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Abstra
tThe single parti
le response of the ATLAS Inner Dete
tor has been simulated.The impa
t parameter resolution was parameterised as �(d0) = 11� 59=pT�m and �(z0) = 85� 94=pT �m, with pT in GeV. The b-tagging performan
ewas evaluated, for a b-tagging eÆ
en
y eb = 0:5, the light quark reje
tionRu = 83 � 6 for 97% sili
on mi
rostrip and pixel dete
tor eÆ
ien
y andRu = 61 � 4 for 90% dete
tor eÆ
ien
y for 200 GeV jets. The viability fora Higgs boson sear
h using the 
hannel t�tH ! bW+�bW�b�b was examined.For a total integrated luminosity of 3 � 104pb�1 and a Higgs boson of massmH = 80 GeV the signal signi�
an
e was 11.7, for mH = 100 GeV 6.5, abovemH = 110 GeV the signal signi�
an
e fell below the 5� level.
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Notation
Throughout this thesis the following notation will be used. The 
oordinatesystem has its origin at the intera
tion point of the LHC 
olliding protonbeams, with the z-axis parallel to the beam dire
tion. The (x, y) or (r, �)
oordinate systems are used, as appropriate, to denote positions in the trans-verse plane. The positive x-axis is de�ned as pointing from the intera
tionpoint to the 
entre of the LHC ring, with the positive y-axis pointing up-wards. The azimuthal angle � is measured around the beam axis and polarangle � is the angle from the beam axis of a tra
k or to a given point. Thepseudorapidity � is de�ned as� = � ln tan(�=2)�R is the distan
e in the pseudorapidity-azimuthal angle spa
e�R =p(��)2 + (��)2The transverse momentum pT , energy ET and other transverse variables arede�ned in the xy plane.The traje
tories of 
harged parti
les are des
ribed by �ve helix parametersin a uniform magneti
 �eld. These quantities are all measured at the pointof 
losest approa
h of the tra
k to x = y = 0. The parameters are:1=pT the re
ipro
al of the transverse momentum;



v� the azimuthal angle, where tan� = px=py;d0 the transverse impa
t parameter, the distan
e to the beam axis at thepoint of 
losest approa
h;
ot � the 
otangent of the polar angle, where 
ot � = pz=pT ;z0 the longitudinal impa
t parameter, the z position of the tra
k at thepoint of 
losest approa
h in the xy plane.Masses, momenta and energies are expressed in units where �h = 
 = 1.
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1 Introdu
tion 1
Chapter 1
Introdu
tion
The Standard Model (SM) of parti
le physi
s has su

essfully explained allexperimental observations from the 
urrent generation of high energy parti
lea

elerators. In the SM parti
les a
quire mass by spontaneous symmetrybreaking, through a pro
ess known as the Higgs me
hanism. As part of thispro
ess a new spin 0 parti
le is introdu
ed, the Higgs boson, whi
h has yet tobe observed experimentally. The mass of the Higgs boson is not predi
ted bythe SM. Experimental 
onstraints rule out a Higgs mass below 109.7 GeV [1℄and theoreti
al arguments indi
ate that the Higgs mass should be less than1 TeV.The Large Hadron Collider (LHC) a

elerator being built at the Euro-pean Laboratory for Parti
le Physi
s (CERN), on the Fren
h Swiss border, isexpe
ted to be
ome operational in 2005, and will provide an ex
ellent oppor-tunity to dis
ern the predi
ted Higgs boson. The LHC will 
ollide two beamsof protons ea
h with an energy of 7 TeV. Four dete
tors are planned: AT-LAS (A Toroidal LHC Apparatus), CMS (Compa
t Muon Solenoid), LHCband ALICE (A Large Ion Collider Experiment). ATLAS and CMS are gen-eral purpose dete
tors, LHCb is dedi
ated to b-quark physi
s and ALICE is



2dedi
ated to heavy ion physi
s.This thesis is 
on
erned with the Inner Dete
tor (ID) of the ATLAS ex-periment. The 
onditions in the ATLAS dete
tor are experimentally diÆ
ult.Proton bun
hes will 
ross in the dete
tor 
entre on
e every 25 ns with a totalinelasti
 pp intera
tion 
ross se
tion of ' 80 mb. This gives an expe
ted23 intera
tions per bun
h 
rossing at the design luminosity of 1034
m�2s�1.This generates a large ba
kground of `minimum bias events' superimposed onany physi
ally interesting events making event/tra
k re
onstru
tion withinthe dete
tor 
hallenging. The large number of parti
les in the inner dete
torper event also leads to a very high radiation environment.The ID provides the ATLAS dete
tor with the primary method of dif-ferentiating between, or tagging, parti
le jets originating from b-quarks andfrom non b-quarks. This is done by measuring the impa
t parameter of tra
ksin a jet. Tra
ks in jets from b-quarks tend to have high impa
t parameters
ompared to jets from non b-quarks.In a sear
h for the Higgs boson b-tagging is of primary importan
e at thelow end of the possible Higgs mass range, where the Higgs de
ays primarily tob�b. Tagging is used to identify the signal from the large ba
kground of eventswith light quark jets, whi
h is orders of magnitude higher in 
ross-se
tionthan the signal.Chapter 2 dis
usses the theoreti
al ba
kground of the Standard Model,with parti
ular attention to spontaneous symmetry breaking and the Higgsme
hanism. Chapter 3 des
ribes the Higgs produ
tion and de
ay modesexpe
ted at the LHC. Chapter 4 des
ribes the geometry and layout of theATLAS dete
tor in general and provides a more detailed des
ription of theinner tra
king dete
tor. Chapter 5 des
ribes the response of the ID to sin-gle parti
les. In Chapter 6 the identi�
ation of hadroni
 jets of parti
les is



3examined. The jets are identi�ed using impa
t parameter measurements, asoriginating either from a b-quark or not. The performan
e of three di�er-ent ID layouts are 
ompared in terms of b-tagging performan
e. Chapter 7des
ribes how the b-tagging of jets is used to examine a parti
ular Higgsprodu
tion 
hannel of asso
iated produ
tion with t�t. The analysis fo
useson the problem of identifying whi
h b-jets in a given event 
ome from topquark de
ays and whi
h from the Higgs boson de
ay. The signi�
an
e of thesignal is determined as a fun
tion of Higgs mass. Finally, Chapter 8 provides
on
lusions and 
losing remarks.



2 Theory 4
Chapter 2
Theory
2.1 Introdu
tionThis 
hapter introdu
es the fundamental intera
tions of matter and the Stan-dard Model (SM) of parti
le physi
s. After a brief des
ription of QuantumEle
trodynami
s (QED) and Quantum Chromodynami
s (QCD), the Higgsme
hanism for mass generation is des
ribed.2.2 Fundamental Intera
tionsThere are four types of intera
tion that are suÆ
ient to explain all 
urrentlyobserved phenomena in physi
s. These are gravitation, ele
tromagnetism,weak and strong intera
tions. For high energy parti
le physi
s, where typi-
ally parti
le masses are O(10�27) kg, the gravitational for
e is so weak as tohave no signi�
ant e�e
t on elementary parti
le intera
tions. The dominantfor
e on 
harged parti
les down to 10�15 m is the ele
tromagneti
 intera
-tion, whi
h is responsible for the binding for
es between atoms and betweenmole
ules, and is des
ribed by QED.



2.3 The Standard Model 5The weak intera
tion mediates many parti
le de
ays, for example nu
lear� de
ay and all neutrino intera
tions. The theory of ele
tromagneti
 andweak intera
tions 
an be uni�ed into one ele
troweak theory as proposed byGlashow, Salam and Weinberg [2℄.The strong intera
tion a

ounts for the binding of parti
les in nu
lei,the 
on�nement of quarks in hadrons and gives rise to the large number ofobserved hadrons. Quarks and gluons dire
tly feel the strong for
e whi
h isdes
ribed by QCD.The uni�ed ele
troweak theory and QCD together form the basis of theSM of parti
le physi
s. The su

ess of the SM is su
h that so far no experi-mental 
ontradi
tions have been found. However the SM is not 
omplete andsome experiments have indi
ated that extensions are required. For examplethe solar neutrino dete
tor Super Kamiokande [3℄ has inferred a non zeromass value for the neutrino. Also the SM does not explain why there arethree generations of quarks and leptons, when only one generation is requiredto make up the ordinary visible matter of the universe. In addition the Higgsparti
le, required by the SM pro
ess for generating the boson masses and byYukawa 
oupling, the lepton and intrinsi
 quark masses has yet to be foundexperimentally. The sear
h for the Higgs parti
le is a major motivation forbuilding the LHC.2.3 The Standard ModelThe SM is a gauge theory whi
h des
ribes the ele
tromagneti
, weak andstrong intera
tions. The model has been des
ribed in detail in many text-books and review arti
les, see [4, 5, 6℄. The three for
es des
ribed by the SMare ea
h mediated by spin 1 parti
les 
alled gauge bosons. Table 2.1 lists



2.4 Standard Model Dynami
s 6Intera
tion Boson Mass (GeV) Charge(e) Typi
al 
ross-se
tion (mb) RelativeStrengthStrong gluon 0 0 10 1Ele
tromagneti
 
 0 0 10�3 10�2Weak W� 80:419� 0:056 �1 10�11 10�6Z0 91:1882� 0:0022 0Table 2.1: The intera
tions and 
orresponding gauge bosons of the StandardModel. The masses of the W� and Z0 are from [8℄.the bosons 
orresponding to ea
h intera
tion, the typi
al 
ross-se
tion andrelative strength of ea
h intera
tion.The fundamental fermions are spin 12 parti
les, divided up into leptons,whi
h intera
t ele
tromagneti
ally and weakly, and quarks whi
h also intera
tstrongly. The fermions are grouped into three families as shown in Table 2.2.In addition ea
h fermion has a 
orresponding anti-parti
le, with the samemass and spin but opposite 
harge.In the SM, quarks and leptons are true elementary parti
les with nointernal stru
ture, size or ex
ited states. Nu
lei, atoms and mole
ules are allbuilt up out of the �rst family of fermions. The se
ond and third familieshave an identi
al stru
ture and di�er from the �rst family only in mass and
avour. In the minimal SM a single additional s
alar parti
le is predi
ted,responsible for mass generation, the Higgs boson H.2.4 Standard Model Dynami
sQED des
ribes the ele
tromagneti
 intera
tion, between 
harged fermionsand photons. The QED Lagrangian 
onsists of three parts, the Dira
 La-



2.4 Standard Model Dynami
s 7Family Leptons QuarksFlavour Charge (e) Mass (GeV) Flavour Charge (e) Mass (GeV)1st �e 0 < 5 � 10�9 u 2/3 7 � 10�3e -1 5:11 � 10�4 d -1/3 15 � 10�32nd �� 0 < 0:3 � 10�3 
 2/3 1:3� -1 1:06 � 10�1 s -1/3 0:23nd �� 0 < 0:03 t 2/3 175� -1 1:777 b -1/3 4:8Table 2.2: The fundamental fermions of the Standard Model. The massesgiven here for the u, d and s quarks are intrinsi
 masses and all masses arefrom [8℄.grangian for a fermion �eld  , the Maxwell Lagrangian for the ele
tro-magneti
 ve
tor potential A� and an intera
tion term between photons andfermions. The QED Lagrangian has the formL = � (i��
� �m) � 14F��F �� � q � 
�A� (2.1)where m is the fermion mass, q is the fermion 
harge and F�� = ��A����A�.The �rst term represents the fermion �eld, the se
ond the photon potentialand the third the intera
tion term. The theory is Abelian (i.e. the groupelements 
ommute) and is based on the group U(1).QCD des
ribes the strong intera
tion, between spin 12 quarks and spin1 gluons. It is a non-Abelian (i.e. group elements do not 
ommute) gaugetheory based on the group SU(3). The fundamental di�eren
es betweenQCD and QED are the appearan
e in QCD of intera
tion terms betweenonly gluons and the three 
olour 
harges of QCD as opposed to the positiveand negative 
harges in QED. (The photon in QED has no ele
tri
 
harge,



2.4 Standard Model Dynami
s 8however gluons have the 
olour 
harge of QCD.) This di�eren
e underliesthe 
on�nement of quarks into hadrons and the de
reasing strength of thestrong 
oupling with in
reasing energy s
ale.The QCD Lagrangian 
onsists of a Dira
 Lagrangian for a fermion �eld , gluon potential Aa� and an intera
tion term between gluons and fermions.The Lagrangian has the formL = �14Ga��Ga�� + � (i��
� �m) � ig � Aa�
�T a (2.2)where m is the intrinsi
 quark mass, g the quark gluon 
oupling 
onstant,a is a 
olour label, running from 1 to 8 for SU(3) and T a are a set of eightindependent Hermitian tra
eless 3 � 3 matri
es. The gluon �eld strengthtensor Ga�� is ��Aa� � ��Aa� + gfab
Ab�A
� (2.3)where fab
 are the stru
ture 
onstants of SU(3) and the third term in thegluon �eld strength represents the gluon gluon intera
tions.In QCD hadrons are formed from quarks, bound by 
olour intera
tionsinto 
olour singlet states, either as three-quark baryons or quark-anti-quarkpairs forming mesons. The binding energy of a quark in a hadron is in�nite,hen
e free quarks are not observed. However as the 
oupling strength de-
reases at high energies, quarks inside hadrons 
an behave in many ways asfree parti
les, for example in Deep Inelasti
 S
attering [7℄.Weak intera
tions a
t on the 
avour degrees of freedom of quarks andbetween leptons in the same family. If weak intera
tions were distin
t fromQED intera
tions then a new `quantum 
avourdynami
s' a
ting on the leptontypes and quark 
avours would be introdu
ed. However this is not the 
ase,the weak and ele
tromagneti
 intera
tions are linked together.



2.4 Standard Model Dynami
s 9The ele
troweak intera
tions are based on the gauge group SU(2)L 
U(1)Y , where the groups SU(2)L and U(1)Y refer to the weak isospin andthe weak hyper
harge. The L denotes that the SU(2) part a
ts only onthe left-handed parts of the fermion �elds. The gauge boson mediating theweak intera
tions are the 
harged W� and the neutral Z0. Charged 
urrentintera
tions, due to the ex
hange of aW�, are responsible for nu
lear � de
ayand muon de
ay (�� ! e�+ ��e+��). Weak neutral 
urrent intera
tions (su
has ele
tron-neutrino s
attering) are due to the Z0.The Z0 
ouples only to quarks or leptons within the same family, i.e.there are no 
avour-
hanging neutral 
urrents. The W� also 
ouples toleptons only in the same family. However for quarks the W� 
ouples not tothe quark mass eigenstates q but to linear 
ombinations q0. This allows forquark de
ays su
h as s ! u +W� and b ! 
 +W�. This mixing 
an bedes
ribed by the Cabibbo-Kobayashi-Maskawa mixing matrix [9℄0BBB� d0s0b0 1CCCA = 0BBB� Vud Vus VubV
d V
s V
bVtd Vts Vtb 1CCCA0BBB� dsb 1CCCA (2.4)where Vij are numeri
al values giving the size of the mixing between twoquarks.All the gauge theories of the SM are renormalisable, that is divergen
esintrodu
ed by adding additional loop diagrams to a 
al
ulation (Figure 2.1)
an be 
an
elled by res
aling the �elds, masses and 
ouplings in the orig-inal Lagrangian. For example the 
harge on the ele
tron is repla
ed by a`bare' ele
troni
 
harge e0 = e + �e. The 
al
ulation of �e is non-trivialand in
reases in 
omplexity as more loops are added to diagrams. Withoutrenormalisation the divergen
es introdu
ed by loop diagrams would meanthat no measurable physi
al quantities 
ould be 
al
ulated.
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 e+

e� +�
 e+
e� +...

(d) (e)Figure 2.1: Vertex renormalisation in QED, to the one loop level. (a) showsthe Feynman diagram for ele
tron positron pair produ
tion. At the one looplevel of 
orre
tions this diagram is repla
ed by the original diagram (b) plusa 
orre
tion for the self energy of the ele
tron (and a similar 
orre
tion forthe self energy of the positron) (
), the self energy of the photon (d) and avertex 
orre
tion (e).



2.5 The Higgs Me
hanism 112.5 The Higgs Me
hanismThe term mass in high energy physi
s 
an refer to several di�erent types ofmasses. The spontaneous breaking of the SU(2) symmetry in the Higgs me
h-anism gives rise to the mass of the W� and Z0 bosons. The intrinsi
 massesof the leptons and quarks are then generated in the SM by Yukawa 
ouplingsbetween a fermion and the Higgs boson. The masses of the hadrons arisepartly from the intrinsi
 quark masses and partly from the QCD intera
tionsthat form the hadrons.Ele
troweak theory has four gauge bosons whi
h, without any additions,gives rise to four massless gauge bosons. Physi
ally the photon is masslesshowever the W� and Z0 have mass of the order of 100 GeV. Simply addingmass terms for the W� and Z0 to the Lagrangian would violate the gaugesymmetry, whi
h is required if the theory is to be renormalisable and thereforepredi
tive.For example in Figure 2.2 (e�e� s
attering at the 1 loop level) both thephoton and Z0 
an propagate in the loop. The momentum around the loopmay take any value so the amplitude is of the form R �4q (propagators). Inthe 
ase of a photon in the loop then the integral be
omes R �4q�e�e�
�
where � represents the propagators for the ele
tron and photon. At high q2the ele
tron propagator goes as 1=q and the photon propagator goes as 1=q2.Hen
e the integral be
omes R �4q 1q6 whi
h is 
onvergent, however for the Z0the propagator is i�g�� + q�q�=M2q2 �M2 (2.5)
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hanism 12

�
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=Z
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e�

e�

Figure 2.2: A one loop Feynman diagram for e�e� s
attering.where M is the Z0 mass, and q� the Z0 four momentum, whi
h be
omesi q�q�q2M2 (2.6)at high q2. Therefore the integral for the Z0 propagator would be
omeR �4q 1q4 whi
h is logarithmi
ally divergent. Counter-terms 
an be added tothe Lagrangian to 
an
el the divergen
e in the integral, however high-orderdiagrams with more loops would introdu
e an in�nite number of divergen
esrequiring an in�nite number of 
ounter-terms. The theory would be
omenon-renormalisable and be unable to give any predi
tions. The W� and Z0masses 
annot be added in `by hand' however the masses 
an be generated
onsistently using the Higgs me
hanism [10℄.To introdu
e the Higgs me
hanism 
onsider, a simple world of s
alarparti
les [4℄, ignoring gauge �xing terms, with the LagrangianL = 12(���)2 � 12�2�2 � 14��4 (2.7)



2.5 The Higgs Me
hanism 13where � is the s
alar parti
le �eld, the �rst term is the parti
le kineti
 energy(T ), the se
ond and third terms are the potential energy (V ) made up fromthe parti
le mass term (se
ond term) and a four parti
le vertex with 
oupling� (third term). With � > 0 there are two possible forms of the potential asshown in Figure 2.3 depending on the sign of �2. With �2 > 0 the Lagrangiandes
ribes a s
alar parti
le with mass � (the �2�2 term). The ground state
orresponds to � = 0. In the se
ond 
ase, where �2 < 0, there is a mass termof the wrong sign for the �eld �. The potential has two minima whi
h satisfydVd� = �(�2 + ��2) = 0 (2.8)and are therefore at � = �v with v = p��2=�. The energy minimumis moved from � = 0 and hen
e the physi
al states sit at this minimum.Perturbative 
al
ulations should therefore use expansions about � = �v, so�(x) = v + �(x): (2.9)Substituting this ba
k into the Lagrangian givesL0 = 12(���)2 � �v2�2 � �v�3 � 14��4 + 
onst. (2.10)This gives a mass term (�v2�2) for the �eld � withm� = p2�v2 =p�2�2with the 
orre
t sign as well as a triple s
alar vertex (�v�3). The higher orderterms represent the intera
tion of the � �eld with itself.The two Lagrangians L and L0 must des
ribe the same physi
s. HoweverL 
annot be solved perturbatively whereas the perturbative solutions of L0give the 
orre
t physi
al pi
ture. This way of `generating' mass is referredto as `spontaneous symmetry breaking'.
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(a) (b)Figure 2.3: The potential V (�) = 12�2�2+ 14��4 for (a) �2 > 0 and (b) �2 < 0with � > 0 in both 
ases.Next, 
onsider a 
omplex s
alar �eld, whi
h will lead to massive ve
torparti
les, � = (�1 + i�2)=p2 with the LagrangianL = (���)�(���)� �2���� �(���)2 (2.11)The Lagrangian possesses a U(1) global gauge symmetry, i.e. it is invariantunder a global phase 
hange, � ! ei��. As in the 
ase of the s
alar �eld, if� > 0 and �2 < 0, the potential minimum is not at the origin. Substituting� = (�1 + i�2)=p2 for � givesL = 12(���1)2 + 12(���2)2 � 12�2(�21 + �22)� 14�(�21 + �22)2 (2.12)The potential V (�) = �12�2(�21 + �22) � 14�(�21 + �22)2 now has, in the �1,�2



2.5 The Higgs Me
hanism 15plane, a 
ir
le of minima of radius v withv2 = �21 + �22 = ��2� (2.13)as 
an be seen in Figure 2.4. Again the Lagrangian 
an be expanded abouta parti
ular va
uum point, 
hosen to be � = p�2=2� � v=p2, in terms ofnew �elds by substituting�(x) =r12[v + �(x) + i�(x)℄ (2.14)where � and � are the new �elds. This givesL0 = 12(���)2 + 12(���)2 � �2�� + ::: (2.15)with additional 
onstant terms and 
ubi
 and quarti
 terms in � and �. Theterm �2�� is in the form of a mass term for the � �eld with a mass of p2�2�.However there is no 
orresponding mass term of the � �eld, i.e. the theory
ontains a massless s
alar parti
le, known as a Goldstone Boson.This Goldstone Boson will disappear if, instead of a global gauge sym-metry, a lo
al gauge symmetry is 
onsidered. To make the Lagrangian givenin 2.11 invariant under a U(1) lo
al gauge transformation, � ! ei�(x)�, re-quires �� to be repla
ed by D� = ��� ieA�, where the gauge �eld transformsas A� ! A� + 1e���. The Lagrangian then be
omesL = (�� + ieA�)��(�� + ieA�)�� �2���� �(���)2 � 14F��F �� (2.16)Again taking �2 < 0 and translating the �eld � to a true ground state theLagrangian be
omesL0 = 12(���)2 + 12(���)2 � v2��2 + 12e2v2A�A� � evA�����14F��F �� + intera
tion terms (2.17)
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omplex s
alar �eld for the 
ase �2 < 0and � > 0.



2.5 The Higgs Me
hanism 17The Lagrangian L0 now appears to have a massless Goldstone boson �, amassive s
alar � and a massive ve
tor A� where, m� = 0, m� = p2�v2 andmA = ev. However by giving mass to A� its polarisation degrees of freedomhave in
reased from 2 to 3, as it 
an now possess longitudinal polarisation.Simply translating �eld variables 
annot 
reate new degrees of freedom, sothe �elds in L0 do not all 
orrespond to distin
t physi
al parti
les. In fa
tby using a parti
ular gauge transformation the � �eld 
an be eliminated.Substituting a di�erent set of real �elds h, �, A� where,�!r12(v + h(x))ei�(x)=v (2.18)
A� ! A� + 1ev��� (2.19)into the original Lagrangian and 
hoosing �(x) so that h is real then theLagrangian be
omesL00 = 12(��h)2 � �v2h2 + 12e2v2A2� � �vh3 � 14�h4 + 12e2A2�h2+ve2A2�h� 14F��F �� (2.20)whi
h 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 des
ribes two massiveintera
ting parti
les, a ve
tor gauge boson A� and a massive s
alar h, whi
his 
alled a Higgs boson. The Goldstone boson has been `absorbed' into thegauge boson in the form of its additional freedom 
orresponding to longitu-dinal polarisation. This is the basi
 form of the Higgs me
hanism to generatemassive ve
tor bosons.



2.5 The Higgs Me
hanism 18The spontaneous breaking of a U(1) gauge symmetry 
an be generalisedto a non-Abelian theory [11, 12℄. The aim is to �nd a Higgs se
tor whi
h willbreak SU(2)L 
 U(1)Y to U(1)em.From the LagrangianL = (���)y(���)� �2�y�� �(�y�)2 (2.21)where � is a 
omplex SU(2)L doublet with hyper
harge Y = 1, the simplest
hoi
e to maintain lo
al gauge invarian
e is to repla
e �� with the 
ovariantderivative D� = �� + igTAWA� + ig02 Y B� (2.22)The Lagrangian then be
omesLHiggs = (D��)y(D��) + �2�y�+ �(�y�)2 (2.23)As 
harge is equal to the sum of the third 
omponent of weak isospin andhalf the hyper
harge, Q = T3 + Y=2 then the 
harge assignment for � is,� = 0� �+�0 1A (2.24)To maintain 
harge 
onservation only the �0 should get a va
uum expe
tationvalue. This motivates rewriting � in terms of two new �elds �A and H, bothof whi
h are real � = 1p2ei 1vTA�A0� 0v +H 1A (2.25)



2.5 The Higgs Me
hanism 19where v2 is 
hosen to be �2� to give a minimum at H = 0. The potential isV (H) = �12�2(v +H)2 + �4 (v +H)4 . (2.26)Substituting into LHiggs gives� = 1p2U 0� 0v +H 1A (2.27)where U is an SU(2)L gauge transformation. As the Lagrangian is gaugeinvariant it 
annot depend on U whi
h 
an be absorbed into a rede�nitionof the gauge �eld so that in the `unitary gauge' the Lagrangian has the formLHiggs = (D��)y(D��) + �2�y�� V (�; �y) (2.28)with � = 1p20� 0v +H 1A (2.29)Again the Goldstone boson �elds have disappeared from the parti
le spe
-trum, de�ned by the Lagrangian. The va
uum expe
tation value for thes
alar �elds is < � >= 1p20� 0v 1A (2.30)The expe
tation value is not invariant under SU(2)L transformations or un-der U(1)Y as � has been assigned Y = 1. However the expe
tation value isinvariant under U(1)em transformations asQ < � >= (T3 + 12Y ) < � >= 0 (2.31)



2.5 The Higgs Me
hanism 20So the SU(2)L 
 U(1)Y group is spontaneously broken to U(1)em and threeGoldstone bosons are generated. The ve
tor bosons W� and Z0 absorb theGoldstone bosons, thus a
quiring mass, while the photon remains masslessas U(1)em is unbroken. One massive neutral s
alar parti
le is left, the Higgsboson.Expanding out the Lagrangian the masses of the W�, Z0 and H areidenti�ed as m2W = 14g2v2 (2.32)
m2Z = 14(g2 + g02)v2 = 14 g2
os2�Wm2W (2.33)

m2H = 2�v2 (2.34)As the parameters v and � are free then the mass of the Higgs boson is notpredi
ted.Masses for the fermions 
an also be generated using the Higgs boson usingYukawa 
ouplings. Figure 2.5 shows the Higgs 
oupling to the ele
tron inthe SM. In the Lagrangian this is represented by the termsL = �ge(�leL�eR + �eR�yleL) (2.35)with leL = 0� �ee� 1AL (2.36)
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�eR(T = 0; Y = �2)
H(T = 12 ; Y = 1)

eL(T = 12 ; Y = �1)
Figure 2.5: The Higgs H 
oupling to the ele
tron in the Standard Model. Tis weak isospin, Y is hyper
harge, eR is the right handed part of the ele
tron�eld and eL is the left hand part. The Higgs 
ouples equally to the left andright handed �elds.where � is the Higgs �eld, leL is the left handed part of the ele
tron/�edoublet and eR is the right handed singlet 
omponent [5℄.The Higgs doublet has the 
orre
t SU(2) 
 U(1) quantum numbers to
ouple eLeR. Substituting � = 1p20� 0v +H 1A (2.37)into the Lagrangian givesL = � gep2v(eLeR + eReL)� gep2(eLeR + eReL)H (2.38)and by 
hoosing ge su
h that me = gevp2 (2.39)



2.6 Summary 22the Lagrangian then be
omesL = �meee� mev eeH (2.40)As ge is arbitrary the mass of the ele
tron is not predi
ted. The se
ondterm is small as v = 2�1=4 G�1=2F = 246 GeV [8℄ and has not produ
ed adete
table e�e
t in ele
troweak intera
tions. The muon and tau are similarhowever the quark se
tor is more 
ompli
ated as both the upper and lower
omponents of the SU(2)L doublet a
quires a mass. The Higgs me
hanismdoes not a

ount for the masses of the hadrons as these arise from the QCDbindings of the quarks into the hadrons.2.6 SummaryThe fundamental intera
tions and parti
les of the SM of parti
le physi
shave been introdu
ed. The Higgs me
hanism to give mass to the W� andZ0 boson has been des
ribed. In addition the Higgs �elds have been shownto allow Yukawa 
ouplings to give fermions mass.
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Chapter 3
LHC Phenomenology
3.1 Introdu
tionThis 
hapter gives an overview of the expe
ted pro
esses at the LHC. Theprodu
tion pro
esses and de
ay modes of the SM Higgs are des
ribed. Finallyasso
iated Higgs produ
tion with t�t is introdu
ed and a sear
h method ismotivated.3.2 LHC A

eleratorThe SM Higgs parti
le has not been found and the ability to �nd the Higgs,should su
h a me
hanism prove physi
ally 
orre
t, is one of the main reasonsfor building the LHC. In addition to the Higgs the LHC has the potential to�nd any new physi
s, su
h as supersymmetri
 parti
les. In supersymmetri
theory all known parti
les have a supersymmetri
 partner whi
h di�ers inspin. Spin 12 fermions have spin 1 partners and spin 1 bosons have spin 12partners. Any supersymmetri
 parti
les also di�er in mass, they must beheavier than the known parti
les otherwise they would have been dete
ted
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elerator 24already. In addition the LHC will be able to �nd any new and unexpe
tedphysi
s at these new energy s
ales.The 
entre of mass energy of the ele
tron-positron 
ollider LEP2 is limitedby energy loss due to syn
hrotron radiation, and the highest 
entre of massenergy 
urrently obtained is 209 GeV [1℄. Linear ele
tron-positron 
ollidershave been proposed but will require more investment than 
ir
ular 
olliders toa
hieve TeV 
entre of mass energies. To rea
h higher 
entre of mass energiesthe LHC will 
ollide protons on protons.The performan
e of hadron 
olliders is limited not by syn
hrotron radi-ation but by the strength and 
ost of the required bending magnets. Ea
hparton in the proton 
arries only a fra
tion of the total momentum and hen
ethe 
entre of mass energy for a hadron 
ollider has to be higher than 1 TeVto give quark and gluon intera
tions at the TeV s
ale.At the TeV energy s
ale the 
ross-se
tions and bran
hing ratios for someof the more interesting pro
esses are very small. In order to observe a suÆ-
ient number of events in a reasonable time the LHC requires a high lumi-nosity, and hen
e a high bun
h 
rossing rate.The LHC a

elerator will 
ollide together two proton beams of 7 TeVenergy, to give a 
entre of mass energy, ps = 14 TeV. The a

elerator is to bebuilt in the existing LEP tunnel at CERN and hen
e will have a 
ir
umferen
eof 27 km. The 
urrent s
hedule for the LHC has a 3 year run from 2005 ata luminosity of 1033 
m�2s�1 followed by running at a higher luminosity of1034 
m�2s�1 for the remaining lifetime of the experiment, around 10 years.
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s at the LHC 253.3 Physi
s at the LHCThe total 
ross-se
tion of proton-proton 
ollisions at the LHC is estimatedto be �T = 110 mb �20 mb [27℄. Of these intera
tions 26% are 
al
ulatedto be elasti
, leaving an inelasti
 
ross-se
tion of � ' 80 mb. The 
ross-se
tions are to be 
ompared to interesting signal pro
esses su
h as the b-quark produ
tion 
ross-se
tion of �b�b = 500 �b or top quark produ
tion
ross-se
tion of �t�t = 833 pb [19℄. There are signi�
ant un
ertainties inthe pro
ess 
ross-se
tions due to the la
k of higher order 
orre
tions, partondensity un
ertainties, the energy s
ale for the QCD evolution and the modelsused by the event generators.The 
ross-se
tions of a sele
tion of pro
esses at the LHC are shown inTable 3.1. For low luminosity running this gives an intera
tion rate of 8 � 107per se
ond and for high luminosity an intera
tion rate of 8 � 108 per se
ond.The LHC will produ
e approximately 5 � 1012 b�b pairs in the �rst year aloneand will allow investigation of de
ays of the BS. The LHC 
an also be 
alleda `top fa
tory' produ
ing over 8 � 106 t�t pairs per year at low luminosity.3.4 Higgs Produ
tionThe experimental observation of the Higgs boson is one of the most importantphysi
s goals of ATLAS. The SM gives no dire
t predi
tion for the mass of theHiggs boson. Experimental 
onstraints from LEP2 dire
tly rule out a Higgsmass below 109.7 GeV [1℄ and the data favours slightly a Higgs boson with amass of 115 GeV. High pre
ision ele
troweak data are also used to indire
tly
onstrain the Higgs mass via their sensitivity to loop 
orre
tions. Assumingthe validity of the SM, a �t to all the ele
troweak data gives mH = 80+60�37GeV [31℄. Theoreti
al arguments indi
ate that the Higgs boson should have a
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tion 26Pro
ess Cross-se
tionIn
lusive b�b produ
tion 500 �bIn
lusive W produ
tion 140 nbIn
lusive Z produ
tion 43 nbIn
lusive t�t produ
tion 833 pbWW 71 pbWZ 26 pbIn
lusive H produ
tion, mH = 100 GeV 27.8 pbWH, mH = 100 GeV 1.87 pbt�tH, mH = 100 GeV 1.01 pbTable 3.1: The expe
ted 
ross-se
tions for sele
ted pro
esses at LHC. [19℄mass below 1 TeV. The upper limit of around 1 TeV is obtained from unitarityarguments [25, 26, 28℄. When the Higgs mass in
reases the amplitude for highenergy s
attering of longitudinal W bosons, whi
h in
ludes 
ontributionsfrom Higgs ex
hange diagrams, be
omes large. In order that the s
atteringdoes not violate unitarity then the Higgs mass must be less than 1 TeV orWW and ZZ intera
tions will show new physi
s at around the 1 TeV s
ale.There is no single produ
tion me
hanism or de
ay pro
ess [34, 35℄ whi
hdominates over the potential Higgs mass range (80 GeV to 1 TeV) observablewith ATLAS. Instead there are several di�erent dis
overy s
enarios depend-ing on the mass of the Higgs parti
le.There are several Higgs produ
tion methods at the LHC whi
h have thepotential to lead to observable 
ross-se
tions. These in
lude:� gluon-gluon fusion;� WW and ZZ fusion;
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ay Modes 27� asso
iated produ
tion with W and Z bosons;� asso
iated produ
tion with t�t.Figure 3.1 shows the Feynman diagrams for these produ
tion methods.Figure 3.2 shows a parti
ular 
al
ulation of the Higgs produ
tion 
ross-se
tions at the LHC [32℄. The dominant produ
tion mode is gluon fusionwhi
h is an order of magnitude higher in 
ross-se
tion than the other pro-du
tion methods for all but the highest masses. However the dire
t produ
-tion 
hannels 
annot be triggered on by the ATLAS dete
tor for low Higgsmass (mH < 130 GeV). The t�tH produ
tion 
ross-se
tion is lower than givenin Table 3.1, ' 25% less for mH = 100 GeV. The di�eren
e in produ
tion
ross-se
tions is due to the la
k of pre
ise knowledge of the gluon distributionat small parton momentum x, whi
h is important for the intermediate massHiggs, and the e�e
t of NNLO perturbative QCD 
orre
tions [33℄.3.5 Higgs De
ay ModesThe de
ay of the Higgs boson after produ
tion depends 
riti
ally on its mass.The Higgs 
ouples preferentially to heavy parti
les so the Higgs boson de-
ays primarily into the highest mass parti
les energeti
ally allowed. Theimportant de
ay modes for observing the Higgs are [19℄:� H ! 

 dire
t or asso
iated produ
tion;� H ! b�b asso
iated produ
tion with WH, ZH and t�tH;� H ! ZZ ! 4l and H ! ZZ ! ll��;� H ! WW ! l�jj and H ! ZZ ! l+l�jj.
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(d)Figure 3.1: Higgs produ
tion diagrams for (a) gluon-gluon fusion, (b)WW orZZ fusion, (
) asso
iated produ
tion withW or Z bosons and (d) asso
iatedprodu
tion with t�t.
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Figure 3.2: Higgs produ
tion 
ross-se
tion as a fun
tion of Higgs mass. [32℄Figure 3.3 shows the bran
hing ratio of the Higgs as a fun
tion of mH . FormH < 130 GeV the dominant de
ay is to b�b. Beyond this mass range, de
aysto WW dominate with de
ays to ZZ at about half the rate of de
ays toWW . From mH = 350 GeV the de
ay mode to t�t opens up, however thebran
hing ratio is about 20% of the WW bran
hing ratio.The H ! 

 de
ay [19℄ is a rare de
ay. However it is a promising 
hannelfor Higgs sear
hes in the mass window 100 < mH < 150 GeV and requiresex
ellent energy measurement from the ATLAS dete
tor. The importantba
kgrounds are the irredu
ible prompt 

 
ontinuum, QCD jet-jet, 
-jetand (if mH � mZ) Z ! ee.
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Figure 3.3: Higgs bran
hing ratio as a fun
tion of Higgs mass. [32℄The asso
iated produ
tion 
hannels WH and t�tH are appli
able formH < 120 GeV. They both require ex
ellent b-tagging. Ba
kground in both
ases are t�t + jets and W + jets. The t�tH 
hannel is dis
ussed in se
tion 3.6.The de
ay 
hannel H ! ZZ� ! 4l provides a 
lean 
hannel for120 < mH < 800 GeV. For mH > 180 GeV both the Z's are real. Ba
k-grounds here are ZZ� 
ontinuum produ
tion and Zb�b.For a Higgs mass 
lose to twi
e theW mass theH ! ZZ� ! 4l bran
hingratio is redu
ed as the H !WW de
ay mode opens up, suppressing the ZZ�bran
hing ratio. For a Higgs mass of 170 GeV the H !WW bran
hing ratiois 
lose to 1. The H !WW de
ay is also useful up to mH = 1 TeV, however



3.6 t�tH 31below mH < 800 GeV H ! ZZ ! 4l is the simpler dis
overy 
hannel.The dis
overy potential of these 
hannels is determined from the signi�-
an
e of the 
hannel whi
h is equal to the expe
ted number of signal eventsdivided by the square root of the expe
ted number of ba
kground events,both determined from Monte Carlo simulations. Figure 3.4 shows the overallsigni�
an
e for Higgs dis
overy from all 
hannels [19℄. Clearly the low massregion is the most 
hallenging for ATLAS to dis
over the Higgs.3.6 t�tHH ! b�b is the dominant de
ay mode for a Higgs mass less than twi
e the Wmass. Re
ent LEP2 results suggest a possible Higgs dis
overy for mH ' 115GeV [1℄ making this 
hannel of parti
ular interest. The dire
t produ
tionfrom gluon-gluon fusion with de
ay to b�b 
annot be eÆ
iently triggered norextra
ted from the huge QCD ba
kground. The signal 
an be observed inasso
iated produ
tion, if the Higgs is produ
ed with a W or Z boson or at�t pair. The leptoni
 de
ays of the W and Z or the leptoni
 de
ay of theW from the de
ay of the top quark provide an isolated high-pT lepton fortriggering.The 
hannel t�tH is useful in the mass range 80 < mH < 120 GeV. The
ross-se
tion for t�tH produ
tion is approximately 1 pb for a Higgs mass of100 GeV [36℄.The initial produ
tion pro
ess is either gluon or quark fusion, with gluonfusion dominating via the diagram shown in Figure 3.1 (d). Ea
h top quarkde
ays to a bottom quark and a W boson and in this mass range the Higgsde
ays into a b�b pair.In order to provide a trigger at least one of the W bosons is required



3.7 Summary 32to de
ay semi-leptoni
ally. The Higgs signal would then appear as a peakin the b�b invariant mass distribution. The analysis of this 
hannel thereforedepends on ex
ellent b-tagging performan
e. The b-tagging performan
e ofthe ATLAS dete
tor is dis
ussed in Chapter 6 and Chapter 7 des
ribes thet�tH analysis.3.7 SummaryThe operation parameters of the LHC have been des
ribed. The expe
tedphysi
s of interest and in parti
ular, a Higgs boson sear
h with the ATLASdete
tor at the LHC have been introdu
ed. The produ
tion and de
ay modesof the SM Higgs boson have been des
ribed and the 
hannels used for sear
hfor the Higgs boson with ATLAS have been dis
ussed.
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Figure 3.4: The sensitivity of the ATLAS dete
tor for the dis
overy of theSM Higgs Boson, for 3 year's low luminosity running (L = 3 � 104 pb).
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Chapter 4
The ATLAS Experiment
4.1 Introdu
tionThis 
hapter des
ribes the ATLAS dete
tor for the LHC a

elerator. Theoverall parameters are �rst introdu
ed then the separate sub-dete
tor sys-tems are des
ribed. Parti
ular attention is paid to the inner dete
tor as thisprovides the b-tagging ability, whi
h is required for the Higgs sear
h witht�tH dis
ussed in Chapter 7.4.2 Dete
tor OverviewATLAS [13℄ is a general purpose dete
tor whi
h will be installed at CERNas a dete
tor for the LHC [14℄. Three other dete
tors will also be built:LHCb [15℄, ALICE [16℄ and CMS [17℄.The high bun
h 
rossing rate at the LHC 
auses diÆ
ulties for the de-te
tor readout ele
troni
s. Studies of the readout design show that the smallinterval between bun
h 
rossings is more 
hallenging in the dete
tor designthan the pile-up of minimum bias events. The original bun
h 
rossing sepa-



4.2 Dete
tor Overview 35ration of 15ns was relaxed to 25ns due to these 
onsiderations.The initial design of the ATLAS dete
tor is des
ribed in the Letter ofIntent [18℄. The Te
hni
al Proposal [13℄ gives a more detailed des
riptionof the dete
tor. The design of the dete
tor is still evolving somewhat al-though, with the de�nitions des
ribed in the Te
hni
al Design Reports forea
h dete
tor sub
omponent, the design has now largely stabilised.The design of the dete
tor is based on the requirement to exploit thephysi
s potential of the LHC a

elerator to the full. Se
tion 3.3 
overs thephysi
s pro
esses. The dete
tor requirements from the potential physi
s are:� Good ele
tromagneti
 
alorimetry for ele
tron and photon identi�
a-tion;� Good hadron jet energy and spatial resolution;� Hermeti
 
alorimetry to measure a

urately jet and missing transverseenergy;� EÆ
ient tra
king at high luminosity for lepton momentum measure-ments, for b-quark tagging, and for enhan
ed ele
tron and photon iden-ti�
ation;� Tau and heavy 
avour vertexing and re
onstru
tion 
apability of someB hadron de
ay �nal states, at lower luminosity;� Standalone, pre
ision muon momentum measurements up to the high-est luminosity;� Large a

eptan
e in tra
king 
overage out to j�j < 2:5;� Triggering and measurements of parti
les at low pT thresholds, e.g.pT > 6 GeV for muon trigger at low luminosity.



4.3 Dete
tor Subsystems 36The dete
tor, 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
omponents of the dete
tor, in in
reasing radius are:� the inner dete
tor (ID);� the super
ondu
ting solenoid;� the ele
tromagneti
 
alorimeter (ECAL);� the hadroni
 
alorimeter (HCAL);� the air-
ore toroid magnet and the muon spe
trometer.
4.3 Dete
tor SubsystemsIn this se
tion the dete
tor subsystems are des
ribed starting with the magnetsystem. The sub dete
tors are then des
ribed starting from the outer muonspe
trometer inward to the ID. The details of the dete
tor design are stillevolving and the design des
ribed dates from 1999.4.3.1 Magnet SystemThe magnet design for ATLAS 
onsists of an inner solenoid and an outer air-
ore toroid magnet system. The inner 2 Tesla solenoid is positioned betweenthe ID and the ECAL.The solenoid half length in z is 2.65 m whi
h is shorter than the 3.35 mhalf length of the ID. The length of the solenoid is a design 
ompromise.A shorter length redu
es the amount of material in front of the 
alorimeterwhile a longer length in
reases the uniformity of the magneti
 �eld inside the
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Figure 4.1: Three dimensional 
utaway view of the ATLAS Dete
tor.
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tor Subsystems 38ID. The solenoid 
oil whi
h requires 
ooling is integrated into the va
uumvessel of the ECAL barrel 
ryostat, eliminating the material and spa
e ofindependent 
ooling vessel walls. The super
ondu
ting magnet is kept at 4.5K and gives a 2 T �eld in the 
enter of the ID falling to 0.5 T at the outeredges of the ID.The air-
ore toroid system for the muon spe
trometer is made up of abarrel se
tion, and two end-
ap toroid se
tions. The barrel se
tion design is26 m long with an inner bore of 9.4 m and an outer diameter of 19.5 m. Theend-
aps are 5.6 m long and have an inner bore of 1.26 m. The individualtoroids ea
h 
onsist of eight 
at 
oils symmetri
ally arranged about the beamaxis. The end-
ap toroids are rotated with respe
t to the barrel so that thebarrel and end-
ap toroids will interleave.The design gives a (relatively) light and e
onomi
al stru
ture for thelarge volume of the magneti
 �eld. Using only eight 
oils results in the totalbending power of the system varying, from 3 Tm at a � = 0 to about 8 Tmat a � = 2:8.4.3.2 Muon Spe
trometerThe muon dete
tor system in ATLAS serves a dual purpose, both as a triggerto sele
t events with muons and as a pre
ision muon spe
trometer. For thetrigger system the rapidity 
overage extends to j�j < 2:4 and down to pT > 6GeV. The muon spe
trometer as a whole has a rapidity 
overage out toj�j < 2:7. For momentum resolution the design performan
e is to measurepT to 2% a

ura
y at pT = 100 GeV, degrading to an a

ura
y in pT of 8%at pT = 1000 GeV.The muon spe
trometer, shown in Figure 4.2, 
onsists of the air-
oretoroid, a barrel se
tion and two end-
ap se
tions. The barrel se
tion is made



4.3 Dete
tor Subsystems 39up of three layers of high pre
ision tra
king 
hambers and ea
h end-
ap fromthree verti
al dis
s of tra
king 
hambers. The three layers of the barrelse
tion are positioned at radii of 4.5 m (inner to the toroid), 7 m (inside ofthe toroid system) and 10 m (outer to the toroid system). The design usestwo types of 
hambers for pre
ision tra
king measurements and two typesof 
hambers for triggering. The individual pre
ision 
hambers have a 80 �mmeasurement a

ura
y and are small enough to have a low o

upan
y (max5% per measurement 
ell) for good pattern re
ognition and long 
hamberlife.The air-
ore toroid provides a magneti
 �eld that is 
on�gured su
h thatthe muon traje
tories are mostly orthogonal to the �eld. The pre
ision mea-surement of the muon tra
ks is either the z 
oordinate, for the barrel se
tionor the r 
oordinate in the end-
aps. The pre
ision 
hambers are of twotypes [20℄ monitored drift tube (MDT) proportional 
hambers and 
athodestrip 
hambers (CSC) whi
h are used in the end-
aps due to their highergranularity.The MDTs are aluminium tubes of 30 mm diameter, with a 400 �m wallthi
kness and a 50 �m diameter 
entral wire. When an ionising parti
lepasses through the tube ele
trons are ionised from the gas inside the tube.The ele
trons travel to the anode wire and the radial position of the parti
letraversing the tube 
an be determined by measuring the time taken for theionisation indu
ed 
harge to move from the parti
le path to the wire. TheMDTs are arranged into multilayers ea
h made up of 3 or 4 MDT layers.The CSC are multiwire proportional 
hambers with 
athode strip readout.The anode wire pit
h is 2.54 mm and the anode-
athode spa
ing is the sameas the anode wire pit
h. To obtain the pre
ision 
oordinate the 
athode issegmented into strips whi
h are orthogonal to the anode wires and the 
harge
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Figure 4.2: A three-dimensional 
utaway view of the muon spe
trometer,indi
ating the di�erent 
hamber te
hnologies used.



4.3 Dete
tor Subsystems 41indu
ed on the 
athode strips by the ele
tron avalan
he on the anode wire ismeasured.For the trigger muon 
hambers two types of 
hamber are used: thin gap
hambers (TGC) and resistive plate 
hambers (RPC). The TGCs are usedin the barrel and end-
ap regions and the RPCs are used in the barrel. TheTGCs are a type of multiwire proportional 
hamber but with the anode wirepit
h larger than the 
athode-anode distan
e. The anode wires provide thetrigger signal. The RPCs are gaseous dete
tors with two parallel bakeliteplates, 2 mm thi
k, separated by 2 mm with a gas mixture between theplates. Primary ionisation ele
trons are multiplied by an ele
tri
 �eld of 4.5kV/mm a
ross the plates. The signal is read out by 
apa
itive 
oupling usingmetal strips on both sides of the dete
tor.4.3.3 CalorimetryThe ATLAS 
alorimetry is separated into an ele
tromagneti
 and a hadroni

alorimeter. This is possible due to the di�erent intera
tion lengths of ele
tro-magneti
 and hadroni
 intera
tions. The ATLAS 
alorimetry system 
onsistsof an inner barrel 
ylinder and end-
aps lo
ated inside the muon spe
trom-eter. The 
on
eptual layout of the 
alorimetry is shown in Figure 4.3. Thetotal thi
kness of the ECAL is 24 radiation lengths (X0) in the barrel se
tionand 26 X0 in the end-
aps. The HCAL has a total thi
kness of 11 intera
tionlengths (�).For ele
tromagneti
 showers the variations in shape and registered energyare small for showers of equal in
ident energy, hen
e energy resolution is lim-ited by the resolution of the 
alorimeter and by pre-showering. The size ofan ele
tromagneti
 shower is linearly dependent on the X0 of the 
alorimetermaterial. Material in front of the 
alorimeter 
auses pre-showering: ele
tro-
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Figure 4.3: A three-dimensional 
utaway view of the ATLAS ele
tromagneti
and hadroni
 
alorimetry.
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tor Subsystems 43magneti
 showers whi
h start in front of the 
alorimeter and 
ause the energyof a tra
k deposited in the ECAL to be spread out over a larger area of the
alorimeter than would otherwise be the 
ase.For hadroni
 showers the nu
lear pro
esses produ
ing the se
ondary pi-ons, neutrons et
., have large variations in the amount of energy transferredto the se
ondary parti
les. Hen
e the resolution on the energy measurementin a hadroni
 
alorimeter is normally limited by the variations intrinsi
 to theshower. The size of a hadroni
 shower is linearly dependent on the intera
tionlength � of the 
alorimeter material.The ECAL se
tions use liquid argon te
hnology, utilising the rapid risetime (approx. 1 ns) of the ionisation 
urrent. This, together with suitableele
troni
s, gives a very fast (approx. 40 ns) 
alorimeter readout. Howeverthis readout time is still greater than the bun
h 
rossing interval of 25 ns,resulting in the piling up of tra
ks from more than one bun
h 
rossing in asingle readout 
y
le.The ECAL subdete
tor se
tions ea
h 
onsist of 1.5 mm or 1.1 mm thi
klead absorber plates, arranged in an `a

ordion' geometry. The absorberplates are 
lad in 0.2 mm thi
k stainless steel sheets to give me
hani
alstrength. Between two absorber plates is a liquid argon region in the middleof whi
h is a three layer Kapton-
opper readout ele
trode.The HCAL uses several di�erent te
hniques due to varying requirementsand radiation environments over the � range of the HCAL. Out to j�j < 1:7an iron s
intillating tile [21℄ system is used. The iron is the absorber for thein
oming tra
ks, the shower then 
auses s
intillation in the tiles whi
h areread out by wave length shifting �bres into photomultipliers. Over the range1:5 < j�j < 4:9 liquid argon 
alorimetry is used. The HCAL liquid argonuses 
opper as the absorber for j�j < 3:1 and in the forward region (j�j > 3:1)
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opper and tungsten are used.The expe
ted energy resolution of the ECAL is �E=E = 10%=pE �0:7% (E in GeV)1, where the �rst term arises from variations in the ele
tro-magneti
 showers and the se
ond term from 
alibration of the dete
tor. Athird term, arising from dete
tor noise, is negligible.For the HCAL the expe
ted energy resolution is �E=E = 52%=pE �0:4% (E in GeV) for pions. Again the �rst term is due to shower statisti
sand the se
ond term to dete
tor 
alibration.4.3.4 Inner Dete
torA 
utaway view of the ATLAS ID is shown in Figure 4.4. The ID is lo-
ated inside the barrel 
ryostat of the ele
tromagneti
 
alorimeter, whi
halso houses the super
ondu
ting solenoid. This provides the axial 2 Tesla�eld for tra
king. The ID 
ontains three types of pre
ision dete
tors: threelayers of sili
on pixel dete
tors, four layers of sili
on strip dete
tors (SCT)and the transition radiation tra
ker (TRT). The requirements of the ID are:� to re
onstru
t eÆ
iently the tra
ks and verti
es in an event;� to perform, together with the 
alorimeter and muon systems, ele
tron,pion and muon identi�
ation;� to �nd short lived parti
le de
ay verti
es.The high pre
ision measurements required of the ID need �ne granular-ity dete
tors due to the very high tra
k multipli
ity expe
ted. The highestpre
ision dete
tors, lo
ated immediately around the vertex region, are sili
on1the � indi
ating 
ombining in quadrature i.e. the square root of the sum of the valuessquared.
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Forward SCT

Barrel SCT

TRT

Pixel DetectorsFigure 4.4: Three dimensional 
utaway view of the ATLAS ID showing thesub dete
tors of the ID.pixel dete
tors, with a pre
ision of 12 �m in r� and 66 �m in z. Outside thepixel dis
s are sili
on mi
rostrip dete
tors (�r� = 16 �m, �z = 580 �m). Thenumber of these pre
ision layers is limited due to the material introdu
edand power dissipation of these dete
tors, as well as the high 
ost of the de-te
tors. Ea
h tra
k will 
ross at least four strip layers and 3 pixel layers, forj�j < 2:5. The Transition Radiation Tra
ker (TRT) or straw tube tra
kerprovides a large number of tra
king points, typi
ally 36 points per tra
k. TheTRT uses less material per point and at a lower 
ost per point, although ata lower pre
ision (� = 170 �m) than the pixel and strip dete
tors.The ID half-length in z of the ID is 350 
m and the outer radius is 115
m. The ID is physi
ally divided into three parts: a barrel se
tion with a halflength of 80 
m and two identi
al end-
aps whi
h �ll the rest of ID 
avity.The pre
ision tra
king layers are 
ylinders in the barrel se
tion and dis
sin the end-
ap se
tions. In both 
ases the pre
ision dete
tors are 
ontainedwithin a radius of 56 
m. External to the pre
ision layers is the 
ontinuous
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tor Subsystems 46TRT tra
ker out to 105 
m, beyond whi
h are the support and servi
es. TheTRT wheels at the outermost z extend inwards to a lower radius to help givea uniform 
overage over the full a

eptan
e.In the barrel se
tion the pixel layers are segmented in r� and z. Ea
hlayer of sili
on strips 
onsists of two sili
on strip dete
tors ba
k to ba
k witha 40 mrad stereo angle between the strip dire
tions. For the barrel layersone set of strips in ea
h layer measures the � 
oordinate. End-
ap stripdete
tors again have two layers ba
k to ba
k with a 40 mrad angle betweenthe strips but here one of the strips is always in the radial dire
tion. TheTRT straws are parallel to the beam axis in the barrel and arranged radiallyin the end-
ap.The expe
ted pT resolution is �pT =pT < 30% for muons with pT = 500GeV and the expe
ted vertex resolution is 25 �m in x and y and 40 �min z. Figure 4.5 shows a 
ross se
tional engineering layout of the ID. Thespa
e point resolutions and basi
 design parameters of the ID elements aresummarised in Table 4.1. The inner-most pixel layer at 4 
m enhan
es the im-pa
t parameter measurements, se
ondary vertex measurement and the heavy
avour tagging. However the lifetime of the inner pixel layer is expe
ted tobe limited due to radiation damage and it will need to be repla
ed after afew years of operation, the pre
ise time being dependent on the luminosityvs. time pro�le of the LHC.Pixel Dete
torSili
on is an ex
ellent material for tra
king dete
tors as the minimum energyrequired to 
reate an ele
tron/hole pair is 3.6 eV. For a minimally ionisingparti
le approximately 80 ele
tron/hole pairs are produ
ed per �m thi
knessof sili
on that the parti
le traverses. If a voltage is applied a
ross the sili
on
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Figure 4.5: Cross se
tion of ID layout through the beam axis.



4.3 Dete
tor Subsystems 48System Position Resolutions Channels j�j
overager� (�m) r=z (�m) � (mrad) (106)Pixels B-layer 12 66 (z) 0.3 16 2.5Barrel 12 66 (z) 0.08 81 1.7End-
ap 12 77 (r) 0.08 43 1.7-2.5Strips Barrel 16 580 (z) 0.035 3.2 1.4End-
ap 12 580 (r) 0.029 3.0 1.4-2.5TRT Barrel 170 (per straw) 0.17 0.1 0.7End-Cap 170 (per straw) 0.32 0.7-2.5Table 4.1: Parameters and measurement resolutions for individual dete
torelements of the ID.then the ele
trons and holes will move towards the surfa
e ele
trodes wherethey 
an be dete
ted.Pixel semi
ondu
tor dete
tors are used 
losest in to the intera
tion pointdue to the extremely high 
harged parti
le multipli
ity in the region. Thepixel system resolution determines the impa
t parameter resolution and hen
ethe b-tagging ability of the inner tra
ker. With a two dimensional segmenta-tion the dete
tor gives spa
e points without the ambiguities asso
iated withstrip dete
tors. However this requires advan
ed ele
troni
s so that ea
h pixel
an be read out. Ea
h readout 
hip is bump-bonded to the dete
tor substrateand hardened to withstand over 30 kGy of ionising radiation and over 5 �1013neutron per 
m2 per year of full luminosity operation[13℄.The pixel barrel se
tion of the inner tra
ker is made up of pixel modules



4.3 Dete
tor Subsystems 49Layer Radius A
tive half- Tilt angle(
m) length (
m) (degrees)B-layer 4.0 38.4 +10.5Layer 1 11.0 38.4 +9.5Layer 2 14.2 33.8 +9.5Table 4.2: ID pixel barrel parameters.arranged on three 
ylindri
al layers at average radii of 4 
m, 11 
m and 14
m. The pixel modules have a small tilt from the perpendi
ular to the radialdire
tion. The tilt angle was 
hosen to maximise the 
harge 
olle
ted by asingle pixel and thus keep the single pixel dete
tion eÆ
ien
y high. Table 4.2gives the radii, a
tive half lengths and tilt angles for ea
h of the three layers.The individual pixel modules in the barrel are 62.4 mm long and 22.4 mmwide, with a total of 61440 pixel elements on ea
h module. Ea
h individualpixel is 50 �m in r� and 300 �m in z. Ea
h module uses 16 readout 
hips. Themodules overlap in order to give hermeti
 
overage, as shown in Figure 4.6.The barrel pixel modules are arranged in long `ladders', whi
h are parallelto the z axis of the dete
tor. The modules overlap in z with alternate modulesshifted �0.03 
m from the nominal radial position. The pixel ladders aretilted in � giving an overlap in the a
tive area of the modules.The end-
ap pixel modules are arranged in rings, modules adja
ent in �are mounted on alternate sides of the support and servi
e ring. The modulesare arranged so that there is an overlap of 200 �m in r�. There are two typesof pixel ring: inner (a
tive radius from 11 to 16 
m) and outer (a
tive radiusfrom 16 to 21 
m). One outer ring and one inner ring are pla
ed together onthree dis
s at z = 47, 64 and 78 
m. The fourth dis
 at 107 
m 
onsists ofone outer ring alone. The parameters of the pixel dis
s are summarised in
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Figure 4.6: Quarter segment of the pixel and SCT dete
tors showing, frombottom left to top right, the beam pipe; three pixel layers; a support 
ylinder;four mi
rostrip layers; and outer support 
ylinder. The purple 
oloured partof ea
h dete
tor module is the a
tive area.



4.3 Dete
tor Subsystems 51Ring type Number of A
tive Rmin A
tive RmaxModules (
m) (
m)Inner 108 11.00 15.94Outer 144 15.90 20.84Table 4.3: End-Cap pixel ring parameters.Dis
 number z position Ring types(
m)1 47.3 inner, outer2 63.5 inner, outer3 77.6 inner, outer4 107.2 outerTable 4.4: End-Cap pixel dis
 parameters.Tables 4.3 and 4.4.SCT Dete
torThe sili
on strip dete
tors used in the ATLAS dete
tor have a single-sidedreadout of n+ strips with an n-type bulk, as this is expe
ted to be resistantto radiation. Over time the high radiation environment of ATLAS will 
ausethe bulk material to 
hange into a p-type semi
ondu
tor. This will happenafter 1-2 years of full luminosity running, however the dete
tors will still befun
tional.As with the pixel dete
tor the SCT 
onsists of a barrel dete
tor unit andtwo end-
ap dete
tors. The SCT barrel is formed from modules arranged infour 
ylinders. Ea
h layer has an a
tive half length in z of 74.5 
m and a tilt
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tor Subsystems 52Layer r Number of(
m) modules in �1 30.0 322 37.3 403 44.7 484 52.0 56Table 4.5: SCT barrel layer parameters.angle of 10o . Table 4.5 gives the di�erent parameters of ea
h of the barrellayers. Ea
h SCT barrel module is made up of two sili
on strip dete
tors.Ea
h strip dete
tor is formed from two sili
on 
rystals 6.36 
m square and 300�m thi
k to form a 12.72 
m long, 6.36 
m wide sili
on surfa
e. This gives768 strips ea
h of 80 �m width a
ross ea
h dete
tor module. The innermostof the two strip dete
tors is rotated by 40 mrad relative to the outermostdete
tor, along the long axis of the module parallel to the beam pipe.The modules whi
h make up the barrel are arranged, end to end, on longladders parallel to the beam dire
tion. The ladders ea
h hold 12 modules.Modules within a ladder are staggered by �1 mm above and below the layerradius to give an overlap of the a
tive area in the z-dire
tion. The SCTladders are tilted in the � dire
tion to maximise the strip eÆ
ien
y and togive an overlap in the r� dire
tion (typi
ally 1-2 mm a
tive area overlap).Ea
h end-
ap SCT module is formed from two trapezoids of a
tive semi-
ondu
tor material. The pre
ise size and shape of the trapezoids dependson the radial position o

upied in the SCT end-
ap. These strips are ea
hkeystone-shaped, i.e. their width is uniform in �. As the width of ea
h ofthe modules is dependent upon whi
h ring they are mounted on, the strippit
h also varies, from about 63 �m for the smallest radii modules to 85 �m



4.3 Dete
tor Subsystems 53Ring type Number of A
tive rmin A
tive rmaxmodules (
m) (
m)1 52 43.8 56.02 40 33.4 45.13 40 39.9 45.14 40 26.0 33.1Table 4.6: End-Cap SCT ring parameters.for the largest.The two semi
ondu
tor trapezoids are set at an angle to ea
h other of40 mrad, with the strips of the inner trapezoid running radially. The rotationis in the opposite dire
tion for adja
ent wheels.On ea
h ring adja
ent modules are separated by 0.25 
m in z to allow foran overlap of a
tive area in �. Four types of ring are used to 
over di�erentradial ranges. The parameters of the rings are given in Table 4.6.Ea
h of the rings are arranged on one of nine wheels. Rings whi
h overlapin a
tive radii are pla
ed on opposite sides of a wheel. To avoid lining upall the overlapping material in � the wheels are rotated in � with respe
t toea
h other. Table 4.7 gives the parameters for the nine wheels.TRTThe TRT is the outer-most subdete
tor of the ID lo
ated between the sili
ontra
ker and the solenoid. The TRT 
onsists of straw dete
tors, thin pro-portional 
hambers whi
h 
an operate at very high rates due to their smalldiameter and the isolation of the sense wires within individual gas envelopes.The TRT is radiation hard and ea
h tra
k whi
h traverses the TRT will onaverage trigger 36 straws. Ele
tron identi�
ation is performed using xenon
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tor Subsystems 54Wheel z position Ring A
tive rmin A
tive rmax � rotationnumber (
m) types (
m) (
m) degrees1 83.5 1, 2, 4 26.0 56.0 02 92.5 1, 2 33.4 56.0 2.33 107.2 1, 2, 4 26.0 56.0 -2.34 126.0 1, 2, 4 26.0 56.0 05 146.0 1, 2, 4 26.0 56.0 2.36 169.5 1, 2, 4 26.0 56.0 -2.37 213.5 1, 2 33.4 56.0 08 252.8 1, 3 39.9 56.0 2.39 277.8 1 43.8 56.0 -2.3Table 4.7: End-
ap SCT wheel parameters.gas to dete
t transition radiation photons 
reated in a radiator between thestraws.There are 370,00 straws in total. Ea
h straw is 4 mm in diameter. Thebarrel straws are 150 
m long and the end-
ap straws are between 39 
m and55 
m long. The straw tube wall 
onsists of 85 �m of Kapton and the gasmixture in the straws is 70% Xe, 20% CF4, 10% CO2. The CF4 provides afaster drift-time for ele
trons than pure xenon, whi
h gives a higher spatialresolution and redu
es the e�e
t from neighbouring bun
h 
rossings. TheCO2 is added as a xenon/CF4 mixture is not stable under high voltage andprevents sparks and streamers in the straw. Running along the 
entre of ea
hstraw is a gold 
overed tungsten anode wire, 30 �m in diameter. The totaldrift time is expe
ted to be 40 ns 
ompared to the 25 ns bun
h 
rossing time.There are about 50,000 straws in the barrel. Ea
h straw is divided in twoat the 
entre, to redu
e the o

upan
y and to give a read out at ea
h end.
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h end-
ap 
ontains 160,000 straws whi
h are read out at one end only.All 
harged parti
les with j�j < 2:5 and pT > 0:5 GeV 
ross approximately40 straws.4.4 TriggeringThe bun
h 
rossing rate at the LHC is 40 MHz. The ATLAS trigger sys-tem [24℄ has three levels of event sele
tion. The �nal event storage rate afterthe three triggers is designed to be 100 Hz. This requires a reje
tion fa
torof 107 against minimum bias events, while keeping the a

eptan
e for rareand new physi
s events as high as possible.Initial sele
tion of events is performed using information from only asubset of the dete
tor read outs. The muon trigger 
hambers are used to�nd high pT muons, redu
ed granularity information from the 
alorimeters isused to �nd high pT ele
trons, photons, jets, � leptons de
aying to hadronsand to �nd any large missing transverse energy. The level 1 trigger de
isionis based on the presen
e (and/or absen
e) of these obje
ts in 
ombination.The level 2 trigger uses `regions of interest' whi
h are marked by thelevel 1 trigger. These regions of interest 
ome from the position of obje
tsfound by the level 1 trigger. The level 2 trigger then sele
tively a

essesdata from the readout bu�ers, using only the data required to rea
h a level2 trigger de
ision. Although the level 2 trigger 
an a

ess all of the data foran event, usually only a few per
ent of the data will be required to makea trigger de
ision. The �nal trigger level is the event �lter system, whi
hwill use adapted o�ine analysis routines. The event �lter will perform the�nal sele
tion of events to be written to permanent storage for later o�ineanalysis.



4.5 Summary 564.5 SummaryThe ATLAS dete
tor has been introdu
ed. The layout and basi
 operationof the sub dete
tors has been des
ribed and the measurement pre
isions ofthe sub dete
tors of the ID have been given.
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Chapter 5
Single Tra
k Performan
e
In this 
hapter the performan
e of the ATLAS ID in measuring the param-eters of single tra
ks is evaluated. The properties 
al
ulated represent anidealisation of what 
an be expe
ted in normal LHC operation, independentof the pattern re
ognition problems asso
iated with multi-tra
k events. Theresolutions determined depend on the dete
tor material des
ription and theindividual subdete
tor resolutions. In parti
ular the e�e
t of removing theinnermost pixel layer, the B-layer, is investigated.5.1 Overview of ATLAS SoftwareThe software simulates physi
s events in the ATLAS dete
tor in a numberof steps. Initially an event generator su
h as PYTHIA [37℄, HERWIG [38℄ orISAJET [39℄ is used to generate the hard pro
ess and the resultant parti
lesfor simulation through the dete
tor. For example in the b-tagging and t�tHanalyses in Chapters 6 and 7 PYTHIA was used to generate events.The next step is the simulation of parti
les through the dete
tor and thedigitisation of the dete
tor response to the passage of these parti
les. This is
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kage, with the ATLAS geometry des
riptionand digitisation subroutines in the DICE [41℄ pa
kage.The �nal step is the re
onstru
tion of tra
ks from the simulated responsein the ID, summation of energy measured in the 
alorimetry and re
onstru
-tion of tra
ks in the muon spe
trometer. Here only the tra
k re
onstru
tionin the ID was required. Several re
onstru
tion programs are available, theyare iPatRe
 [42℄, xKalman [44℄ and PixlRe
 [45℄. The data from all the sep-arate programs in the simulation sequen
e is stored in a set of ZEBRA [46℄banks (allowing ea
h pa
kage to run separately or in sequen
e).5.1.1 Dete
tor SimulationThe GEANT pa
kage (version 3.21) is used to extrapolate the parti
le fourve
tors though the ATLAS dete
tor. For single parti
le studies the parti-
le four ve
tors are generated within GEANT. The GEANT program allowsfor the magneti
 �eld provided by the solenoid (either as a uniform �eld orwith a more 
omplex �eld map), ionisation energy loss, multiple s
attering,bremsstrahlung, photon 
onversions, nu
lear intera
tions of hadrons and thede
ays of long-lived parti
les. Energy whi
h is deposited in the sensitive vol-umes of the dete
tor is re
orded in the HITS bank. The GEANT simulationrequires an a

urate geometri
al des
ription of the dete
tor. This des
rip-tion is provided by the ATLAS interfa
e to GEANT 
alled DICE (Dete
torIntegration CodE). A list of all the stable parti
les generated by PYTHIA(or single parti
les generated by GEANT) and those 
reated by intera
tionin the dete
tor are stored in the KINE bank.



5.1 Overview of ATLAS Software 595.1.2 DigitisationThe DICE pa
kage also simulates the ele
troni
 response of the dete
tor tothe parti
les. The response of the a
tive parts of the dete
tor to the energydeposited in an a
tive region is obtained in a form similar to that expe
tedfrom the readout ele
troni
s after formatting by the online 
omputers.The 
hannel numbers, times, energies et
 are stored in the DIGI banks.The requirement at this stage is for an a

urate des
ription of the physi
alpro
esses by whi
h analogue signals are 
olle
ted and transformed by thereadout ele
troni
s to digital signals. The HITS banks from several 
ollisions
an be 
ombined to reprodu
e the e�e
t of the superposition of several eventsat high luminosity on the digitisations.5.1.3 Re
onstru
tionThe digitisations from DICE are used to �nd tra
ks in the ID and fromthese to 
al
ulate the momenta and dire
tion of the tra
k. The ID tra
kingvolume extends out to j�j < �2:5. For the ID there are three tra
k re
on-stru
tion algorithms, these are iPatRe
, xKalman and PixlRe
. Any tra
kre
onstru
tion algorithm has two basi
 requirements: to �nd the tra
ks ofparti
les in the dete
tor, introdu
ing the minimum number of fake tra
ks andto give the best estimation of the tra
ks' a
tual momenta and dire
tion. Forpre
ision dete
tors with multiple a
tive layers tra
k �nding is done by �rst
ombining hits in a limited number of a
tive layers to form tra
k 
andidates.These tra
k 
andidates are then extended out to other a
tive layers to tryand �nd hits in these layers whi
h lie along the extended tra
k 
andidate.Tra
k 
andidates are then a

epted as tra
ks if they satisfy some minimum
riteria su
h as minimum number of hits on the tra
k, maximum number of
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ks, minimum pT , et
.iPatRe
The iPatRe
 pattern re
ognition algorithm [42℄ is designed to exploit thegreater two-tra
k resolution of the pixel and SCT tra
king layers. The pro-gram begins tra
k �nding from the spa
e-points in the high pre
ision tra
kinglayers. During the initialisation phase a geometry database whi
h des
ribesea
h module of the pre
ision tra
ker, the layers of the TRT and the inert sup-port/servi
e material is built up. In ea
h 
ase the details of the geometry,material thi
kness and dete
tor resolution are generated, as well as keys tothe appropriate hit de
oding, 
lustering and spa
e-point building algorithms.Re
onstru
tion is performed in a 
oni
al road whi
h joins the vertex re-gion to a seed region on the outer surfa
e of the Inner Dete
tor. Several typesof seed 
an be used: ele
tron/photon 
andidates from the EM 
alorimeter,jets from the hadron 
alorimeter and muon tra
ks found in the external muondete
tors. In addition, for test purposes the Monte Carlo truth information
an also be used as a seed.The spa
e-points 
ontained in the road are 
ollated into four partitionsdependent on their relative distan
es to the vertex region. By design, ea
htra
k in the ID is expe
ted to have six or more spa
e-points. The �rst andlast partitions are de�ned su
h that, in the absen
e of dete
tor ineÆ
ien
yand se
ondary intera
tions, a tra
k from the vertex region would have a leasttwo spa
e-points in both partitions. Tra
k 
andidates are found by takingspa
e point 
ombinatorials from three di�erent partitions. A spa
e point inthe �rst partition is obligatory, whi
h in general requires a hit in the �rst twopixel layers. Primary tra
ks whi
h undergo a se
ondary intera
tion 
an bere
overed by performing re
onstru
tion only in the �rst three layers providing
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ient hits.A lo
al helix interpolation between these spa
e-points is used to asso
iatethe remaining hits and to �nd any holes (an a
tive dete
tor region traversedwithout a hit) on a tra
k. This gives the pre
ision of interpolation with theability to follow `
atastrophi
' pro
esses su
h as an ele
tron bremsstrahlung
lose to an intermediate point.To sele
t hits in the TRT, whi
h are a 
ontinuation of the tra
k from thepre
ision layers, a histogramming te
hnique [43℄ is used, whi
h also resolvesleft/right drift ambiguities. To limit high luminosity and jet 
ore e�e
tswhere hit densities 
an be large in the TRT tight 
uts are made on the strawresiduals and on the ratio of found to expe
ted hits in the straws.Additional parameters are in
luded in the tra
k �tting to allow for mul-tiple Coulomb s
attering and in the 
ase of an EM 
alorimeter seed to allowfor ele
tron bremsstrahlung. The shape of the 
lustered hit pattern in ea
hdis
rete dete
tor layer is examined in a tra
k dependent 
ontext to allo
atea weight to the 
luster. Tra
ks are then ranked by a quality fa
tor. Thisfa
tor is de�ned a

ording to the radial tra
k length, the absen
e of holes,the tra
k �t �2 and the presen
e of TRT 
on�rmation. The sear
h strategythen extra
ts the highest quality tra
k 
andidates from the remaining unusedspa
e-points.PixlRe
PixlRe
 [45℄ exploits the high pre
ision spa
e-points and good two tra
kresolution of the pixel dete
tors. Tra
k �nding is initiated from the innermost pixel layers and goes outwards. A 
ombinatorial sear
h is performedusing hits from the pixel layers to �nd tra
k 
andidates. The tra
k 
andidate�nding algorithm uses an abstra
tion of the a
tual dete
tor whi
h relies on
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on
ept. Here a hyperplane is a set of di�erent parts fromvarious subdete
tors, built a

ording to some symmetry and periodi
ity ruleswhi
h are de�ned in the ATLAS re
onstru
tion software. Some allowan
efor ineÆ
ien
ies in the pre
ision dete
tors 
an be made by introdu
ing someredundan
y into ea
h hyperplane.On
e the tra
k 
andidates have been found, remaining pre
ision hits fromthe SCT layers within a narrow road around the tra
k 
andidate are asso-
iated using the Kalman [49℄ �lter algorithm. Pre
ision is improved usingTRT hits with the 
onformal mapping method developed for xKalman.xKalmanUnlike iPatRe
 and PixlRe
, the xKalman [44℄ algorithm initiates patternre
ognition by �nding tra
k segments in the TRT. Two te
hniques are used toperform the re
onstru
tion: a histogramming method and the Kalman �lter-smoother formalism. The histogramming te
hnique is used for tra
k �ndingin the TRT and the Kalman te
hnique for the high granularity pre
isiondete
tors.There are three steps in the xKalman tra
k �nding pro
ess. First a globalpattern re
ognition in the TRT is performed, whi
h generates a set of possibletra
k 
andidate traje
tories. The algorithm is applied in 2D proje
tions ofthe TRT, in the r� plane for the barrel TRT and in the z� plane for the end-
ap. This straight-line tra
k representation allows the same histogrammingmethod to be used in both parts of the TRT. The drift time informationfrom the straws is not used in the �rst step. Ea
h of the tra
k traje
toriesfound is de�ned as a helix whi
h is used to de�ne a tra
k road through thepre
ision tra
ker, along whi
h all the measured hits in ea
h pre
ision layerare 
olle
ted.



5.2 Tra
k Parameter Resolutions 63In the se
ond step all possible helix traje
tories within the initial road,with a suÆ
ient number of pre
ision hits, are found. The tra
king and �ttingare performed simultaneously using the Kalman �lter-smoother formalism.An essential part of the algorithm is the treatment of multiple s
atteringnoise 
ontributions and bremsstrahlung energy losses during the tra
k sear
hpro
edure, whi
h 
an be 
onveniently implemented using the Kalman �lter.For ea
h of the 
andidate traje
tories a so-
alled �-�t, whi
h a

ountsonly for multiple s
attering and ionisation energy losses, is produ
ed. If theTRT identi�es the tra
k 
andidate as an ele
tron then xKalman also produ
esan e-�t, whi
h in
ludes bremsstrahlung energy losses. The result of the e-�tis used only if the �t in
reases the number of a

epted measurement pointsfrom the pre
ision layers. A 
ut is then applied at this stage based on thetotal number of hits ea
h tra
k 
andidate has in the pre
ision layers.For the �nal, third, step the a

epted tra
k traje
tories are then extrapo-lated ba
k into the TRT. A narrow road around all hits in the TRT are thenin
luded for the �nal tra
k updating and �tting.5.2 Tra
k Parameter ResolutionsFor these single tra
k studies muons are used in the simulation, whi
h aretypi
ally a�e
ted only by multiple s
attering and ionisation energy losses.Ele
trons, being lower in mass than muons, are not used as they emit a sig-ni�
ant amount of bremsstrahlung radiation as they move through the IDmagneti
 �eld. This redu
es the momentum of the ele
tron whi
h 
an intro-du
e `kinks' on the tra
k. Hadrons are not used as hadroni
 intera
tions 
anlead to the parti
le tra
k ending, making re
onstru
tion impossible. However,in general, a hadron will not intera
t in the ID and then the re
onstru
ted



5.2 Tra
k Parameter Resolutions 64tra
k parameters are similar to those from muons.The nominal ATLAS vertex spread of 15 �m in the xy plane and 5.6 
min z was used to remove any a

eptan
e e�e
ts due to tra
ks at exa
tly thesame �. The un
ertainty on the impa
t parameter will then be the sum inquadrature of the measurement error on the impa
t parameter and the beamspot spread. Typi
ally this degrades �(d0) from 16 �m to 22 �m for high(pT > 20 GeV) tra
ks and from 24 �m to 28 �m for lower momentum tra
ks.However for the impa
t parameter resolutions given later the degradation dueto the beam spot spread is removed by determining the impa
t parameterwith respe
t to the a
tual generation point, not the nominal vertex position.This is done so that the given un
ertainty on the impa
t parameter is dueonly to measurement errors.5.2.1 Tra
k ParameterisationThe traje
tory of a parti
le moving in a uniform magneti
 �eld with nomultiple s
attering and negligible bremsstrahlung radiation, is des
ribed inthe bending plane (the r� plane in the ATLAS dete
tor) by a helixr� = �d0 + �0r + 12�r2 (5.1)and in the rz plane by a straight linez = z0 + 
ot (�) r (5.2)where d0 is the impa
t parameter, �0 is the � 
oordinate of the tra
k in thexy plane at the point of 
losest approa
h to the 
oordinate origin, � is theradius of 
urvature (see Figure 5.1) and z0 is the z perigee de�ned as the zvalue of the point on the tra
k where the impa
t parameter is 
al
ulated.
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Figure 5.1: The helix parameters of a tra
k moving through the bendingplane of a uniform magneti
 �eld.5.2.2 Momentum ResolutionThe relevant quantities in the physi
s of hadron 
ollisions are the transversemomentum pT and pseudorapidity � of the tra
ks. The ATLAS ID has asolenoidal �eld and measures the 
urvature (1=�) of 
harged tra
ks. In theabsen
e of multiple s
attering the error on the tra
k 
urvature resulting fromN individual position measurements is 
onstant and equal to [47℄�(1=�) = �L2pAN (5.3)where � is the error on ea
h position measurement, L is the distan
e betweenthe two end point measurements and AN is a 
onstant depending on the num-ber and separation of the individual measurement points. With no energy
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k Parameter Resolutions 66loss, in a uniform �eld B the radius of 
urvature � = pT=eB. Therefore�(1=pT ) = e B �(1=�) = e B �L2 pAN (5.4)Hen
e the un
ertainty on 1=pT is 
onstant without multiple s
attering. Withmultiple s
attering an additional term is added in quadrature to the mea-surement error term and the un
ertainty on 1=pT takes the form [48℄�(1=pT ) = Apt � BptpTpsin � (5.5)where Apt and Bpt are 
onstants, with Apt = eB�L2 pANFigure 5.2 shows the resolution on 1=pT for tra
ks with pT = 200 and20 GeV as a fun
tion of j�j. At pT = 200 GeV the dete
tor resolution isdominated by the 
onstant term and is hen
e quite uniform in j�j. At thelower pT = 20 GeV the e�e
t of the material in the servi
es `dogleg' 
an beseen as a bump on the resolution 
urve around j�j = 1.5. This is seen for20 GeV and not 200 GeV tra
ks sin
e tra
ks at the lower momentum area�e
ted more by the multiple s
attering.Redu
ing the pT further (see Figure 5.3) to 5 and 1 GeV, 
learly shows thee�e
t of multiple s
attering at all j�j with a marked degradation in resolutionand with degrading resolution with in
reasing j�j.5.2.3 Angular ResolutionFigure 5.4 shows the � resolution for pT = 200, 20, 5 and 1 GeV as a fun
tionof j�j. At high pT the � resolution is fairly 
onstant with j�j as there are setsof r� measurements at approximately the same radii for j�j � 2:5.Figure 5.5 shows the resolution on 
ot(�) for the same transverse momen-tum values. Over the pre
ision barrel region (j�j � 1.0) the resolution for
ot(�) is approximately 
onstant. Further out in � in the end-
ap region, thepre
ision measurements are in r. Hen
e the resolution rises like 
ot(�).
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Figure 5.2: pT resolution for pT = 200 GeV (left) and 20 GeV (right), withoutbeam 
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Figure 5.3: pT resolution for pT = 5 GeV (left) and 1 GeV (right), withoutbeam 
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Figure 5.4: � resolution for pT of 200, 20, 5 and 1 GeV.
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ot(�) resolution for pT of 200, 20, 5 and 1 GeV.



5.3 Impa
t Parameter 705.3 Impa
t ParameterThe measurement of the transverse impa
t parameter, d0, of a tra
k is essen-tial for the re
onstru
tion of se
ondary verti
es, e.g. from B de
ays; heavy
avour tagging; lifetime measurements and asso
iating tra
ks to the 
orre
tprimary vertex. As will be shown, at high momenta the resolution is de-termined by individual measurement resolutions and is dominated by thepre
ision of the �rst dete
tor layer, the B-layer at r = 4 
m.5.3.1 ParameterisationThe 
al
ulation of the impa
t parameter resolution is, in general, a non trivial
al
ulation 1. For two measuring planes the impa
t parameter resolution 
anbe parameterised as A�B=pT . The plausibility of this parameterisation 
anbe seen for the z0 resolution for a parti
le traversing two dete
tor planes, asshown in Figure 5.6.By geometry z0 is given byz0 = r1z2 � r2z1r1 � r2 (5.6)When multiple s
attering o

urs only at the measuring planes, then z1 andz2 are un
orrelated and only the multiple s
attering whi
h o

urs at the �rstplane 
ontributes to the measurement error.The shift in position of measurement z2 
aused by multiple s
attering is(r2�r1)Æ1 and the RMS value of Æ1 is C=pT , where C 
ontains the dependen
eon dete
tor width and material and is equal to [52℄C = 13.6 MeV�
 qnpx=X0 [1 + 0:038 ln(x=X0)℄ : (5.7)1for a detailed des
ription of the general 
al
ulation method see Haywood [50℄.
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Figure 5.6: Multiple s
attering in measuring the z perigee resolution withtwo dete
tion planes.where �
 is the velo
ity, qn the 
harge number of the in
ident parti
le andx=X0 the thi
kness of the s
attering medium in radiation lengths.For intrinsi
 measurement errors, �1;2, the resolution on z0 be
omes�(z0)2 = r21�22 + r22�21(r1 � r2)2 + (r1Cp )2 (5.8)Rewritten expli
itly in the A � B form and in
luding a p(sin �)3 [51℄ toallow for the in
reased material thi
kness travelled through by parti
les atan angle to the measurement plane this be
omes�(z0) = A� BpTp(sin �)3 (5.9)with A = r2r2 � r1�1 � r1r2 � r1�2 (5.10)
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t Parameter 72and B = 13:6r xX0 �1 + 0:038 ln( xX0 )� � r1 (5.11)The expression for �(d0) 
annot be redu
ed to a simple formula simi-lar to (5.8), even for the 
ase of only two measuring planes. The A � Bparameterisation is still valid [50℄ and for two measurement planes isA = r2r2 � r1�1 � r1r2 � r1�2 � 0:3 r1 � r2 �(1=pT ) (5.12)B = 13:6r xX0 �1 + 0:038 ln( xX0 )� � r1 � 0:3 r1 r2 � �(1=pT ) (5.13)where r1 is the radius of the �rst layer, r2 is the radius of the se
ond layer,�1 and �2 are the point resolutions of the respe
tive layers, x is the vertexlayer thi
kness and X0 is the vertex layer radiation length.For the ATLAS experiment the A � B parameterisation is still a goodapproximation to the a
tual resolution, the values of A and B depend onthe geometry of the dete
tor layers used in the simulation.2 Although theparameterisation is only approximate for the ATLAS dete
tor it is neverthe-less useful and expli
it �ts to the parameterisation will be shown. Figure 5.7shows the essential parts of the barrel region of the ATLAS inner dete
tor.There are seven sili
on layers in the barrel, three layers of pixel dete
tors andfour layers of strip dete
tors.5.3.2 Simulation ResultsFigures 5.8 and 5.9 show the transverse and longitudinal impa
t parameterresolutions as a fun
tion of j�j. The �gures show the results obtained from2A depends on the layer resolutions while B depends on the amount of material in thelayers.
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h of the three re
onstru
tion algorithms at pT = 200 GeV.The small di�eren
es between the algorithms 
an be understood in theway hit 
lusters are treated. The impa
t parameter is very sensitive to theresolution of the innermost pixel layer, or B-layer. In any dete
tor layer,in
luding the B-layer the 
harge indu
ed by a tra
k 
an be spread out overseveral pixels. This 
an result in several pixels giving a signal for a singletra
k. These pixels are termed a 
luster and how the 
luster pattern isturned into a position 
oordinate and error varies between the re
onstru
tionalgorithms, whi
h leads to the observed small di�eren
es in d0 resolution.This 
lustering leads to improvements in the e�e
tive resolution of the pixelsin 
ertain 
ir
umstan
es.For example for a row of pixels (see Figure 5.10), with parti
les travelling
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Figure 5.8: Transverse impa
t parameter resolution for ea
h re
onstru
tionprogram as a fun
tion of j�j for a pT of 200 GeV.
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Figure 5.9: Longitudinal impa
t parameter resolution for all three re
on-stru
tion programs as a fun
tion of j�j for a pT of 200 GeV.
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t Parameter 75into the page then in 
ase (a) for a single pixel hit the position of the hit isthe middle of the pixel with an error of the pixel width divided by p12. In
ase (b) when two pixels are hit then the two pixels are treated as a singlepixel of width 2w so that position of the hit is the point midway between thepixels with an error of twi
e the pixel width divided by p12. However if for50% of tra
ks one pixel �res and for the remaining tra
ks two pixels �re thenthe resolution 
an be improved. Assuming that a single pixel �res when theparti
le passes through the middle half of the pixel and for two pixels �ringthe parti
le passes between the two pixels then if one pixel �res (
ase (
)Figure 5.10) the hit position is the middle of the pixel, the same as (a) butthe error is now half the pixel width divided by p12. Sin
e if the parti
lehad passed through the end quarter of a pixel both it and the neighbouringpixel would have �red. When two pixels �re the position is the same as (b),the point midway between the pixels but the error is again redu
ed to halfthe pixel width divided by p12.At low pT when the resolution is dominated by multiple s
attering inthe B-layer, there are no signi�
ant di�eren
es between the re
onstru
tionalgorithms. For the following �gures the resolutions shown are from theiPatRe
 algorithm as the iPatRe
 algorithm gives the (marginally) betterresolutions due to optimised use of the 
luster patterns.The 
riti
al e�e
t on the measurement of the impa
t parameter by theB-layer is shown in Figures 5.11 to 5.14. For this study the e�e
t of a deadB-layer was obtained by ignoring the measurements from the B-layer, but thematerial of the B-layer was still in the simulation. Compared to removingthe B-layer from the dete
tor 
ompletely this results in a slightly pessimisti
e�e
t on the resolution at low pT but there is no di�eren
e at high pT . Alsoplotted in the �gures is a �t to analyti
al 
al
ulation of the impa
t parameter
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)Figure 5.10: The 
hange in e�e
tive resolution when 50% of tra
ks 
ause onepixel to �re and 50% of tra
ks 
ause two pixels to �re, see main text.
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Figure 5.11: Transverse impa
t parameter resolution as a fun
tion of j�jwith and without B-layer for pT = 200 GeV. The fun
tion plotted is a �t toa analyti
al 
al
ulation of the resolution (see main text).resolution. This 
al
ulation uses a simpli�ed des
ription of the dete
tor wherethe material present in the ID is represented as homogeneous 
ylinders andwheels. Covarian
e matri
es for tra
k �ts are analyti
ally 
al
ulated fordi�erent values of j�j and in
lude multiple s
attering. At pT = 200 GeV, asshown in Figure 5.11, the e�e
t of the B-layer 
an be seen as an improvementof about 50% in resolution up to j�j � 2:0.The �rst pixel layer in the barrel (at 11 
m in radius) extends out toj�j = 2. Hen
e without the B-layer for 2:0 < j�j < 2:5 the impa
t parameterresolution would qui
kly degrade as the radius of the �rst measurement (nowone of the end 
ap wheels) would be larger than 11 
m. The slight improve-ment of the resolution with j�j from 0 to 2.5 in the 
urve with the B-layer isdue to the in
reased 
luster size with in
reasing j�j.Figure 5.12 shows the transverse impa
t parameter resolution for pT = 1
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Figure 5.12: Transverse impa
t parameter resolution as a fun
tion of j�j withand without B-layer for pT = 1 GeV.GeV. The presen
e of the B-layer improves the resolution by a fa
tor of 3.The bump in the 
urve without the B-layer at around j�j = 2 is due to thetra
k missing the end of the �rst pixel layer. However, as the resolution isa�e
ted mu
h more strongly by multiple s
attering the e�e
t of missing thepixel layer is less pronoun
ed than at low pT . The analyti
al 
al
ulation doesnot agree with the simulation in this region, over estimating the error on d0.Slightly further out in j�j there is a small improvement in resolution due tothe tra
k passing through the end-
ap wheels more optimally, giving pixel
lusters with smaller position resolutions.Figures 5.13 and 5.14 show the longitudinal impa
t parameter resolutionfor pT = 200 GeV and pT = 1 GeV. The resolution is worse than that of thetransverse impa
t parameter sin
e the B-layer and the other pixel layers havea poorer z resolution than r� resolution. The resolution has a minimum atj�j = 1:0 when a tra
k has a probability of approximately 50% of generating
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Figure 5.13: Longitudinal impa
t parameter resolution as a fun
tion of j�jwith and without B-layer for pT = 200 GeV.a two pixel 
luster (see Figure 5.10). The shape of the pixel 
lusters enablesthe re
onstru
tion algorithm to obtain the best e�e
tive resolution from thepixel layers. Again the resolution without the B-layer is degraded and forj�j > 2:0 the resolution be
omes poor. With in
reasing j�j the tra
k passesthrough more material, in
reasing the multiple s
attering and degrading theresolution.Figures 5.15 and 5.16 show the resolution of the longitudinal impa
t pa-rameter multiplied by sin �. For lifetime-relatedmeasurements the interestingquantity is the proje
tion of the impa
t parameters onto a plane transverse tothe tra
k dire
tion, i.e. z0 sin �. When multiple s
attering 
ompletely domi-nates the resolution then the resolution of d0 and z0 sin � should be the same.This is not seen even for pT = 1 GeV, as the required pT for equality islower than 
an be measured by the ID. The analyti
al fun
tion does not �tthe measured z0 sin � points well in either plot, over estimating the error on
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Figure 5.14: Longitudinal impa
t parameter resolution as a fun
tion of j�jwith and without B-layer for pT = 1 GeV.z0 sin � between 1:5 < j�j < 2:0 for pT = 1 GeV.Figures 5.17 and 5.18 show the impa
t parameter resolutions as a fun
-tion of pT for 
entral tra
ks with j�j < 0:5, with and without the B layer.Also shown on the plots are 
urves whi
h 
orrespond to the A � B=pT pa-rameterisation, where A has been determined from the asymptoti
 high pTvalue and B adjusted su
h that the 
urve passes through the pT = 1 GeVdata. For d0 Ad0 = 11 and Bd0 = 59 and for z0 Az0 = 85 and Bz0 = 94.As 
an be seen from the �gures the A� B=pT 
urve �ts the points withB-layer slightly better, and is also a slightly better �t to the z0 resolutionthan the d0 resolution.
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Figure 5.15: �(z0) sin � resolution as a fun
tion of j�j with and without B-layer for pT = 200 GeV.
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Figure 5.16: �(z0) sin � resolution as a fun
tion of j�j with and without B-layer for pT = 1 GeV.
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Figure 5.17: Transverse impa
t parameter resolution for j�j � 0.5 as a fun
-tion of pT . The fun
tion plotted is a �t to the A�B parameterisation.
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Figure 5.18: Longitudinal impa
t parameter resolution for j�j � 0.5 as afun
tion of pT . The fun
tion plotted is a �t to the A� B parameterisation.



5.4 Summary 835.4 SummaryThe single tra
k re
onstru
tion performan
e of the ATLAS dete
tor has beeninvestigated using the simulation of muons. The resolution on 1=pT wasfound to be 0:4 TeV�1 for pT = 200 GeV. The impa
t parameter resolutionsfor both d0 and z0 have been shown to be approximated by the fun
tionA�B=pT . The B-layer improves the the d0 resolution by a fa
tor of 3 at low(1 GeV) pT and by 1.6 at high (200 GeV) pT . For z0 the B-layer improvesthe resolution by a fa
tor of at least 2.5 at low pT and by 1.6 at high pT .
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Chapter 6
b quark tagging
6.1 Introdu
tionThis 
hapter des
ribes b-tagging using the ATLAS dete
tor. The fundamen-tal method and parti
ular appli
ation are des
ribed. The e�e
t of dete
tormisalignment is dis
ussed as is the b-tagging performan
e of three ID layouts.6.2 OverviewThe a

urate measurement of the impa
t parameter of a tra
k is fundamentalfor a b-tagging analysis. Hadrons formed at the initial intera
tion pointwhi
h 
ontain a b-quark will travel typi
ally several hundred to a thousand�m before de
aying. Most other obje
ts formed will de
ay immediately andtheir de
ay produ
ts will 
ome dire
tly from the initial intera
tion vertex.The de
ay produ
ts from a b-hadron will emanate from a displa
ed se
-ondary vertex. These displa
ed verti
es 
an be tagged either by expli
itly re-
onstru
ting the vertex or by examining the impa
t parameters of the daugh-ter parti
les, as the impa
t parameter of su
h tra
ks will be large 
ompared
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edure 85to tra
ks 
oming from the initial vertex. Hen
e a jet of parti
les 
onsisting oftra
ks mostly with high impa
t parameters 
an be attributed a probabilityof 
oming from a b-quark. This is a basi
 method of b-tagging [53℄ and is themethod used here.The ATLAS Inner Dete
tor is well suited for b-tagging as the transverseimpa
t parameter 
an be measured with an a

ura
y of 20 �m for the typi-
ally low (5 GeV) transverse momentum tra
ks and the position of the initialintera
tion has an r.m.s un
ertainty of 15 �m in the xy plane.For the work des
ribed in this 
hapter the impa
t parameter method hasbeen used to perform the b-tagging. The physi
s pro
ess simulated is thede
ay of a Higgs boson into either a qq pair or a gluon pair. Three dete
torsituations are studied, the baseline `idealised' dete
tor, the baseline withan estimate of the un
ertainties due to dete
tor misalignment added and adete
tor with dete
tion layers removed.6.3 Simulation Pro
edureThe simulation uses the de
ay of a 400 GeV Higgs parti
le. The de
ay isfor
ed into either a u�u, 
�
, b�b pair or a gluon pair (Figure 6.1). Ea
h eventtherefore 
ontains two jets whi
h are simulated in the ID only, no 
alorimeteror muon 
hamber simulation was done. Higgs de
ay is used to provide a dire
t
omparison of b-jets and non-b-jets with the same kinemati
s. A Higgs massof 400 GeV gives 200 GeV per jet. At this energy the jets produ
ed providea useful test of two tra
k separation due to the tra
k density in the jets andthe pattern re
ognition in general.
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Figure 6.1: Higgs de
ay used for b-tagging analysis, with mH = 400 GeV,two 200 GeV jets are produ
ed.6.3.1 Primary VertexIn order to determine the impa
t parameter of a tra
k a point of originis required. In prin
iple this should be the primary vertex of the event,re
onstru
ted from the prompt tra
ks.For this b-tagging work the Higgs is generated at the nominal ATLASorigin point. However the position of the primary vertex in ATLAS willhave a spread of 15 �m in the xy plane. In order to simulate this the initialposition of the Higgs, and hen
e the initial position of its de
ay produ
ts, issmeared by a Gaussian of width 15 �m.6.3.2 Signi�
an
e distributionThe signi�
an
e of the impa
t parameter is de�ned as the ratio of the signedimpa
t parameter to its total error, i.e. S = d0=�(d0). The sign of theimpa
t parameter is de�ned as positive if the tra
k appears to originate fromin front of the primary vertex (i.e. the tra
k 
rosses the jet-axis in front ofthe primary vertex) and negative if it appears to originate from behind.Positive signi�
an
e arise from jets from b-quarks as the b travels around500 �m. Jets from 
 quarks are similar to jets from b-quarks but with shorter
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t parameters and hen
e smaller signi�
an
es. For u quarks the signif-i
an
e is small and the spread in signi�
an
e values is symmetri
al due toresolution smearing on the tra
k. For the gluon signi�
an
e distribution theshape is similar to the u quark distribution, but slightly wider due to gluonsplitting to b�b and 
�
.The jet axis will be determined by the 
alorimeter, however as the 
alorime-ter has not been simulated here the jet axis is taken from the b-quark dire
-tion smeared by �1o to simulate the a

ura
y of the 
alorimeter. Tra
ks arere
onstru
ted within a 
one of 0.4 R of this dire
tion.Figure 6.2 shows the signi�
an
e distribution for tra
ks 
oming from band u quark jets. There are signi�
ant `
ores' in both distributions whi
hrepresent 
orre
tly re
onstru
ted tra
ks 
oming from the primary vertex.The b-jet distribution 
ontains tra
ks with large positive signi�
an
e, 
orre-sponding to tra
ks with genuine lifetime 
ontent. The u-jet distribution hasa mu
h smaller number of tra
ks with positive signi�
an
e whi
h 
an arisefrom daughters of V 0's, daughters of heavy quarks formed in the fragmenta-tion and intera
tions with material e.g. photons 
onverting to e+e� pairs orpions having nu
lear intera
tions.Both the b and u-jet signi�
an
e distributions have tails on the negativeside of the distributions. For the b-jets these are due to in
orre
t determi-nation of the impa
t parameter sign (
orresponding to the un
ertainty indetermining the b-hadron dire
tion) and 
ompli
ations from se
ondary de-
ays of 
harmed states. In the u-jet distribution the tail is dominated byse
ondary intera
tions in the dete
tor.
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an
e distribution for tra
ks from b, 
, u and gluon jets.Curves are normalised to the same area.6.3.3 Tagging MethodsMany methods are available to use the signi�
an
e distribution to determineif a jet was produ
ed from a b-quark. Methods 
urrently used by ATLASin
lude:� Tra
k 
ounting method [54℄ - this algorithm simply 
ounts the numberof tra
ks with S > 3 with jd0j < 1 mm. Dis
rimination between jets
ontaining long-lived parti
les and those whi
h do not is obtained by
utting on the number of these high signi�
an
e tra
ks in ea
h jet.� ALEPH method [55℄ - invokes the probability for all tra
ks in a jet to
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ome from the primary vertex. First a one-sided Gaussian probabilityfor ea
h tra
k is de�nedw = 2p2� Z 1d exp� x22�2d dx (6.1)where �d is the measurement error on d0. The produ
t of all theseprobabilities is then formed P = nYi wi (6.2)The produ
t is then normalised so that it is then insensitive to thenumber of tra
ks 
onsidered
 = P n�1Xj=0 (� lnP )jj! (6.3)Dis
rimination between jets 
ontaining long lived parti
les and thosewhi
h do not is then obtained by 
utting on 
.� Likelihood ratio method - whi
h is used and des
ribed below.For the work des
ribed here the likelihood ratio method was used as ito�ered the best overall performan
e, in terms of tagging eÆ
ien
y and lightquark reje
tion [54℄.Likelihood Method� For ea
h tra
k i in the jet whi
h satis�es the tra
k sele
tion, the signif-i
an
e Si of transverse impa
t parameter is 
al
ulated.� The ratio of the fra
tion of tra
ks from b-jets with signi�
an
e Si tothe fra
tion of tra
ks from non b-jets with signi�
an
e Si is 
omputedrx;i = fb(Si)Fx(Si) ; x = u; 
; g: (6.4)
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edure 90� A jet weight is 
onstru
ted from the sum of the logarithms of the ratiosW =X log ri (6.5)� By retaining jets above some value ofW (a value whi
h 
an be varied),the eÆ
ien
y for di�erent jet samples 
an be obtained. Typi
ally valuesof W of 2 to 3 tag 50% of jets from b-quarks as b-jets.6.3.4 Tra
k Sele
tionThe iPatre
 pattern re
ognition algorithm was used for tra
k �nding andre
onstru
tion. iPatre
 performs re
onstru
tion in `roads' whi
h join thevertex region to a `seed' region de�ned on the outer surfa
e of the InnerDete
tor. For this work the Monte Carlo truth was used as the seed. TheMonte Carlo truth was used as a seed be
ause simulating the ele
tromagneti

alorimeter would in
rease the pro
essing time by a fa
tor of 3 when theonly information required from the 
alorimeter simulation is the dire
tion ofthe jet axis. This 
an be obtained from the quark or gluon dire
tion witha �1o smearing introdu
ed to allow for measurement un
ertainties in theele
tromagneti
 
alorimeter.Tra
ks are ranked by quality whi
h is de�ned a

ording to the radial tra
klength, the absen
e of holes and the tra
k �t �2 (in order of pre
eden
e). Theranking ensures that tra
ks with TRT 
on�rmation are found �rst.To be a

epted a tra
k has to ful�ll the following:� Tra
k pT > 1 GeV;� At least 3 spa
e points on the tra
k of whi
h 2 must be unique;� A hit in the �rst partition (�rst two layers);
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edure 91� � 7 dis
rete hits;� � 3 holes in dis
rete dete
tors upstream of last hit;� < 50% dis
rete hits shared with other tra
ks;� Fit �2 per degree of freedom < 3.0.6.3.5 Tra
k re
onstru
tion eÆ
ien
y and qualityThe b-tagging performan
e depends heavily on the tra
k re
onstru
tion eÆ-
ien
y and on the quality of the re
onstru
ted tra
ks whi
h 
ome out of thepattern re
ognition algorithm. To illustrate the quality of the pattern re
og-nition, three types of pre
ision layer hits are asso
iated with a re
onstru
tedtra
k:� Unique Hit - hits whi
h were produ
ed by one KINE tra
k whi
h alsoprodu
ed the majority of pre
ision hits on the tra
k;� Spoilt Hit - hits whi
h were produ
ed by two or more KINE tra
ks, orby one KINE tra
k and noise or by pure noise;� Wrong Hit - hits whi
h were produ
ed by one KINE tra
k whi
h wasdi�erent from the one whi
h produ
ed the majority of the hits.Figure 6.3 shows the total number of hits, unique hits, spoilt hits andwrong hits for both the barrel pixels and SCT barrel layers. On average 3.3pixel hits are asso
iated with ea
h tra
k, of whi
h 98% are unique. This isslightly more than one hit per layer as tra
ks 
an 
ause more than one pixelper layer to a
tivate. Of the re
onstru
ted tra
ks 2.5% have no unique hitsin the pixels. These arise from tra
ks produ
ed in se
ondary intera
tionsor from de
ays of V 0's whi
h start beyond the pixel layers but where the
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ognition algorithm has asso
iated suÆ
ient hits to a tra
k for itto be a

epted. 3.5% of all tra
ks have at least one wrong hit assigned to thetra
k and 6.5% have at least one spoilt hit.Unlike the pixel layers, des
ribed above, slightly above two hits per SCTlayer are expe
ted as ea
h SCT layer is 
omposed of two ba
k-to-ba
k stripdete
tors. For the SCT, ea
h tra
k has asso
iated to it an average of 8.11hits, of whi
h 97% hits are unique. 2.5% of tra
ks have at least one wronghit in the SCT layers and 18% of tra
ks have at least one spoilt hit.Figure 6.4 shows the primary tra
k re
onstru
tion eÆ
ien
y as a fun
tionof j�j. The average tra
k re
onstru
tion eÆ
ien
y is 93%. The dip in re
on-stru
tion eÆ
ien
y at around j�j = 1:75 is due to in
reased material in thisregion.Figure 6.5 shows the fra
tion of fake tra
ks, de�ned here as a tra
k either
orresponding to the same KINE tra
k as another re
onstru
ted tra
k, oras not having at least 50% unique hits. The fake rate in
reases in the j�jregion from 1.0 to 2.0 due to in
reased material here sin
e this area 
overs thetransition from barrel to end 
ap dete
tor layers. Finally Figure 6.6 showsthe fra
tion of tra
ks produ
ed by dete
tor intera
tions (se
ondaries) as afun
tion of j�j. Again the e�e
t of material 
an be seen, in the in
reasedse
ondary rate from j�j = 1.The presen
e of low quality tra
ks and of se
ondaries degrades the b-tagging performan
e and sele
tion 
uts have to be imposed on the re
on-stru
ted tra
ks to redu
e them without signi�
ant deterioration on the eÆ-
ien
y of the primary tra
ks.The following additional sele
tion 
uts were imposed to redu
e the num-ber of fake and se
ondary tra
ks:� ea
h jet must have at least two tra
ks;
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Figure 6.3: Fra
tion of tra
ks as a fun
tion of the number of total hits, uniquehits, wrong hits and spoilt hits on the tra
k.
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Figure 6.4: Re
onstru
tion eÆ
ien
y of primary tra
ks as a fun
tion of j�j.
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Figure 6.6: Fra
tion of se
ondary tra
ks as a fun
tion of j�j.� � 2 pixel hits; together with the B-layer requirement this ensures thatthe best impa
t parameter resolution is a
hieved;� at least one asso
iated hit in the B-layer;� jd0j � 1 mm, this and the following 
ut suppress the tails of theirdistributions;� �2 �t probability of greater than 1%.Figure 6.7 shows the eÆ
ien
y of primary tra
ks after the sele
tion 
uts.The eÆ
ien
y has been redu
ed from 93% without the sele
tion 
uts down to87% with the sele
tion 
uts. This small loss in signal is more than 
ompen-sated for by the redu
tion of potentially more damaging fake and se
ondaryrates.
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Figure 6.7: Primary tra
k re
onstru
tion eÆ
ien
y after sele
tion 
uts.Figures 6.8 and 6.9 show the fake and se
ondaries rates after the sele
tion
uts. The average fake rate is down from 0.82% to 0.33% and the averagese
ondary rate down by a fa
tor of 2 to 3 for all j�j6.4 b Tagging Performan
eFigure 6.10 shows the jet weight for the four di�erent jets types. The jetweight is the sum of the logarithm of the individual tra
k signi�
an
es. Astra
ks from b-jets have, on average, high signi�
an
es then jets from b-quarkswill have high jet weights. Light quark jets 
an be reje
ted as they have lowsigni�
an
es and hen
e low jet weights.Identi�
ation of jets from b-quarks is then a trade o� between a

eptingb-jets and the reje
tion of non b-jets. A jet weight value is sele
ted and alljets with that weight or higher are 
alled b-jets. The higher the jet weight
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Figure 6.8: Fra
tion of fake tra
ks after sele
tion 
uts as a fun
tion of j�j.
ut, the higher the purity of the b-jets identi�ed, but the fewer real b-jetsthat will be identi�ed as b-jets.The reje
tion of ba
kground jets as a fun
tion of b-jet eÆ
ien
y (�b) isshown in Figure 6.11. The o�set from "b = 1 arises from the 6.6% loss of jetswith less than two tra
ks. The reje
tion of 
-jets is poorer than the reje
tionof light quark and gluon jets. This is due to the longer lifetime of 
 hadrons:e.g. 
�D� = 317 �m, 
�D0 = 124 �m. Hen
e jets from 
 quarks will havehigher jet weights on average than light quark jets and will be misidenti�edas b-jets more often. The reje
tion of gluons is limited by the gluon splitting:BR(g ! 

) = 6% and BR(g! bb) = 4%.The reje
tions obtained for 50% b-tagging eÆ
ien
y are summarised inTable 6.1. The reje
tions as a fun
tion of j�j are shown in Figure 6.12. Thegluon and 
 quark reje
tions are both relatively 
at in j�j, whereas the u jetreje
tion falls from a high of 108 at j�j = 0 to a low of 41 at j�j = 1:75 rising
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Figure 6.9: Fra
tion of se
ondary tra
ks after sele
tion 
uts as a fun
tion ofj�j.slightly at higher j�j values. The low reje
tion at j�j = 1:75 is 
aused bythe in
rease in material in the range 1:5 < j�j < 2:0. This extra materialresults in a de
rease in re
onstru
tion eÆ
ien
y, an in
rease in the fake andse
ondary rates and a poorer impa
t parameter signi�
an
e. All these fa
tors
ombine to redu
e the u-jet reje
tion.6.4.1 Dete
tor MisalignmentResidual dete
tor misalignment was introdu
ed by o�setting the position ofea
h dete
tor module before re
onstru
tion. The o�set given was 
onstantbetween events but 
hanged between re
onstru
tion runs to ensure that dif-ferent sets of module o�sets gave similar results. The value of the o�sets were
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tion as a fun
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ien
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Ba
kground jet No misalignment With MisalignmentRu 75 � 3 63 � 3Rg 29 � 1 28 � 1R
 10.5 � 0.2 9.9 � 0.2Table 6.1: Summary of reje
tions at 50% b-tagging eÆ
ien
y.
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Figure 6.12: u, 
 and gluon jet reje
tion as a fun
tion of j�j with no mis-alignment.
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e 101Module �(r) �m �(z) �m �(r�) �mPixel B-layer 10 20 7Pixel barrel 20 20 7Pixel wheels 20 100 7SCT barrel 100 50 12SCT wheels 50 200 12Table 6.2: Residual module misalignments.taken from the expe
ted residual misalignment given in the ATLAS InnerDete
tor TDR [22℄, see Table 6.2. The misalignment o�sets were generatedusing a gaussian distribution with the expe
ted residual misalignment beingthe one sigma value. During the re
onstru
tion pro
edure with iPatRe
 ea
hspa
e-point was then given the appropriate module o�set. Re
onstru
tionthen pro
eeded as for the standard analysis.Figure 6.13 shows light quark, gluon and 
 quark reje
tion as a fun
tion ofj�j with residual dete
tor misalignment in
luded. The shapes of the reje
tionfa
tors with and without residual misalignment are similar and di�er onlyby an overall s
aling fa
tor. The average light quark reje
tion falls by 18%,the gluon reje
tion by 7% and the 
 quark reje
tion by 2%. Even withresidual misalignment in
luded the light quark reje
tion was still above 50,the minimum performan
e ben
hmark.6.5 Redu
ed Layout Performan
eThe amount of material in the ID is a 
ause for 
on
ern for the ele
tro-magneti
 
alorimeter design group as more realisti
 estimates (better massestimates of the dete
tors and an improved treatment of the servi
es re-
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Figure 6.13: u-jet reje
tion as a fun
tion of j�j with misalignment.quired) have in
reased the expe
ted mass of the ID. The amount of massin the ID is now at the limit of what is deemed a

eptable in front of the
alorimeters [57℄.In
reasing the ID mass leads to a poorer energy resolution of the EM
alorimeter. The main e�e
t is the produ
tion of a low energy tail in the
alorimeter energy measurement (Figure 6.14). When a parti
le enters the
alorimeter a shower is produ
ed whi
h spreads out over several 
alorimeter
ells. In order to obtain a good energy resolution the total energy depositedin a 
luster of 
ells (3� 5 
ells in �����) is summed. However if a parti
leintera
ts with the material of the ID then any shower produ
ed will be openedin � by the presen
e of the magneti
 �eld. The opening is larger for smallparti
le energies and small intera
tion radii. In order to 
olle
t the totalshower energy the 
luster size is enlarged to 3� 7; despite this there are stilllow energy tails. Larger 
luster sizes are not used due to the 
ontribution
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troni
 and pile up noise to the energy resolution [58℄. Intera
tionsat small radii produ
e larger tails in the 
alorimeter energy resolution asshown in Figure 6.14. Therefore a request was made to the ID group toredu
e the mass of the ID if possible or to produ
e strong eviden
e that anyremoval of mass from the dete
tor will degrade the ID performan
e belowa

eptable levels. The only way to make signi�
ant savings in the mass ofthe Inner Dete
tor is to remove a dete
tor layer, either a pixel or an SCTlayer. Removal of the TRT is not a 
onsideration as it has little e�e
t onthe 
alorimeter. Removing a pixel layer would give the greatest help to the
alorimeter as the inner-most mass degrades the 
alorimeter resolution themost. The removal of an SCT layer will have less e�e
t on the ID but willalso bene�t the 
alorimeter less.6.5.1 LayoutsThe baseline layout of the pre
ision layers of the ID is des
ribed in 
hapter 4and 
onsists of 7 pre
ision layers (3 pixel and 4 SCT). A small number of
hanges were made to the ID layout from those used for the pre
eding b-tagging analysis. These were:� the material in the pixel barrels (disks) had been in
reased, on averagefrom 1.39% (0.94%) to 1.63% (1.63%) X0 [59℄;� the angle between the normal to ea
h module and the radial dire
tionin the xy plane (module tilt) of the barrel pixel has been 
hanged, togive a smaller average 
luster size in r� improving the point resolutionof the barrel pixel;� the routing of the B-layer servi
es has 
hanged to along the beam pipeand then out in front of the end-
ap 
ryostat;



6.5 Redu
ed Layout Performan
e 104

0

50

100

150

200

0.6 0.8 1 1.2
E reconstructed/E nominal

E
ve

nt
s/

0.
01

2

Figure 6.14: Re
onstru
ted energy [60℄, normalised to generated energy, forele
trons with ET = 10 GeV, at � = 1:2. The solid histogram is for ele
tronswith an intera
tion radius greater than 80 
m and the dashed for ele
tronsintera
ting at r < 30 
m.� at the outer radius of the end-
ap TRT straws the material thi
knesshas been in
reased by 5% X0.The in
reases in material 
ome from an improved understanding of the de-te
tor module requirements. Three layouts have been studied:� the baseline layout or 3+4 layout as shown in Figure 6.15;� a layout without the 2nd pixel barrel, the 2nd and 4th end
ap pixeldisks and their servi
es, the 2+4 layout is shown in Figure 6.16;� a layout with only 3 equally spa
ed SCT barrels and 7 SCT wheels, the3+3 layout, shown in Figure 6.17.
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hemati
 diagram of the Inner Dete
tor 3+4 layout showingthe pixel layers (0:04 < r < 0:20), the SCT layers (0:3 < r < 0:6) and theTRT (shaded).6.5.2 SimulationFor this analysis two data sets were generated using PYTHIA to generatethe parti
le four ve
tors and then using GEANT to simulate the parti
lesthrough ea
h geometry. The data sets 
onsisted of 2,500 H ! b�b events and10,000 H ! u�u events for ea
h geometry. The simulated digitisation datawere then re
onstru
ted using the iPatRe
 re
onstru
tion algorithm.6.5.3 Tra
k Sele
tionThe tra
k sele
tion 
uts used here are similar to the previous sele
tions 
utsused in se
tion 6.3.5. The only addition was a 
ut on the impa
t parameterin the rz plane to remove tra
ks from se
ondary intera
tions, whi
h tend to
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hemati
 diagram of the Inner Dete
tor 2+4 layout. One ofthe pixel barrel layers at r = 11 
m and two of the pixel end
ap wheels atz = 64 and 107 
m have been removed 
ompared to the 3+4 layout.have large impa
t parameters� impa
t parameter in the rz plane less than 2 mm relative to the inter-se
tion of the highest pT tra
k with the beam axis.The sele
tion 
uts are not 
riti
ally sensitive to the removal of one pre-
ision layer, with the ex
eption of the removal of the B-layer, whi
h is not
onsidered for removal here. Only two of the 
uts are potentially sensitive tothe removal of a pre
ision layer. They are:� � 7 dis
rete hits. The 
ut is required to be well below the the averagenumber of dis
rete hits on a tra
k for all layouts otherwise tra
ks 
ouldbe 
ut if there were insuÆ
ient a
tive layers to give the required numberof hits. The requirement of seven pre
ision hits is 
orre
t as the pixel
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hemati
 diagram of the Inner Dete
tor 3+3 layout. One ofthe SCT barrel layers and two of the SCT end
ap wheels have been removed
ompared to the 3+4 layout. The positions of the remaining SCT layers werethen reoptimised.layers give one hit per layer to a tra
k and the SCT layers give twohits (the SCT layers are double sided) per layer per tra
k. For the 3+4layout this gives 11 hits for tra
ks traversing the ID barrel, 10 for the2+4 layout and 9 for the 3+3 layout.� � 2 pixel hits. This removes removes more tra
ks from the 2+4 layoutthan the 3+3 or 3+4 layouts. In all 
ases an inner B-layer hit must beasso
iated to a tra
k then at least one more pixel hit is required. Forthe 3+3 or 3+4 layouts this requires a hit in either of the two outerpixel layers, but in the 2+4 layout there is only one other pixel layerfor this se
ond hit. The pixel layers have a 97% eÆ
ien
y thus 3% of
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ks with a B-layer hit will not have a se
ond pixel hit for the 2+4layout, while for the 3+3 and 3+4 layouts only 0.09% fail to give ase
ond pixel hit.The tra
k 
uts are a 
ompromise to allow the 
uts to be similar for the threedi�erent layouts and to have reasonable b-tagging performan
e. In prin
iplethe 
uts 
ould be re-optimised for ea
h layout.6.5.4 AnalysisThe results for ea
h of the three layouts are given for two eÆ
ien
y 
onditions,(a) the default 97% hit eÆ
ien
y in the pre
ision dete
tors without pileupand (b) for a hit eÆ
ien
y redu
ed to 90% in the pre
ision dete
tors, byintrodu
ing in addition to the default 3% hit ineÆ
ien
y a 3.5% ineÆ
ien
y inthe readout 
hips and a 3.5% ineÆ
ien
y to the whole dete
tor modules, againwithout pileup, a possible s
enario near the end of the ATLAS experimentallifetime of 10 years.The results for the light quark reje
tion fa
tor Ru as a fun
tion of b-tagging eÆ
ien
y "b averaged over j�j are shown in Figure 6.18. Over therange of b-tagging eÆ
ien
ies the 2+4 layout has a 20% redu
tion in lightquark reje
tion over the 3+4 layout. The 3+3 layout has a slightly higherreje
tion over the 3+4 layout at low and high b-tagging eÆ
ien
ies while at�b = 50% the 3+4 layout has the slightly higher reje
tion.Figure 6.19 shows the u-jet reje
tion as a fun
tion of j�j for a b-taggingeÆ
ien
y of 50%. As would be expe
ted the 2+4 layout, with only twopixel layers gives the poorest reje
tion fa
tor. The 3+4 layout gives the bestreje
tion fa
tor over the whole range, ex
ept for j�j = 1:25, here the 3+3layout gives the higher reje
tion fa
tor.The u-jet reje
tion for 50% b-tagging eÆ
ien
y for the default and redu
ed
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Figure 6.18: u-jet reje
tion as fun
tion of b-tagging eÆ
ien
y.
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Figure 6.19: u-jet reje
tion for 50% b-tagging eÆ
ien
y as a fun
tion of j�j.
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ed Layout Performan
e 110Layout " = 97% " = 90%3+4 83 � 6 61 � 42+4 58 � 3 38 � 23+3 79 � 5 51 � 3Table 6.3: u-jet reje
tion for 50% b-tagging eÆ
ien
y.eÆ
ien
y 
onditions are shown in Table 6.3. The 2+4 layout gave the poorestaverage light quark reje
tion and the 3+4 and 3+3 layout averages were,within errors, equal for 97% dete
tor eÆ
ien
y.The two redu
ed layouts su�er a larger drop in reje
tion fa
tor 
omparedto the 3+4 layout for 90% dete
tor eÆ
ien
y. This is expe
ted sin
e layers areremoved where there is little redundan
y in the design and thus the redu
edlayouts would 
ope less well with de
reased dete
tor eÆ
ien
y.Figure 6.20 shows a dire
t 
omparison of the u-jet reje
tion between the97% and 90% dete
tor eÆ
ien
ies for the 3+4 layout. As would be expe
tedthe lower dete
tor eÆ
ien
y run has a lower light quark reje
tion, with a re-du
tion of 27% for the 3+4 layout, 35% for the 2+4 and 3+3 layouts. A lightquark reje
tion of less than 50, for these 200 GeV jets is 
onsidered una
-
eptable. The 3+3 layout would be borderline to give this performan
e, the2+4 layout would not and only the 3+4 layout would perform satisfa
torily.6.5.5 Tra
k QualityThe u-jet samples were used to evaluate the overall quality of re
onstru
tedtra
ks from the iPatre
 re
onstru
tion program. The dependen
e of the tra
kquality on the three layouts and the two dete
tor eÆ
ien
ies is shown inTable 6.4. The 2+4 layout gave a poorer tra
k re
onstru
tion eÆ
ien
y
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Figure 6.20: u-jet reje
tion for 97% and 90% dete
tor eÆ
ien
y.
ompared to the other two layouts. At 90% dete
tor eÆ
ien
y the 2+4layout primary tra
k re
onstru
tion eÆ
ien
y fall to 68.4%. With one lesspixel layer the 2+4 layout generates only half the se
ondaries after the B-layer than the two other layouts. At 90% eÆ
ien
y the 2+4 layout gives afake rate 33% higher than the 3+3 and 3+4 layouts. The only 
lear di�eren
ebetween the 3+3 and 3+4 layouts for 97% eÆ
ien
y, was the number of spoiltSCT hits, 16.6% for the 3+4 layout and 13.2% for the 3+3 layout. The 3+3would have less spoilt hits simply be
ause of one less layer with whi
h toprodu
e hits. The primary tra
k re
onstru
tion per
entage for 90% dete
toreÆ
ien
y is 79.2% for the 3+4 layout and 76.1% for the 3+3 layout. Thisshows again that as the dete
tor performan
e is degraded the 3+3 layout isa�e
ted before the 3+4 layout as there is less redundan
y in the 3+3 layoutwith respe
t to the 3+4 layout.In terms of individual tra
k re
onstru
tion only the degradation of pri-
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e 11297% EÆ
ien
y 90% EÆ
ien
y3+4 2+4 3+3 3+4 2+4 3+3primary tra
k eÆ
ien
y 86.6 81.4 86.3 79.2 68.4 76.1se
ondaries after B layer 0.40 0.20 0.38 0.39 0.19 0.36fake rate 0.07 0.07 0.07 0.06 0.08 0.06% tra
ks with:spoilt pixel hits 4.8 4.4 4.8 4.7 4.4 4.7wrong pixel hits 1.1 1.5 1.1 1.2 1.7 1.2spoilt SCT hits 16.6 14.9 13.2 15.6 13.9 12.4wrong SCT hits 1.1 1.0 1.0 1.0 1.0 0.9% tra
ks in:1=pT tail 5.3 5.1 5.0 5.3 5.1 5.0d0 tail 1.4 1.8 1.4 1.5 1.9 1.4Table 6.4: Primary tra
k eÆ
ien
ies, se
ondary rates after the B-layer, fakerates for u-jets, rates for spoilt and wrongly asso
iated hits and non-gaussiantails of primary tra
ks.mary tra
k re
onstru
tion eÆ
ien
y for the 2+4 layout would be una

ept-able. The tra
k 
uts used keep the fake and se
ondary rates low for alllayouts. Figures 6.21, 6.22 and 6.23 show the primary, se
ondary and fakerates for 97% dete
tor eÆ
ien
y.The primary tra
k re
onstru
tion eÆ
ien
y is highest for j�j = 0.75. Within
reasing j�j tra
ks are more likely to hit more than one pixel or SCT strip, sothere is less sus
eptibility to dete
tor ineÆ
ien
ies. With less material 
loseto the beam the 2+4 layout generates less se
ondaries. The average fakerates for ea
h layout are the same at 0.07%. The fake rate j�j dependen
eis di�eren
e for ea
h layout. The 2+4 and 3+4 layouts both have higher
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Figure 6.21: Primary tra
k eÆ
ien
y for 50% b-tagging eÆ
ien
y as a fun
-tion of j�j.fake rates at large j�j and larger variations a
ross j�j, while the 3+3 layoutis more uniform a
ross j�j. This is due to the minimum number of hitsrequirement. At high � for the 3+4 and 3+3 layouts parti
les 
an potentiallytraverse 4 to 6 SCT layers. For the 3+3 layout a parti
le will traverse 4 or5 SCT layers. When tra
k �nding, allowing more layers without alteringthe minimum number of hits required in
reases the fake rate as more hit
ombinations will satisfy the minimum number of hits requirement.The se
ondary rates, spilt into se
ondaries produ
ed pre-and by the B-layer and se
ondaries produ
ed post-the B-layer are shown in Figures 6.24and 6.25. There is little di�eren
e in the pre B-layer se
ondary rate betweenthe three layouts as there is no di�eren
e in the layout geometry from theB-layer inwards. For the post B-layer se
ondaries the 3+3 and 3+4 layoutsare very similar, with the 2+4 layout produ
ing lower numbers of se
ondaries
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Figure 6.22: Se
ondary tra
k rate for 50% b-tagging eÆ
ien
y as a fun
tionof j�j.
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Figure 6.24: Pre B-layer se
ondary tra
k rate for 50% b-tagging eÆ
ien
y asa fun
tion of j�j.simply due to the omitted pixel layers.6.6 SummaryThe ATLAS method for b-tagging has been des
ribed and results presentedfor b-tagging performan
e for jets with 200 GeV total energy. A reje
tionfa
tor (de�ned as the re
ipro
al of the eÆ
ien
y) of light quark jets of 75� 3was a
hieved with no dete
tor mis-alignment and 63 � 3 in
luding residualdete
tor misalignment. For the layout study the b-tagging performan
e isdegraded by 30% when a pixel layer is removed and by 10% if an SCT layeris removed.
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Chapter 7
Higgs Analysis
7.1 Introdu
tionOne of the prin
iple reasons for building the LHC and the two general purposedete
tors ATLAS and CMS is to sear
h for the Higgs boson predi
ted bythe SM. Due to the wide range of possible Higgs mass, di�erent de
ay andprodu
tion modes need to be used for di�erent Higgs mass values. Chapter 3des
ribed the di�erent de
ay and produ
tion modes open to a SM Higgsparti
le. This 
hapter 
on
entrates on one 
hannel, t�tH, when a low massHiggs is produ
ed in asso
iation with a t�t pair. First the simulation pro
edureis des
ribed. The t�tH 
hannel is then detailed and the analysis methodsdes
ribed. The ba
kgrounds to this pro
ess and methods of ba
kgroundredu
tion are then stated. The signal signi�
an
e a
ross the mass range80 < mH < 120 GeV is given and the systemati
 e�e
t of un
ertainties onthe jet energy s
ale and b-tagging performan
e are des
ribed.



7.2 Simulation 1187.2 SimulationThe PYTHIA 5.7 [37℄ Monte Carlo pa
kage was used to generate the sig-nal and ba
kground events, in
luding QCD initial and �nal state radiation,hadronisation and de
ays of unstable parti
les. The generation used Higgsmass values from 80 to 120 GeV with a top mass of 175 GeV. The CTEQ [61℄parton distributions were used.The ATLFAST [62℄ simulation pa
kage was used to simulate the pas-sage of the PYTHIA generated parti
les through the ATLAS dete
tor. Thefull simulation requirements, using DICE and ATRECON requires approxi-mately 100 times longer to simulate an event. To a
hieve this speed the fastsimulation does not perform detailed digitisation and re
onstru
tion.Starting from the PYTHIA four-ve
tors ATLFAST asso
iates parti
lesto jets and isolated leptons and photons. First the transverse energies of allstable parti
les ex
ept neutrinos and muons are summed up into 
alorimeter
ells. The 
ells are granulated in � and � with a granularity of 0:1 � 0:1for j�j < 3 and 0:2 � 0:2 for j�j > 3. Clusters of 
alorimeter 
ells are thenidenti�ed where at least one individual 
ell has E
ellT > 1:5 GeV within a 
oneof 0.4 in pseudorapidity-azimuthal angle spa
e (�R) where E
oneT > 10 GeV.From the Monte Carlo truth information isolated leptons and photons areidenti�ed. The momentum and polar angle information is then smeared bythe expe
ted resolutions. The parti
le four-ve
tors obtained after smearingare then 
he
ked against parti
le dependent sele
tion 
riteria to determine ifthe parti
le is to be retained in the simulation. For photons the requirementsare pT > 10 GeV and j�j < 2:5, for ele
trons pT > 5 GeV and j�j < 2:5 andfor muons pT > 6 GeV and j�j < 3. For parti
les whi
h pass the sele
tion
riteria the parti
le tra
k is then mat
hed to a 
alorimeter 
ell. To be 
lassedas an isolated tra
k, the minimum �R to another 
luster in the 
alorimeter



7.2 Simulation 119must be > 0:4 and ET < 10 GeV within a 
one �R = 0:2 of the parti
le.On
e the 
alorimeter 
ell 
lusters have been identi�ed with a lepton or photonthen the energy resolution is appropriately smeared for that parti
le.The remaining 
alorimeter 
lusters, not identi�ed as leptons or photons,are then identi�ed as jets if, after energy smearing, the total transverse 
lusterenergy is > 15 GeV and the 
luster has j�j < 5.On
e the jet energy is determined, the PYTHIA four-ve
tors in a small
one of radius 0.2 R around the jet dire
tion are sear
hed for a b-quark, withpT > 5 GeV. If su
h a quark is found then the jet is labelled as a true b-jet.A similar sear
h for true 
-quarks is also 
arried out.The b-tagging performan
e of the Inner Dete
tor is then 
hara
terised bythe following input fun
tions:� the fra
tion of true b-jets identi�ed as b-jets, the b-tagging eÆ
ien
y eb;� the fra
tion of true 
-jets misidenti�ed as b-jets, the inverse of the 
-jetreje
tion fa
tor 1=R
;� the fra
tion of all other jets misidenti�ed as b-jets, the inverse of theu-jet reje
tion fa
tor 1=Ru.The performan
e values are determined by sele
ting the eb required and thenusing the full simulation to obtain the 
orresponding Ru and R
 values. Typ-i
al values for Ru and R
 are for eb = 0:6, Ru = 93, R
 = 6:7. In additionpT dependent 
orre
tion fa
tors to the identi�
ation eÆ
ien
ies are in
luded.The 
orre
tion fa
tors vary with di�erent eb, Ru and R
 values. Table 7.1gives the 
orre
tion fa
tors for the typi
al set b-tagging performan
e valuesgiven. Jets with pT ' 50 GeV have the highest 
orre
tion fa
tors (i.e. havethe best b-tagging performan
e) due to two fa
tors: (a) at low jet pT theimpa
t parameter resolution of individual tra
ks worsens, leading to poor



7.3 Signal 120Jet pT (GeV) Cu C
< 30 0.48 0.7630 - 45 1.23 0.9045 - 60 2.30 1.2560 - 100 1.70 1.18> 100 1.08 1.15Table 7.1: The pT 
orre
tion fa
tors for light quark jets (Cu) and 
harm jets(C
). The reje
tion fa
tor is multiplied by the 
orre
tion fa
tor to obtainthe e�e
tive reje
tion fa
tor. Hen
e higher 
orre
tion fa
tors give betterb-tagging performan
e.tagging performan
e and (b) at high jet pT the tra
k density and multipli
-ity in
reases, degrading the tra
k �nding in the jet and the tra
k parameterresolutions obtained.The energies of the jets are then res
aled on average to the original partonenergies, using pT dependent s
aling fa
tors, whi
h are di�erent for b-jets andnon-b jets. This pro
edure shifts the invariant mass distributions for b�b pairsfrom H ! b�b de
ays su
h that the peak is within 1% of the 
orre
t massvalue. The s
aling fa
tors are determined from the simulation of W ! jjde
ays as this de
ay will be used experimentally to determine jet s
alingfa
tors.7.3 SignalThe Higgs produ
tion me
hanism for the signal is asso
iated produ
tion witha t�t pair. An example produ
tion diagram for this pro
ess 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 produ
tion diagramthe produ
tion of a t�t pair. Gluon fusion dominates with the ratio of gluonfusion to quark anti-quark annihilation being approximately 25 to 1. This isdue to the invariant mass of the t�t pair typi
ally being 350 GeV. The momen-tum of the parton emitted from the proton for this intera
tion then has only1/40th of the total 
entre of mass energy. The partons at low momentumfra
tions are mostly gluons. The Higgs is radiated from a top quark. Ea
h ofthe produ
ed top quarks then de
ays into a bottom quark and a W boson.One of the W bosons is required to de
ay leptoni
ally, to provide an isolatedlepton for a trigger. For 10 < mH < 130 GeV the dominant de
ay of theHiggs is to a b�b pair. This gives a �nal state with four hadron jets originatingfrom the four b-quarks, an isolated lepton and either two additional hadroni
jets (70%) or a se
ond isolated lepton (30%), depending on the de
ay of these
ond W boson.



7.3 Signal 1227.3.1 Event Chara
teristi
sThe b-jets originating from the top de
ays have similar properties to thosefrom the Higgs de
ay. The following des
ribes the event 
hara
teristi
s forevents with mH = 100 GeV (events with mH = 80 or mH = 120 GeV aresimilar).Figures 7.2, 7.3 and 7.4 show the pT , � and total energy E for b-jets fromthe Higgs (bH) and top de
ays (bt). For both bH and bt the pT distributionrises rapidly to peak at around 50 GeV then falls o� exponentially as pTin
reases. The peak at 50 GeV is a 
onsequen
e of the fa
t that de
ays ofon-shell tops and a 100 GeV Higgs both give b-jets of typi
ally 50 GeV inthe rest frame of the de
aying parti
le. bH is roughly 
onstant with j�j to 0.5and then falls o� linearly to j�j = 2:5. Beyond j�j = 2:5 no b-tagging 
an bedone. For bt there is a similar linear drop o� between j�j = 0:5 and j�j = 2:5.The total jet energy plots are again very similar for bH and bt. Both riseinitially to a peak at around 50 GeV and then fall o�, with tails extendingout past 400 GeV. This is again due to the similar energies imparted by boththe top and Higgs de
ays to the b-jets. This similarity between the two typesof b-jet in the event leads to 
ombinatorial problems later in the analysis.Hen
e instead of forming the invariant mass of two b-jets identi�ed with theHiggs de
ay all the b-jet 
ombinations must be used.Figure 7.5 shows the total jet multipli
ity. One expe
ts typi
ally six jetsfrom the underlying Higgs produ
tion pro
ess, as the se
ond W de
ay ispredominantly (70%) hadroni
.Figure 7.6 shows the b-jet multipli
ity and the number of b-jets from theHiggs found after ATLFAST pro
essing. The b-jet multipli
ity distributionhas a mean of 2.2. Given that most events have four real b-jets and a b-tagging eÆ
ien
y of 60% this is 
onsistent with expe
tations. 19% of events
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Figure 7.6: b-jets multipli
ity (open histogram) and b-jets from Higgs(points), after b-tagging.have both b-jets from the Higgs within the dete
tor a

eptan
e and taggedas b-jets.Approximately 31% of all events have an isolated ele
tron or muon whi
hprovides a trigger. From the bran
hing ratios of the W and given two W s inthe event 39% of the events would be expe
ted to have a single ele
tron ormuon: the di�eren
e is due to the limited trigger a

eptan
e for an ele
tronor muon. 23% of events have three jets tagged as b-jets and 6% of eventshave four jets tagged as b-jets. Table 7.2 summarises this information. Theoverall a

eptan
e of signal events with a trigger lepton and four tagged b-jetsis 1.9%.7.3.2 Higgs SignalIn prin
iple the Higgs signal 
an be found as a peak in the invariant massdistribution of re
onstru
ted b-jet pairs. However ea
h signal event has four



7.3 Signal 126Events With Per
entageTrigger Lepton 30.63 b-jets 23.24 b-jets 6.12 b-jets from Higgs 19.5Table 7.2: Event 
hara
teristi
s summary, the per
entage of events with atrigger 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 Higgsde
ay are found and tagged as b-jets.b-jets whi
h gives six possible b-jet 
ombinations, whi
h must all be in
ludedin the invariant mass distribution.Even if the underlying event is a Higgs event then the two b-jets fromthe Higgs may not be in the dete
tor a

eptan
e and/or the jets may notbe tagged as b-jets. In this 
ase if another real b-jet is present (from e.g. Wde
ay) then this gives rise to a ba
kground (i.e. events in whi
h the Higgsmass 
annot be measured) from signal events.Before looking at separating the potential Higgs signal from similar look-ing ba
kground events, there are two questions. Can the Higgs signal be seenin the signal events and is the 
ross-se
tion high enough for the 
hannel tobe viable?The 
ross-se
tion for asso
iated Higgs produ
tion with t�t is of the orderof 1 pb for a Higgs mass of ' 100 GeV [19℄. For three years' low luminosityrunning (3 � 104 pb�1) this gives a potential data sample of 30,000 signalevents. The requirement from the trigger that at least one of the W 's de
ayto either an ele
tron or a muon redu
es this to 11700 events. A b-tagging eÆ-
ien
y of 0.6 would leave 1520 events while a slightly lower tagging eÆ
ien
y



7.3 Signal 127of 0.5 would leave 730 events. The number of events is further redu
ed bythe dete
tor a

eptan
e for the trigger lepton and the b-jets, leaving of theorder of 450 - 1200 events for three years low luminosity running.Figure 7.7 shows the invariant b�b mass distribution for b-jet pairs fromevents with four tagged b-jets, for b-jet pairs only from top and Higgs de
aysand for b-jet pairs only from Higgs de
ays, for a Higgs mass of 100 GeV. ForbH the invariant mass plot has a mean of 96 GeV, an RMS 27 GeV and thepeak has a one sigma width of 17 GeV(�H!b�b). The Higgs de
ay width isa few GeV at 100 GeV, small 
ompared to peak width in the �gure whi
his due to measurement errors on the jet energy. Plotting all six b-jet pair
ombinations from Higgs and top de
ays gives a mean of 129 GeV and anRMS of 74 GeV.7.3.3 bH identi�
ationIn the Higgs rest frame when the Higgs de
ays the de
ay produ
ts are pro-du
ed isotropi
ally in �, �. The Higgs does have a boost with respe
t to thet�t produ
tion rest frame. Hen
e in the t�t rest frame the Higgs de
ay produ
tshave a smaller average angular distribution than the b-quarks from t and �tde
ay. However the t�t rest frame then has a larger boost with respe
t tothe lab frame. This boost masks di�eren
es in jet properties of b-jets fromtop de
ays and b-jets from Higgs de
ays. Thus there is no simple way toidentify whi
h two out of the four b-jets in a signal event originated from theHiggs de
ay. The following des
ribes an angular separation method and are
onstru
tion method.
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7.3 Signal 129Angular SeparationA �rst attempt was made to identify good and/or bad 
ombinations fromthe 
hara
teristi
s of the jets. As seen in se
tion 7.3.1 the b-jets from topand Higgs de
ays have very similar properties. There is no obvious 
ut one
an pla
e on pT , � or E to separate the two types of b-jet.The Higgs de
ay is, in general, boosted with respe
t to the lab frame.The two b's whi
h result from the de
ay will (due to the Higgs boost) have asmaller angular separation, on average, than two random jets. The b's fromthe top de
ays will, in general, have a wider angular separation as they arethe result of gluon fusion to a t�t pair then subsequent de
ay of the tops.This 
an be seen in Figure 7.8 whi
h shows the angular separation (Rsep)of the b-jets resulting from the top de
ays and the b-jets from the Higgs de
ay(mH = 100 GeV). For the b-jets from the top de
ays there is a broad angularspread out to Rsep = 2 whi
h then falls as Rsep in
reases. The separation ofthe b-jets from the Higgs peaks more sharply and drops o� somewhat faster.The di�eren
e in angular separation suggests a 
ut at around 2 to 2.5 will bee�e
tive in separating the b-jets from the Higgs de
ay from the b-jets fromthe top de
ays.Graphi
ally, the e�e
t on mbb of 
utting on the angular separation of theb-jets is shown in Figure 7.9. Four plots are shown for di�erent values ofRmaxsep . Cutting tightly on the angular separation greatly redu
es the numberof b-jet 
ombinations with high invariant mass values. However, in additionto removing most of the 
ombinations in the range 200 - 400 GeV, some areremoved in the range 100 - 200 GeV. This moves the position of the peakdown in mass.As the 
ut on angular separation is relaxed more 
ombinations appearin the high mass range, and on the higher mass side of the peak. The
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ombinations in the mass plot above 200 GeV are from wrong 
ombinationsso the trun
ated mean and RMS of the mbb distribution was 
al
ulated formbb < 200 GeV only. Table 7.3 gives the trun
ated mean and a

eptan
e forthe various Rmaxsep 
uts. The a

eptan
e is the fra
tion of 
orre
t b-jet pair
ombinations that pass the Rmaxsep 
ut. The fra
tion of 
orre
t events is givenfor all mbb value and for mbb within �30 GeV of the nominal Higgs mass.The fra
tion of 
orre
t b-jet pair 
ombinations would be 0.167 for events withtwo b-jets from Higgs de
ay and two b-jets from top de
ays. For events withno Rmaxsep the fra
tion of 
orre
t 
ombinations is 0.14. This is due to eventswith four b-jets found but where only one of the b-jets from the Higgs de
ayis both in the dete
tor a

eptan
e and tagged as a b-jet. From the table themean shifts from 75 GeV for Rmaxsep = 1:75 up to 95 GeV for Rmaxsep = 3:0, witha mean for all 
ombinations of 102 GeV. The 
ut does boost the fra
tion of
orre
t b-jet pairs (b
or) in the peak from 0.25 for all 
ombinations to 0.29 forRmaxsep = 1:75. However, this small in
rease in 
orre
t b-jet pair 
hoi
e 
omeswith a low a

eptan
e of 0.31 for Rmaxsep = 1:75 to the b-jet pairs from theHiggs. Angular separation is thus a poor method to identify the b-jet pairfrom the Higgs.Re
onstru
tionA se
ond method of identifying the origin of a b is to re
onstru
t the inter-mediate W 's and hen
e the top quarks. The b-jets not used to re
onstru
tthe top quarks are then identi�ed as 
oming from the Higgs.Full re
onstru
tion is non-trivial, sin
e one of theW bosons in the event isrequired to de
ay leptoni
ally to give the trigger lepton: this leads to missingmomentum from the neutrino from the W de
ay. For full re
onstru
tion these
ond W must de
ay hadroni
ally be
ause if the se
ond W de
ays leptoni-



7.3 Signal 133Rmaxsep Mean RMS A

eptan
e Corre
t Corre
t�2�H!b�b1.75 75 36 0.31 0.18 0.292.00 81 38 0.39 0.18 0.282.50 89 41 0.52 0.17 0.273.00 94 42 0.65 0.15 0.26None 102 43 1.00 0.14 0.25Table 7.3: mbb invariant mass mean and RMS (in GeV) for di�erent valuesof Rmaxsep . The mean and RMS are 
al
ulated over the mass range 0 to 200GeV. The �nal 
olumns gives the fra
tion of 
orre
tion b-jet 
ombinations inthe whole plot and within a mass window of �2�H!b�b (30 GeV) of the a
tualHiggs mass.
ally then two neutrinos will 
ontribute to the missing momentum and no Wre
onstru
tion 
ould be performed. Also the de
ay produ
ts of the se
ondW must be found in the dete
tor, further redu
ing the number of events tobe analysed.W ! l� Re
onstru
tionIn order to re
onstru
t the leptoni
ally de
ayed W the momentum of theneutrino from the de
ay must be 
al
ulated. The missing transverse momen-tum is identi�ed as the neutrino transverse momentum and the longitudinalmomentum is re
overed by solving the equation for the W massm2W = �E� + El�2 � �p�x + plx�2 � �p�y + ply�2 � �p�z + plz�2 (7.1)Two solutions for pz are obtained and both were used in the top mass re
on-stru
tion. Figure 7.10 shows the di�eren
e between the re
onstru
ted neu-



7.3 Signal 134trino and true neutrino momentum. For �pz only the re
onstru
ted valuefor pz whi
h was 
losest to the a
tual neutrino pz is plotted.W ! jj Re
onstru
tionThe se
ond W is required to de
ay hadroni
ally. First the non-b-jets presentin the event were looped through. The pair whi
h gave an invariant mass
losest to the W mass were sele
ted as having 
ome from the se
ond Wde
ay. Figure 7.11 shows the di�eren
e between re
onstru
ted and a
tual Wmomentum and the re
onstru
ted W mass.Top Re
onstru
tionTop re
onstru
tion was performed by looping over b-jets and 
al
ulating there
onstru
ted top mass using both re
onstru
ted W bosons. Figure 7.12shows the re
onstru
ted top masses for all W and b-jet 
ombinations for topde
ays with W ! l� (ml�b) and with W ! q�q0 (mjjb). For the 
orre
t b-jetfrom the top de
ays the re
onstru
ted top mass distributions have means of174 and 182 GeV for ml�b and mjjb respe
tively and an RMS of 53 and 56GeV. For all 
ombinations the distributions are wider, with RMS of 77 and68 GeV for ml�b and mjjb respe
tively.Higgs Re
onstru
tionFour methods of sele
ting the b-jets to mat
h to the top quark de
ays wereused. In Method I the leptoni
ally de
ayed W was re
onstru
ted and thenthe b-jets were looped through to �nd the b-jet whi
h gave the re
onstru
tedtop mass 
losest to 175 GeV. The hadroni
ally de
ayed W was then re
on-stru
ted. The remaining three b-jets were then looped through with thehadroni
ally de
ayed W and the b-jet W 
ombination whi
h gave the re
on-
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tion and a
tual W pT (
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(a) (b)Figure 7.12: Top mass re
onstru
tion for both W bosons and all b-jet 
om-binations. (a) top mass from leptoni
 W de
ay, (b) top mass from hadroni
W de
ay. In the 
ase of the leptoni
ally de
aying W two pz values of the Ware obtained and hen
e two mt values, both of whi
h are plotted. The pointsshow the top mass from the 
orre
t b-jet and W 
ombination only.stru
ted top mass 
losest to 175 GeV was found. The remaining two b-jetswere identi�ed as from the Higgs de
ay.For Method II both W bosons were �rst re
onstru
ted. The quantity�2 = (mt1�MTOP )2+(mt2�MTOP )2, where mt1, mt2 are the re
onstru
tedtop masses and MTOP is the input top mass (175 GeV), was 
al
ulated forea
h b-jet pair 
ombination. The b-jet pair whi
h minimised �2 was sele
tedas 
oming from the top de
ays and the remaining two as 
oming from theHiggs de
ay.In Method III both top quarks were re
onstru
ted as for Method I, how-ever instead of sele
ting only one 
ombination all b-jet pair 
ombinationswhere the re
onstru
ted top masses were both in the range 125 GeV to 200
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ted. For b-jet pairs whi
h passed the top mass 
ut regardlessof whi
h b-jet was used to re
onstru
t whi
h top then only the 
ombina-tion whi
h minimised �2 = (mt1 �MTOP )2 + (mt2 �MTOP )2 was retained.This sele
tion of multiple b-jet pairs gave multiple b-jet pairs as Higgs de
ay
andidates.For Method IV both W bosons were �rst re
onstru
ted. As with MethodII the quantity �2 = (mt1�MTOP )2+(mt2�MTOP )2 was 
al
ulated. The b-jet pairs whi
h gave �2 > CV were removed. CV was 
hosen as twi
e the topmass width (for 
orre
t 
ombinations) squared. The 
ombinations passingthe 
ut were sele
ted as 
oming from top de
ays and the remaining b-jetswere sele
ted as 
oming from the Higgs de
ay. Again if a b-jet pair passedthe 
ut regardless of whi
h b-jet was used to re
onstru
t whi
h top only the
ombination minimising �2 was retained.Performan
eFigure 7.13 shows the re
onstru
ted top and Higgs masses for Method I.The other methods give visually similar plots. The e�e
tiveness of the re-
onstru
tion methods was 
hara
terised by the fra
tion of 
orre
t b-jet pair
ombinations in the Higgs mass plot, the number within�2�H!b�b (�30 GeV)of the Higgs mass and the a

eptan
e to 
orre
t pair 
ombinations.The e�e
tiveness of the various methods to sele
t the 
orre
t b-jet pairfrom the Higgs de
ay is summarised in Table 7.4. Methods I and II gave thehighest fra
tion of 
orre
t 
ombinations (33% and 34%), however the a

ep-tan
e to 
orre
t 
ombinations is less than 20% for both methods. MethodsIII and IV gave higher a

eptan
es, with Method IV giving the highest a
-
eptan
e of 66%.
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kground 140Method mt1 mt2 mH A

eptan
e Corre
t Corre
t�2�H!b�bI 173 169 98 0.18 0.18 0.33II 173 170 100 0.19 0.19 0.34III 162 162 102 0.37 0.16 0.27IV 171 167 102 0.66 0.13 0.24Table 7.4: Performan
e of the four top quark based re
onstru
tion methods.7.3.4 Signal SummaryThe t�tH pro
ess ignoring any ba
kgrounds is a 
hallenging study in itself.The b-jets from the top and Higgs de
ays have similar jet properties and arediÆ
ult to di�erentiate. Re
onstru
ting the W bosons from the top de
aysand then the tops themselves gave the best identi�
ation of b-jet origin.Within �2�H!b�b (�30 GeV) one third of all b-jet pair 
ombinations in theinvariant bb mass plot were a
tually from the Higgs de
ay.7.4 Ba
kgroundThe t�tH signal in the dete
tor is an isolated lepton, to provide a trigger, fourtagged b-jets and, for top de
ay re
onstru
tion, two or more non b-jets. Anyevent whi
h has a single isolated lepton is a potential sour
e of ba
kground.All the ba
kground pro
esses to be des
ribed 
ontain at least one W whi
his required to de
ay leptoni
ally to give the trigger lepton.The ba
kground pro
esses for the t�tH 
hannel are t�t + jets, t�tZ, singleW produ
tion+ jets, W pair produ
tion + jets and WZ produ
tion + jets.The leading order 
ross-se
tions for the signal and ba
kground pro
esses areshown in Table 7.5 as obtained with PYTHIA 5.7 and the CTEQ2 parton
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ess Cross-se
tion [pb℄ Eventst�tHmH = 80 GeV 1.9 5:8 � 104mH = 100 GeV 1.0 3:0 � 104mH = 120 GeV 0.51 1:5 � 104t�tZ 7:1 � 10�2 2:1 � 103t�t 5:9 � 102 1:8 � 107Wj 3:0 � 105 9:1 � 109WZ;WW 97 2:9 � 106Table 7.5: Signal and ba
kground produ
tion 
ross-se
tions and number ofevents expe
t for three years' low luminosity running (L = 3 � 104 pb�1).distributions. The leading order 
ross-se
tion values will be used in thefollowing to evaluate strategies for ba
kground redu
tion and then the nextto leading order 
ross-se
tion will be used with the �nal 
hoi
e of 
uts toobtain the signal signi�
an
e.The generation of the ba
kground depends on the initial and �nal state ra-diation and hadronisation simulation to generate the required number of jetsto fake a signal event. No b partons are generated as part of the hadronisationas heavy quark produ
tion during hadronisation is heavily suppressed [63℄.The ba
kgrounds 
an be divided into the irredu
ible ba
kground, t�tZ, thesemi-irredu
ible ba
kgrounds t�tb�b and Wbbbb and the redu
ible ba
kgroundst�tjj, Wjjjj, WZjj and WWjj.
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kground 1427.4.1 Irredu
ible Ba
kgroundsThe irredu
ible ba
kground for the t�tH signal is t�tZ. This ba
kground mim-i
s the signal exa
tly when the Z boson de
ays to a b�b pair. Figure 7.14 showsa 
omparison between the b-jets from the Z de
ay in t�tZ and the Higgs de
ayin t�tH. Clearly the b-jets from the Z 
annot be separated from the b-jetsfrom the Higgs. Fortunately the leading order t�tZ produ
tion 
ross-se
tionis only 0.07 pb and in
luding the bran
hing ratio for Z ! b�b redu
es this to0.01 pb. The total number of events from t�tZ is only 2,000 in three years'low luminosity running, an order of magnitude less than for t�tH.7.4.2 Semi-irredu
ible Ba
kgroundsThe semi-irredu
ible ba
kgrounds are so 
alled as there is some redu
tionpossible in the ba
kgrounds but not of the same magnitude as for the re-du
ible ba
kgrounds. These ba
kgrounds all generate a single lepton andfour b-quarks to mimi
 the signal.t�t + jets is 
lassi�ed as a semi-irredu
ible ba
kground when the jets pro-du
ed are from b-quarks. In these events two b-jets are produ
ed from thetop de
ays and the other b-jets are generated in initial and �nal state radia-tion. The 
omparison between b-jets produ
ed in the Higgs de
ay and b-jetsprodu
ed by initial and �nal state radiation is shown in Figure 7.15. Theb-jets produ
ed by initial and �nal state radiation tend to be lower in pT andprodu
ed at higher j�j than b-jets from Higgs de
ay.The W + jets ba
kground also 
ontributes to the semi-irredu
ible ba
k-ground when four additional b-jets are produ
ed in the initial and �nal stateradiation. Figure 7.15 shows the 
omparison between b-jets produ
ed by ini-tial and �nal state radiation from W + jets and b-jets produ
ed in the Higgs
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ay. b-jets from W de
ay are not in
luded as the W is required to de
ayleptoni
ally to give a trigger. The produ
tion 
ross-se
tion for W + jets isvery high at 3 � 105 pb, although only a small fra
tion of these events give atrigger and four b-jets.Both of these ba
kgrounds have some potential to be redu
ed. The pro-du
tion of b-quarks during initial and �nal state radiation is approximatelyuniform in j�j while b-quarks from Higgs de
ays are mainly produ
ed atlow j�j.7.4.3 Redu
ible Ba
kgroundsAs with the other ba
kgrounds the redu
ible ba
kgrounds 
ontain aW whi
his required to de
ay leptoni
ally to provide a trigger. These ba
kgrounds aret�t + jets, W + jets, WW + jets and WZ + jets, where at least one of thejets is a non b-jet.The additional jets in these ba
kground pro
esses are produ
ed from ini-tial and �nal state radiation and hadronisation. The majority of jets origi-nate from light quarks so these ba
kgrounds 
an be suppressed by a fa
tor(Ru)2 � 10�4 for t�t + jets and (Ru)4 � 10�8 otherwise. This fa
tor is largeif the b-tagging performed has a low mis-tagging of light quark jets as b-jets.The jet 
hara
teristi
s for the WW and WZ ba
kgrounds are shown inFigure 7.16. The jets from theWW andWZ + jets ba
kground have a loweraverage pT and a slower drop o� in j�j than b-jets from Higgs de
ay.Figure 7.17 shows the non b-jet pT , j�j and energy from W + jets 
om-pared to the b-jets from the Higgs in t�tH. The non b-jets from the W + jetsba
kground have a low average pT and a more uniform distribution in j�j.The light quark jets in the t�t + jets ba
kground are shown in Figure 7.17.The di�eren
es between the light quark jets from t�t + jets and the b-jets
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tion 147from Higgs de
ay are less pronoun
ed than for the other ba
kgrounds. ThepT of the light quark jet ba
kground is only slightly lower on average thanb-jets from Higgs de
ay and the ba
kground jet produ
tion rate de
reaseswith in
reasing j�j although at a lesser rate than for b-jets from Higgs de
ay.7.5 Ba
kground Redu
tionBa
kground redu
tion was a
hieved primarily through b-tagging, removingjets originating from light quarks. The semi-irredu
ible ba
kground was re-du
ed through the use of 
uts on the b-jet pT and j�j. The following se
tiondes
ribes these 
uts.7.5.1 Tagging EÆ
ien
yThe redu
tion of the redu
ible ba
kground depends on the rate of mis-tagginglight quark jets as b-jets. Three sets of b-tagging eÆ
ien
y (eb), light quarkand 
 quark reje
tion fa
tors (Ru and R
) were used to study this 
hannel.These were:A eb = 0:6, Ru = 93 and R
 = 6:7;B eb = 0:5, Ru = 231 and R
 = 10:7;C eb = 0:53, Ru = 91 and R
 = 6:7.Sets A and B represent the best 
urrently expe
ted performan
e for thedete
tor for eb = 0:6 and eb = 0:5. Set C is an earlier, more pessimisti
,expe
tation of reje
tion fa
tors to give an idea of performan
e if the bestb-tagging is not a
hieved.Table 7.6 gives the expe
ted number of events for three years' low luminos-ity running for ea
h of the three b-tagging performan
e values (for mH = 100
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hara
teristi
s for non b-jets from initial and �nal stateradiation in (a)-(
) t�t + jets (histogram) and (d)-(f) W + jets (histogram),the points in all plots are b-jets from Higgs de
ay in t�tH.



7.5 Ba
kground Redu
tion 149Pro
ess 1 l, 4+ jets Set A Set B Set Ct�tH 9100 490 220 360t�tZ 620 48 20 27t�t 4:4 � 106 6900 2100 8000WW;WZW 1:3 � 105 3 2 4W + jet 3:4 � 107 830 250 1140Total Ba
kground 3:4 � 107 7800 2400 9200S=B - 0.063 0.094 0.040S=pB - 5.6 4.6 3.8Table 7.6: Expe
ted number of signal and ba
kground events and signalsigni�
an
e for three years' low luminosity running for mH = 100 GeV andfor three b-tagging performan
e values des
ribed in the text.GeV). S/B is the signal divided by the total ba
kground and S=pB is thesignal signi�
an
e, the signal divided by the square root of the total ba
k-ground. The largest ba
kground, by an order of magnitude, 
omes from t�t+ jets. The other signi�
ant ba
kground 
omes from W + jets. The totalba
kground is over an order of magnitude larger than the signal. The W +light quark jets ba
kground was redu
ed by a fa
tor of 104. The best signalsigni�
an
e was from b-tagging values set A with a signi�
an
e of 5.6. Evenafter b-tagging the total ba
kground is 25 to 10 times larger than the signal(depending on b-tagging performan
e).7.5.2 pT CutThe b-jets produ
ed by initial and �nal state radiation in the t�t + jets ba
k-ground have a lower pT distribution than b-jets from the Higgs de
ay in the



7.5 Ba
kground Redu
tion 150Pro
ess No Cut pT > 20 pT > 30 pT > 40 pT > 50t�tH 490 460 290 136 63t�tZ 48 44 28 11 5t�t + jets 6900 5700 2500 1000 510WW;WZ + jets 3 0 0 0 0W + jets 830 610 230 0 0Total Ba
kground 7800 6300 2800 1100 520S=B 0.063 0.073 0.105 0.123 0.120S=pB 5.6 5.8 5.6 4.1 2.8Table 7.7: Expe
ted number of signal and ba
kground events and signalsigni�
an
e as a fun
tion of minimum jet pT (in GeV) for three years' lowluminosity running for mH = 100 GeV, using b-tagging set A.signal pro
ess. There is therefore a potential 
ut on the b-jet pT to improvethe signi�
an
e. The ATLFAST re
onstru
tion already in
ludes a 
ut onthe jet pT sin
e only jets with a minimum pT of 15 GeV, before the jet pTis re
alibrated, are re
onstru
ted. The e�e
t of 
utting on the jet pT afterthe re
alibration is shown in Table 7.7. In
reasing the pT 
ut up to 40 GeVin
reases the signal/ba
kground but the signi�
an
e is only in
reased overno 
ut for a pT > 20 GeV.7.5.3 � CutThe fra
tion of b-jets at high j�j from b-jets produ
ed by initial and �nal stateradiation in the t�t + jets ba
kground is higher than for b-jets from the signalpro
ess Higgs de
ay. A 
ut on the j�j of b-jets 
ould therefore lead to anin
rease in the signal signi�
an
e. Table 7.8 gives the signal signi�
an
e for



7.5 Ba
kground Redu
tion 151Pro
ess No Cut j�j < 2:25 j�j < 2:00 j�j < 1:75 j�j < 1:50 j�j < 1:25t�tH 490 450 390 300 230 150t�tZ 48 42 34 29 19 13t�t + jets 6900 5800 4600 3500 2300 2300WW;WZ + jets 3 2 1 1 1 0W + jets 830 690 520 340 180 36Total Ba
kground 7800 6600 5200 3900 2500 1500S=B 0.063 0.068 0.074 0.079 0.090 0.103S=pB 5.6 5.5 5.4 4.9 4.6 4.0Table 7.8: Expe
ted number of signal and ba
kground events and signalsigni�
an
e as a fun
tion of maximum jet j�j for three years low luminosityrunning for mH = 100 GeV, using b-tagging set A.a range of 
uts on the jet j�j. As with the pT 
ut as more jets and events areremoved from the analysis the ratio of signal to ba
kground does improve,however the jet j�j 
ut does not improve the signal signi�
an
e.7.5.4 Ba
kground Redu
tion Summaryb-tagging set A gives the highest signal signi�
an
e, removing the vast major-ity of the light quark ba
kground. The lowest pT 
ut redu
ed the ba
kgroundby approximately 20% without redu
ing the signal. No j�j 
uts improve thesignal signi�
an
e. Table 7.9 gives the signal signi�
an
e for the best pT 
ut
ombined with b-tagging values sets A and C for mH = 80, 100 and 120GeV. b-tagging set A, jet pT > 20 GeV and no j�j 
ut were sele
ted as thebest tagging and 
uts optimisation and used ex
lusively for the remaininganalysis ex
ept for 
omparisons to the more pessimisti
 b-tagging values in



7.6 Event Re
onstru
tion 152Pro
ess Set A Set Ct�tH 460 370t�tZ 44 28t�t 5700 6500WW;WZ + jets 0 1W + jets 610 800Total Ba
kground 6300 7400S=B 0.073 0.050S=pB 5.8 4.3Table 7.9: Expe
ted number of signal and ba
kground events and signalsigni�
an
e for jet pT > 20 GeV, jet � < 2:25, for b-tagging values sets Aand C, for three years low luminosity running for mH = 100 GeV.set C.7.6 Event Re
onstru
tionThe event re
onstru
tion des
ribed in se
tion 7.3.3 was applied to the ba
k-ground. This has the potential to redu
e the ba
kground as it requires twonon b-jets in the events in addition to the four tagged b-jets. To estimateresidual ba
kground, only events within two sigma of the Higgs mass were
ounted, with the pro
esses of assigning b-jets to top de
ays and Higgs de
aysun
hanged. Table 7.10 gives the signal and ba
kground rates for these modi-�ed re
onstru
tion methods. Methods III and IV require spe
ial attention asthey 
an generate multiple Higgs 
andidate masses per event. To 
al
ulatethe number of signal and ba
kground events ea
h event was 
ounted if anyone of the b-jet pairs sele
ted as 
oming from the Higgs gave an invariant



7.7 Leading Order Performan
e 153Pro
ess 1 l, 4 b-jets Re
onstru
tion Method2 non b-jets I II III IVt�tH 465 146 147 177 282t�tZ 43 15 16 13 27t�t + jets 5650 1245 1232 1565 2868WW;WZ + jets 3 0 0 0 0W + jets 728 127 127 109 218Total Ba
kground 6424 1387 1375 1687 3113S=B 0.072 0.105 0.107 0.105 0.091S=pB 5.8 3.9 4.0 4.3 5.1Table 7.10: The signi�
an
es for events requiring 1 lepton, 4 b-jets and 2 nonb-jets the three (�rst 
olumn) and the four re
onstru
tion methods. Onlymass 
ombination with �2� of the Higgs mass width are 
ounted.mass in the Higgs mass window.Simply requiring the extra two non b-jets improves signal to ba
kgroundratio but not the signi�
an
e. Re
onstru
tion Method II gave the highestsignal to ba
kground ratio of 0.107. Method IV gave the best signi�
an
eout of the re
onstru
tion methods but still gave no improvement on thesigni�
an
e when requiring only one lepton and four tagged b-jets.7.7 Leading Order Performan
eThe leading order performan
e was evaluated without any top re
onstru
tion,using b-tagging values Set A. The signal and ba
kground in a mass window -30 to +20 GeV of the Higgs was 
ounted and the signi�
an
e 
al
ulated. The-30, +20 mass window was 
hosen as an improvement over a mass window



7.7 Leading Order Performan
e 154of 2�H!b�b ' �30 sin
e the Higgs invariant mass peak is antisymmetri
alwith a narrower half width on the high mass side. This gave a redu
tion inba
kground for little loss of signal.The 
ross-se
tion for the t�tH pro
ess falls with in
reasing Higgs masswhile the ba
kground remains 
onstant to within 10% over 80 < mH < 120GeV. The signi�
an
e therefore falls with in
reasing Higgs mass. Figure 7.18shows the invariant mbb jet mass plot for all 
ombinations from events withfour b-jets. The ba
kground peaks at approximately 80 GeV, visually ob-s
uring the signal in any invariant mbb plot. Table 7.11 gives the signalsigni�
an
e for mH = 80, 100 and 120 GeV. The signal 
an be seen here asan ex
ess of events over an expe
ted ba
kground rate.The leading order performan
e 
an be 
ompared to the results des
ribedin [64℄ although there are di�eren
es in the details of the analyses. The re-sults for overall signal signi�
an
e obtained there are 
omparable with theresults des
ribed here. However the ba
kgrounds rates di�er, with approxi-mately three times more ba
kground here than in [64℄. The 
ombination ofdi�eren
es in analysis methods and ba
kground rates result in roughly equalsignal signi�
an
es from both analyses.Determining the mass of the Higgs from a plot of mbb has an inherentdiÆ
ulty, in that many of the b-b jet invariant mass 
ombinations do not
ome from the Higgs de
ay. The re
onstru
tion method whi
h gave the bestfra
tion of 
orre
t b-jet pair 
ombinations was Method I, with a fra
tion of0.33 
orre
t within 2�m!b�b. The ba
kground 
ontributes another 1387 eventsin the mass window. This gives 48 out of 1485 
orre
t b-jet 
ombinations inthe mass window. Deriving a mass from this peak is 
learly problemati
.The Higgs mass 
ould be determined by running a mass window a
rossthe invariant jet mass plot. The window used here was -30, +20 GeV of the



7.7 Leading Order Performan
e 155

mbb  (GeV)

C
o

m
b

in
at

io
n

s

0

200

400

600

800

1000

1200

1400

1600

0 50 100 150 200 250 300 350 400(a) mH = 80 GeV

mbb  (GeV)

C
o

m
b

in
at

io
n

s

0

200

400

600

800

1000

1200

1400

1600

0 50 100 150 200 250 300 350 400

mbb  (GeV)

C
o

m
b

in
at

io
n

s

0

200

400

600

800

1000

1200

1400

0 50 100 150 200 250 300 350 400(a) mH = 100 GeV (
) mH = 120 GeVFigure 7.18: Invariant mb�b mass for all 
ombinations from events with fourb-jets, for (a) mH = 80, (b) mH = 100, (
) mH = 120 GeV.



7.8 Systemati
 Errors 156mH = 80 GeV mH = 100 GeV mH = 120 GeVt�tH 822 465 270Total Ba
kground 6183 6424 6163S=B 0.133 0.072 0.044S=pB 10.5 5.8 3.4Table 7.11: Total signal and ba
kground, signal to ba
kground ratio andsignal signi�
an
e for leading order 
ross-se
tions for mH = 80, 100 and 120GeV, using 
uts and b-tagging de�ned in text.tested Higgs mass. The number of signal and ba
kground events in the masswindow was 
ounted and the signi�
an
e 
al
ulated. Figure 7.19 shows a plotof signi�
an
e verses the 
entral mass values of the window for a generatedHiggs mass of 100 GeV. The signi�
an
e peaks at the generated Higgs massvalue, however the enhan
ement is relatively small.7.8 Systemati
 ErrorsA 
omplete determination of the systemati
 errors would require full re
on-stru
tion. However ATLFAST enables the main systemati
 un
ertainties tobe estimated. Two systemati
 errors are evaluated here, un
ertainties in thejet s
ale energy and un
ertainties in the b-tagging performan
e values.Jet S
aleHadroni
 jets found in an event have in general less energy than the partonwhi
h produ
ed the jet. The 4-ve
tors of the jets are therefore res
aled su
hthat the jet and parton 4-ve
tors are on average the same. The s
aling fa
torused is dependent on the jet pT and the type of jet, b-jets requiring a di�erent
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Figure 7.19: Plot of signi�
an
e of a mass window -30, +20 of the plottedmass, for mH = 100 GeV. Note the suppressed zero on the y axis: theabsolute 
hange in signi�
an
e is relatively small.s
aling fa
tor from non b-jets. The a

ura
y of this res
aling pro
edure isexpe
ted to be 
ontrolled at the 1% level.The e�e
t on a t�tH Higgs sear
h of the a

ura
y on the jet s
aling wasinvestigated by introdu
ing an o�set to all the jet energies after res
aling.The 
hange in the number of ba
kground events in a mass window of 90to 150 GeV, 
orresponding to the mass window for a 120 GeV Higgs, wasthen determined. The 120 GeV Higgs was used as this has the lowest 
ross-se
tion in the mass range and will hen
e be most a�e
ted by ba
kgroundun
ertainties. Table 7.12 gives the ba
kground 
hanges. If the jet res
alingis a

urate to within the expe
ted 1% then the ba
kground 
hanges by only23 events, whi
h is 8% of the 120 GeV Higgs signal. For a ba
kground of6150 events the statisti
al variation is � 78 events. The un
ertainty in the
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 Errors 158�2:00% �1:75% �1:50% �1:25% �1:00% �0:75%Total Ba
kground 6163 6160 6152 6149 6150 6186Change 0 �3 �11 �14 �13 23Change/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 Ba
kground 6176 6169 6163 6168 6172 6181Change 13 6 0 5 9 18Change/Signal 0:048 0:022 0 0:018 0:033 0:066+1:00% +1:25% +1:50% +1:75% +2:00%Total Ba
kground 6177 6178 6175 6181 6174Change 14 15 12 18 11Change/Signal 0:051 0:055 0:044 0:066 0:040Table 7.12: Change in ba
kground events in the mass window 90 to 150 GeVfor jet energies mis 
alibrated from �2% to +2%.jet s
ale is not problemati
 for Higgs dis
overy if the 1% jet s
ale un
ertaintyis a
hieved.b tagging un
ertaintiesThe requirements on the knowledge of the b-tagging performan
e was in-vestigated by varying eb around the 0.60 value used for b-tagging Set A.Table 7.13 gives the 
hanges in signal rates for small 
hanges in eb, keepingRu and R
 
onstant. As the signal event rate goes as e4b even small 
hangesin eb 
an e�e
t the signal rate. For eb = 0:60 the expe
ted number of eventsis 465� 22(stat.). A 
hange in eb of 0.01 is suÆ
ient to 
hange the numberof signal events over three years' low luminosity running by the statisti
al



7.9 NLO 
ross-se
tion 159eb = 0:60 eb = 0:58 eb = 0:59 eb = 0:61 eb = 0:62Signal 465 394 414 483 506Di�eren
e 0 -71 -51 18 41S=pB 5.8 4.9 5.2 6.0 6.3Table 7.13: Change in signal rate and signi�
an
e for small 
hanges in eb(Ru = 93, R
 = 6:7), the di�eren
e row is the di�eren
e in events betweeneb = 0:60 and the given eb.un
ertainty.7.9 NLO 
ross-se
tionThe NLO 
ross se
tion 
al
ulation for t�t produ
tion is 833 pb [65℄, an in
reaseof 40% on the leading order 
ross-se
tion. An exa
t 
al
ulation for the t�tHsignal is not available but using the approximation mH � mt the QCDradiative 
orre
tions 
an be 
al
ulated [66℄. The NLO 
orre
tion is dependenton mH and varies depending on the stru
ture fun
tion used from +20% to+30% over the mass range 80 < mH < 120 GeV. A uniform in
rease of +30%over the leading order 
ross-se
tion, a
ross the mass range, is used here.Table 7.14 gives the signal signi�
an
e using the NLO pro
ess 
ross-se
tions for t�t and t�tH. Although the ba
kground has in
reased by a largerper
entage than the signal, the signal signi�
an
e has improved overall. Thesigni�
an
e verses mH is shown graphi
ally in Figure 7.20, for b-tagging setA. Without any NLO 
ross se
tion 
orre
tions the signal signi�
an
e is 5�up to mH = 100 GeV, for three years' low luminosity data taking. With theNLO 
orre
tions the 5� rea
h for the t�tH 
hannel extends out to 110 GeV.The �nal LEPII run found a possible Higgs signal for mH = 115 GeV. Using



7.10 Summary 160mH = 80 GeV mH = 100 GeV mH = 120 GeVt�tH 1068 604 351Total Ba
kground 8347 8684 8355S=B 0.128 0.070 0.042S=pB 11.7 6.5 3.8Table 7.14: Signal signi�
an
e with NLO 
ross-se
tions for mH = 80, 100,120 GeV, for b-tagging Set A.this analysis ATLAS would give a signal signi�
an
e of 4� after three years'low luminosity running for a Higgs parti
le with mH = 115 GeV.In addition to the NLO 
ross-se
tion 
orre
tions the ba
kground 
ould bein
reased due to enhan
ement of the in
lusive b-quark 
ross-se
tion. In re-sults from the Tevatron proton anti-proton 
ollider the in
lusive b-quark pro-du
tion rate measured by the two Tevatron dete
tors CDF [67℄ and D0 [68℄has been found to be a fa
tor 2.5 higher, on average, than typi
al MonteCarlo 
al
ulations [69℄. If the LHC b-quark produ
tion 
ross-se
tion wassimilarly in
reased by 2.5 from values given previously this would result ina drop in signal signi�
an
e by a fa
tor of p2:5 ' 1:6. Further work isrequired to establish a 
onsistent set of Monte Carlo parameters to obtainresults 
onsistent with CDF and D0.7.10 SummaryThe 
hannel t�tH has been analysed for suitability for a Higgs boson sear
hin the mass range 80 < mH < 120 GeV. The diÆ
ulties asso
iated with themultiple b-jet �nal state have been des
ribed and several te
hniques evalu-ated to over
ome them. The highest signal signi�
an
e 
ame from 
ounting
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Figure 7.20: Signal signi�
an
e as a fun
tion of mH using LO and NLO
ross-se
tion values.all events with one isolated lepton and four tagged b-jets. The 
hange insigni�
an
e over a mass window for �xed mH was shown, with the highestsigni�
an
e in the mass window 
orresponding to mH . The 
hange in ba
k-ground with un
ertainties in jet energy s
ale and the 
hange in signal withun
ertainties in b-tagging performan
e was presented. Finally the overall sig-ni�
an
e for the Higgs boson was given for the NLO pro
ess 
ross-se
tions.The 
hannel is above a 5� dis
overy threshold up to mH = 110 GeV for aintegrated luminosity of 3 � 10�4pb�1. For low luminosity running an inte-grated luminosity of ' 4 � 10�4 (four years' low luminosity running) wouldbe required to a
hieve a 5� dis
overy threshold for mH = 115 GeV.
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Chapter 8
Summary
The studies presented in this thesis 
on
ern the ATLAS ID, whi
h were per-formed as part of a large e�ort to 
hara
terise and develop the dete
tor de-sign. The study of single tra
k re
onstru
tion was presented. For high trans-verse momentum (pT = 200 GeV) muons this gave �(1=pT ) = 0:4 TeV�1,�(d0) = 10�m and �(z0) ranged from 55 < �(z0) < 150�m depending ontra
k rapidity. It was found that the B-layer improves the d0 resolution by afa
tor of 3 at low (1 GeV) pT and by 1.6 at high (200 GeV) pT .The impa
t parameter resolution serves as input to the ATLAS b-taggingperforman
e. For jets with a total energy of 200 GeV and for 50% b-taggingeÆ
ien
y the light quark jet reje
tion is approximately 80. The b-taggingperforman
e is degraded by 30% when a pixel layer is removed and by 10% ifan SCT layer is removed. No layer was removed from the ID design be
ausealthough removing a pixel layer improved the 
alorimeter performan
e the30% loss in b-tagging performan
e was regarded as una

eptable. The fourSCT layers were retained as they had marginal e�e
t on the 
alorimeter andfour layers instead of three provide redundan
y for the ID.The b-tagging performan
e of the ID was then used to evaluate the poten-



163tial of the ATLAS dete
tor to �nd a Higgs boson in the range 80 < mH < 120GeV. This mass range is a 
hallenging region for the ATLAS dete
tor wherethe b-tagging is used to the full. The 
hannel provides a 5� dis
overy windowout to mH = 100 GeV after three years' low luminosity data taking. Theregion is 
urrently of interest given a possible signal at 115 GeV from the�nal LEPII experimental run. Using the analysis presented with the NLO
ross-se
tions a signi�
an
e of ' 4 
an be expe
ted for a Higgs boson withmH = 115 GeV after three years' low luminosity running.
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