: Multiple scattering in measuring the 2z perigee resolution with

two detection planes.

where fc is the velocity, g, the charge number of the incident particle and
z/ X, the thickness of the scattering medium in radiation lengths.

For intrinsic measurement errors, 0,2, the resolution on z, becomes

2 .2 | 2 .2 C
= + 5.8
U(Zo) (’rl _ T2)2 ( D ) ( )

Rewritten explicitly in the A @ B form and including a /(sinf)® [51] to
allow for the increased material thickness travelled through by particles at

an angle to the measurement plane this becomes

B
o(z) =Ap ——— 5.9
(z0) pr+/(sin8)3 (59)
with
T2 ™

A= 0'1@

Te—T1 ro —1N

09 (510)
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and

[z T
B=136,/— {1 .038In(—) | - A1
3.6 Xo( + 0.038 n(XO)) T (5.11)

The expression for o(dp) cannot be reduced to a simple formula simi-
lar to (5.8), even for the case of only two measuring planes. The A @ B
parameterisation is still valid [50] and for two measurement planes is

T2 ™
A= 37Ty 1/pr 5.12
72_T101®T2—T102®0 T1-Tg 0’( / ) ( )

B=136,/— (1 +0.038 1n(i)> 1 ®03r re-0(l/pr)  (5.13)
Xo Xo

where 7, is the radius of the first layer, 7, is the radius of the second layer,
o1 and o4 are the point resolutions of the respective layers, x is the vertex
layer thickness and Xj is the vertex layer radiation length.

For the ATLAS experiment the A @ B parameterisation is still a good
approximation to the actual resolution, the values of A and B depend on
the geometry of the detector layers used in the simulation.? Although the
parameterisation is only approximate for the ATLAS detector it is neverthe-
less useful and explicit fits to the parameterisation will be shown. Figure 5.7
shows the essential parts of the barrel region of the ATLAS inner detector.
There are seven silicon layers in the barrel, three layers of pixel detectors and

four layers of strip detectors.

5.3.2 Simulation Results

Figures 5.8 and 5.9 show the transverse and longitudinal impact parameter

resolutions as a function of |n|. The figures show the results obtained from

2 A depends on the layer resolutions while B depends on the amount of material in the

layers.
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Figure 5.7: Essentials of the barrel region of the ATLAS ID.

each of the three reconstruction algorithms at pr = 200 GeV.

The small differences between the algorithms can be understood in the
way hit clusters are treated. The impact parameter is very sensitive to the
resolution of the innermost pixel layer, or B-layer. In any detector layer,
including the B-layer the charge induced by a track can be spread out over
several pixels. This can result in several pixels giving a signal for a single
track. These pixels are termed a cluster and how the cluster pattern is
turned into a position coordinate and error varies between the reconstruction
algorithms, which leads to the observed small differences in dy resolution.
This clustering leads to improvements in the effective resolution of the pixels
in certain circumstances.

For example for a row of pixels (see Figure 5.10), with particles travelling
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Figure 5.8: Transverse impact parameter resolution for each reconstruction

program as a function of |n| for a pr of 200 GeV.
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Figure 5.9: Longitudinal impact parameter resolution for all three recon-

struction programs as a function of || for a pr of 200 GeV.
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into the page then in case (a) for a single pixel hit the position of the hit is
the middle of the pixel with an error of the pixel width divided by v/12. In
case (b) when two pixels are hit then the two pixels are treated as a single
pixel of width 2w so that position of the hit is the point midway between the
pixels with an error of twice the pixel width divided by v/12. However if for
50% of tracks one pixel fires and for the remaining tracks two pixels fire then
the resolution can be improved. Assuming that a single pixel fires when the
particle passes through the middle half of the pixel and for two pixels firing
the particle passes between the two pixels then if one pixel fires (case (c)
Figure 5.10) the hit position is the middle of the pixel, the same as (a) but
the error is now half the pixel width divided by v/12. Since if the particle
had passed through the end quarter of a pixel both it and the neighbouring
pixel would have fired. When two pixels fire the position is the same as (b),
the point midway between the pixels but the error is again reduced to half
the pixel width divided by v/12.

At low pr when the resolution is dominated by multiple scattering in
the B-layer, there are no significant differences between the reconstruction
algorithms. For the following figures the resolutions shown are from the
iPatRec algorithm as the iPatRec algorithm gives the (marginally) better
resolutions due to optimised use of the cluster patterns.

The critical effect on the measurement of the impact parameter by the
B-layer is shown in Figures 5.11 to 5.14. For this study the effect of a dead
B-layer was obtained by ignoring the measurements from the B-layer, but the
material of the B-layer was still in the simulation. Compared to removing
the B-layer from the detector completely this results in a slightly pessimistic
effect on the resolution at low pr but there is no difference at high pr. Also

plotted in the figures is a fit to analytical calculation of the impact parameter
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Figure 5.10: The change in effective resolution when 50% of tracks cause one

pixel to fire and 50% of tracks cause two pixels to fire, see main text.
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Figure 5.11: Transverse impact parameter resolution as a function of ||
with and without B-layer for pr = 200 GeV. The function plotted is a fit to

a analytical calculation of the resolution (see main text).

resolution. This calculation uses a simplified description of the detector where
the material present in the ID is represented as homogeneous cylinders and
wheels. Covariance matrices for track fits are analytically calculated for
different values of || and include multiple scattering. At pr = 200 GeV, as
shown in Figure 5.11, the effect of the B-layer can be seen as an improvement
of about 50% in resolution up to |n| < 2.0.

The first pixel layer in the barrel (at 11 cm in radius) extends out to
In| = 2. Hence without the B-layer for 2.0 < || < 2.5 the impact parameter
resolution would quickly degrade as the radius of the first measurement (now
one of the end cap wheels) would be larger than 11 cm. The slight improve-
ment of the resolution with || from 0 to 2.5 in the curve with the B-layer is
due to the increased cluster size with increasing |7|.

Figure 5.12 shows the transverse impact parameter resolution for pr =1
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Figure 5.12: Transverse impact parameter resolution as a function of || with

and without B-layer for pr = 1 GeV.

GeV. The presence of the B-layer improves the resolution by a factor of 3.
The bump in the curve without the B-layer at around |n| = 2 is due to the
track missing the end of the first pixel layer. However, as the resolution is
affected much more strongly by multiple scattering the effect of missing the
pixel layer is less pronounced than at low pr. The analytical calculation does
not agree with the simulation in this region, over estimating the error on dy.
Slightly further out in || there is a small improvement in resolution due to
the track passing through the end-cap wheels more optimally, giving pixel
clusters with smaller position resolutions.

Figures 5.13 and 5.14 show the longitudinal impact parameter resolution
for pr = 200 GeV and pr = 1 GeV. The resolution is worse than that of the
transverse impact parameter since the B-layer and the other pixel layers have
a poorer z resolution than r¢ resolution. The resolution has a minimum at

|n| = 1.0 when a track has a probability of approximately 50% of generating
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Figure 5.13: Longitudinal impact parameter resolution as a function of |7|

with and without B-layer for pr = 200 GeV.

a two pixel cluster (see Figure 5.10). The shape of the pixel clusters enables
the reconstruction algorithm to obtain the best effective resolution from the
pixel layers. Again the resolution without the B-layer is degraded and for
|7] > 2.0 the resolution becomes poor. With increasing |7| the track passes
through more material, increasing the multiple scattering and degrading the
resolution.

Figures 5.15 and 5.16 show the resolution of the longitudinal impact pa-
rameter multiplied by sin 8. For lifetime-related measurements the interesting
quantity is the projection of the impact parameters onto a plane transverse to
the track direction, i.e. zgsin#. When multiple scattering completely domi-
nates the resolution then the resolution of dy and zj sin 6 should be the same.
This is not seen even for pr = 1 GeV, as the required pr for equality is
lower than can be measured by the ID. The analytical function does not fit

the measured 2 sinf points well in either plot, over estimating the error on
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Figure 5.14: Longitudinal impact parameter resolution as a function of |7

with and without B-layer for pr = 1 GeV.

Zpsin @ between 1.5 < |n| < 2.0 for pr =1 GeV.

Figures 5.17 and 5.18 show the impact parameter resolutions as a func-
tion of pr for central tracks with || < 0.5, with and without the B layer.
Also shown on the plots are curves which correspond to the A & B/pr pa-
rameterisation, where A has been determined from the asymptotic high pr
value and B adjusted such that the curve passes through the pr = 1 GeV
data. For dy A4, = 11 and By, = 59 and for z, A,, = 85 and B,, = 94.

As can be seen from the figures the A @ B/pr curve fits the points with
B-layer slightly better, and is also a slightly better fit to the 2z, resolution

than the dgy resolution.



5.3 Impact Parameter

81

6(z,) sin0 (um)

g
IU[ITT

50

With B-layer  Pr=200GeV

A
A Without B-layer AN
A

7
4

T
t,

—A— -
—A— A
—&~cA—A—]

s~

TIIIIIII
’

e s b b Ly
0.5 1 1.5 2 2.5

ml

(=]

Figure 5.15: o(2) sin # resolution as a function of |n| with and without B-

layer for pr = 200 GeV.
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layer for pr =1 GeV.
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Figure 5.17: Transverse impact parameter resolution for || < 0.5 as a func-

tion of pr. The function plotted is a fit to the A & B parameterisation.
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5.4 Summary

The single track reconstruction performance of the ATLAS detector has been
investigated using the simulation of muons. The resolution on 1/pr was
found to be 0.4 TeV~! for pr = 200 GeV. The impact parameter resolutions
for both dy and z; have been shown to be approximated by the function
A® B/pr. The B-layer improves the the dy resolution by a factor of 3 at low
(1 GeV) pr and by 1.6 at high (200 GeV) pr. For 2, the B-layer improves
the resolution by a factor of at least 2.5 at low pr and by 1.6 at high pr.
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Chapter 6

b quark tagging

6.1 Introduction

This chapter describes b-tagging using the ATLAS detector. The fundamen-
tal method and particular application are described. The effect of detector

misalignment is discussed as is the b-tagging performance of three ID layouts.

6.2 Overview

The accurate measurement of the impact parameter of a track is fundamental
for a b-tagging analysis. Hadrons formed at the initial interaction point
which contain a b-quark will travel typically several hundred to a thousand
pm before decaying. Most other objects formed will decay immediately and
their decay products will come directly from the initial interaction vertex.
The decay products from a b-hadron will emanate from a displaced sec-
ondary vertex. These displaced vertices can be tagged either by explicitly re-
constructing the vertex or by examining the impact parameters of the daugh-

ter particles, as the impact parameter of such tracks will be large compared



6.3 Simulation Procedure 85

to tracks coming from the initial vertex. Hence a jet of particles consisting of
tracks mostly with high impact parameters can be attributed a probability
of coming from a b-quark. This is a basic method of b-tagging [53] and is the
method used here.

The ATLAS Inner Detector is well suited for b-tagging as the transverse
impact parameter can be measured with an accuracy of 20 um for the typi-
cally low (5 GeV) transverse momentum tracks and the position of the initial
interaction has an r.m.s uncertainty of 15 ym in the zy plane.

For the work described in this chapter the impact parameter method has
been used to perform the b-tagging. The physics process simulated is the
decay of a Higgs boson into either a ¢g pair or a gluon pair. Three detector
situations are studied, the baseline ‘idealised’ detector, the baseline with
an estimate of the uncertainties due to detector misalignment added and a

detector with detection layers removed.

6.3 Simulation Procedure

The simulation uses the decay of a 400 GeV Higgs particle. The decay is
forced into either a u, c¢, bb pair or a gluon pair (Figure 6.1). Each event
therefore contains two jets which are simulated in the ID only, no calorimeter
or muon chamber simulation was done. Higgs decay is used to provide a direct
comparison of b-jets and non-b-jets with the same kinematics. A Higgs mass
of 400 GeV gives 200 GeV per jet. At this energy the jets produced provide
a useful test of two track separation due to the track density in the jets and

the pattern recognition in general.
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Figure 6.1: Higgs decay used for b-tagging analysis, with myg = 400 GeV,
two 200 GeV jets are produced.

6.3.1 Primary Vertex

In order to determine the impact parameter of a track a point of origin
is required. In principle this should be the primary vertex of the event,
reconstructed from the prompt tracks.

For this b-tagging work the Higgs is generated at the nominal ATLAS
origin point. However the position of the primary vertex in ATLAS will
have a spread of 15 um in the zy plane. In order to simulate this the initial
position of the Higgs, and hence the initial position of its decay products, is

smeared by a Gaussian of width 15 ym.

6.3.2 Significance distribution

The significance of the impact parameter is defined as the ratio of the signed
impact parameter to its total error, i.e. S = dy/o(dy). The sign of the
impact parameter is defined as positive if the track appears to originate from
in front of the primary vertex (i.e. the track crosses the jet-axis in front of
the primary vertex) and negative if it appears to originate from behind.
Positive significance arise from jets from b-quarks as the b travels around

500 pm. Jets from ¢ quarks are similar to jets from b-quarks but with shorter
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impact parameters and hence smaller significances. For u quarks the signif-
icance is small and the spread in significance values is symmetrical due to
resolution smearing on the track. For the gluon significance distribution the
shape is similar to the u quark distribution, but slightly wider due to gluon
splitting to bb and cc.

The jet axis will be determined by the calorimeter, however as the calorime-
ter has not been simulated here the jet axis is taken from the b-quark direc-
tion smeared by +1° to simulate the accuracy of the calorimeter. Tracks are
reconstructed within a cone of 0.4 R of this direction.

Figure 6.2 shows the significance distribution for tracks coming from b
and u quark jets. There are significant ‘cores’ in both distributions which
represent correctly reconstructed tracks coming from the primary vertex.
The b-jet distribution contains tracks with large positive significance, corre-
sponding to tracks with genuine lifetime content. The u-jet distribution has
a much smaller number of tracks with positive significance which can arise
from daughters of V?’s, daughters of heavy quarks formed in the fragmenta-
tion and interactions with material e.g. photons converting to ete™ pairs or
pions having nuclear interactions.

Both the b and u-jet significance distributions have tails on the negative
side of the distributions. For the b-jets these are due to incorrect determi-
nation of the impact parameter sign (corresponding to the uncertainty in
determining the b-hadron direction) and complications from secondary de-
cays of charmed states. In the u-jet distribution the tail is dominated by

secondary interactions in the detector.
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Figure 6.2: Significance distribution for tracks from b, ¢, u and gluon jets.

Curves are normalised to the same area.

6.3.3 Tagging Methods

Many methods are available to use the significance distribution to determine
if a jet was produced from a b-quark. Methods currently used by ATLAS

include:

e Track counting method [54] - this algorithm simply counts the number
of tracks with S > 3 with |dg|] < 1 mm. Discrimination between jets
containing long-lived particles and those which do not is obtained by

cutting on the number of these high significance tracks in each jet.

e ALEPH method [55] - invokes the probability for all tracks in a jet to
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come from the primary vertex. First a one-sided Gaussian probability

for each track is defined

exp —— dx (6.1)

w =
20d

7l

where g4 is the measurement error on dy. The product of all these

probabilities is then formed
n

The product is then normalised so that it is then insensitive to the

number of tracks considered

n-— 1

Q= PZ — ln Py (6.3)
3=0

Discrimination between jets containing long lived particles and those

which do not is then obtained by cutting on 2.

e Likelihood ratio method - which is used and described below.

For the work described here the likelihood ratio method was used as it
offered the best overall performance, in terms of tagging efficiency and light

quark rejection [54).

Likelihood Method

e For each track ¢ in the jet which satisfies the track selection, the signif-

icance S; of transverse impact parameter is calculated.

e The ratio of the fraction of tracks from b-jets with significance S; to
the fraction of tracks from non b-jets with significance S; is computed

_ f(S)

Tzi = m y T=Uu,C,9. (64)
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e A jet weight is constructed from the sum of the logarithms of the ratios
W= Z logr; (6.5)

e By retaining jets above some value of W (a value which can be varied),
the efficiency for different jet samples can be obtained. Typically values

of W of 2 to 3 tag 50% of jets from b-quarks as b-jets.

6.3.4 Track Selection

The iPatrec pattern recognition algorithm was used for track finding and
reconstruction. iPatrec performs reconstruction in ‘roads’ which join the
vertex region to a ‘seed’ region defined on the outer surface of the Inner
Detector. For this work the Monte Carlo truth was used as the seed. The
Monte Carlo truth was used as a seed because simulating the electromagnetic
calorimeter would increase the processing time by a factor of 3 when the
only information required from the calorimeter simulation is the direction of
the jet axis. This can be obtained from the quark or gluon direction with
a £1° smearing introduced to allow for measurement uncertainties in the
electromagnetic calorimeter.

Tracks are ranked by quality which is defined according to the radial track
length, the absence of holes and the track fit x? (in order of precedence). The
ranking ensures that tracks with TRT confirmation are found first.

To be accepted a track has to fulfill the following:
o Track pr > 1 GeV;
e At least 3 space points on the track of which 2 must be unique;

e A hit in the first partition (first two layers);
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> 7 discrete hits;

< 3 holes in discrete detectors upstream of last hit;

< 50% discrete hits shared with other tracks;

Fit x? per degree of freedom < 3.0.

6.3.5 Track reconstruction efficiency and quality

The b-tagging performance depends heavily on the track reconstruction effi-
ciency and on the quality of the reconstructed tracks which come out of the
pattern recognition algorithm. To illustrate the quality of the pattern recog-
nition, three types of precision layer hits are associated with a reconstructed

track:

e Unique Hit - hits which were produced by one KINE track which also

produced the majority of precision hits on the track;

e Spoilt Hit - hits which were produced by two or more KINE tracks, or

by one KINE track and noise or by pure noise;

e Wrong Hit - hits which were produced by one KINE track which was
different from the one which produced the majority of the hits.

Figure 6.3 shows the total number of hits, unique hits, spoilt hits and
wrong hits for both the barrel pixels and SCT barrel layers. On average 3.3
pixel hits are associated with each track, of which 98% are unique. This is
slightly more than one hit per layer as tracks can cause more than one pixel
per layer to activate. Of the reconstructed tracks 2.5% have no unique hits
in the pixels. These arise from tracks produced in secondary interactions

or from decays of Vs which start beyond the pixel layers but where the
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pattern recognition algorithm has associated sufficient hits to a track for it
to be accepted. 3.5% of all tracks have at least one wrong hit assigned to the
track and 6.5% have at least one spoilt hit.

Unlike the pixel layers, described above, slightly above two hits per SCT
layer are expected as each SCT layer is composed of two back-to-back strip
detectors. For the SCT, each track has associated to it an average of 8.11
hits, of which 97% hits are unique. 2.5% of tracks have at least one wrong
hit in the SCT layers and 18% of tracks have at least one spoilt hit.

Figure 6.4 shows the primary track reconstruction efficiency as a function
of [n|. The average track reconstruction efficiency is 93%. The dip in recon-
struction efficiency at around |n| = 1.75 is due to increased material in this
region.

Figure 6.5 shows the fraction of fake tracks, defined here as a track either
corresponding to the same KINE track as another reconstructed track, or
as not having at least 50% unique hits. The fake rate increases in the ||
region from 1.0 to 2.0 due to increased material here since this area covers the
transition from barrel to end cap detector layers. Finally Figure 6.6 shows
the fraction of tracks produced by detector interactions (secondaries) as a
function of |n|. Again the effect of material can be seen, in the increased
secondary rate from || = 1.

The presence of low quality tracks and of secondaries degrades the b-
tagging performance and selection cuts have to be imposed on the recon-
structed tracks to reduce them without significant deterioration on the effi-
ciency of the primary tracks.

The following additional selection cuts were imposed to reduce the num-

ber of fake and secondary tracks:

e each jet must have at least two tracks;
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Figure 6.6: Fraction of secondary tracks as a function of |n)|.

> 2 pixel hits; together with the B-layer requirement this ensures that

the best impact parameter resolution is achieved;

at least one associated hit in the B-layer;

e |dy|] < 1 mm, this and the following cut suppress the tails of their

distributions;

x? fit probability of greater than 1%.

Figure 6.7 shows the efficiency of primary tracks after the selection cuts.
The efficiency has been reduced from 93% without the selection cuts down to
87% with the selection cuts. This small loss in signal is more than compen-
sated for by the reduction of potentially more damaging fake and secondary

rates.
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Figure 6.7: Primary track reconstruction efficiency after selection cuts.

Figures 6.8 and 6.9 show the fake and secondaries rates after the selection
cuts. The average fake rate is down from 0.82% to 0.33% and the average

secondary rate down by a factor of 2 to 3 for all ||

6.4 b Tagging Performance

Figure 6.10 shows the jet weight for the four different jets types. The jet
weight is the sum of the logarithm of the individual track significances. As
tracks from b-jets have, on average, high significances then jets from b-quarks
will have high jet weights. Light quark jets can be rejected as they have low
significances and hence low jet weights.

Identification of jets from b-quarks is then a trade off between accepting
b-jets and the rejection of non b-jets. A jet weight value is selected and all

jets with that weight or higher are called b-jets. The higher the jet weight
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Figure 6.8: Fraction of fake tracks after selection cuts as a function of |7].

cut, the higher the purity of the b-jets identified, but the fewer real b-jets
that will be identified as b-jets.

The rejection of background jets as a function of b-jet efficiency (ep) is
shown in Figure 6.11. The offset from ¢, = 1 arises from the 6.6% loss of jets
with less than two tracks. The rejection of c-jets is poorer than the rejection
of light quark and gluon jets. This is due to the longer lifetime of ¢ hadrons:
e.g. crD* = 317 pm, ctD° = 124 um. Hence jets from ¢ quarks will have
higher jet weights on average than light quark jets and will be misidentified
as b-jets more often. The rejection of gluons is limited by the gluon splitting:
BR(g — c¢) = 6% and BR(g — bb) = 4%.

The rejections obtained for 50% b-tagging efficiency are summarised in
Table 6.1. The rejections as a function of |n| are shown in Figure 6.12. The
gluon and ¢ quark rejections are both relatively flat in |n|, whereas the u jet

rejection falls from a high of 108 at || = 0 to a low of 41 at || = 1.75 rising
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slightly at higher |n| values. The low rejection at |f| = 1.75 is caused by
the increase in material in the range 1.5 < || < 2.0. This extra material
results in a decrease in reconstruction efficiency, an increase in the fake and
secondary rates and a poorer impact parameter significance. All these factors

combine to reduce the u-jet rejection.

6.4.1 Detector Misalignment

Residual detector misalignment was introduced by offsetting the position of
each detector module before reconstruction. The offset given was constant
between events but changed between reconstruction runs to ensure that dif-

ferent sets of module offsets gave similar results. The value of the offsets were
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Background jet | No misalignment | With Misalignment
R, 7 +3 63 £+ 3

R, 29+1 28+1

R, 10.5 £ 0.2 9.9 £ 0.2

Table 6.1: Summary of rejections at 50% b-tagging efficiency.
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Figure 6.12: u, ¢ and gluon jet rejection as a function of |n| with no mis-

alignment.
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Module o(r) pm | 0(2) pm | o(r¢) pm
Pixel B-layer | 10 20 7

Pixel barrel | 20 20 7

Pixel wheels | 20 100 7

SCT barrel | 100 50 12

SCT wheels | 50 200 12

Table 6.2: Residual module misalignments.

taken from the expected residual misalignment given in the ATLAS Inner
Detector TDR, [22], see Table 6.2. The misalignment offsets were generated
using a gaussian distribution with the expected residual misalignment being
the one sigma value. During the reconstruction procedure with iPatRec each
space-point was then given the appropriate module offset. Reconstruction
then proceeded as for the standard analysis.

Figure 6.13 shows light quark, gluon and ¢ quark rejection as a function of
|n| with residual detector misalignment included. The shapes of the rejection
factors with and without residual misalignment are similar and differ only
by an overall scaling factor. The average light quark rejection falls by 18%,
the gluon rejection by 7% and the ¢ quark rejection by 2%. Even with
residual misalignment included the light quark rejection was still above 50,

the minimum performance benchmark.

6.5 Reduced Layout Performance

The amount of material in the ID is a cause for concern for the electro-
magnetic calorimeter design group as more realistic estimates (better mass

estimates of the detectors and an improved treatment of the services re-
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Figure 6.13: u-jet rejection as a function of |n| with misalignment.

quired) have increased the expected mass of the ID. The amount of mass
in the ID is now at the limit of what is deemed acceptable in front of the
calorimeters [57].

Increasing the ID mass leads to a poorer energy resolution of the EM
calorimeter. The main effect is the production of a low energy tail in the
calorimeter energy measurement (Figure 6.14). When a particle enters the
calorimeter a shower is produced which spreads out over several calorimeter
cells. In order to obtain a good energy resolution the total energy deposited
in a cluster of cells (3 x 5 cells in An x A¢) is summed. However if a particle
interacts with the material of the ID then any shower produced will be opened
in ¢ by the presence of the magnetic field. The opening is larger for small
particle energies and small interaction radii. In order to collect the total
shower energy the cluster size is enlarged to 3 x 7; despite this there are still

low energy tails. Larger cluster sizes are not used due to the contribution
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of the electronic and pile up noise to the energy resolution [58]. Interactions
at small radii produce larger tails in the calorimeter energy resolution as
shown in Figure 6.14. Therefore a request was made to the ID group to
reduce the mass of the ID if possible or to produce strong evidence that any
removal of mass from the detector will degrade the ID performance below
acceptable levels. The only way to make significant savings in the mass of
the Inner Detector is to remove a detector layer, either a pixel or an SCT
layer. Removal of the TRT is not a consideration as it has little effect on
the calorimeter. Removing a pixel layer would give the greatest help to the
calorimeter as the inner-most mass degrades the calorimeter resolution the
most. The removal of an SCT layer will have less effect on the ID but will

also benefit the calorimeter less.

6.5.1 Layouts

The baseline layout of the precision layers of the ID is described in chapter 4
and consists of 7 precision layers (3 pixel and 4 SCT). A small number of
changes were made to the ID layout from those used for the preceding b-

tagging analysis. These were:

e the material in the pixel barrels (disks) had been increased, on average

from 1.39% (0.94%) to 1.63% (1.63%) X, [59];

e the angle between the normal to each module and the radial direction
in the zy plane (module tilt) of the barrel pixel has been changed, to
give a smaller average cluster size in r¢ improving the point resolution

of the barrel pixel;

e the routing of the B-layer services has changed to along the beam pipe

and then out in front of the end-cap cryostat;
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Figure 6.14: Reconstructed energy [60], normalised to generated energy, for
electrons with Er = 10 GeV, at n = 1.2. The solid histogram is for electrons
with an interaction radius greater than 80 cm and the dashed for electrons

interacting at 7 < 30 cm.

e at the outer radius of the end-cap TRT straws the material thickness

has been increased by 5% Xp.

The increases in material come from an improved understanding of the de-

tector module requirements. Three layouts have been studied:
e the baseline layout or 3+4 layout as shown in Figure 6.15;

e a layout without the 2nd pixel barrel, the 2nd and 4th endcap pixel

disks and their services, the 2+4 layout is shown in Figure 6.16;

e a layout with only 3 equally spaced SCT barrels and 7 SCT wheels, the
3+3 layout, shown in Figure 6.17.
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Figure 6.15: Schematic diagram of the Inner Detector 3+4 layout showing
the pixel layers (0.04 < r < 0.20), the SCT layers (0.3 < r < 0.6) and the
TRT (shaded).

6.5.2 Simulation

For this analysis two data sets were generated using PYTHIA to generate
the particle four vectors and then using GEANT to simulate the particles
through each geometry. The data sets consisted of 2,500 H — bb events and
10,000 H — u@ events for each geometry. The simulated digitisation data

were then reconstructed using the iPatRec reconstruction algorithm.

6.5.3 Track Selection

The track selection cuts used here are similar to the previous selections cuts
used in section 6.3.5. The only addition was a cut on the impact parameter

in the rz plane to remove tracks from secondary interactions, which tend to
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Figure 6.16: Schematic diagram of the Inner Detector 2+4 layout. One of
the pixel barrel layers at r = 11 c¢cm and two of the pixel endcap wheels at

z = 64 and 107 cm have been removed compared to the 3+4 layout.

have large impact parameters

e impact parameter in the rz plane less than 2 mm relative to the inter-

section of the highest pr track with the beam axis.

The selection cuts are not critically sensitive to the removal of one pre-
cision layer, with the exception of the removal of the B-layer, which is not
considered for removal here. Only two of the cuts are potentially sensitive to

the removal of a precision layer. They are:

e > 7 discrete hits. The cut is required to be well below the the average
number of discrete hits on a track for all layouts otherwise tracks could
be cut if there were insufficient active layers to give the required number

of hits. The requirement of seven precision hits is correct as the pixel
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Figure 6.17: Schematic diagram of the Inner Detector 3+3 layout. One of
the SCT barrel layers and two of the SCT endcap wheels have been removed
compared to the 3+4 layout. The positions of the remaining SCT layers were

then reoptimised.

layers give one hit per layer to a track and the SCT layers give two
hits (the SCT layers are double sided) per layer per track. For the 3+4
layout this gives 11 hits for tracks traversing the ID barrel, 10 for the
2+4 layout and 9 for the 3+3 layout.

e > 2 pixel hits. This removes removes more tracks from the 2+4 layout
than the 3+3 or 3+4 layouts. In all cases an inner B-layer hit must be
associated to a track then at least one more pixel hit is required. For
the 3+3 or 3+4 layouts this requires a hit in either of the two outer
pixel layers, but in the 2+4 layout there is only one other pixel layer

for this second hit. The pixel layers have a 97% efficiency thus 3% of
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tracks with a B-layer hit will not have a second pixel hit for the 244
layout, while for the 3+3 and 3+4 layouts only 0.09% fail to give a

second pixel hit.

The track cuts are a compromise to allow the cuts to be similar for the three
different layouts and to have reasonable b-tagging performance. In principle

the cuts could be re-optimised for each layout.

6.5.4 Analysis

The results for each of the three layouts are given for two efficiency conditions,
(a) the default 97% hit efficiency in the precision detectors without pileup
and (b) for a hit efficiency reduced to 90% in the precision detectors, by
introducing in addition to the default 3% hit inefficiency a 3.5% inefficiency in
the readout chips and a 3.5% inefficiency to the whole detector modules, again
without pileup, a possible scenario near the end of the ATLAS experimental
lifetime of 10 years.

The results for the light quark rejection factor R, as a function of b-
tagging efficiency ¢, averaged over |n| are shown in Figure 6.18. Over the
range of b-tagging efficiencies the 2+4 layout has a 20% reduction in light
quark rejection over the 3+4 layout. The 343 layout has a slightly higher
rejection over the 3+4 layout at low and high b-tagging efficiencies while at
€, = 50% the 3+4 layout has the slightly higher rejection.

Figure 6.19 shows the u-jet rejection as a function of |n| for a b-tagging
efficiency of 50%. As would be expected the 2+4 layout, with only two
pixel layers gives the poorest rejection factor. The 3+4 layout gives the best
rejection factor over the whole range, except for |n| = 1.25, here the 3+3
layout gives the higher rejection factor.

The u-jet rejection for 50% b-tagging efficiency for the default and reduced



6.5 Reduced Layout Performance 109

x 10°

102

10

1 ot v by 1108
0 0.2 04 0.6 0.8 1

Figure 6.18: u-jet rejection as function of b-tagging efficiency.
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Figure 6.19: u-jet rejection for 50% b-tagging efficiency as a function of |n|.
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Layout | ¢ = 97% ¢ = 90%
3+4 83+ 6 61 £ 4
2+4 58 £ 3 38+ 2
3+3 79+5 51 £ 3

Table 6.3: u-jet rejection for 50% b-tagging efficiency.

efficiency conditions are shown in Table 6.3. The 2+4 layout gave the poorest
average light quark rejection and the 3+4 and 343 layout averages were,
within errors, equal for 97% detector efficiency.

The two reduced layouts suffer a larger drop in rejection factor compared
to the 3+4 layout for 90% detector efficiency. This is expected since layers are
removed where there is little redundancy in the design and thus the reduced
layouts would cope less well with decreased detector efficiency.

Figure 6.20 shows a direct comparison of the u-jet rejection between the
97% and 90% detector efficiencies for the 3+4 layout. As would be expected
the lower detector efficiency run has a lower light quark rejection, with a re-
duction of 27% for the 3+4 layout, 35% for the 2+4 and 3+3 layouts. A light
quark rejection of less than 50, for these 200 GeV jets is considered unac-
ceptable. The 3+3 layout would be borderline to give this performance, the
2+4 layout would not and only the 3+4 layout would perform satisfactorily.

6.5.5 Track Quality

The u-jet samples were used to evaluate the overall quality of reconstructed
tracks from the iPatrec reconstruction program. The dependence of the track
quality on the three layouts and the two detector efficiencies is shown in

Table 6.4. The 2+4 layout gave a poorer track reconstruction efficiency
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Figure 6.20: u-jet rejection for 97% and 90% detector efficiency.

compared to the other two layouts. At 90% detector efficiency the 2+4
layout primary track reconstruction efficiency fall to 68.4%. With one less
pixel layer the 2+4 layout generates only half the secondaries after the B-
layer than the two other layouts. At 90% efficiency the 2+4 layout gives a
fake rate 33% higher than the 3+3 and 3+4 layouts. The only clear difference
between the 3+3 and 3+4 layouts for 97% efficiency, was the number of spoilt
SCT hits, 16.6% for the 3+4 layout and 13.2% for the 3+3 layout. The 3+3
would have less spoilt hits simply because of one less layer with which to
produce hits. The primary track reconstruction percentage for 90% detector
efficiency is 79.2% for the 3+4 layout and 76.1% for the 3+3 layout. This
shows again that as the detector performance is degraded the 3+3 layout is
affected before the 3+4 layout as there is less redundancy in the 3+3 layout
with respect to the 3+4 layout.

In terms of individual track reconstruction only the degradation of pri-
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97% Efficiency 90% Efficiency
3+4 2+4 343 |3+4 244 343
primary track efficiency 86.6 81.4 86.3|79.2 684 76.1
secondaries after B layer 0.40 0.20 0.3810.39 0.19 0.36

fake rate 0.07 0.07 0.07 [{0.06 0.08 0.06
% tracks with:
spoilt pixel hits 48 44 48| 47 44 4.7
wrong pixel hits 1.1 15 11} 1.2 1.7 1.2
spoilt SCT hits 16.6 149 13.2 156 139 124
wrong SCT hits 1.1 10 10| 1.0 1.0 09
% tracks in:
1/pr tail 53 51 50| 53 51 5.0
dy tail 14 18 14| 15 19 14

Table 6.4: Primary track efficiencies, secondary rates after the B-layer, fake
rates for u-jets, rates for spoilt and wrongly associated hits and non-gaussian

tails of primary tracks.

mary track reconstruction efficiency for the 2+4 layout would be unaccept-
able. The track cuts used keep the fake and secondary rates low for all
layouts. Figures 6.21, 6.22 and 6.23 show the primary, secondary and fake
rates for 97% detector efficiency.

The primary track reconstruction efficiency is highest for |n| = 0.75. With
increasing |7| tracks are more likely to hit more than one pixel or SCT strip, so
there is less susceptibility to detector inefficiencies. With less material close
to the beam the 2+4 layout generates less secondaries. The average fake
rates for each layout are the same at 0.07%. The fake rate |n| dependence

is difference for each layout. The 2+4 and 3+4 layouts both have higher



6.5 Reduced Layout Performance 113

4 : :
5 - 4 5
< é %Ig 5
k) - : :
S N N
< i § i : i
> 0.9 __-,s&... ..........
E L ﬂﬁ- -
5 8-
& i Lo7O "" 2
2 i ‘05 3 -Q-“!*
0.8 | —rreerdreneende e L _-_----_
o ho <> 2
07 IllIiIlIIillJlilIllillll
0 0.5 1 1.5 2 25
|

Figure 6.21: Primary track efficiency for 50% b-tagging efficiency as a func-
tion of |7)|.

fake rates at large |n| and larger variations across |7|, while the 343 layout
is more uniform across |n|. This is due to the minimum number of hits
requirement. At high 7 for the 3+4 and 3+3 layouts particles can potentially
traverse 4 to 6 SCT layers. For the 3+3 layout a particle will traverse 4 or
5 SCT layers. When track finding, allowing more layers without altering
the minimum number of hits required increases the fake rate as more hit
combinations will satisfy the minimum number of hits requirement.

The secondary rates, spilt into secondaries produced pre-and by the B-
layer and secondaries produced post-the B-layer are shown in Figures 6.24
and 6.25. There is little difference in the pre B-layer secondary rate between
the three layouts as there is no difference in the layout geometry from the
B-layer inwards. For the post B-layer secondaries the 3+3 and 3+4 layouts

are very similar, with the 2+4 layout producing lower numbers of secondaries
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Figure 6.24: Pre B-layer secondary track rate for 50% b-tagging efficiency as

a function of |n|.

simply due to the omitted pixel layers.

6.6 Summary

The ATLAS method for b-tagging has been described and results presented
for b-tagging performance for jets with 200 GeV total energy. A rejection
factor (defined as the reciprocal of the efficiency) of light quark jets of 75+ 3
was achieved with no detector mis-alignment and 63 £ 3 including residual
detector misalignment. For the layout study the b-tagging performance is
degraded by 30% when a pixel layer is removed and by 10% if an SCT layer

is removed.
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Chapter 7

Higgs Analysis

7.1 Introduction

One of the principle reasons for building the LHC and the two general purpose
detectors ATLAS and CMS is to search for the Higgs boson predicted by
the SM. Due to the wide range of possible Higgs mass, different decay and
production modes need to be used for different Higgs mass values. Chapter 3
described the different decay and production modes open to a SM Higgs
particle. This chapter concentrates on one channel, tH, when a low mass
Higgs is produced in association with a t¢ pair. First the simulation procedure
is described. The ttH channel is then detailed and the analysis methods
described. The backgrounds to this process and methods of background
reduction are then stated. The signal significance across the mass range
80 < my < 120 GeV is given and the systematic effect of uncertainties on

the jet energy scale and b-tagging performance are described.
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7.2 Simulation

The PYTHIA 5.7 [37] Monte Carlo package was used to generate the sig-
nal and background events, including QCD initial and final state radiation,
hadronisation and decays of unstable particles. The generation used Higgs
mass values from 80 to 120 GeV with a top mass of 175 GeV. The CTEQ [61]
parton distributions were used.

The ATLFAST [62] simulation package was used to simulate the pas-
sage of the PYTHIA generated particles through the ATLAS detector. The
full simulation requirements, using DICE and ATRECON requires approxi-
mately 100 times longer to simulate an event. To achieve this speed the fast
simulation does not perform detailed digitisation and reconstruction.

Starting from the PYTHIA four-vectors ATLFAST associates particles
to jets and isolated leptons and photons. First the transverse energies of all
stable particles except neutrinos and muons are summed up into calorimeter
cells. The cells are granulated in 1 and ¢ with a granularity of 0.1 x 0.1
for |n| < 3 and 0.2 x 0.2 for || > 3. Clusters of calorimeter cells are then
identified where at least one individual cell has E$* > 1.5 GeV within a cone
of 0.4 in pseudorapidity-azimuthal angle space (AR) where EZ™¢ > 10 GeV.

From the Monte Carlo truth information isolated leptons and photons are
identified. The momentum and polar angle information is then smeared by
the expected resolutions. The particle four-vectors obtained after smearing
are then checked against particle dependent selection criteria to determine if
the particle is to be retained in the simulation. For photons the requirements
are pr > 10 GeV and || < 2.5, for electrons pr > 5 GeV and |n| < 2.5 and
for muons pr > 6 GeV and || < 3. For particles which pass the selection
criteria the particle track is then matched to a calorimeter cell. To be classed

as an isolated track, the minimum AR to another cluster in the calorimeter
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must be > 0.4 and Er < 10 GeV within a cone AR = 0.2 of the particle.
Once the calorimeter cell clusters have been identified with a lepton or photon
then the energy resolution is appropriately smeared for that particle.

The remaining calorimeter clusters, not identified as leptons or photons,
are then identified as jets if, after energy smearing, the total transverse cluster
energy is > 15 GeV and the cluster has || < 5.

Once the jet energy is determined, the PYTHIA four-vectors in a small
cone of radius 0.2 R around the jet direction are searched for a b-quark, with
pr > 5 GeV. If such a quark is found then the jet is labelled as a true b-jet.
A similar search for true c-quarks is also carried out.

The b-tagging performance of the Inner Detector is then characterised by

the following input functions:
e the fraction of true b-jets identified as b-jets, the b-tagging efficiency ey;

e the fraction of true c-jets misidentified as b-jets, the inverse of the c-jet

rejection factor 1/R,;

e the fraction of all other jets misidentified as b-jets, the inverse of the

u-jet rejection factor 1/R,,.

The performance values are determined by selecting the e, required and then
using the full simulation to obtain the corresponding R, and R, values. Typ-
ical values for R, and R, are for ¢, = 0.6, R, = 93, R, = 6.7. In addition
pr dependent correction factors to the identification efficiencies are included.
The correction factors vary with different e,, R, and R, values. Table 7.1
gives the correction factors for the typical set b-tagging performance values
given. Jets with pr ~ 50 GeV have the highest correction factors (i.e. have
the best b-tagging performance) due to two factors: (a) at low jet pr the

impact parameter resolution of individual tracks worsens, leading to poor
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Jet pr (GeV) | Cy,  C.

< 30 0.48 0.76
30 - 45 1.23 0.90
45 - 60 2.30 1.25
60 - 100 1.70 1.18
> 100 1.08 1.15

Table 7.1: The pr correction factors for light quark jets (C,) and charm jets
(C.). The rejection factor is multiplied by the correction factor to obtain
the effective rejection factor. Hence higher correction factors give better

b-tagging performance.

tagging performance and (b) at high jet pr the track density and multiplic-
ity increases, degrading the track finding in the jet and the track parameter
resolutions obtained.

The energies of the jets are then rescaled on average to the original parton
energies, using pr dependent scaling factors, which are different for b-jets and
non-b jets. This procedure shifts the invariant mass distributions for bb pairs
from H — bb decays such that the peak is within 1% of the correct mass
value. The scaling factors are determined from the simulation of W — jj
decays as this decay will be used experimentally to determine jet scaling

factors.

7.3 Signal

The Higgs production mechanism for the signal is associated production with
a tt pair. An example production diagram for this process is shown in Fig-

ure 7.1. Initially either gluon fusion or quark anti-quark annihilation leads to
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Figure 7.1: An example ttH production diagram

the production of a tf pair. Gluon fusion dominates with the ratio of gluon
fusion to quark anti-quark annihilation being approximately 25 to 1. This is
due to the invariant mass of the ¢t pair typically being 350 GeV. The momen-
tum of the parton emitted from the proton for this interaction then has only
1/40th of the total centre of mass energy. The partons at low momentum
fractions are mostly gluons. The Higgs is radiated from a top quark. Each of
the produced top quarks then decays into a bottom quark and a W boson.
One of the W bosons is required to decay leptonically, to provide an isolated
lepton for a trigger. For 10 < my < 130 GeV the dominant decay of the
Higgs is to a bb pair. This gives a final state with four hadron jets originating
from the four b-quarks, an isolated lepton and either two additional hadronic
jets (70%) or a second isolated lepton (30%), depending on the decay of the

second W boson.
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7.3.1 Event Characteristics

The b-jets originating from the top decays have similar properties to those
from the Higgs decay. The following describes the event characteristics for
events with mg = 100 GeV (events with my = 80 or my = 120 GeV are
similar).

Figures 7.2, 7.3 and 7.4 show the pr, n and total energy E for b-jets from
the Higgs (by) and top decays (b;). For both by and b; the pr distribution
rises rapidly to peak at around 50 GeV then falls off exponentially as pr
increases. The peak at 50 GeV is a consequence of the fact that decays of
on-shell tops and a 100 GeV Higgs both give b-jets of typically 50 GeV in
the rest frame of the decaying particle. by is roughly constant with |n| to 0.5
and then falls off linearly to || = 2.5. Beyond |n| = 2.5 no b-tagging can be
done. For b, there is a similar linear drop off between |n| = 0.5 and |n| = 2.5.
The total jet energy plots are again very similar for by and b;. Both rise
initially to a peak at around 50 GeV and then fall off, with tails extending
out past 400 GeV. This is again due to the similar energies imparted by both
the top and Higgs decays to the b-jets. This similarity between the two types
of b-jet in the event leads to combinatorial problems later in the analysis.
Hence instead of forming the invariant mass of two b-jets identified with the
Higgs decay all the b-jet combinations must be used.

Figure 7.5 shows the total jet multiplicity. One expects typically six jets
from the underlying Higgs production process, as the second W decay is
predominantly (70%) hadronic.

Figure 7.6 shows the b-jet multiplicity and the number of b-jets from the
Higgs found after ATLFAST processing. The b-jet multiplicity distribution
has a mean of 2.2. Given that most events have four real b-jets and a b-

tagging efficiency of 60% this is consistent with expectations. 19% of events
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Figure 7.2: pr of b-jets from top decay (open histogram) and Higgs decay

(points).
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Figure 7.3: n of b-jets from top decay (open histogram) and Higgs decay

(points).
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Figure 7.6: b-jets multiplicity (open histogram) and b-jets from Higgs
(points), after b-tagging.

have both b-jets from the Higgs within the detector acceptance and tagged
as b-jets.

Approximately 31% of all events have an isolated electron or muon which
provides a trigger. From the branching ratios of the W and given two W's in
the event 39% of the events would be expected to have a single electron or
muon: the difference is due to the limited trigger acceptance for an electron
or muon. 23% of events have three jets tagged as b-jets and 6% of events
have four jets tagged as b-jets. Table 7.2 summarises this information. The
overall acceptance of signal events with a trigger lepton and four tagged b-jets

is 1.9%.

7.3.2 Higgs Signal

In principle the Higgs signal can be found as a peak in the invariant mass

distribution of reconstructed b-jet pairs. However each signal event has four
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Events With Percentage

Trigger Lepton 30.6
3 b-jets 23.2
4 b-jets 6.1

2 b-jets from Higgs | 19.5

Table 7.2: Event characteristics summary, the percentage of events with a
trigger lepton, the number of events with 3 and 4 b-jets found in an event,
after tagging and the number of events where both b-jets from the Higgs
decay are found and tagged as b-jets.

b-jets which gives six possible b-jet combinations, which must all be included
in the invariant mass distribution.

Even if the underlying event is a Higgs event then the two b-jets from
the Higgs may not be in the detector acceptance and/or the jets may not
be tagged as b-jets. In this case if another real b-jet is present (from e.g. W
decay) then this gives rise to a background (i.e. events in which the Higgs
mass cannot be measured) from signal events.

Before looking at separating the potential Higgs signal from similar look-
ing background events, there are two questions. Can the Higgs signal be seen
in the signal events and is the cross-section high enough for the channel to
be viable?

The cross-section for associated Higgs production with t¢ is of the order
of 1 pb for a Higgs mass of ~ 100 GeV [19]. For three years’ low luminosity
running (3 - 10* pb~!) this gives a potential data sample of 30,000 signal
events. The requirement from the trigger that at least one of the W’s decay
to either an electron or a muon reduces this to 11700 events. A b-tagging effi-

ciency of 0.6 would leave 1520 events while a slightly lower tagging efficiency
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of 0.5 would leave 730 events. The number of events is further reduced by
the detector acceptance for the trigger lepton and the b-jets, leaving of the
order of 450 - 1200 events for three years low luminosity running.

Figure 7.7 shows the invariant bb mass distribution for b-jet pairs from
events with four tagged b-jets, for b-jet pairs only from top and Higgs decays
and for b-jet pairs only from Higgs decays, for a Higgs mass of 100 GeV. For
by the invariant mass plot has a mean of 96 GeV, an RMS 27 GeV and the
peak has a one sigma width of 17 GeV(oy_,;;). The Higgs decay width is
a few GeV at 100 GeV, small compared to peak width in the figure which
is due to measurement errors on the jet energy. Plotting all six b-jet pair
combinations from Higgs and top decays gives a mean of 129 GeV and an

RMS of 74 GeV.

7.3.3 by identification

In the Higgs rest frame when the Higgs decays the decay products are pro-
duced isotropically in 6, ¢. The Higgs does have a boost with respect to the
tt production rest frame. Hence in the ¢t rest frame the Higgs decay products
have a smaller average angular distribution than the b-quarks from ¢ and ¢
decay. However the tt rest frame then has a larger boost with respect to
the lab frame. This boost masks differences in jet properties of b-jets from
top decays and b-jets from Higgs decays. Thus there is no simple way to
identify which two out of the four b-jets in a signal event originated from the
Higgs decay. The following describes an angular separation method and a

reconstruction method.
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Figure 7.7: Invariant mass for all events with four tagged 6-jets (open
histogram), four 6-jets from top and Higgs decays (filled histogram) and from

the Higgs only (points). NTOT is the total number of 6-jet pair combinations.
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Angular Separation

A first attempt was made to identify good and/or bad combinations from
the characteristics of the jets. As seen in section 7.3.1 the b-jets from top
and Higgs decays have very similar properties. There is no obvious cut one
can place on pr, n or E to separate the two types of b-jet.

The Higgs decay is, in general, boosted with respect to the lab frame.
The two b’s which result from the decay will (due to the Higgs boost) have a
smaller angular separation, on average, than two random jets. The b’s from
the top decays will, in general, have a wider angular separation as they are
the result of gluon fusion to a tf pair then subsequent decay of the tops.

This can be seen in Figure 7.8 which shows the angular separation (Rsep)
of the b-jets resulting from the top decays and the b-jets from the Higgs decay
(myg = 100 GeV). For the b-jets from the top decays there is a broad angular
spread out to R, = 2 which then falls as R,., increases. The separation of
the b-jets from the Higgs peaks more sharply and drops off somewhat faster.
The difference in angular separation suggests a cut at around 2 to 2.5 will be
effective in separating the b-jets from the Higgs decay from the b-jets from
the top decays.

Graphically, the effect on my, of cutting on the angular separation of the
b-jets is shown in Figure 7.9. Four plots are shown for different values of
R{;°. Cutting tightly on the angular separation greatly reduces the number
of b-jet combinations with high invariant mass values. However, in addition
to removing most of the combinations in the range 200 - 400 GeV, some are
removed in the range 100 - 200 GeV. This moves the position of the peak
down in mass.

As the cut on angular separation is relaxed more combinations appear

in the high mass range, and on the higher mass side of the peak. The
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(green) and 3.0 (yellow). N Tq ¢ is the total number of 6-jet pair combinations.
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combinations in the mass plot above 200 GeV are from wrong combinations
so the truncated mean and RMS of the my, distribution was calculated for
mp, < 200 GeV only. Table 7.3 gives the truncated mean and acceptance for
the various R{7° cuts. The acceptance is the fraction of correct b-jet pair

combinations that pass the R{® cut. The fraction of correct events is given
for all my, value and for my, within 30 GeV of the nominal Higgs mass.
The fraction of correct b-jet pair combinations would be 0.167 for events with
two b-jets from Higgs decay and two b-jets from top decays. For events with
no Rg® the fraction of correct combinations is 0.14. This is due to events
with four b-jets found but where only one of the b-jets from the Higgs decay
is both in the detector acceptance and tagged as a b-jet. From the table the
mean shifts from 75 GeV for R{g;” = 1.75 up to 95 GeV for R;" = 3.0, with
a mean for all combinations of 102 GeV. The cut does boost the fraction of
correct b-jet pairs (beor) in the peak from 0.25 for all combinations to 0.29 for
R™a* = 1.75. However, this small increase in correct b-jet pair choice comes

sep

with a low acceptance of 0.31 for R7;7® = 1.75 to the b-jet pairs from the

Higgs. Angular separation is thus a poor method to identify the b-jet pair
from the Higgs.

Reconstruction

A second method of identifying the origin of a b is to reconstruct the inter-
mediate W’s and hence the top quarks. The b-jets not used to reconstruct
the top quarks are then identified as coming from the Higgs.

Full reconstruction is non-trivial, since one of the W bosons in the event is
required to decay leptonically to give the trigger lepton: this leads to missing
momentum from the neutrino from the W decay. For full reconstruction the

second W must decay hadronically because if the second W decays leptoni-
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Rgp” | Mean RMS | Acceptance Correct Correct
20y .5

1.75 |75 36 0.31 0.18 0.29

2.00 |81 38 0.39 0.18 0.28

2.50 |89 41 0.52 0.17 0.27

3.00 | 94 42 0.65 0.15 0.26

None | 102 43 1.00 0.14 0.25

Table 7.3: my, invariant mass mean and RMS (in GeV) for different values
of R{;;”. The mean and RMS are calculated over the mass range 0 to 200
GeV. The final columns gives the fraction of correction b-jet combinations in
the whole plot and within a mass window of +204_,;; (30 GeV) of the actual

Higgs mass.

cally then two neutrinos will contribute to the missing momentum and no W
reconstruction could be performed. Also the decay products of the second
W must be found in the detector, further reducing the number of events to

be analysed.

W — lv Reconstruction

In order to reconstruct the leptonically decayed W the momentum of the
neutrino from the decay must be calculated. The missing transverse momen-
tum is identified as the neutrino transverse momentum and the longitudinal

momentum is recovered by solving the equation for the W mass
2 EU El 2 _ v 112 _ v 1\2 _ v 1\2 71

Two solutions for p, are obtained and both were used in the top mass recon-

struction. Figure 7.10 shows the difference between the reconstructed neu-
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trino and true neutrino momentum. For Ap, only the reconstructed value

for p, which was closest to the actual neutrino p, is plotted.

W — jj Reconstruction

The second W is required to decay hadronically. First the non-b-jets present
in the event were looped through. The pair which gave an invariant mass
closest to the W mass were selected as having come from the second W
decay. Figure 7.11 shows the difference between reconstructed and actual W

momentum and the reconstructed W mass.

Top Reconstruction

Top reconstruction was performed by looping over b-jets and calculating the
reconstructed top mass using both reconstructed W bosons. Figure 7.12
shows the reconstructed top masses for all W and b-jet combinations for top
decays with W — lv (my,,) and with W — ¢g' (my;p). For the correct b-jet
from the top decays the reconstructed top mass distributions have means of
174 and 182 GeV for my,, and mj;, respectively and an RMS of 53 and 56
GeV. For all combinations the distributions are wider, with RMS of 77 and

68 GeV for my,, and mj;, respectively.

Higgs Reconstruction

Four methods of selecting the b-jets to match to the top quark decays were
used. In Method I the leptonically decayed W was reconstructed and then
the b-jets were looped through to find the b-jet which gave the reconstructed
top mass closest to 175 GeV. The hadronically decayed W was then recon-
structed. The remaining three b-jets were then looped through with the
hadronically decayed W and the b-jet W combination which gave the recon-
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Figure 7.12: Top mass reconstruction for both W bosons and all b-jet com-
binations. (a) top mass from leptonic W decay, (b) top mass from hadronic
W decay. In the case of the leptonically decaying W two p, values of the W
are obtained and hence two m; values, both of which are plotted. The points

show the top mass from the correct b-jet and W combination only.

structed top mass closest to 175 GeV was found. The remaining two b-jets
were identified as from the Higgs decay.

For Method II both W bosons were first reconstructed. The quantity
x% = (my1 — Mrop)? + (myg — Mrop)?, where my;, my, are the reconstructed
top masses and Mrop is the input top mass (175 GeV), was calculated for
each b-jet pair combination. The b-jet pair which minimised x? was selected
as coming from the top decays and the remaining two as coming from the
Higgs decay.

In Method III both top quarks were reconstructed as for Method I, how-
ever instead of selecting only one combination all b-jet pair combinations

where the reconstructed top masses were both in the range 125 GeV to 200
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GeV were selected. For b-jet pairs which passed the top mass cut regardless
of which b-jet was used to reconstruct which top then only the combina-
tion which minimised x? = (my — Mrop)? + (Mg — Mrop)? was retained.
This selection of multiple b-jet pairs gave multiple b-jet pairs as Higgs decay
candidates.

For Method IV both W bosons were first reconstructed. As with Method
I the quantity x? = (my — Mzop)? + (M — Mpop)? was calculated. The b-
jet pairs which gave x2 > Cy were removed. Cy was chosen as twice the top
mass width (for correct combinations) squared. The combinations passing
the cut were selected as coming from top decays and the remaining b-jets
were selected as coming from the Higgs decay. Again if a b-jet pair passed
the cut regardless of which b-jet was used to reconstruct which top only the

combination minimising x? was retained.

Performance

Figure 7.13 shows the reconstructed top and Higgs masses for Method I.
The other methods give visually similar plots. The effectiveness of the re-
construction methods was characterised by the fraction of correct b-jet pair
combinations in the Higgs mass plot, the number within £204_,;5 (£30 GeV)
of the Higgs mass and the acceptance to correct pair combinations.

The effectiveness of the various methods to select the correct b-jet pair
from the Higgs decay is summarised in Table 7.4. Methods I and II gave the
highest fraction of correct combinations (33% and 34%), however the accep-
tance to correct combinations is less than 20% for both methods. Methods
IIT and IV gave higher acceptances, with Method IV giving the highest ac-
ceptance of 66%.
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Figure 7.13: Reconstructed masses using Method I, (a) Higgs mass, (b) top
mass from leptonically decayed W and (c) top mass from hadronically de-

cayed W.
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Method | my; mys mpy | Acceptance Correct Correct
204 .

I 173 169 98 |0.18 0.18 0.33

II 173 170 100 | 0.19 0.19 0.34

III 162 162 102 | 0.37 0.16 0.27

v 171 167 102 | 0.66 0.13 0.24

Table 7.4: Performance of the four top quark based reconstruction methods.

7.3.4 Signal Summary

The ttH process ignoring any backgrounds is a challenging study in itself.
The b-jets from the top and Higgs decays have similar jet properties and are
difficult to differentiate. Reconstructing the W bosons from the top decays
and then the tops themselves gave the best identification of b-jet origin.
Within +205_,,5 (£30 GeV) one third of all b-jet pair combinations in the

invariant bb mass plot were actually from the Higgs decay.

7.4 Background

The ttH signal in the detector is an isolated lepton, to provide a trigger, four
tagged b-jets and, for top decay reconstruction, two or more non b-jets. Any
event which has a single isolated lepton is a potential source of background.
All the background processes to be described contain at least one W which
is required to decay leptonically to give the trigger lepton.

The background processes for the t{H channel are tt + jets, ttZ, single
W production+ jets, W pair production + jets and W Z production + jets.
The leading order cross-sections for the signal and background processes are

shown in Table 7.5 as obtained with PYTHIA 5.7 and the CTEQ2 parton
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Process Cross-section [pb] | Events
ttH

my =80 GeV | 1.9 5.8 -10%
myg =100 GeV | 1.0 3.0-10*
myg = 120 GeV | 0.51 1.5-10*
ttZ 7.1-1072 2.1-10%
it 5.9 - 10 1.8-107
Wj 3.0-10° 9.1-10°
WZ,WW 97 2.9-10°

Table 7.5: Signal and background production cross-sections and number of

events expect for three years’ low luminosity running (£ = 3 - 10* pb~!).

distributions. The leading order cross-section values will be used in the
following to evaluate strategies for background reduction and then the next
to leading order cross-section will be used with the final choice of cuts to
obtain the signal significance.

The generation of the background depends on the initial and final state ra-
diation and hadronisation simulation to generate the required number of jets
to fake a signal event. No b partons are generated as part of the hadronisation
as heavy quark production during hadronisation is heavily suppressed [63].
The backgrounds can be divided into the irreducible background, t£Z, the
semi-irreducible backgrounds ttbb and Wbbbb and the reducible backgrounds
ttjj, Wijij, WZjj and WWyj.
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7.4.1 Irreducible Backgrounds

The irreducible background for the t¢H signal is ttZ. This background mim-
ics the signal exactly when the Z boson decays to a bb pair. Figure 7.14 shows
a comparison between the b-jets from the Z decay in t¢Z and the Higgs decay
in ttH. Clearly the b-jets from the Z cannot be separated from the b-jets
from the Higgs. Fortunately the leading order t£Z production cross-section
is only 0.07 pb and including the branching ratio for Z — bb reduces this to
0.01 pb. The total number of events from ¢¢Z is only 2,000 in three years’

low luminosity running, an order of magnitude less than for tZH.

7.4.2 Semi-irreducible Backgrounds

The semi-irreducible backgrounds are so called as there is some reduction
possible in the backgrounds but not of the same magnitude as for the re-
ducible backgrounds. These backgrounds all generate a single lepton and
four b-quarks to mimic the signal.

tt + jets is classified as a semi-irreducible background when the jets pro-
duced are from b-quarks. In these events two b-jets are produced from the
top decays and the other b-jets are generated in initial and final state radia-
tion. The comparison between b-jets produced in the Higgs decay and b-jets
produced by initial and final state radiation is shown in Figure 7.15. The
b-jets produced by initial and final state radiation tend to be lower in pr and
produced at higher || than b-jets from Higgs decay.

The W + jets background also contributes to the semi-irreducible back-
ground when four additional b-jets are produced in the initial and final state
radiation. Figure 7.15 shows the comparison between b-jets produced by ini-

tial and final state radiation from W + jets and b-jets produced in the Higgs
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Figure 7.14: Jet characteristics for b-jets from Z decays in ttZ (histogram)

and b-jets from Higgs decay in ttH (points).
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decay. b-jets from W decay are not included as the W is required to decay
leptonically to give a trigger. The production cross-section for W + jets is
very high at 3 - 105 pb, although only a small fraction of these events give a
trigger and four b-jets.

Both of these backgrounds have some potential to be reduced. The pro-
duction of b-quarks during initial and final state radiation is approximately
uniform in |p| while b-quarks from Higgs decays are mainly produced at

low |7].

7.4.3 Reducible Backgrounds

As with the other backgrounds the reducible backgrounds contain a W which
is required to decay leptonically to provide a trigger. These backgrounds are
tt + jets, W + jets, WW + jets and WZ + jets, where at least one of the
jets is a non b-jet.

The additional jets in these background processes are produced from ini-
tial and final state radiation and hadronisation. The majority of jets origi-
nate from light quarks so these backgrounds can be suppressed by a factor
(Ry)? ~ 107 for tf + jets and (R,)* ~ 1078 otherwise. This factor is large
if the b-tagging performed has a low mis-tagging of light quark jets as b-jets.

The jet characteristics for the WW and W Z backgrounds are shown in
Figure 7.16. The jets from the WW and W Z + jets background have a lower
average pr and a slower drop off in || than b-jets from Higgs decay.

Figure 7.17 shows the non b-jet pr, || and energy from W + jets com-
pared to the b-jets from the Higgs in #¢H. The non b-jets from the W + jets
background have a low average pr and a more uniform distribution in |7

The light quark jets in the ¢t + jets background are shown in Figure 7.17.
The differences between the light quark jets from tf + jets and the b-jets
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Figure 7.15: Jet characteristics for b-jets from initial and final state radiation
in (a)-(c) tt + jets (histogram) and (d)-(f) W + jets (histogram), the points
in all plots are b-jets from Higgs decay in ttH.
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Figure 7.16: Jet characteristics for non b-jets in WW and WZ + jets (his-
togram) and b-jets from Higgs decay in t¢H (points).
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from Higgs decay are less pronounced than for the other backgrounds. The
pr of the light quark jet background is only slightly lower on average than
b-jets from Higgs decay and the background jet production rate decreases

with increasing |7| although at a lesser rate than for b-jets from Higgs decay.

7.5 Background Reduction

Background reduction was achieved primarily through b-tagging, removing
jets originating from light quarks. The semi-irreducible background was re-
duced through the use of cuts on the b-jet pr and |n|. The following section

describes these cuts.

7.5.1 Tagging Efficiency

The reduction of the reducible background depends on the rate of mis-tagging
light quark jets as b-jets. Three sets of b-tagging efficiency (ep), light quark
and ¢ quark rejection factors (R, and R.) were used to study this channel.

These were:
A e =06, R, =93 and R, =6.7;
B e, =0.5, R, = 231 and R, = 10.7;
C e =0.53, R, =91 and R, =6.7.

Sets A and B represent the best currently expected performance for the
detector for e, = 0.6 and e, = 0.5. Set C is an earlier, more pessimistic,
expectation of rejection factors to give an idea of performance if the best
b-tagging is not achieved.

Table 7.6 gives the expected number of events for three years’ low luminos-

ity running for each of the three b-tagging performance values (for mgyg = 100
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Figure 7.17: Jet characteristics for non b-jets from initial and final state
radiation in (a)-(c) ¢t + jets (histogram) and (d)-(f) W + jets (histogram),
the points in all plots are b-jets from Higgs decay in ttH.
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Process 11,4+ jets | Set A | Set B | Set C
ttH 9100 490 220 | 360
ttZ 620 48 20 27

tt 4.4-10° 6900 | 2100 | 8000
WW,WZW 1.3-10° |3 2 4

W + jet 3.4-107 830 | 250 1140
Total Background | 3.4 - 107 7800 | 2400 | 9200
S/B - 0.063 | 0.094 | 0.040
S/vVB . 56 |46 |[3.8

Table 7.6: Expected number of signal and background events and signal
significance for three years’ low luminosity running for mg = 100 GeV and

for three b-tagging performance values described in the text.

GeV). S/B is the signal divided by the total background and S/v/B is the
signal significance, the signal divided by the square root of the total back-
ground. The largest background, by an order of magnitude, comes from t
+ jets. The other significant background comes from W + jets. The total
background is over an order of magnitude larger than the signal. The W +
light quark jets background was reduced by a factor of 10*. The best signal
significance was from b-tagging values set A with a significance of 5.6. Even
after b-tagging the total background is 25 to 10 times larger than the signal
(depending on b-tagging performance).

7.5.2 pr Cut

The b-jets produced by initial and final state radiation in the tt + jets back-
ground have a lower pr distribution than b-jets from the Higgs decay in the



7.5 Background Reduction 150

Process NoCut | pr>20 pr>30 pr>40 pr > 50
ttH 490 460 290 136 63

ttZ 48 44 28 11 5

tt + jets 6900 5700 2500 1000 510
WW,WZ + jets |3 0 0 0 0

W + jets 830 610 230 0 0

Total Background | 7800 6300 2800 1100 520
S/B 0.063 | 0.073 0.105 0.123 0.120
S/vB 5.6 5.8 5.6 4.1 2.8

Table 7.7: Expected number of signal and background events and signal
significance as a function of minimum jet pr (in GeV) for three years’ low

luminosity running for myz = 100 GeV, using b-tagging set A.

signal process. There is therefore a potential cut on the b-jet pr to improve
the significance. The ATLFAST reconstruction already includes a cut on
the jet pr since only jets with a minimum pr of 15 GeV, before the jet pr
is recalibrated, are reconstructed. The effect of cutting on the jet pr after
the recalibration is shown in Table 7.7. Increasing the pr cut up to 40 GeV
increases the signal/background but the significance is only increased over

no cut for a pr > 20 GeV.

7.5.3 n Cut

The fraction of b-jets at high || from b-jets produced by initial and final state
radiation in the t¢ + jets background is higher than for b-jets from the signal
process Higgs decay. A cut on the |n| of b-jets could therefore lead to an

increase in the signal significance. Table 7.8 gives the signal significance for
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Process No Cut | |n| <2.25 |n| <200 |[p/<1.75 |n|<1.50 [n| <1.25
ttH 490 450 390 300 230 150

tz 48 42 34 29 19 13

tt + jets 6900 5800 4600 3500 2300 2300
WW,WZ +jets |3 2 1 1 1 0

W + jets 830 690 520 340 180 36

Total Background | 7800 6600 5200 3900 2500 1500

S/B 0.063 0.068 0.074 0.079 0.090 0.103
S/vB 5.6 5.5 5.4 4.9 4.6 4.0

Table 7.8: Expected number of signal and background events and signal
significance as a function of maximum jet || for three years low luminosity

running for my = 100 GeV, using b-tagging set A.

a range of cuts on the jet |n|. As with the pr cut as more jets and events are
removed from the analysis the ratio of signal to background does improve,

however the jet |n| cut does not improve the signal significance.

7.5.4 Background Reduction Summary

b-tagging set A gives the highest signal significance, removing the vast major-
ity of the light quark background. The lowest pr cut reduced the background
by approximately 20% without reducing the signal. No || cuts improve the
signal significance. Table 7.9 gives the signal significance for the best p; cut
combined with b-tagging values sets A and C for myg = 80, 100 and 120
GeV. b-tagging set A, jet pr > 20 GeV and no || cut were selected as the
best tagging and cuts optimisation and used exclusively for the remaining

analysis except for comparisons to the more pessimistic b-tagging values in
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Process Set A Set C
ttH 460 370
ttZ 44 28
tt 5700 6500
WW,WZ + jets 0 1
W + jets 610 800
Total Background | 6300 7400
S/B 0.073 0.050
S/vB 58 4.3

Table 7.9: Expected number of signal and background events and signal
significance for jet pr > 20 GeV, jet n < 2.25, for b-tagging values sets A

and C, for three years low luminosity running for mg = 100 GeV.

set C.

7.6 Event Reconstruction

The event reconstruction described in section 7.3.3 was applied to the back-
ground. This has the potential to reduce the background as it requires two
non b-jets in the events in addition to the four tagged b-jets. To estimate
residual background, only events within two sigma of the Higgs mass were
counted, with the processes of assigning b-jets to top decays and Higgs decays
unchanged. Table 7.10 gives the signal and background rates for these modi-
fied reconstruction methods. Methods III and IV require special attention as
they can generate multiple Higgs candidate masses per event. To calculate
the number of signal and background events each event was counted if any

one of the b-jet pairs selected as coming from the Higgs gave an invariant
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Process 11, 4 b-jets Reconstruction Method

2 non b-jets | I II II1 v
ttH 465 146 147 177 282
ttZ 43 15 16 13 27
tt + jets 5650 1245 1232 1565 2868
WW, WZ + jets |3 0 0 0 0
W + jets 728 127 127 109 218
Total Background | 6424 1387 1375 1687 3113
S/B 0.072 0.105 0.107 0.105 0.091
S/vB |58 39 40 43 51

Table 7.10: The significances for events requiring 1 lepton, 4 b-jets and 2 non
b-jets the three (first column) and the four reconstruction methods. Only

mass combination with +20 of the Higgs mass width are counted.

mass in the Higgs mass window.

Simply requiring the extra two non b-jets improves signal to background
ratio but not the significance. Reconstruction Method II gave the highest
signal to background ratio of 0.107. Method IV gave the best significance
out of the reconstruction methods but still gave no improvement on the

significance when requiring only one lepton and four tagged b-jets.

7.7 Leading Order Performance

The leading order performance was evaluated without any top reconstruction,
using b-tagging values Set A. The signal and background in a mass window -
30 to +20 GeV of the Higgs was counted and the significance calculated. The

-30, +20 mass window was chosen as an improvement over a mass window
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of 204,45 ~ %30 since the Higgs invariant mass peak is antisymmetrical
with a narrower half width on the high mass side. This gave a reduction in
background for little loss of signal.

The cross-section for the ttH process falls with increasing Higgs mass
while the background remains constant to within 10% over 80 < myg < 120
GeV. The significance therefore falls with increasing Higgs mass. Figure 7.18
shows the invariant my, jet mass plot for all combinations from events with
four b-jets. The background peaks at approximately 80 GeV, visually ob-
scuring the signal in any invariant my, plot. Table 7.11 gives the signal
significance for myz = 80, 100 and 120 GeV. The signal can be seen here as
an excess of events over an expected background rate.

The leading order performance can be compared to the results described
in [64] although there are differences in the details of the analyses. The re-
sults for overall signal significance obtained there are comparable with the
results described here. However the backgrounds rates differ, with approxi-
mately three times more background here than in [64]. The combination of
differences in analysis methods and background rates result in roughly equal
signal significances from both analyses.

Determining the mass of the Higgs from a plot of my, has an inherent
difficulty, in that many of the b-b jet invariant mass combinations do not
come from the Higgs decay. The reconstruction method which gave the best
fraction of correct b-jet pair combinations was Method I, with a fraction of
0.33 correct within 20,,_,;;. The background contributes another 1387 events
in the mass window. This gives 48 out of 1485 correct b-jet combinations in
the mass window. Deriving a mass from this peak is clearly problematic.

The Higgs mass could be determined by running a mass window across

the invariant jet mass plot. The window used here was -30, +20 GeV of the
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Figure 7.18: Invariant m,; mass for all combinations from events with four

b-jets, for (a) my = 80, (b) mg = 100, (c) my = 120 GeV.
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myg = 80 GeV myg =100 GeV mgy = 120 GeV
ttH 822 465 270
Total Background | 6183 6424 6163
S/B 0.133 0.072 0.044
S/vB 10.5 5.8 3.4

Table 7.11: Total signal and background, signal to background ratio and
signal significance for leading order cross-sections for myz = 80, 100 and 120

GeV, using cuts and b-tagging defined in text.

tested Higgs mass. The number of signal and background events in the mass
window was counted and the significance calculated. Figure 7.19 shows a plot
of significance verses the central mass values of the window for a generated
Higgs mass of 100 GeV. The significance peaks at the generated Higgs mass

value, however the enhancement is relatively small.

7.8 Systematic Errors

A complete determination of the systematic errors would require full recon-
struction. However ATLFAST enables the main systematic uncertainties to
be estimated. Two systematic errors are evaluated here, uncertainties in the

jet scale energy and uncertainties in the b-tagging performance values.

Jet Scale

Hadronic jets found in an event have in general less energy than the parton
which produced the jet. The 4-vectors of the jets are therefore rescaled such
that the jet and parton 4-vectors are on average the same. The scaling factor

used is dependent on the jet pr and the type of jet, b-jets requiring a different
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Figure 7.19: Plot of significance of a mass window -30, +20 of the plotted
mass, for myg = 100 GeV. Note the suppressed zero on the y axis: the

absolute change in significance is relatively small.

scaling factor from non b-jets. The accuracy of this rescaling procedure is
expected to be controlled at the 1% level.

The effect on a ttH Higgs search of the accuracy on the jet scaling was
investigated by introducing an offset to all the jet energies after rescaling.
The change in the number of background events in a mass window of 90
to 150 GeV, corresponding to the mass window for a 120 GeV Higgs, was
then determined. The 120 GeV Higgs was used as this has the lowest cross-
section in the mass range and will hence be most affected by background
uncertainties. Table 7.12 gives the background changes. If the jet rescaling
is accurate to within the expected 1% then the background changes by only
23 events, which is 8% of the 120 GeV Higgs signal. For a background of

6150 events the statistical variation is & 78 events. The uncertainty in the
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Total Background | 6163 6160 6152 6149 6150 6186

-2.00% -1.75% -150% -1.25% -1.00% -0.75%

Change 0 -3 -11 —-14 -13 23
Change/Signal 0.000 -0.011 —-0.040 -0.051 —0.048 0.084
-0.50% -0.25% =<0 +0.25% +0.50% +0.75%
Total Background | 6176 6169 6163 6168 6172 6181
Change 13 6 0 5 9 18
Change/Signal 0.048 0.022 0 0.018 0.033 0.066

+1.00% +1.25% +1.50% +1.75% +2.00%
Total Background | 6177 6178 6175 6181 6174
Change 14 15 12 18 11
Change/Signal 0.051 0.055 0.044 0.066 0.040

Table 7.12: Change in background events in the mass window 90 to 150 GeV

for jet energies mis calibrated from —2% to +2%.

jet scale is not problematic for Higgs discovery if the 1% jet scale uncertainty

is achieved.

b tagging uncertainties

The requirements on the knowledge of the b-tagging performance was in-
vestigated by varying e, around the 0.60 value used for b-tagging Set A.
Table 7.13 gives the changes in signal rates for small changes in e;, keeping
R, and R, constant. As the signal event rate goes as ej even small changes
in e, can effect the signal rate. For e, = 0.60 the expected number of events
is 465 £ 22(stat.). A change in e, of 0.01 is sufficient to change the number

of signal events over three years’ low luminosity running by the statistical
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e, =060 e =058 e, =059 e, =061 e =0.62
Signal 465 394 414 483 506
Difference | 0 -71 -51 18 41
S/vB 5.8 4.9 5.2 6.0 6.3

Table 7.13: Change in signal rate and significance for small changes in e,
(R, = 93, R, = 6.7), the difference row is the difference in events between

ep = 0.60 and the given €.

uncertainty.

7.9 NLO cross-section

The NLO cross section calculation for ¢¢ production is 833 pb [65], an increase
of 40% on the leading order cross-section. An exact calculation for the ttH
signal is not available but using the approximation my < m,; the QCD
radiative corrections can be calculated [66]. The NLO correction is dependent
on my and varies depending on the structure function used from +20% to
+30% over the mass range 80 < my < 120 GeV. A uniform increase of +30%
over the leading order cross-section, across the mass range, is used here.
Table 7.14 gives the signal significance using the NLO process cross-
sections for tf and ttH. Although the background has increased by a larger
percentage than the signal, the signal significance has improved overall. The
significance verses my is shown graphically in Figure 7.20, for b-tagging set
A. Without any NLO cross section corrections the signal significance is 50
up to myg = 100 GeV, for three years’ low luminosity data taking. With the
NLO corrections the 50 reach for the ttH channel extends out to 110 GeV.

The final LEPII run found a possible Higgs signal for myg = 115 GeV. Using
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myg = 80 GeV my =100 GeV mpyg = 120 GeV
ttH 1068 604 351
Total Background | 8347 8684 8355
S/B 0.128 0.070 0.042
S/vB 11.7 6.5 3.8

Table 7.14: Signal significance with NLO cross-sections for my = 80, 100,
120 GeV, for b-tagging Set A.

this analysis ATLAS would give a signal significance of 4o after three years’
low luminosity running for a Higgs particle with myz = 115 GeV.

In addition to the NLO cross-section corrections the background could be
increased due to enhancement of the inclusive b-quark cross-section. In re-
sults from the Tevatron proton anti-proton collider the inclusive b-quark pro-
duction rate measured by the two Tevatron detectors CDF [67] and DO [68]
has been found to be a factor 2.5 higher, on average, than typical Monte
Carlo calculations [69]. If the LHC b-quark production cross-section was
similarly increased by 2.5 from values given previously this would result in
a drop in signal significance by a factor of v/2.5 ~ 1.6. Further work is
required to establish a consistent set of Monte Carlo parameters to obtain

results consistent with CDF and DO0.

7.10 Summary

The channel ttH has been analysed for suitability for a Higgs boson search
in the mass range 80 < my < 120 GeV. The difficulties associated with the
multiple b-jet final state have been described and several techniques evalu-

ated to overcome them. The highest signal significance came from counting



7.10 Summary 161

12
8 I A
g A NLO
3 r A
= 10 n LO
: -
2 a
7} L A
8 [ ]
A
L | | A
6 A
L ] A
L = R
[
ar A
r n
m A
]
2+
o—....l..;Jl.n;_L|J|;.l,.JJ...4
70 80 90 100 110 120 130
m,, (GeV)

Figure 7.20: Signal significance as a function of my using LO and NLO

cross-section values.

all events with one isolated lepton and four tagged b-jets. The change in
significance over a mass window for fixed my was shown, with the highest
significance in the mass window corresponding to myg. The change in back-
ground with uncertainties in jet energy scale and the change in signal with
uncertainties in b-tagging performance was presented. Finally the overall sig-
nificance for the Higgs boson was given for the NLO process cross-sections.
The channel is above a 50 discovery threshold up to my = 110 GeV for a
integrated luminosity of 3 - 10~*pb~!. For low luminosity running an inte-
grated luminosity of ~ 4 - 10~* (four years’ low luminosity running) would

be required to achieve a 50 discovery threshold for my = 115 GeV.
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Chapter 8

Summary

The studies presented in this thesis concern the ATLAS ID, which were per-
formed as part of a large effort to characterise and develop the detector de-
sign. The study of single track reconstruction was presented. For high trans-
verse momentum (pr = 200 GeV) muons this gave o(1/pr) = 0.4 TeV~,
o(dp) = 10um and o(z) ranged from 55 < o(z) < 150um depending on
track rapidity. It was found that the B-layer improves the dy resolution by a
factor of 3 at low (1 GeV) pr and by 1.6 at high (200 GeV) pr.

The impact parameter resolution serves as input to the ATLAS b-tagging
performance. For jets with a total energy of 200 GeV and for 50% b-tagging
efficiency the light quark jet rejection is approximately 80. The b-tagging
performance is degraded by 30% when a pixel layer is removed and by 10% if
an SCT layer is removed. No layer was removed from the ID design because
although removing a pixel layer improved the calorimeter performance the
30% loss in b-tagging performance was regarded as unacceptable. The four
SCT layers were retained as they had marginal effect on the calorimeter and
four layers instead of three provide redundancy for the ID.

The b-tagging performance of the ID was then used to evaluate the poten-
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tial of the ATLAS detector to find a Higgs boson in the range 80 < my < 120
GeV. This mass range is a challenging region for the ATLAS detector where
the b-tagging is used to the full. The channel provides a 50 discovery window
out to myg = 100 GeV after three years’ low luminosity data taking. The
region is currently of interest given a possible signal at 115 GeV from the
final LEPII experimental run. Using the analysis presented with the NLO
cross-sections a significance of ~ 4 can be expected for a Higgs boson with

mpy = 115 GeV after three years’ low luminosity running.
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