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Introdu
tion
S

in
e the beginning of mankind two questions have always 
on
erned thebrightest minds of their time: What are we made of, and why does theworld work like it does? Over the 
ourse of history many theories weredeveloped to answer these questions, all of whi
h were able to des
ribe theobservations of their present age.Our understanding of the most basi
 
onstituents and laws of the Universehas improved enormously over the last few de
ades thanks to the experimentsperformed at the highest a
hievable energies. From the large number of obser-vations a single theory was born that 
ould explain all the observed phenomena.It was named the Standard Model of Parti
le Physi
s � the Standard Modelfor short.While the Standard Model is supported by a large number of experimentalobservations, it has also a few short
omings. Some of the most importantproblems 
an be summarised as follows:
• How is the mass of elementary parti
les generated? The gauge symme-tries upon whi
h the Standard Model is built, do not allow parti
les tohave a mass. The Standard Model explains the observed weight of the el-ementary parti
les by a lo
al symmetry breaking, that generates massesfor the parti
les. As a �side-e�e
t�, this model predi
ts the Higgs parti
lethat has not been experimentally observed yet.
• Is it possible to unite the ele
tro-weak and strong intera
tions � andmaybe even gravity � into a single theory? Our �ndings show that theelementary intera
tions be
ome similar to ea
h other at in
reasingly highenergies. But the Standard Model in its 
urrent form 
annot des
ribethis uni�
ation of the for
es.
• What is dark matter made of? Cosmologi
al observations suggest thatthe matter that we 
an see, makes up only about 15% of the matter inthe Universe. The other 85% of matter, the gravitational for
e of whi
hwe 
an see, is 
urrently invisible to us, and the Standard Model gives noexplanation to its existen
e.



2 Introdu
tionThere are 
urrently a multitude of theories whi
h provide solutions forthese issues. Perhaps the most a
knowledged ones are the supersymmetry(SUSY) theories. While these theories provide solutions to the aforementionedproblems, they also suggest the existen
e of yet unseen parti
les and intera
-tions.All of the large parti
le physi
s experiments of the last de
ades were de-signed to test the predi
tions of the Standard Model at higher and higherenergies, and to look for signals of physi
s beyond the Standard Model. TheLarge Ele
tron Positron Collider (LEP) for instan
e provided the �rst pre
i-sion measurements of the properties of the weak bosons, and was later on usedto study many Standard Model pro
esses.In 2003 I joined the work of one of the experiments that was built atLEP, the OPAL experiment. I started working in the two-photon workinggroup, studying the intera
tions of high energy photons with ea
h other. Theseintera
tions allow us to study the behaviour of one of the most fundamental
onstituents of the Standard Model under unusual 
ir
umstan
es, providingvery pre
ise tests for our ability to des
ribe quantum ele
tro-dynami
s (QED),and quantum 
hromo-dynami
s (QCD).The most powerful parti
le a

elerator ever built � the Large HadronCollider (LHC) � is now entering its turn-on phase. The main goals of theLHC are to �nd the Higgs boson � or to prove that it does not exist �, verifypredi
tions of the Standard Model at the highest energies, and to look for thepredi
ted new parti
les and intera
tions.In 2004 I be
ame a member of the ATLAS 
ollaboration, building thelargest experiment for the LHC, the ATLAS dete
tor. I joined the triggergroup, working for the most part on the Level-1 and muon triggers, and gotinvolved in the work of the bottom and top quark physi
s groups. Unlike at theLEP experiments, the trigger system plays a 
entral role in every experimentbuilt for the LHC. In order to be able to observe pro
esses with very smallprobabilities, the LHC will generate proton�proton 
ollisions with an intensitynever seen before. This implies that only a small fra
tion of the generated data
an be saved for further pro
essing. In this way every single physi
s analysisperformed at the LHC will have to know pre
isely how the trigger behavedwhen sele
ting events interesting for that parti
ular analysis.In the �rst part of my thesis I present an analysis that I performed in thetwo-photon group of the OPAL 
ollaboration, measuring the 
ross se
tion toprodu
e hadron-showers (jets) in photon�photon intera
tions. In the se
ondpart of my thesis I present two studies I have done in the trigger group ofthe ATLAS 
ollaboration for measuring and optimising the performan
e of themuon trigger for sele
ting events from B-hadron and top quark de
ays, whi
hwill be instrumental for measuring various 
ross se
tions with the ATLASdete
tor.
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CHAPTER 1
γγ intera
tions at LEP

T
he photon is a fundamental parti
le in our 
urrent understanding of theintera
tions of elementary parti
les. These intera
tions are su

essfullydes
ribed by the Standard Model of Parti
le Physi
s, whi
h is a 
ombina-tion of gauge theories [1℄. The photon is the gauge boson of quantum ele
tro-dynami
s (QED) and mediates the ele
tromagneti
 for
e between 
hargedparti
les. In QED intera
tions, the photon 
an be regarded as a point-like,stru
ture-less obje
t, 
alled the dire
t, or bare photon. QED being an abeliangauge theory, the photon has no self-
ouplings, and to our 
urrent understand-ing, the photon has no mass.In this 
hapter I will des
ribe the photon as a parti
le with a stru
ture,that 
an have self-intera
tions, and show the framework in whi
h su
h inter-a
tions 
an be studied. Then I dis
uss jet produ
tion in photon�photon inter-a
tions, and show how the study of su
h intera
tions helps us to understandthe photon itself.1.1 The photon stru
tureWhile the dire
t photon shows no stru
ture, following the Heisenberg un
er-tainty prin
iple, written as1

∆E∆t ≥ 1

2
, (1.1)the photon is allowed to violate the energy 
onservation rule by ∆E amountfor a ∆t length of time. In this time the photon is allowed to �u
tuate intoa fermion anti-fermion pair (f̄f ), 
arrying the same quantum numbers as thephoton, with the

γ → f̄f → γ (1.2)1Throughout this thesis I shall use c = h̄ = 1.
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γ

Figure 1.1: The resolved photon. In QCD the photon is a superposition ofthe dire
t (a), anomalous (b) and hadroni
 (
) part of the parti
le.rea
tion. If during a �u
tuation one of the fermions2 intera
ts via a gaugeboson with another parti
le, then it 
an be extra
ted from the photon, withthe photon getting resolved and revealing its stru
ture.In the framework of QED, the photon is 
oupled to 
harged fermions,whi
h either means leptons, l, with l = e, µ, τ , or quarks. The 
ase of leptonpair produ
tion 
an be 
al
ulated in QED. Quark pair produ
tion is more 
om-plex, sin
e there are more kinds of possible �u
tuations, and QCD 
orre
tionshave to be taken into a

ount. In leading order the photon 
an take part in area
tion in three ways:
• The photon 
an intera
t dire
tly, as shown in Figure 1.1 (a), and it doesnot reveal a stru
ture. In these 
ases the photon is 
alled a dire
t or barephoton.
• The photon 
an �u
tuate into a leptoni
 or hadroni
 state in a way thatis perturbatively 
al
ulable � shown in Figure 1.1 (b) �, in whi
h 
ase itis 
alled the point-like or anomalous photon.
• The photon 
an �u
tuate into a hadroni
 state that has the same quan-tum numbers as the photon (JPC = 1−−) � shown in Figure 1.1 (
) �, inwhi
h 
ase it is 
alled the hadron-like or hadroni
 photon. The photonbehaves like a hadron, and the hadron-like part of the hadroni
 pho-ton stru
ture fun
tion 
an su

essfully be des
ribed by the ve
tor mesondominan
e model (VMD), 
onsidering the low mass ve
tor mesons ρ, ω,
φ and J/Ψ.The fa
t that the photon 
an either intera
t dire
tly or in a resolvedmanner adds another duality to the nature of the photon, and makes it a veryinteresting parti
le to investigate.2Fermions and anti-fermions are not distinguished in this thesis. For instan
e ele
tronsand positrons will be referred to uniformly as ele
trons.
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Figure 1.2: Types of photon�photon intera
tions. Dire
t (a); Singleresolved: VMD × dire
t (b), anomalous × dire
t (
); Double resolved:VMD × VMD (d), anomalous × anomalous (e), VMD × anomalous (f).1.2 Photon�photon intera
tionsThe photon�photon rea
tions are usually 
lassi�ed based on the kind of obje
tsthat take part in the hard/primary intera
tion. This kind of 
lassi�
ation 
anbe seen in Figure 1.2, showing the following 
lasses of intera
tions:
• In Figure 1.2 (a) the two photons intera
t dire
tly through a virtualfermion3. Su
h intera
tions are 
alled dire
t intera
tions.
• Figure 1.2 (b) and (
) show one of the photons �u
tuating into an anoma-lous or hadroni
 state and intera
ting with the other photon through avirtual fermion. These are 
alled single resolved intera
tions.
• In Figure 1.2 (d), (e) and (f) both photons take part in the intera
tion in aresolved state. These intera
tions are 
alled double resolved intera
tions.In theoreti
al 
al
ulations these 
ases have to be handled separately. Itis possible to separate the 
ontributions of the di�erent types of pro
esses in
ertain types of �nal states, whi
h makes it possible to study the theory'sdes
ription of a 
ertain intera
tion 
hannel more pre
isely.3A parti
le is 
alled virtual, if its properties ful�l E2 − ~p 2 6= m2.
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Figure 1.3: S
hemati
 view of photon�photon intera
tions at LEP.1.3 Intera
tion kinemati
sAt the LEP ring, photon�photon intera
tions 
ould be studied in the followingpro
ess: e+e− → e+e−γ∗γ∗ → e+e−X, (1.3)where the ele
trons ea
h emit a virtual photon, whi
h produ
e an X �nalstate, while the ele
trons leave the intera
tion without being annihilated. As
hemati
 view of this pro
ess 
an be seen in Figure 1.3The spe
trum of the photons whi
h possess the y fra
tion of the ele
tronbeam energy, 
an be 
al
ulated using the Equivalent Photon Approximation(EPA) [2℄:
fγ/e(y,Q

2) =
αem

2πQ2

[
1 + (1 − y)2

y
− 2m2

ey

Q2

]

, (1.4)where αem is the ele
tromagneti
 
oupling 
onstant, me is the mass of theele
tron, and Q2 = E2 − ~p 2 is the virtuality of the photon. The integratedform of this formula � known as the Weizsä
ker-Williams formula [3, 4℄ � 
angive the fra
tion of photons in a [Q2
min, Q

2
max] interval:

fγ/e(y,Q
2
min, Q

2
max) =

αem

2π

1 + (1 − y)2

y
log

(
Q2

max

Q2
min

)

−

2m2
ey

(
1

Q2
min

− 1

Q2
max

)

.

(1.5)The kinemati
s of the γγ pro
ess [1℄ for our purposes at a given √
see =

Ecm 
entre of mass energy is des
ribed by the negative square of the four-
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arried by the photons (i = 1, 2), Q2
i = −q2i , and the invariantmass of the hadroni
 �nal state, W 2 = sγγ = (q1 + q2)

2. Parti
les in highenergy physi
s are des
ribed by their four-momenta, whi
h for a parti
le witha momentum of ~p = (px, py, pz) and energy E, is written as:






q0
q1
q2
q3







≡







−E
px

py

pz







(1.6)1.4 Hadron showersThe hard pro
esses in high-energy rea
tions often lead to the produ
tion ofquarks and gluons (partons). At high energies the strong 
oupling 
onstantbe
omes small, allowing the partons to intera
t dire
tly. Be
ause of the smallvalue of the 
oupling 
onstant, these intera
tions 
an be handled using pertur-bative 
al
ulations.However as the produ
ed partons are leaving ea
h other and the distan
ebetween them grows, the 
oupling 
onstant in
reases. At a 
ertain distan
e itbe
omes large enough to produ
e dozens of new partons. Finally these quarksand gluons form �
olourless� hadrons whi
h we 
an observe. This last step ofthe intera
tion � 
alled hadronisation or fragmentation � results in 
ollimatedhadron showers 
alled jets.The hadronisation pro
ess 
annot be 
al
ulated analyti
ally, as pertur-bative 
al
ulations 
an not be performed for large 
oupling 
onstants. It 
anonly be simulated using 
ertain types of models. These models, however, 
anonly be tested together with the model des
ribing the hard pro
ess betweenthe intera
ting partons, whi
h makes their validation non-trivial.
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CHAPTER 2LEP and OPAL
I
n this 
hapter I des
ribe the Large Ele
tron Positron a

elerator ring andone of its experiments, the OPAL dete
tor.2.1 The Large Ele
tron Positron 
olliderThe Large Ele
tron Positron 
ollider (LEP) was an e+e− storage ring builtat CERN, in Geneva, Switzerland. It had a 
ir
umferen
e of 27 km and waslo
ated underground at depths of approximately 100 m. It started operationin 1989 and until 1995 was used to 
ollide ele
tron and positron beams at a
entre of mass energy 
lose to the Z0 mass (at about 90 GeV). This period isnow 
alled LEP1. LEP2 running started in 1996 with the gradual in
rease ofthe 
entre of mass energy of the ele
tron beams from 161 GeV to 209 GeV bythe end of 2000.LEP was designed for pre
ision measurements of the Standard Modelquantities and for sear
hes for New Physi
s1. Two-photon physi
s be
ameimportant in the LEP2 running, as at these high energies large statisti
s 
ouldbe 
olle
ted from photon�photon events.The layout of the CERN a

elerator 
omplex that provided LEP withele
tron and positron beams 
an be seen in Figure 2.1.2.1.1 Ele
tron and positron beams at LEPLEP relied on the pre-existing Proton Syn
hrotron (PS) and Super ProtonSyn
hrotron (SPS) rings to pre-a

elerate the ele
tron and positron beamsbefore they were inje
ted in the LEP ring for the �nal step of the a

eleration.The ele
tron and positron beams were generated in the following way:1The thesis refers to physi
s not 
overed by the Standard Model of Parti
le Physi
s, asNew Physi
s.
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Figure 2.1: S
hemati
 view of the CERN a

elerator 
omplex servi
ingLEP. (Status of 1996.) Des
ription of the individual parts 
an be found inSe
tion 2.1.1.1. an ele
tron gun was used to 
reate bun
hes of ele
trons at a rate of about100 Hz;2. the ele
trons were a

elerated to 600 MeV in the LEP Inje
tor Lina
(LIL). Some ele
tron bun
hes were used to produ
e positrons via Brems-strahlung and pair produ
tion on a �xed target. The positrons were thenalso a

elerated to 600 MeV using LIL;3. the Ele
tron Positron A

umulator (EPA) was used to 
olle
t the ele
-trons and positrons into 4 or more bun
hes;4. from EPA, the ele
trons and positrons were inje
ted into the PS anda

elerated to 3.5 GeV;
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hes were then fed into the SPS where the �nal pre-a

elerationof the ele
trons and positrons took pla
e, a

elerating the bun
hes to20 GeV;6. �nally the beams were inje
ted into the LEP ring where they were a

el-erated to the desired energy (45 � 104 GeV), and brought to 
ollision atthe 
entre of the 4 main experiments.It took about 15 � 30 minutes to �ll LEP with ∼ 5×109 ele
trons and positrons,repeating this sequen
e. A �ll lasted for about 15 hours in LEP1 and 4 � 5 hoursin LEP2 before the luminosity of the beam de
reased to the point that the ringhad to be �lled up again.2.1.2 Beam luminosityThe beam luminosity is de�ned as
L =

N1·N2·nb·frev

A
, (2.1)where N1,2 are the number of ele
trons in the 
olliding bun
hes, nb is thenumber of bun
hes, frev is the revolution frequen
y, and A is the intera
tion
ross se
tion of the 
olliding beams.The luminosity re
eived by the experiments was measured by 
ountinglow-angle Bhabha s
attering events. These are events where the ele
tron andpositron s
atter elasti
ally into the dete
tor and are 
hara
terised by two highenergy ba
k-to-ba
k ele
tromagneti
 
lusters with no other re
orded a
tivity inthe dete
tor. The 
ross se
tion of this pro
ess (σBhabha) is very well known [5,6℄and is large at small polar angles, so the simple formula of

L =
NBhabha
σBhabha (2.2)
ould be used to 
al
ulate the re
orded luminosity with a very good pre
ision.2.2 Omni Purpose Apparatus for LEPOPAL [7℄ was one of the four dete
tors built for the LEP a

elerator. It wasa general purpose dete
tor designed to study a wide variety of intera
tionso

urring in e+e− 
ollisions. It was �rst used in 1989, and with some upgradesit was in operation until the 
losure of LEP at the end of 2000.A 
ut away diagram showing the 
omponents of OPAL 
an be seen inFigure 2.2. The main types of sub-dete
tors were:
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Figure 2.2: Cut away diagram showing the 
omponents of OPAL.
• Vertex and tra
king dete
tors to re
ord the tra
ks of 
harged parti
les inthe 
entral region, provide dE/dx information on the tra
ks for parti
leidenti�
ation and re
onstru
t primary and se
ondary verti
es of an event.
• Ele
tromagneti
 
alorimeter for the energy measurement of ele
trons andphotons.
• Hadroni
 
alorimeter for the energy measurement of hadrons.
• Muon dete
tors for the identi�
ation and re
onstru
tion of muon tra
ks.
• Forward dete
tors used mainly as luminosity monitors and for the dete
-tion of s
attered ele
trons from non-elasti
 s
attering events.The thesis uses the standard OPAL 
oordinate system, whi
h is a right-handed 
oordinate system where the z-axis points in the dire
tion of the e−-beam and the x-axis points to the 
entre of the LEP ring. The polar angle

θ and the azimuthal angle φ are de�ned relative to the +z-axis and +x-axis,
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tively. In 
ylindri
al polar 
oordinates, the radial 
oordinate is denoted
r. The transverse momentum is de�ned as a 
omponent of the momentumperpendi
ular to the z-axis. The pseudo-rapidity, η, is de�ned as

η = − ln

[

tan

(
θ

2

)]

. (2.3)Pseudo-rapidity is preferred in parti
le 
ollider experiments to des
ribe thepolar dire
tion of parti
les 
oming from the intera
tions instead of the polarangle, θ, as the observed total parti
le produ
tion 
ross se
tion is �at in η.The relation between θ and η is demonstrated in Figure 2.3.
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Figure 2.3: Relation between the polar angle measured from the beam axis,and the pseudo-rapidity 
al
ulated from the polar angle, following Equa-tion 2.3.Figure 2.4 shows a 
ross se
tion view of the dete
tor in planes perpen-di
ular and parallel to the beam axis. The 
entral tra
king 
hambers were
ontained inside a solenoid that provided a uniform magneti
 �eld of 0.435 T.Going from inside out, the solenoidal magnet 
oil was surrounded by time-of-�ight 
ounters, a lead glass ele
tromagneti
 
alorimeter with a presampler,a hadron 
alorimeter 
onstru
ted by instrumenting the magnet return yokeand four layers of outer muon 
hambers. In the following I give more detailsabout the dete
tor parts that were a
tively used in the analysis presented inChapter 3.2.2.1 The tra
king dete
torsThe 
entral tra
king system was 
omposed of three main elements: a high reso-lution vertex dete
tor, a �jet 
hamber� type drift 
hamber and the z-
hambers.The 
hambers are shown in Figures 2.2 and 2.4 together with the other parts of
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Figure 2.4: Cross se
tions of OPAL parallel and perpendi
ular to the beamaxis.the dete
tor. The vertex dete
tor was lo
ated between the beam pipe and thejet 
hamber. It was used to re
onstru
t the de
ay verti
es and to improve the
harged tra
k momentum resolution. The jet 
hamber re
orded the 
hargedparti
le tra
ks over almost the entire solid angle and measured their momenta.The z-
hambers were used to obtain a pre
ise measurement on the z 
oordinateof the 
harged tra
ks, thereby improving on the invariant mass re
onstru
tionpre
ision. The performan
es of the various tra
king dete
tors are detailed inthe following.The vertex dete
torOriginally the vertex dete
tor was the innermost 
omponent of OPAL. It wasa 1 metre long, 470 mm diameter, 
ylindri
al drift 
hamber surrounding the
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arbon �bre beam pipe. It operated within the 
ommon 4 bar 
entral tra
kingsystem pressure vessel. The 
hamber 
onsisted of an inner layer of 36 
ellswith axial wires and an outer layer of 36 small angle stereo 
ells.In 1991 a sili
on mi
ro-vertex dete
tor was installed in the 
entre of thedete
tor, around the 5.35 
m radius beam-pipe. It 
onsisted of two 
on
entri

ylinders with 6.1 and 7.8 
m radius built from sili
on mi
rostrip dete
tors.The mi
ro-vertex dete
tor provided a position measurement in the r − φplane with σ = 5 µm pre
ision and σ = 13 µm along the z axis. The axial 
ellsof the vertex dete
tor provided position measurements in the r−φ plane with apre
ision of σ = 50 µm, while maintaining a good multi-hit dete
tion 
apabilityto resolve individual parti
les within jets. A 
oarse measurement of the z-
oordinate (along the wires) was possible by measuring the time di�eren
ebetween the signals on the two ends of the anode wires. This information wasused both in the fast tra
k trigger, and in o�ine tra
k �nding.The jet 
hamberThe jet 
hamber was designed to provide good spatial resolution for jet-likeevents, with the possibility of parti
le identi�
ation, within almost the full 4πsolid angle. The sensitive volume of the jet 
hamber was a 
ylinder with alength of about 4 m, surrounding the vertex dete
tor. Its inner- and outerdiameters were 0.5 and 3.7 m, respe
tively. It was subdivided into 24 identi
alse
tors, ea
h 
ontaining a plane with 159 sense wires. The maximum driftdistan
e varied from 3 
m at the innermost wires to 25 
m at the outermostwires.159 points 
ould be measured along ea
h tra
k in the 43◦ < θ < 137◦range, and at least 8 points 
ould be obtained for a tra
k over a solid angle of98% of 4π. For ea
h point true three-dimensional 
oordinates (r, φ, z) 
ouldbe measured from the wire position, drift time and the 
harge division. The
harge division method required the measurement of the integrated 
harges forea
h hit at both ends of the signal wires. The ratio of these 
harges were usedto determine the z position of the hit, and the sum were used to 
al
ulate the
dE/dx energy loss of the parti
les in the 
hamber gas for parti
le identi�
ation.The average spatial resolutions of the jet 
hamber were σr−φ = 135 µmand σz = 6 
m at a mean drift distan
e of 7 
m.The z-
hambersThe z-
hambers were arranged as a barrel around the jet 
hamber. They
overed the polar angle from 44◦ to 136◦ and 94% of the azimuthal angle. Theyprovided pre
ise measurements of the z 
oordinates of the 
harged parti
les asthey left the jet 
hamber. This resulted in an improvement in both the polar



18 Chapter 2. LEP and OPALangle and invariant mass measurements.They 
onsisted of 24 drift 
hambers, whi
h were 4 m long, 50 
m wide and59 mm thi
k ea
h. The 
hambers were divided su
h that the maximum driftdistan
e was about 25 
m in the z dire
tion. It had an absolute z resolutionof around σz = 300 µm. Its r − φ resolution was on the order of 1.5 
m.Performan
eThe momentum of 
harged parti
les 
ould be re
onstru
ted based on the radiusof their tra
ks in the magneti
 �eld generated by the 
entral solenoid. If a tra
ktraversed ea
h tra
king dete
tor, the relative un
ertainty of the momentummeasurement was:
σp

p
=

√

0.022 + (0.0015 · p[GeV/
])2. (2.4)This means that the p = 2 GeV/
 measured momentum of a 
harged tra
k hada 2% un
ertainty.2.2.2 The ele
tromagneti
 
alorimeterThe ele
tromagneti
 
alorimeter was used to dete
t and measure the energiesof ele
trons and photons ranging from a few tens of MeV to about 100 GeV.It was a total absorption Cherenkov 
alorimeter. As shown in Figures 2.2and 2.4, it was mounted between the 
oil and the iron yoke of the solenoidmagnet. It 
onsisted of three separate assemblies of lead glass blo
ks: a barrelsurrounding the magnet 
oil, and two end-
aps. Together they 
overed 98% ofthe solid angle.As there was about 2X0 of material2 in front of the 
alorimeter (mostlydue to the magnet 
oil and pressure vessel), most ele
tromagneti
 showers wereinitiated before the lead glass itself. For this reason presampling devi
es wereinstalled immediately in front of the lead glass both in the barrel and end-
apregions to measure the positions and sample energies of these ele
tromagneti
showers. The presamplers improved both the π0-photon and ele
tron-hadrondis
rimination and the ele
tromagneti
 energy resolution. The pulse heightin the presampler was approximately proportional to the number of minimumionising parti
les (pions) entering the devi
e, whi
h itself was proportional tothe energy deposited in the material in front of the presampler. This meantthat the energy resolution 
ould be improved using the information from thepresamplers.2Radiation length is 
ommonly denoted as X0 in this thesis. X0 is the amount of materialthat a 
harged parti
le traverses before losing all but 1/e of its total energy in ele
tromagneti
intera
tions.
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tromagneti
 
alorimeterThe barrel part of the ele
tromagneti
 
alorimeter 
onsisted of a 
ylindri
alarray of 9440 lead glass blo
ks of 24.6 X0 length. It 
overed the full azimuthalangle and | cos θ| < 0.82. It was instrumented with magneti
 �eld tolerantphototubes. The longitudinal axes of the lead glass blo
ks pointed towards theintera
tion point in the middle of the dete
tor to minimise the probability of asingle parti
le to deposit energy in more than one blo
k. However the blo
kswere slightly tilted from the perfe
t pointing geometry to prevent neutral par-ti
les (espe
ially photons) from es
aping the 
alorimeter in the gaps betweenthe lead glass blo
ks.End-
ap ele
tromagneti
 
alorimeterThe end-
ap part of the ele
tromagneti
 
alorimeter 
onsisted of two �dome-shaped� arrays, ea
h built from 1132 lead glass blo
ks. They 
overed thefull azimuthal angle and 0.81 < | cos θ| < 0.98. Here the lead glass blo
kswere mounted with their axes 
oaxial with the beam line, mainly be
auseof geometri
al 
onstraints. The glass blo
ks were instrumented with spe
ial,single stage multipliers known as va
uum photo triodes (VPTs) that 
ouldoperate in the full axial �eld of the dete
tor magnet.Performan
eThe typi
al energy resolution of the 
alorimeter, without any additional ma-terial in front of it, was:
σE

E
≈ 0.2% +

6.3%
√

E[GeV]
. (2.5)However adding 2.08 X0 material in front of the dete
tor degraded this resolu-tion substantially, by about a fa
tor of 2 at 6 GeV. But using the informationfrom the presamplers, ∼50% of this degradation 
ould be re
overed.2.2.3 The hadron 
alorimeterThe hadron 
alorimeter was used to measure the energy and rough position ofhadrons leaving the ele
tromagneti
 
alorimeter and to assist in the identi�
a-tion of muons. It used the iron of the magnet return yoke as absorber, as thatprovided 4 or more intera
tion lengths3, λ, of absorber material over 97% ofthe solid angle.3The mean free path travelled by a hadron before it enters a non-elasti
 intera
tion isdenoted by λ.



20 Chapter 2. LEP and OPALThe yoke was segmented into multiple layers, with dete
tor planes betweenea
h layer. These formed a 
ylindri
al sampling 
alorimeter that was about1 m thi
k. Its energy resolution was mainly limited by the material in front ofthe 
alorimeter (mostly the material of the ele
tromagneti
 
alorimeter), andby the stru
ture of the return yoke itself. It was 
onstru
ted in three parts:the barrel, the end-
aps and the pole tips.Barrel and end-
ap hadron 
alorimeterThe barrel 
onsisted of 9 layers of dete
tor 
hambers, separated by 8 ironslabs. Its inner and outer radii were 3.39 m and 4.39 m, respe
tively. Theslabs were 100 mm thi
k with 25 mm gaps between them. The 
alorimeterwas 
losed on both ends by doughnut-shaped end-
aps. The end-
aps had 8layers of dete
tor 
hambers alternating with 7 slabs of iron. The slabs were also100 mm thi
k in the end-
ap, but were separated by 35 mm gaps. Sin
e therewas a high probability for the hadrons to intera
t with the dete
tor materialbefore rea
hing the hadron 
alorimeter4, the overall hadroni
 energy had tobe determined by 
ombining the signals from the ele
tromagneti
 and hadron
alorimeters.Pole tip hadron 
alorimeterThis part of the dete
tor extended the solid angle 
overage of the hadron
alorimeter from | cos θ| < 0.91 to 0.99. The gaps between the iron plates �available for the dete
tors � were redu
ed to 10 mm, to minimise the pertur-bation of the magneti
 �eld. The energy resolution of the 
entral dete
tor wasfalling o� in this dire
tion. To 
ompensate for this, the number of samplingswas in
reased to 10.Performan
eThe barrel and end-
ap parts of the 
alorimeter had similar energy resolutions.Their energy resolution for 10 GeV parti
les was found to be:
σE

E
≈ 120%
√

E[GeV]
(2.6)The pole tip 
alorimeter had slightly better resolution at energies below ap-proximately 15 GeV (100%/√E), whi
h deteriorated for higher energies. Theenergy resolution of the 
ombined dete
tor varied from 100%/√E for energiesbelow 15 GeV to about 140%/√E at 50 GeV.4The tra
king dete
tors and the ele
tromagneti
 
alorimeter a

ounted for ∼2.2 λ.
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z [mm]Figure 2.5: The stru
ture of the forward dete
tor.2.2.4 The forward dete
torsThe main purpose of the forward (FD) dete
tors was to measure the luminosityof LEP by dete
ting the ele
trons from small-angle Bhabha s
attering, and totag ele
trons from γγ intera
tions. They were pla
ed at either ends of thedete
tor to measure very low angle parti
les with respe
t to the beam line.There were multiple separate parts of the forward dete
tor: the gamma 
at
her,drift 
hambers, �ne luminosity monitor 
ounters, the main 
alorimeter and thetube 
hambers. Their layout is shown in Figure 2.5.It had a 
lean a

eptan
e for parti
les from the intera
tion point between47 and 120 mrad from the beam line. Its various parts, from whi
h informationwas used in the analysis, are des
ribed below.Main 
alorimeterThe forward 
alorimeter was 
omposed as a lead-s
intillator sandwi
h with35 layers, whi
h a

ounted for about 24X0. Its energy resolution for Bhabhaevents was σE/E ≈ 17%/
√

E[GeV], with its response being linear with energyand uniform between segments.Tube 
hambersBetween the presampler and the main se
tion of the 
alorimeter, there werethree planes of brass-walled proportional tube 
hambers. Their main purposewas to dete
t the positions of individual showers. The un
ertainty of this



22 Chapter 2. LEP and OPALmeasurement was mainly limited by the shower �u
tuations after traversing4X0 of material in the presampler, and was about ±3 mm.Drift 
hambersDrift 
hambers were pla
ed in two planes before the main 
alorimeter to mea-sure the lo
ations of parti
les entering the forward dete
tor, with high a

ura
y.Their resolution was 300 µm in the drift dire
tion and 1 mm along the sensewires.Gamma 
at
herThe gamma 
at
her was a ring of lead�s
intillator sandwi
h modules with athi
kness of 7X0. It 
ould dete
t ele
trons or gamma rays with more than2 GeV energy, giving a veto on ba
kground events for the neutrino 
ounting
hannel e+e− → Z0γ, with Z0 → νν̄.Performan
eThe energy resolution of the full system, 
ombining the signals of all parts, forele
tromagneti
 showers, was
σE

E
≈ 18%
√

E[GeV]
. (2.7)Its hadron energy measurement was mu
h less pre
ise, the 
ombined resolutionwas σE/E ≈ 90%/

√

E[GeV].2.2.5 The sili
on-tungsten 
alorimeterThe sili
on-tungsten (SW) dete
tors were pla
ed on either ends of the dete
tor,239 
m from the intera
tion point, between the beam pipe and the forwarddete
tor. It was installed in 1993 to give an improvement on the luminositymeasurement. They were sampling 
alorimeters that 
onsisted of 19 layersof sampling sili
on separated by 18 layers of tungsten. They 
overed the 33-59 mrad polar angle region in pra
ti
ally the full azimuth angle. Their energyresolution for ele
tromagneti
 showers was σE/E ≈ 25%/
√

E[GeV], and hada spatial resolution of about 10 µm.2.2.6 The OPAL trigger systemThe OPAL trigger de
ision was based on the signals of most of the dete
torsdis
ussed previously � 
omprising a �tra
k trigger�, a time-of-�ight trigger,ele
tromagneti
 
alorimeter, hadron 
alorimeter and muon triggers. With four
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tron bun
hes 
ir
ulating the LEP ring, the bun
h-
rossing interval was22 µs. The 
hamber drift times were up to 8 µs and ele
troni
s reset times upto 7 µs. They left several mi
rose
onds for sophisti
ated triggering. Sin
e thereadout deadtime of OPAL was about 20 ms per event, the trigger rate had tobe kept below 5 Hz in order to keep losses below 10%.The OPAL trigger system [8℄ was implemented in separate parts � thevarious sub-dete
tor signals were formed independently and were 
ombined togive an overall trigger signal by the �
entral trigger logi
� pro
essor. Therewere two kinds of sub-dete
tor trigger signals. First, �dire
t� trigger signals,su
h as total observed energy or tra
k multipli
ities were 
reated from infor-mation from a single dete
tor 
omponent and had relatively high thresholdsto keep their rates low. To allow lower thresholds for �nal state parti
les, thesub-dete
tors were divided into θ and φ elements (the �θ-φ matrix�) requiringspatial 
oin
iden
es between the 
omponents. The full azimuthal range was
overed by 24 bins, and the polar angle by 6 bins. This gave a total of 144 θ-φbins. The matrix had �ve �layers� 
orresponding to the tra
k, time-of-�ight,ele
tromagneti
, hadron and muon triggers.In the following I des
ribe the triggers that were e�
ient for sele
ting theevents analysed in Chapter 3.The tra
k triggerThe tra
k trigger used information from the 12 axial wires of ea
h se
tor ofthe vertex dete
tor and from three groups of 12 adja
ent wires at di�erentradii of ea
h jet 
hamber se
tor. Signals formed by the vertex dete
tor andjet 
hamber trigger ele
troni
s were 
ombined by the tra
k trigger pro
essor.It dete
ted the presen
e of tra
ks in any bins of the θ-φ matrix and providedvarious tra
k multipli
ity signals. In addition, simple 
ounts of the numberof hit wires were provided, and also trigger signals depending on the spe
i�
ionisation of parti
les were available from the jet 
hamber ele
troni
s.The tra
k trigger was designed to be �exible, with all parts of the de
isionmaking being programmable. It was possible to run the tra
k trigger with arequired tra
k multipli
ity of 2-3 at a sustainable rate. Su
h a trigger item wasfound to be 98.5% e�
ient for sele
ting e+e− → µ+µ− events.The ele
tromagneti
 
alorimeter triggerThe trigger logi
 for the ele
tromagneti
 
alorimeter was as follows. Sev-eral analogue energy sums were provided for di�erent segmentations of the
alorimeter, for instan
e sums over the total barrel, over ea
h end-
ap andover ea
h of the 144 θ-φ 
ells. Ea
h energy sum was dis
riminated at twothresholds, a �high� and a �low� threshold.



24 Chapter 2. LEP and OPALThere were a number of dire
t trigger inputs sent from the ele
tromagneti

alorimeter to the 
entral trigger logi
. The total energy sum trigger 
ould besustained by requiring a total observed energy on the order of 10 GeV in theele
tromagneti
 
alorimeter.The hadron 
alorimeter triggerThe hadron 
alorimeter was divided into 92 bins in the θ-φ plane. Separateanalogue sums were measured for ea
h of these bins, dis
riminating them atthree di�erent thresholds. The 92 bins were mat
hed by the trigger ele
troni
sonto the 144 overlapping bins of the θ-φ matrix, to give input to the 
ombinedtriggers.The hadron 
alorimeter trigger 
ould also be operated with requiring totalenergy sums of around 10 GeV.Performan
eSingle parti
le triggers from only one dete
tor were not possible due to toohigh trigger rates, ex
ept for the single 
luster trigger in the ele
tromagneti

alorimeters that 
ould be operated with thresholds < 10 GeV. Signals requir-ing only one hit in a dete
tor layer were running at high rates due to variousba
kgrounds, but the θ-φ 
oin
iden
es between layers had low rates, even forlow 
alorimeter thresholds, as the 
oin
iden
es suppressed random noise andlow energy ba
kground seen in only one dete
tor layer.The trigger e�
ien
y for a few physi
s 
hannels are summarised in Ta-ble 2.1 [8℄. As 
an be seen, the trigger e�
ien
y for �nal states with 
onsider-able a
tivity in the dete
tor was pra
ti
ally 100%.Physi
s 
hannel | cos θ| E�
ien
y [%℄e+e− → hadrons < 1.0 100e+e− → µ+µ− < 0.95 99.9 ± 0.1e+e− → τ+τ− < 0.90 99.9 ± 0.1e+e− → e+e− < 0.85 100e+e− → γγ < 0.90 > 99.9small angle Bhabha 0.989 - 0.999 > 99.9Table 2.1: Overall OPAL trigger e�
ien
ies for various standard physi
s
hannels. The e�
ien
ies for ea
h physi
s 
hannel are relative to the parti
-ular sele
tion 
uts of the analysis [8, 9℄.



CHAPTER 3In
lusive jet produ
tion inphoton�photon 
ollisions
A

s shown in Chapter 1, 
omparing the in
lusive jet produ
tion 
ross se
-tion from photon�photon intera
tions with theoreti
al predi
tions, is agood way to test our models for the des
ription of the resolved photon,the perturbative 
al
ulation of the hard s
atter, and for the hadronisation ofthe produ
ed partons.For this reason, a study measuring this quantity has been published previ-ously by the OPAL 
ollaboration [10℄, where the in
lusive jet produ
tion 
rossse
tion was measured for 
entre of mass energies from 130 to 136 GeV, with a
one jet �nding algorithm, and found to agree well with QCD 
al
ulations. Re-
ently the L3 
ollaboration published a study at higher beam energies [11℄, thatmeasured a jet produ
tion 
ross se
tion signi�
antly larger than the predi
tionfor high pjetT , shown in Figure 3.1.The aim of the study presented here was to extend the energy range ofthe measurement on the in
lusive jet produ
tion 
ross se
tion presented in [10℄to 189 � 209 GeV and to a signi�
antly larger integrated luminosity, thereby
overing also the phase spa
e used in [11℄.3.1 Monte Carlo simulationAll signal and ba
kground Monte Carlo samples used for dete
tor 
orre
tionsand ba
kground determinations were passed through a full simulation of theOPAL dete
tor [12℄. They were analysed using the same re
onstru
tion algo-rithms as were applied to the data.The Monte Carlo generator PYTHIA 5.722 [13�15℄ was used to simulatethe signal pro
esses (photons with low virtuality produ
ing �nal states withpartons) for the determination of dete
tor 
orre
tions, as large samples with fulldete
tor simulation and re
onstru
tion were available. For all other purposes
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Figure 3.1: The in
lusive jet produ
tion 
ross se
tion presented by the L3
ollaboration in [11℄.the more modern PYTHIA 6.221 was used to generate the samples. PYTHIAis based on leading order QCD matrix elements for massless quarks with theaddition of parton showers and hadronisation.The following generators were used for the simulation of the six ba
k-ground pro
esses that 
ontribute signi�
antly after the event sele
tion de-s
ribed later in the 
hapter:
• PYTHIA for Z0/γ∗ → qq̄ and e+e− →W+W−,
• BDK [16�19℄ for γγ → τ+τ−,
• HERWIG [20, 21℄ for deep-inelasti
 ele
tron-photon s
attering (γ∗γ),
• KORALZ [22℄ for Z0 → τ+τ−, and
• GRC4F [23℄ for e+e− → e+e−qq̄3.2 Event sele
tionWe have studied the in
lusive produ
tion of jets in 
ollisions of two quasi realphotons at e+e− 
entre of mass energies, √see, from 189 to 209 GeV, with a
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tion 27total integrated luminosity of 593 pb−1 of data 
olle
ted by the OPAL dete
tor.For the purpose of this analysis, the di�eren
e between the data taken at thevarious values of √see is small and therefore the distributions for all energieshave been added up. The luminosity-weighted average 
entre of mass energyis 198.5 GeV.At these 
entre of mass energies, events having a low-pT jet are dominatedby two-photon intera
tions. This makes the sele
tion of two-photon eventswith a jet having pjetT < 10 GeV rather easy. However events having jets with
pjetT > 20 GeV are very strongly dominated by Z0/γ∗ → qq̄ pro
esses. Forthis reason spe
ial 
are must be taken when sele
ting two-photon events withenergeti
 jets.The event sele
tion was performed in multiple steps. First a pre-sele
tionwas run on the data 
olle
ted at √see from 189 to 209 GeV and only the eventspassing this sele
tion were pro
essed later on in the analysis. This redu
ed thedata set for further analysis to a more manageable size.The �nal sele
tion of the two-photon events was performed using maxi-mum likelihood distribution fun
tions trained on Monte Carlo events. Evaluat-ing a few multi-variate event sele
tion te
hniques, this sele
tion method provedto be the most stable, providing mu
h better signal to ba
kground ratio thana simple 
ut-based event sele
tion.3.2.1 Event kinemati
sThe properties of the two intera
ting photons (i = 1, 2) are des
ribed by theirnegative squared four-momenta, Q2

i , and the invariant mass of the photon�photon system, W . Ea
h Q2
i is related to the ele
tron s
attering angle, θ′

i,relative to the beam axis by
Q2

i = −
(

pi − p
′

i

)2
≈ 2EiE

′

i

(

1 − cos θ
′

i

)

, (3.1)where pi and p′

i are the four-momenta of the beam ele
trons and the s
atteredele
trons respe
tively, and Ei and E′

i are their energies. The invariant mass ofthe photon�photon system is 
al
ulated from the re
onstru
ted hadroni
 �nalstate by
W 2 =

(
∑

h

Eh

)2

−
(
∑

h

ph

)2

, (3.2)where the summation iterates over all re
onstru
ted hadrons.To sele
t only the photon�photon intera
tions where the virtuality of bothphotons is small, events with one or both s
attered ele
trons dete
ted (single-tagged or double-tagged events) are ex
luded from the analysis. Driven by the
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tion in photon�photon 
ollisionsangular a

eptan
e of the forward (FD) and sili
on-tungsten (SW) 
alorime-ters, a value of Q2 = 4.5 GeV2 is used in the analysis as the maximum possible
Q2. The median Q2 resulting from this limit 
annot be determined from data,sin
e the s
attered ele
trons are not tagged, but is predi
ted by the MonteCarlo simulations to be of the order of 〈Q2〉 = 10−4 GeV2.3.2.2 Jet re
onstru
tionIn the analysis, a sum over all parti
les in the event or in a jet means asum over two kinds of re
onstru
ted obje
ts: tra
ks satisfying the quality 
utsdetailed below, and all 
alorimeter 
lusters, in
luding the ones in the forward
alorimeters.A tra
k is required to have a minimum transverse momentum of 120 MeVand at least 20 hits in the 
entral jet 
hamber. The tra
k's point of 
losestapproa
h to the origin must have a distan
e of less than 25 
m in z and aradial distan
e, d0, of less than 2 
m from the z-axis for low-pT tra
ks. Inthe analysis I have found that to ensure a good momentum measurement forhigh-pT tra
ks having a transverse momentum larger than 5 GeV, I had torequire a d0 distan
e of less than 0.15 
m.Calorimeter 
lusters had to pass an energy threshold of 100 MeV inthe barrel se
tion or 250 MeV in the end-
ap se
tion of the ele
tromagneti

alorimeter, 600 MeV for the barrel and end-
ap se
tions of the hadroni

alorimeter, 1 GeV for the FD, and 2 GeV for the SW 
alorimeters. Analgorithm is applied to avoid the double-
ounting of parti
les in the 
entraltra
king system and the 
alorimeters [10℄.The measured hadroni
 �nal state for ea
h event 
onsists of all obje
tsthus de�ned. Jets are formed from the re
onstru
ted hadroni
 �nal state usingthe k⊥ jet algorithm [24℄. In this algorithm the distan
e measure between anypair of obje
ts i, j to be 
lustered is taken to be

dij = min
(
p2

T,i, p
2
T,j

)

(

R2
ij

R2
0

) , with (3.3)
R2

ij = (∆ηij)
2 + (∆φij)

2. (3.4)In the equations pT,i, ηi and φi are the transverse momentum, pseudo-rapidityand azimuthal angle of the i-th parti
le, respe
tively. Throughout the analysiswe set R2
0 = 1.0.

dij is 
al
ulated for all obje
t 
ombinations, together with di = p2
T,i valuesfor all obje
ts. From this 
ombined set, the minimum value, dmin, is sele
ted.If dmin is asso
iated to an i, j obje
t pair, the two obje
ts are merged into anew obje
t using the pT re
ombination s
heme. In this s
heme the propertiesof the merged parti
les are 
omputed as
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p′T = pT,i + pT,j, (3.5)
η′ =

pT,iηi + pT,jηj

p′T
, (3.6)

φ′ =
pT,iφi + pT,jφj

p′T
. (3.7)If dmin is asso
iated to a single obje
t i, the obje
t is added to the list of jetsand removed from the 
lustering list.3.2.3 Pre-sele
tionAs a �rst step of the event sele
tion, all data and Monte Carlo samples werepre-sele
ted with the 
onditions explained in this se
tion. The presele
tion
riteria were as follows.1. Using the k⊥ jet algorithm, the event had to 
ontain at least one re
on-stru
ted jet with pseudo-rapidity |ηjet| < 1.5 and a transverse momentumof pjetT > 5 GeV.2. The total energy deposited in the ele
tromagneti
 and hadroni
 
alorime-ters had to be less than 80 GeV. This 
ut removes most of the hadroni


Z0 de
ays, in
luding events with a radiative return to the Z0 peak.3. To remove events with s
attered ele
trons in the FD and SW 
alorime-ters, the total energy sum measured in the FD 
alorimeter had to be lessthan 55 GeV, and the total energy sum measured in the SW 
alorimeterhad to be less than 40 GeV.4. To redu
e the ba
kground due to beam-gas intera
tions, the z position ofthe primary vertex was required to satisfy |z| < 5 
m and the net 
harge,
Qel, of the event � 
al
ulated from adding the 
harges of all re
onstru
tedtra
ks � was required to be |Qel| < 5.5. The radial distan
e of the primary vertex from the beam axis had to beless than 3 
m to remove events originating from intera
tions betweenbeam ele
trons and the beam-pipe.In 
omparing the pre-sele
ted events to Monte Carlo simulations, the sig-nal Monte Carlo generator PYTHIA 5.722 underestimates the normalisationof the 
ross se
tion by about 50%, and is s
aled up a

ordingly. A similarde�
ien
y was also observed in a previous study on di-jets [25℄. Furthermoreprevious studies have shown that the predi
tion of Monte Carlo generators for
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Figure 3.2: The pjetT spe
trum for all re
onstru
ted jets with |ηjet| < 1.5after pre-sele
tion. The signal MC and the 
ontribution of the γ∗γ havebeen s
aled up as des
ribed in se
tion 3.2.3.jet events in photon�photon 
ollisions, where one of the photons is stronglyvirtual, is too low by a fa
tor of two [26, 27℄. The predi
tion of the 
ontribu-tion from γ∗γ events has been s
aled up a

ordingly, resulting in an adequatedes
ription of all quantities used in the analysis.Events passing these pre-sele
tion requirements were written out intoevent �les mu
h smaller than the original samples, making further pro
ess-ing of the data more simple. As it is demonstrated in Figure 3.2, the pjetTspe
trum after this pre-sele
tion is dominated by ba
kground at high-pjetT . Tosuppress these ba
kgrounds, an advan
ed event sele
tion algorithm must beused.3.2.4 Comparison of event sele
tion methodsThe method for sele
ting photon�photon intera
tion events had to be 
ho-sen early on in the analysis pro
ess. Three di�erent kinds of event sele
tionte
hniques were evaluated: sele
ting events by imposing simple 
uts on eventquantities; sele
ting events using an arti�
ial neural network; and sele
ting
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tion 31events using maximum likelihood distribution fun
tions.These event sele
tion te
hniques require very di�erent, long optimisationpro
edures. Be
ause of this, the analysis was not 
ompleted using all of them,whi
h would have provided a very good 
omparison of the overall usability ofthe event sele
tion te
hniques. Instead the sele
tion method was 
hosen basedon the signal purity and sele
tion e�
ien
y they 
ould provide with a simpleoptimisation of the te
hnique. The event sele
tion e�
ien
y is de�ned as
efficiency =

Nsel

Ntotal
, (3.8)where Nsel and Ntotal mean the number of sele
ted and total simulated MonteCarlo signal events. I de�ne the signal purity as

purity =
Nsig

Nsig +Nbkgs
, (3.9)where Nsig and Nbkgs note the number of signal and ba
kground events re-maining after the event sele
tion, 
al
ulated from Monte Carlo.I used the arti�
ial neural network implemented in the NETTRA andNETGEN pa
kages [28℄, whi
h are based on the JETNET3 pa
kage [29℄. Thesepa
kages are written in FORTRAN, and were used mainly by the �b tagging�group of OPAL � the group responsible for identifying jets 
oming from thehadronisation of a b quark. To sele
t events using maximum likelihood distri-bution fun
tions, I used the software pa
kage detailed in the next se
tion.I will not give thorough details about the setup of the various event se-le
tion te
hniques here, just note that they were used with little optimisationfor the 
omparison. This means that in the 
omparison I did not use the �-nal optimisation of the sele
tion presented in the next se
tion. The resultsfrom the 
omparison 
an be seen in Figure 3.3. As 
an be seen, the likelihoodbased event sele
tion method (Figure 3.3 (
)) provides by far the best signalpurity, but with relatively low event sele
tion e�
ien
y. Raising the sele
tione�
ien
y of this method to the level of the other two methods, still produ
edhigher signal purities 
ompared to them. For this reason, I made the de
ision ofusing maximum likelihood distribution fun
tions for sele
ting photon�photonintera
tion events.3.2.5 Sele
tion using maximum likelihood distribution fun
tionsThe �nal event sele
tion is based on maximum likelihood fun
tions as imple-mented in the PC pa
kage [30℄ of the OPAL o�ine re
onstru
tion software. Ituses the Proje
tion and Correlation Approximation (PCA) method to try to
lassify the events. As with most Multi-Variate Analysis (MVA) te
hniques,
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Figure 3.3: Comparison of di�erent event sele
tion methods. The e�
ien-
ies and purities of a 
ut-based (a), arti�
ial neural network based (b), andmaximum likelihood based (
) sele
tion are shown as a fun
tion of pjetT .one has to be 
areful when 
hoosing the re
onstru
ted variables that the se-le
tion algorithm 
an use in the 
lassi�
ation, as providing the algorithm withtoo many, or too 
orrelated parameters 
an result in a loss in sele
tion e�-
ien
y/purity.The sele
tion algorithm requires hard limits on the values a variable 
antake. If in an event one of the sele
tion variables lies outside of these limits,the event is automati
ally 
onsidered to be a ba
kground event.
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tion 33The likelihood sele
tion 
ode implemented in the PC pa
kage is able tomeasure how well a given property of the event 
an di�erentiate between theevent being signal or ba
kground. The 
ode is also able to measure the 
orrela-tion of the input variables during its training, and takes these 
orrelations intoa

ount in the event sele
tion. The impa
t of wrongly determining the 
orre-lations from the Monte Carlo samples was evaluated by arti�
ially 
hangingthe 
orrelation 
onstants in the event sele
tion, and was found to be negligibleon the �nal results. The evaluation of a large number of sele
tion variablesresulted in the following seven being used by the likelihood fun
tion:1. The visible invariant mass measured in the ele
tromagneti
 
alorimeteronly, WECAL (in the range [0�80℄ GeV);2. The visible invariant mass 
al
ulated from the entire hadroni
 �nal state,
Wre
 (in the range [0�120℄ GeV);3. The number of tra
ks (in the range [6�70℄);4. The sum of all energy deposits in the ele
tromagneti
 
alorimeter, EECAL(in the range [0�80℄ GeV);5. The sum of all energy deposits in the hadroni
 
alorimeter, EHCAL (inthe range [0.1�55℄ GeV);6. The missing transverse momentum of the event 
al
ulated from the mea-sured hadroni
 �nal state (in the range from zero to √

see/2);7. To improve the reje
tion of ba
kground 
oming from hadroni
 Z0 de
ays,an invariant mass, MJ1H2, is 
al
ulated from the jet with highest pjetT inthe event and the four-ve
tor sum of all hadroni
 �nal state obje
ts inthe hemisphere opposite to the dire
tion de�ned by this jet (
onsideredin the range [0.1�100℄ GeV).Figure 3.4 shows four examples of the distributions of the parametersused in the likelihood sele
tion. The parameter spa
e of the events was splitinto two parts for the event sele
tion. The events were 
ategorised into twogroups depending on whether the jet with the highest energy in the event hada pjetT larger or smaller than 30 GeV. The region of high pjetT , where most ofthe dis
repan
y with Next to Leading Order (NLO) QCD is observed in [11℄,is strongly a�e
ted by ba
kground from Z0/γ∗ → qq̄ whi
h is not importantat lower pjetT . A separate optimisation of the sele
tion is hen
e ne
essary tomaximise the rea
h of the analysis in pjetT .The output of the likelihood fun
tions for the data and all simulatedpro
esses is shown in Figure 3.5. The 
uts on the likelihood outputs are 
hosen
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Figure 3.4: Example inputs to the likelihood fun
tions: (a) the numberof tra
ks in the event; (b) the total energy sum deposited in the ECAL; (
)the invariant mass re
onstru
ted from the hadroni
 �nal state; and (d) thedistribution of the MJ1H2 variable. The signal MC and the 
ontribution ofthe γ∗γ have been s
aled up as des
ribed in se
tion 3.2.3.to be LH > 0.26 and 0.98 for the low and high pjetT region, respe
tively, as these
uts provided the best signal to ba
kground ratio with a

eptable e�
ien
y.Applying this 
ut in the low pjetT region redu
es the ba
kground by 91% whileredu
ing the signal by 27%. Applying the 
ut in the high pjetT region redu
esthe ba
kground by 99.5% while redu
ing the signal by 71%.The pjetT distribution after the full event sele
tion is shown in Figure 3.6.The dominant ba
kground at low pjetT is due to γ∗γ events, while for high pjetTthe ba
kground is dominated by Z0/γ∗ → qq̄ events.As presented, the analysis uses stri
t 
uts, requiring events to 
ontainmultiple high-pT tra
ks. It has been shown previously that in this kinemati
alregion the e�
ien
y of the OPAL trigger is 
lose to 100% [10℄ and thus thetrigger was assumed to be fully e�
ient to sele
t the events for the analysis.
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Figure 3.5: Outputs of the likelihood fun
tions. Plots (a) and (b) showthe output of the likelihood fun
tions for events with pjetT < 30 GeV and
pjetT > 30 GeV, respe
tively. The signal MC and the 
ontribution of γ∗γhave been s
aled up as des
ribed in se
tion 3.2.3.
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Figure 3.6: Number of jets in ea
h pjetT bin after the full event sele
tion.The signal MC and the 
ontribution of γ∗γ have been s
aled up as des
ribedin se
tion 3.2.3.
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lusive jet produ
tion in photon�photon 
ollisions3.3 Un
ertainties and 
orre
tions3.3.1 Systemati
 un
ertaintiesBesides having un
ertainties in the 
ross se
tion measurement from �nite statis-ti
s, there are a number of e�e
ts responsible for adding systemati
 un
ertain-ties to the results. The various un
ertainties are 
al
ulated separately for ea
hbin of the pjetT spe
trum, then added up in quadrature to 
al
ulate the totalsystemati
 un
ertainty. The values for ea
h bin were averaged with resultsfrom its two neighbours (single neighbour for endpoints) to redu
e the e�e
tof bin-to-bin �u
tuations. The sour
es of systemati
 un
ertainties 
onsideredare given below.
• The absolute energy s
ale of the ele
tromagneti
 
alorimeter is knownto about 3% [31℄ for the jet energy range in this analysis. To estimatethe in�uen
e of this un
ertainty, the energy s
ale of the data is varied bythis amount, and the analysis is repeated.
• To assess the un
ertainty asso
iated with the subtra
tion of ba
kgroundevents, all ba
kgrounds � ex
ept for γ∗γ � have been varied by 10%.The predi
tion of the 
ontribution from γ∗γ events has been s
aled upby a fa
tor of two, as des
ribed earlier. By 
omparing the Monte Carlopredi
tions to the data in regions where this ba
kground dominates, we
on
luded that this s
aling fa
tor 
annot be varied by more than about30% while keeping a good des
ription of the data. The s
aling fa
toris varied a

ordingly. The resulting un
ertainty is dominated by thedistributions from the γ∗γ and Z0/γ∗ → qq̄ ba
kgrounds.
• To test the event sele
tion's dependen
e on the simulation of the signal,the signal Monte Carlo has been re-weighted to have a pjetT -slope in whi
hit signi�
antly either over- or underestimates the data at high pjetT andthe analysis is repeated.
• The dependen
e on the event sele
tion algorithm's 
on�guration is testedby 
hanging the 
ut on the likelihood output value down to LH > 0.23and up to 0.29 for the low pjetT region, and down to 0.88 for the high
pjetT region. Su
h ±10% variations are 
onsidered to give a 
onservativeestimation on the un
ertainty introdu
ed by the sele
tion pro
edure.

• The un
ertainty on the determination of the integrated luminosity ismu
h less than 1%, and is negle
ted.The results for the un
ertainties for ea
h bin 
an be found in Table 3.1.
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pjetT ECAL Ba
kg. Cut Signal Total[GeV ℄ energy [%℄ subtr. [%℄ sele
tion [%℄ rew. [%℄ [%℄5.0 � 7.5 3.2 4.4 0.1 2.6 6.07.5 � 10.0 3.5 4.6 0.2 2.2 6.210.0 � 15.0 3.6 5.3 0.8 1.4 6.615.0 � 20.0 3.7 6.2 1.7 3.1 8.020.0 � 30.0 9.1 7.7 3.7 4.0 13.230.0 � 40.0 12.2 8.6 4.7 5.0 16.5Table 3.1: Systemati
 un
ertainties on the in
lusive jet 
ross se
tion in theindividual pjetT bins.3.3.2 Multiple parton intera
tions and hadronisation 
orre
tionsThe NLO 
al
ulations do not take into a

ount the possibility of an under-lying event1, whi
h leads to an in
reased energy �ow between the ele
tronstaking part in the pro
ess, and therefore to a larger 
ross se
tion above anygiven threshold in the jet transverse momentum. Any intera
tion other thanthe hard pro
ess, is referred to as underlying event. This in
ludes initial-and �nal state radiation, and any intera
tions between the outgoing parti
les.PYTHIA 6.221 has been used to study the e�e
t of either 
onsidering (default)or leaving out multiple intera
tions for the signal Monte Carlo. In PYTHIAthe underlying event is modelled by multiple parton intera
tions (MIA). Atthe lowest transverse momenta 
onsidered the signal Monte Carlo 
ross se
-tion in
reases by up to 20% when in
luding MIA. This e�e
t redu
es to lessthan 10% for transverse momenta larger than 7 GeV.The measured in
lusive jet 
ross se
tion will be 
ompared to NLO QCD
al
ulations whi
h des
ribe jet 
ross se
tions for partons, while the experimen-tal 
ross se
tion is presented for hadrons. There is as yet no rigourous way touse the Monte Carlo generators to 
orre
t the partons in the NLO predi
tionsfor this pro
ess so that they 
ould be 
ompared to the data, be
ause the par-tons in the Monte Carlo generators and the partons in the NLO 
al
ulationsare de�ned in di�erent ways. But be
ause the usage of Monte Carlo generatorsis the only available option so far, they are used to approximate the size ofthis hadronisation 
orre
tion. The size of the hadronisation 
orre
tions havebeen estimated using PYTHIA 6.221. At pjetT = 5 GeV the 
orre
tion is about1I denote the intera
tions between the in
oming or outgoing parti
les not 
overed by thehard pro
ess as the underlying event.
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lusive jet produ
tion in photon�photon 
ollisions15%. The 
orre
tion de
reases with in
reasing pjetT and is below 5% in ourstudy for pjetT > 20 GeV. Disabling MIA in PYTHIA while determining thehadronisation 
orre
tions leads to values of the 
orre
tion fa
tors within 2% ofthose determined with MIA enabled.3.4 Di�erential 
ross se
tionThe in
lusive jet 
ross se
tions have been measured for the photon�photonkinemati
al region of invariant masses of the hadroni
 �nal state W > 5 GeV,and a photon virtuality of Q2 < 4.5 GeV2. The results are 
ompared topredi
tions of PYTHIA 6.221 and NLO perturbative QCD [32�34℄.The NLO 
ross se
tions are 
al
ulated using the QCD partoni
 
ross se
-tions in NLO for dire
t, single- and double-resolved pro
esses, 
onvoluted withthe Weizsä
ker-Williams e�e
tive photon distribution. The hadronisation 
or-re
tions dis
ussed in se
tion 3.3.2 are applied to the NLO 
al
ulation beforeit is 
ompared to the data. The GRV-G HO parametrisation of the partondensities of the photon [35, 36℄ is used with Λ
(5)
DIS = 131 MeV. The renormal-isation and fa
torisation s
ales in the 
al
ulation are set equal to pjetT . The
ross se
tion 
al
ulations were repeated for the kinemati
 
onditions of thepresent analysis. The 
al
ulations shown below are obtained from [32℄. Wehave veri�ed that using the independent 
al
ulation presented in [33,34℄ yieldsresults within 5%, ex
ept in the lowest bin in pjetT , where it predi
ts a 
rossse
tion about 25% higher.Figure 3.7 and Table 3.2 show the 
ross se
tion as a fun
tion of pjetT for

|ηjet| < 1.5. Both PYTHIA 6.221 and the NLO 
al
ulation a
hieve a gooddes
ription of the data, with the ex
eption of the lowest bin in pjetT , where theNLO 
al
ulation is too low.In order to be able to 
ompare the results of the analysis with the resultspresented by the L3 
ollaboration in [11℄, the analysis was repeated with thesame kinemati
 
onditions whi
h were used in that analysis. The resulting
ross se
tion is shown in Figure 3.8 and Table 3.3. As 
an be seen, the 
ur-rent analysis �nds lower produ
tion 
ross se
tions at high pjetT than the L3study, thus being in good agreement with the NLO and PYTHIA 
al
ulationsperformed for these kinemati
 
onditions.
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Figure 3.7: In
lusive jet di�erential 
ross se
tion, dσ/dpjetT , for all jetswith |ηjet| < 1.5 
ompared to NLO and PYTHIA 6.221 predi
tions. Thetotal of statisti
al and systemati
 un
ertainties are shown where larger thanthe marker size. The band on the NLO shows the un
ertainty asso
iated tothe variation of the renormalisation and fa
torisation s
ale.
pjetT 〈pjetT 〉 Ba
kground dσ/dpjetT[GeV ℄ [GeV ℄ [%℄ [pb/GeV ℄5.0 � 7.5 5.9 14.9 ± 0.1 (21.7 ± 0.2 ± 1.3)7.5 � 10.0 8.5 19.3 ± 0.2 (58.5 ± 0.9 ± 3.6) ×10−110.0 � 15.0 11.8 22.5 ± 0.4 (14.3 ± 0.3 ± 0.9) ×10−115.0 � 20.0 16.9 28.9 ± 0.9 (31.8 ± 1.9 ± 2.6) ×10−220.0 � 30.0 23.5 47.1 ± 1.6 (70.3 ± 10.2 ± 9.3) ×10−330.0 � 40.0 33.0 57.1 ± 3.2 (15.7 ± 4.7 ± 2.6) ×10−3Table 3.2: Ba
kground fra
tion and in
lusive jet 
ross se
tion for |ηjet|< 1.5as a fun
tion of pjetT . For the 
ross se
tion values the �rst un
ertainty is sta-tisti
al, the se
ond is systemati
. The un
ertainty given for the ba
kgroundfra
tion is statisti
al only.
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Figure 3.8: In
lusive jet di�erential 
ross se
tion, dσ/dpjetT , for all jetswith |ηjet| < 1.0 
ompared to NLO and PYTHIA 6.221 predi
tions. Thetotal of statisti
al and systemati
 un
ertainties are shown where larger thanthe marker size. The band on the NLO shows the un
ertainty asso
iated tothe variation of the renormalisation and fa
torisation s
ale.
pjetT 〈pjetT 〉 Ba
kground dσ/dpjetT[GeV ℄ [GeV ℄ [%℄ [pb/GeV ℄5.0 � 7.5 5.9 13.8 ± 0.1 (15.3 ± 0.1 ± 0.9)7.5 � 10.0 8.5 17.4 ± 0.3 (41.5 ± 0.8 ± 2.4) ×10−110.0 � 15.0 11.8 21.6 ± 0.4 (10.3 ± 0.3 ± 0.6) ×10−115.0 � 20.0 16.9 28.8 ± 0.9 (34.1 ± 1.6 ± 1.6) ×10−220.0 � 30.0 23.3 47.6 ± 1.8 (55.0 ± 8.4 ± 6.2) ×10−330.0 � 40.0 33.0 57.0 ± 3.6 (14.5 ± 4.5 ± 2.0) ×10−3Table 3.3: Ba
kground fra
tion and in
lusive jet 
ross se
tion for |ηjet|< 1.0as a fun
tion of pjetT . For the 
ross se
tion values the �rst un
ertainty is sta-tisti
al, the se
ond is systemati
. The un
ertainty given for the ba
kgroundfra
tion is statisti
al only.
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CHAPTER 4Rare B-de
ays at the LHC
T

he expe
ted rate of B-hadron produ
tion will be enormous at the LHC,be
ause of the large hadroni
 
ross se
tion for b quark produ
tion at the14 TeV 
entre of mass energy delivered by the ma
hine, and the highluminosity. (L = 1033 
m−2s−1 is the goal for the �rst years of data-taking.)About one 
ollision in every hundred is expe
ted to produ
e a bb̄ pair.B-physi
s at ATLAS is going to rely heavily on the in
lusive muon triggerdes
ribed in Se
tion 6.3.3. The sele
tion of B-physi
s events by the triggerwill start from a low-energy lepton dete
ted by the Level-1 trigger, with HighLevel Trigger (HLT) algorithms sear
hing for 
omplex �nal states. Using thisin
lusive sele
tion at Level-1, about 25% of the events triggered by the Level-1muon trigger will 
ontain b quarks. (As will be demonstrated in Figure 7.6.)Even though the main fo
us of the ATLAS physi
s programme is thesear
h for and study of physi
s beyond the Standard Model, through the ob-servation of the de
ays of new parti
les, pre
ision B-physi
s measurements willalso be able to 
omplement these sear
hes, as shown in this 
hapter.4.1 B-meson produ
tion at the LHCATLAS is going to be sensitive to B-hadrons produ
ed with transverse mo-menta larger than ∼ 20 GeV, whi
h enables the usage of perturbative QCD todes
ribe the b quark produ
tion. A 
al
ulation of the produ
tion 
ross se
tionof heavy quarks as a fun
tion of the transverse momenta of the quarks [37℄shows that in this kinemati
 region the e�e
ts of the b quark's mass 
an benegle
ted. (See Figure 4.1.)The total bb̄ produ
tion 
ross se
tion is 
al
ulated to be about 500 µbat the LHC. The dependen
e of the b quark pair produ
tion 
ross se
tion onthe 
entre of mass energy of the 
olliding proton beams is demonstrated inFigure 4.2 together with the 
ross se
tion of a few other pro
esses. As 
an beseen, bb̄ produ
tion will be one of the most prominent pro
esses at the LHC.
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Figure 4.1: Di�erential 
ross se
tion for heavy quark produ
tion as a fun
-tion of the transverse momentum, pQT , of the heavy quark, at the LHC.(Taken from [37℄.) The insert shows the 
harm and bottom produ
tion inthe pQT < 50 GeV region.The relatively long lifetime of the b quark allows the formation of B-hadrons (mostly mesons), whose subsequent de
ays 
an be studied. Given thevery large number of bb̄ pairs 
reated by the a

elerator, the di�erent B-hadronswill be produ
ed with very large statisti
s, allowing pre
ision measurements.4.2 Rare muoni
 de
ays of B-mesonsCertain rare de
ays of B-hadrons, whose �nal states 
an be e�
iently triggeredby the Level-1 trigger in ATLAS, provide unique analysis possibilities. Giventhe high rate of B-hadron produ
tion at the LHC, de
ays with very smallbran
hing ratios will be
ome observable. The de
ays most easily studied areof the type:
Bd,s → µ+µ−(X). (4.1)Su
h de
ays involve �avour-
hanging neutral 
urrents (FCNC) (see Figure 4.3)and are strongly suppressed in the Standard Model, with predi
ted bran
hingratios typi
ally in the 10−5 � 10−10 range. For instan
e for the purely muoni
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Figure 4.2: Cross se
tions for hard s
attering pro
esses, as a fun
tion ofthe 
entre of mass energy, √s. (Taken from [38℄.)
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Figure 4.3: Sample diagrams 
ontributing to the Bs → µµ de
ay. Thetop two diagrams show FCNC pro
esses allowed by the Standard Model,while the bottom two diagrams show pro
esses allowed by the SM extensionassuming two Higgs doublets.
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Bs → µµ de
ay, two diagrams � allowed by the Standard Model � 
ontributingto the de
ay 
an be seen in the top of Figure 4.3.However in many extensions of the Standard Model the bran
hing ratios
an be enhan
ed by providing more 
hannels for the de
ays. As examples, thelower two diagrams in Figure 4.3 show possible de
ay pro
esses in 
ase of twoHiggs doublets. As a result, any deviation in the bran
hing ratios of theserare de
ays from the Standard Model predi
tions 
an be a strong indi
ationfor New Physi
s.



CHAPTER 5
tt̄ produ
tion at the LHC

T
he top quark was dis
overed in 1995 [39, 40℄ at the Tevatron 
ollider atFermilab. It is to date the heaviest known elementary parti
le. Althoughmore than 10 years have passed sin
e its dire
t dis
overy, still it is theleast known of all the quarks and leptons. The large mass of the top quarkof about 172 GeV suggests that it might play a spe
ial role in nature. Itbehaves di�erently from all the other quarks be
ause of its large mass, and
orresponding short lifetime. The most notable di�eren
e is, that the topquark de
ays before it has time to hadronise, passing its spin informationto its de
ay produ
ts. This provides a unique environment for studying theStandard Model and also to sear
h for New Physi
s.The top quark is the Q = 2/3 and T3 = +1/2 member of the weak-isospin doublet also 
ontaining the bottom quark. It is the most re
entlydis
overed elementary parti
le, although its existen
e was suggested by theStandard Model ever sin
e the dis
overy of the bottom quark in 1977 [41℄.Indire
t eviden
e for the existen
e of this parti
le be
ame 
ompelling overthe years and 
onstraints on the top quark mass, inferred from ele
troweakpre
ision data, pointed to exa
tly the range where it was �nally dis
overed.This meant a great su

ess for the Standard Model.In this 
hapter I summarise the experimental results obtained from study-ing the top quark, and des
ribe its properties a

ording to the Standard Model.5.1 The dis
overy of the top quarkThere are two main reasons why quarks should exist in doublets. First, it pro-vides a natural way to suppress the experimentally not yet observed �avour
hanging neutral 
urrent (FCNC). Se
ond, the Standard Model of ele
troweakintera
tions 
an be proven to be renormalisable under the 
ondition that thesum of the ele
tri
 
harges, Qf , of all left handed fermions is zero. The generalproof that gauge theories 
an be renormalised, however, 
an only be applied
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tion at the LHCif the parti
ular gauge theory is anomaly free1. This requires a deli
ate 
an-
ellation between di�erent diagrams, relations whi
h 
an be easily upset byanomalies due to fermion loops su
h as the one shown in Figure 5.1.
fZ0

γ

γ

cfA

Qf

Qf

Figure 5.1: A fermion triangle diagram that 
ould potentially 
ause ananomaly.In general, anomaly freedom is guaranteed if the 
oe�
ient
dabc =

∑fermionsTr [λ̂a{λ̂b, λ̂c}+

]

= 0, (5.1)where λ̂i are the generators of the gauge group under 
onsideration. In theStandard Model of ele
troweak intera
tions, the gauge group SU(2) ×U(1) isgenerated by the three Pauli matri
es, σi, and the hyper
harge Y , so λ̂i = σi,for i = 1, 2, 3, and λ̂4 = Ŷ = 2(Q̂ − T̂3). In the spe
i�
 example shown inFigure 5.1, one 
onsequen
e of Equation 5.1 is a relation where ea
h triangleis proportional to cfAQ2
f , where Qf is the ele
tri
 
harge and cfA is the axial
oupling of the weak neutral 
urrent. Thus, for an equal number (N) of leptonand quark doublets, the total anomaly is proportional to:

d ∝
N∑

i=1

(

1

2
(0)2 − 1

2
(−1)2 +

1

2
Nc

(

+
2

3

)2

− 1

2
Nc

(

−1

3

)2
)

. (5.2)Consequently, taking into a

ount the three 
olours of ea
h quark (Nc = 3),the anomalies 
an
el. As three lepton doublets were observed many yearsago, while not observing anomalies su
h as the one shown in Figure 5.1, theexisten
e of the top quark has been suggested ever sin
e the dis
overy of thebottom quark in 1977.There is a lot of indire
t experimental eviden
e for the existen
e of the topquark. Experimental limits on the FCNC de
ays of the b quark [42,43℄ su
h as
b→ sl+l− and the absen
e of large tree level (lowest order) B0

dB̄
0
d mixing at the

Υ(4S) resonan
e [44�47℄ rule out the hypothesis of an isosinglet b quark. Themost 
ompelling argument for the existen
e of the top quark 
ame from the1A gauge theory might be renormalisable, even if it is not anomaly free. The generalproof of renormalisability, however, 
annot be applied if it is not.
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Figure 5.2: Parton model des
ription of a hard s
attering pro
ess usingthe fa
torisation approa
h.wealth of data a

umulated at the e+e− 
olliders LEP and SLC, parti
ularlythe detailed studies of the Zbb̄ vertex near the Z resonan
e [48℄.For a long time dire
t sear
hes have been 
ondu
ted at e+e− and hadron
olliders to �nd the top quark in various rea
tions. The e+e− 
olliders foundno dire
t eviden
e of tt̄ pair 
reation, and 
ould only raise the limits on thetop quark mass in su
h sear
hes. Finally, after a series of publi
ations, theCDF and DØ experiments published the dis
overy of the top quark in strong
tt̄ produ
tion in [39, 40℄ with a produ
tion 
ross se
tion σtt̄ = 6.5±3 pb at1.8 TeV 
entre of mass energy.5.2 tt̄ produ
tion by strong intera
tionThe tt̄ produ
tion at high energy pp 
ollisions is des
ribed by perturbativeQCD. In this approa
h, a hard s
attering pro
ess between the two protonsleads to an intera
tion between the quarks and gluons that make up the in-
oming protons. The des
ription of the 
ollisions 
an be separated into a shortdistan
e (hard s
attering) partoni
 
ross se
tion for the parti
ipating partonsof type i and j, σ̂ij , and into long distan
e terms whi
h are fa
tored into theparton longitudinal momentum distribution fun
tions (PDFs), fi(xi, µ

2F). Thisseparation is 
alled fa
torisation, and is depi
ted in Figure 5.2.The separation is set by the fa
torisation s
ale µ2F. The short distan
e
ross se
tion only involves high momentum transfer and be
ause of this, is
al
ulable in perturbative QCD. It is insensitive to the physi
s of low momen-tum s
ale. It has to be noted, that when in
luding higher order terms in theperturbative expansion, the dependen
e on the arbitrary µ2F s
ale gets weaker.To demonstrate the PDF's dependen
e on the µ2F s
ale, Figure 5.3 shows anexample parametrisation, obtained by the CTEQ 
ollaboration [49℄, for two
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Figure 5.3: The quark, anti-quark and gluon momentum densities in theproton as a fun
tion of the longitudinal proton momentum fra
tion x at
Q2 = 20 GeV2 (left) and at Q2 = m2

t
(right) from the CTEQ6D parametri-sation [49℄.di�erent Q2 = µ2F s
ales.In higher order 
al
ulations, in�nities su
h as ultra-violet divergen
es ap-pear. These divergen
es 
an be removed by a renormalisation pro
edure, whi
hintrodu
es another arti�
ial s
ale, µ2R. But of 
ourse the physi
al quantities
annot depend on arbitrary s
ales su
h as µ2F or µ2R. It is usual to use the sames
ale, Q2 = µ2 for both, a 
onvention whi
h is used in the following.The total top quark pair produ
tion 
ross se
tion for hard s
attering pro-
esses, initiated by a pp 
ollision at a 
entre of mass energy√s 
an be 
al
ulatedas:

σtt̄(
√
s,mt) =

∑

i,j=q,q̄,g

∫

dxidxjfi(xi, µ
2)fj(xj , µ

2)

× σ̂ij→tt̄(ρ,m
2
t , xi, xj , αs(µ

2), µ2) , (5.3)where fi(xi, µ
2) and fj(xj , µ

2) are the PDFs of the two intera
ting protons.The summation indi
es i and j run over all qq̄, gg, gq and q̄g pairs, and
ρ = 4m2

t/
√
s′, in whi
h s′ = xixjs is the e�e
tive 
entre of mass energysquared for the partoni
 pro
ess. The lowest order parton pro
esses for toppair 
reation are shown in Figure 5.4.As there has to be at least enough energy in the pro
ess to produ
e a tt̄ pairat rest, s′ ≥ 4m2

t has to apply. This 
an be written as xixj = s′/s ≥ 4m2
t /s.Sin
e the probability of �nding a parton with momentum fra
tion x in theproton falls with in
reasing x � as demonstrated in Figure 5.3 �, the typi
alvalue of xixj is near the threshold in tt̄ produ
tion. Setting xi ≈ xj ≡ x givesthe following:
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Figure 5.4: Leading order pro
esses for top pair produ
tion at hadron
olliders. The Feynman-graphs show the quark annihilation (top) and gluonfusion (bottom) pro
esses.
x ≈ 2mt√

s

= 0.18 at the TEVATRON in Run II
= 0.025 at the LHCas the typi
al value of x for tt̄ produ
tion. It is interesting to observe atthis point, that while at the TEVATRON tt̄ produ
tion happens mainly byquark-antiquark annihilation, at the LHC tt̄ produ
tion is vastly dominatedby gluon-gluon fusion. Be
ause of the small x value needed at the LHC, the tt̄produ
tion 
ross se
tion is expe
ted to be more than a 100 times larger thanthat observed at the TEVATRON.Multiple 
al
ulations have been done in the past for the total tt̄ pro-du
tion 
ross se
tion at the LHC. ATLAS is using the 
al
ulation presentedin [50℄ as referen
e, whi
h is predi
ting a total tt̄ produ
tion 
ross se
tion of

σtt̄ = 833+52
−39 pb.5.3 The top quark de
ayBe
ause of its large mass, the de
ay width of the top quark is dominated bythe t→Wb two-body de
ay 
hannel. If we negle
t the terms of order m2

b/m
2
t ,

α2
s and those of order (αsm

2
W )/(πm2

t ) in the de
ay amplitude, we 
an expressthe predi
ted de
ay amplitude in the Standard Model as [51℄:
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Figure 5.5: Diagrams of the three main tt̄ de
ay 
hannels: the all-jets
hannel (left), the semi-leptoni
 
hannel (middle) and the di-lepton 
hannel(right).
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3
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. (5.4)The de
ay width in
reases with the top mass, 
hanging for example from1.02 GeV for mt = 160 GeV/
2 to 1.56 GeV for mt = 180 GeV/
2 (us-ing αs(MZ) = 0.118). The 
orresponding lifetime of the top quark is ≈
0.5 × 10−24 s, whi
h means that it de
ays to a b quark before top-�avouredhadrons or tt̄-quarkonium bound states 
an form [52℄.Given that the top quark de
ays in almost 100% of the time as t → Wb,the �nal states of the top pair produ
tion pro
ess 
an be divided into three
ategories based on the de
ay of the parti
ipating W bosons. The three �nalstate 
ategories are demonstrated in Figure 5.5, showing the all-jets �nal stateon the left, the semi-leptoni
 �nal state in the middle and the di-lepton �nalstate on the right.Be
ause of fermion universality in ele
troweak intera
tions2, in lowestorder the W -boson de
ays 1/3 of the time into a lν pair and 2/3 of the timeinto a qq̄ pair. The latest measurements on the bran
hing ratios are shown inTable 5.1.As a result, the three di�erent �nal states are observable with the followingrelative fra
tions:

• tt̄→W+bW−b̄→ qq̄′bq′′q̄′′′b̄ (45.7%)
• tt̄→W+bW−b̄→ qq̄′blν̄lb̄+ l̄νlbqq̄

′b̄ (43.7%)
• tt̄→W+bW−b̄→ l̄νlbl

′ν̄l′ b̄ (10.6%)2The W -boson 
an de
ay to pairs of leptons from all three generations and to pairsof quarks from the �rst two generations, ea
h 
oming from three di�erent 
olour states.Therefore, the W -boson 
an de
ay to 3 + 2 · 3 = 9 di�erent fermion pairs with equal rate,yielding a bran
hing ratio of 1/9 for ea
h (negle
ting the mass di�eren
es).
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De
ay mode W bran
hing fra
tionBorn level Measured
W+ → e+νe 1/9 10.75 ± 0.13%
W+ → µ+νµ 1/9 10.57 ± 0.15%
W+ → τ+ντ 1/9 11.25 ± 0.20%
W+ → hadrons 6/9 67.60 ± 0.27%Table 5.1: Born level theoreti
al and best measured bran
hing fra
tions[53℄ of the W+-boson de
ay. Identi
al values are measured for the 
harge
onjugate modes of the W−.
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CHAPTER 6LHC and ATLAS
T

he Large Hadron Collider (LHC) [54℄ will provide physi
ists with un-pre
edented possibilities to study the properties of matter at the highestenergies. It is designed to be a �dis
overy ma
hine�, making it possibleto test many new theories of parti
le physi
s, and to look for parti
les andphenomena not observed before. Four large independent experiments are builtaround the LHC ring: Ali
e [55, 56℄, LHCb [57℄, CMS [58℄ and ATLAS [59℄.They will make it possible to rea
h the full physi
s potential of the a

eleraorby 
omplementing ea
h other's 
apabilities.In this 
hapter I will review the a

elerator, showing its 
apabilities. ThenI will des
ribe the largest of the four experiments by size � ATLAS � and showits proje
ted performan
e.6.1 The Large Hardon ColliderThe LHC was designed to take advantage of the infrastru
ture already avail-able at CERN. It uses the tunnel 
reated for the LEP ring, and mu
h of thea

elerator 
omplex built previously. A s
hemati
 view of the LHC a

elerator
omplex is shown in Figure 6.1. As 
an be seen, the layout is basi
ally thesame as shown in Figure 2.1.The LHC also relies on other parts of the 
omplex to pre-a

elerate andstru
ture the proton beams before they are inje
ted into the LHC rings for the�nal a

eleration step to 7 TeV. The beam protons are 
reated in a 90 kV Duo-plasmatron proton sour
e, �rst a

elerated by a linear a

elerator (Lina
2) to50 MeV and inje
ted into the Proton Syn
hrotron Booster (PSB). The boostera

elerates the protons to 1.4 GeV and inje
ts them in the Proton Syn
hrotron(PS). The PS 
ontinues to a

elerate the proton bun
hes to 25 GeV before theyare inje
ted in the Super Proton Syn
hrotron (SPS) ring. The SPS does the�nal step of a

eleration before the beams get inje
ted into the LHC rings. Ita

elerates the proton beams to 450 GeV. The �nal a

eleration step is done
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Figure 6.1: S
hemati
 view of the LHC a

elerator 
omplex.in the LHC rings. It a

elerates the proton beams to 7 TeV ea
h, resultingin intera
tions for the main experiments at a proton�proton 
entre of massenergy of 14 TeV.Super
ondu
ting magnets are needed along the LHC ring to keep theproton beams in orbit with a 8.33 T peak dipole magneti
 �eld.



6.1. The Large Hardon Collider 576.1.1 The LHC luminosityThe instantaneous ma
hine luminosity depends on the beam parameters, asshown already in Equation 2.1. The exploration of rare events requires a largeluminosity from the a

elerator, whi
h requires high beam intensities, ex
ellentfo
ussing and a good beam lifetime. There are a number of e�e
ts that limitthe luminosity that 
an be rea
hed with the LHC.
• Beam�beam limit: The maximum parti
le density per bun
h is limitedby the nonlinear beam�beam intera
tions that ea
h parti
le experien
eswhen the bun
hes of the two beams 
ollide with ea
h other at the inter-a
tion regions.
• Me
hani
al aperture: The geometri
al aperture of the LHC ar
s is givenby the beam s
reen dimensions. The beam s
reen has a height of ap-proximately 2 × 17.3 mm and a total width of 2 × 22 mm. Requiringa minimum aperture of 10σ in terms of RMS beam size and assumingtoleran
es for linear ma
hine imperfe
tions, magnet alignment and ge-ometry, implies a peak nominal beam size of 1.2 mm. Combined withthe previous limiting fa
tor, this implies a maximum bun
h intensity of
Nbun
h(nominal) = 1.15 × 1011.

• Energy stored in the ma
hine: A total nominal beam 
urrent of 0.584 A
orresponds to a stored energy of approximately 362 MJ. In addition theLHC magnet system stores an ele
tromagneti
 energy of approximately600 MJ yielding a total stored energy of more than 1 GJ. The ma
hinehas to be able to absorb this energy safely at the end of ea
h run or inthe 
ase of a malfun
tion or emergen
y. This provides additional limitson the attainable beam energies and intensities.
• Heat load: Although the syn
hrotron radiation at the LHC is going to besmall 
ompared to an ele
tron storage ring, it still poses a pra
ti
al limiton the maximal beam intensities as this radiation has to be absorbed bythe 
ryogeni
s system.
• Colle
tive beam instabilities: The intera
tions of the 
harged parti
les inea
h beam with ea
h other and with the 
ondu
ting boundaries of theva
uum system 
an result in 
olle
tive beam instabilities. These e�e
tsare usually proportional to the beam 
urrents, and so limit the maximumattainable beam intensities.All these 
onstraints limit the ultimate LHC instantaneous luminosity toabout L = 1034 
m−2s−1.



58 Chapter 6. LHC and ATLASThe luminosity of the LHC is not going to be 
onstant over a physi
s run,but it will de
ay due to the degradation of intensities and emittan
es of the
ir
ulating beams. The luminosity lifetime of the ma
hine is expe
ted to be
τL = 14.9 h. The optimal LHC turn-around time1 between two �lls is expe
tedto be about Tta = 70 minutes. From the experien
e with HERA, one expe
tsa realisti
 turn-around time on the order of 7 hours [54℄. The total integratedluminosity per year attains a maximum if the run per �ll time satis�es thefollowing equation [54℄:

ln

(
Tta + Trun

τL
+ 1

)

=
Trun
τL

(6.1)Assuming a luminosity lifetime of 15 h, the optimum run times are 12 hand 5.5 h for an average turn-around time of 7 h and 1.2 h respe
tively. Thesegive a maximum total luminosity per year between 80 fb−1 and 120 fb−1.6.2 A Toroidal LHC ApparatuSThe high intera
tion rates, radiation doses, parti
le multipli
ities and energiesat the LHC, together with the requirements for pre
ision measurements, requirenew standards in the design of parti
le dete
tor systems. ATLAS (A ToroidalLHC ApparatuS) is the larger one of the two general purpose dete
tors builtfor the LHC [59℄. In this se
tion I will show the main properties of ATLAStogether with its main physi
s 
apabilities.The most important ben
hmark to de�ne the performan
e of ea
h sub-system of ATLAS has been the need to dete
t the Standard Model Higgs bosonover a wide range of possible Higgs masses. The dete
tor also aims to be ableto dete
t a large number of possible new phenomena. These goals set thefollowing requirements for the LHC dete
tors in general:
• The dete
tors require fast, radiation-hard ele
troni
s and sensor ele-ments. In addition, high dete
tor granularity is needed to handle theparti
le �uxes and to redu
e the in�uen
e of overlapping events.
• Large a

eptan
e in pseudorapidity with almost full azimuthal angle 
ov-erage is required.21This is the time ne
essary to re�ll the a

elerator with proton beams and start the
ollisions, after dumping the previous load.2The right-handed 
oordinate system of ATLAS is the following: The beam dire
tionde�nes the z-axis and the x-y plane is transverse to the beam dire
tion. The positive x-axis is de�ned as pointing from the intera
tion point to the 
entre of the LHC ring and thepositive y-axis is de�ned as pointing upwards. The azimuthal angle φ is measured aroundthe beam axis, and the polar angle θ is measured from the beam axis. The pseudorapidityis de�ned as η ≡ − ln tan(θ/2).
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• Good 
harged-parti
le momentum resolution and re
onstru
tion ef�
ien-
y is needed in the inner tra
ker. For the o�ine tagging of τ -leptonsand b-jets, vertex dete
tors 
lose to the intera
tion point are required toobserve se
ondary verti
es.
• Good ele
tromagneti
 
alorimetry is required for ele
tron and photonidenti�
ation and measurements, 
omplemented by a full 
overage ofhadron 
alorimetry for a

urate jet and missing transverse energy3 ( /ET)measurements.
• Good muon identi�
ation and momentum resolution is required up tothe TeV s
ale, as well as the ability to determine the 
harge of the muonseven at the highest pT.
• Highly e�
ient triggering is needed for obje
ts with high transverse mo-menta, with su�
ient ba
kground reje
tion. The trigger has also toprovide a

eptable readout rates for most physi
s pro
esses of interest.The layout of the ATLAS dete
tor is shown in Figure 6.2. ATLAS usesa spe
ial magnet system 
omprising four separate magnets, a thin super
on-du
ting solenoid surrounding the inner-dete
tor 
avity, and three large super-
ondu
ting toroids � one barrel and two end-
aps. The design of the magnetslargely drove the design of the rest of the dete
tor. The performan
e goals ofthe dete
tor are listed in Table 6.1.6.2.1 The inner dete
torThe Inner Dete
tor (ID) uses pixel and sili
on mi
rostrip (SCT) tra
kers in
onjun
tion with a Transition Radiation Tra
ker (TRT). It is immersed in a2 T magneti
 �eld generated by the 
entral solenoid, whi
h has a length of5.3 m and a diameter of 2.5 m.The pre
ision tra
king dete
tors 
over the |η| < 2.5 pseudorapidity region.They are arranged on 
on
entri
 
ylinders around the beam axis in the barrelregion, while in the end-
ap regions they are lo
ated on disks perpendi
ular tothe beam axis. The highest granularity is a
hieved around the vertex regionusing sili
on pixel dete
tors. All of the 1744 pixel sensors are identi
al andhave a minimum pixel size of 50 × 400 µm2. The intrinsi
 a

ura
ies in thebarrel are 10 µm (R− φ) and 115 µm (z), and in the end-
aps 10 µm (R− φ)and 115 µm (R). The intrinsi
 a

ura
ies of the SCT per module in the barrelare 17 µm (R − φ) and 580 µm (z), and in the end-
aps 17 µm (R − φ) and580 µm (R). The TRT only provides R − φ information, for whi
h it has anintrinsi
 a

ura
y of 130 µm.3 /ET is de�ned as the time 
omponent of the missing transverse momentum four-ve
tor.
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Figure 6.2: Cut-away view of the ATLAS dete
tor.
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Component Required resolution η 
overageRe
onstru
tion Level-1 triggerTra
king σpT/pT = 0.05% pT + 1% ±2.5 �EM 
alorimetry σE/E = 10%/√E + 0.7% ±3.2 ±2.5Hadron 
alorimetry (jets)barrel and end-
ap σE/E = 50%/√E + 3% ±3.2 ±3.2forward σE/E = 100%/√E + 10% 3.1 < |η| < 4.9 3.1 < |η| < 4.9Muon spe
trometer σpT/pT = 10% at pT = 1 TeV ±2.7 ±2.4Table 6.1: General performan
e goals of the ATLAS dete
tor. The E and pT variables are expressed in GeV, and areused as dimension-less parameters. Note that for high-pT muons, the muon-spe
trometer performan
e is independent ofthe inner-dete
tor system.



62 Chapter 6. LHC and ATLAS6.2.2 The ele
tromagneti
 
alorimeterThe ele
tromagneti
 (EM) 
alorimeter is divided into a barrel part (|η| < 1.475)and two end-
ap 
omponents (1.375 < |η| < 3.2), ea
h housed in its own
ryostat (See Figure 6.3.). The position of the 
entral solenoid in front of theEM 
alorimeter demands optimisation of the material in order to a
hieve thedesired 
alorimeter performan
e. As a 
onsequen
e, the 
entral solenoid andthe LAr 
alorimeter share a 
ommon va
uum vessel, thereby eliminating twova
uum walls. The barrel 
alorimeter 
onsists of two identi
al half-barrels,separated by a small gap (4 mm) at z = 0. Ea
h end-
ap 
alorimeter isme
hani
ally divided into two 
oaxial wheels: an outer wheel 
overing theregion 1.375 < |η| < 2.5, and an inner wheel 
overing the region 2.5 < |η| < 3.2.The EM 
alorimeter is a lead � liquid argon dete
tor with a

ordion-shaped kapton ele
trodes and lead absorber plates over its full 
overage. Thea

ordion geometry provides 
omplete φ symmetry without azimuthal 
ra
ks.The lead thi
kness in the absorber plates has been optimised as a fun
tion of ηin terms of EM 
alorimeter performan
e and energy resolution. Over the regiondevoted to pre
ision physi
s (|η| < 2.5), the EM 
alorimeter is segmented intothree longitudinal se
tions. For the end-
ap inner wheel, the 
alorimeter issegmented in two longitudinal se
tions and has a 
oarser lateral granularitythan for the rest of the a

eptan
e.In the region of |η| < 1.8, a presampler dete
tor is used to 
orre
t forthe energy lost by ele
trons and photons upstream of the 
alorimeter. Thepresampler 
onsists of an a
tive liquid argon layer with a thi
kness of 1.1 
min the barrel, and 0.5 
m in the end-
ap region.6.2.3 The hadron 
alorimeterThe hadron 
alorimeter is built from three 
ompletely separate parts: a tile
alorimeter in the barrel region, and two liquid argon end-
aps. Their layoutis demonstrated in Figure 6.3. The tile 
alorimeter is pla
ed dire
tly outsidethe EM 
alorimeter envelope. Its barrel 
overs the region |η| < 1.0, and its twoextended barrels 
over the range 0.8 < |η| < 1.7. It is a sampling 
alorimeterusing steel as the absorber and s
intillating tiles as the a
tive material. Thebarrel and extended barrels are divided azimuthally into 64 modules. Radially,the tile 
alorimeter extends from an inner radius of 2.28 m to an outer radiusof 4.25 m. It is longitudinally segmented in three layers approximately 1.5, 4.1and 1.8 intera
tion lengths (λ) thi
k for the barrel and 1.5, 2.6, and 3.3 λ forthe extended barrel. The total dete
tor thi
kness at the outer edge of the tile-instrumented region is 9.7 λ at η = 0. The tiles are 3 mm thi
k and the totalthi
kness of the steel plates in one period (between two s
intillating tiles) is14 mm. Two sides of the s
intillating tiles are read out by wavelength shifting
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Figure 6.3: Cut-away view of the ATLAS 
alorimeter system.�bres into two separate photomultiplier tubes. In η, the readout 
ells builtby grouping �bres into the photomultipliers are pseudo-proje
tive towards theintera
tion region � they are not pointing perfe
tly towards the intera
tionpoint, to minimise the probability of a hadron es
aping the 
alorimeter.The Hadroni
 End-
ap Calorimeter (HEC) 
onsists of two independentwheels per end-
ap, lo
ated dire
tly behind the end-
ap ele
tromagneti
 
al-orimeter and sharing the same liquid argon 
ryostats. To redu
e the dropin material density at the transition between the end-
ap and the forward
alorimeter (around |η| = 3.1), the HEC extends out to |η| = 3.2, therebyoverlapping with the forward 
alorimeter. Similarly, the HEC η range alsoslightly overlaps with that of the tile 
alorimeter (|η| < 1.7) by extendingto |η| = 1.5. Ea
h wheel is built from 32 identi
al wedge-shaped modules,assembled with �xtures at the periphery and at the 
entral bore. Ea
h wheelis divided into two longitudinal segments, for a total of four layers per end-
ap. The wheels 
losest to the intera
tion point are built from 25 mm parallel
opper plates, while those further away use 50 mm 
opper plates (for all wheelsthe �rst plate has a thi
kness half of the rest). The outer radius of the 
opperplates is 2.03 m, while the inner radius is 0.475 m (ex
ept in the overlap regionwith the forward 
alorimeter where this radius be
omes 0.372 m). The 
opper



64 Chapter 6. LHC and ATLASplates are interleaved with 8.5 mm liquid argon gaps, providing the a
tivemedium for this sampling 
alorimeter.6.2.4 The forward 
alorimeterThe Forward Calorimeter (FCal) is integrated into the end-
ap 
ryostats, asthis provides 
lear bene�ts in terms of uniformity of the 
alorimetri
 
overageas well as redu
ed radiation ba
kground levels in the muon spe
trometer. Inorder to redu
e the amount of neutrons re�e
ted on the inner dete
tor 
avity,the front fa
e of the FCal is re
essed by about 1.2 m with respe
t to the EM
alorimeter front fa
e. This severely limits the longitudinal spa
e available forthis 
alorimeter and therefore 
alls for a high-density design.The FCal is approximately 10 intera
tion lengths deep, and 
onsists ofthree modules in ea
h end-
ap: The �rst is made of 
opper, and is optimisedfor ele
tromagneti
 measurements. The other two are made of tungsten, andmeasure predominantly the energy of hadroni
 intera
tions. Ea
h module 
on-sists of a metal matrix, with regularly spa
ed longitudinal 
hannels �lled withthe ele
trode stru
ture 
onsisting of 
on
entri
 rods and tubes parallel to thebeam axis. The liquid argon in the gap between the rod and the tube is thesensitive medium. This geometry allows for ex
ellent 
ontrol of the gaps, whi
hare as small as 0.25 mm in the �rst se
tion, in order to avoid problems due toion buildup.6.2.5 The muon spe
trometerMuon dete
tion in ATLAS is based on the de�e
tion of muon tra
ks in the largesuper
ondu
ting air-
ore toroid magnets. In the range |η| < 1.4, the magneti
bending is provided by the large barrel toroid. For 1.6 < |η| < 2.7, muontra
ks are bent by the two smaller end-
ap toroid magnets inserted into bothends of the barrel toroid. Over the 1.4 < |η| < 1.6 range � usually referred toas the transition region � magneti
 de�e
tion is provided by a 
ombination ofthe barrel and end-
ap toroid �elds. The magnet 
on�guration provides �eldswhi
h are mostly orthogonal to the muon traje
tories, while minimising thedegradation of resolution due to multiple s
attering. The 
on
eptual layoutof the muon spe
trometer is shown in Figure 6.4. In the barrel region, tra
ksare measured in 
hambers arranged in three 
ylindri
al layers around the beamaxis; in the transition and end-
ap regions, the 
hambers are installed in planesperpendi
ular to the beam, also in three layers.The two end-
ap toroids are inserted in the barrel toroid at ea
h end andline up with the 
entral solenoid. Ea
h of the three toroids 
onsists of eight
oils assembled radially and symmetri
ally around the beam axis. The end-
ap toroid 
oil system is rotated by 22.5◦ with respe
t to the barrel toroid 
oil
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Figure 6.4: Cut-away view of the ATLAS muon system. The pi
ture showsthe lo
ation and layout of the various muon dete
tor types.system in order to provide radial overlap and to optimise the bending powerat the interfa
e between the two 
oil systems. (Figure 6.5.) The performan
ein terms of bending power is 
hara
terised by the �eld integral
∫

Bδl, (6.2)where B is the �eld 
omponent perpendi
ular to the muon dire
tion and the in-tegral is 
omputed along an in�nite-momentum muon traje
tory (e.g. straightline originating at the intera
tion point), between the innermost and outermostmuon-
hamber planes. The barrel toroid provides 1.5 to 5.5 Tm of bendingpower in the pseudorapidity range 0 < |η| < 1.4, and the end-
ap toroids ap-proximately 1 to 7.5 Tm in the region 1.6 < |η| < 2.7. The bending power islower in the transition regions where the two magnets overlap.Monitored Drift Tubes (MDTs) are used over most of the η-range to mea-sure the muon tra
k 
oordinates in the prin
ipal bending dire
tion with highpre
ision. At large pseudorapidities, Cathode Strip Chambers (CSCs, whi
hare multiwire proportional 
hambers with 
athodes segmented into strips) with
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Figure 6.5: Geometry of the toroid magnet 
oils, together with the tile
alorimeter steel.higher granularity are used in the innermost plane over 2 < |η| < 2.7, to with-stand the demanding rate and ba
kground 
onditions. The stringent require-ments on the relative alignment of the muon 
hamber layers are met by the
ombination of pre
ise me
hani
al-assembly te
hniques and opti
al alignmentsystems both within and between muon 
hambers.Dedi
ated trigger 
hambers 
over the pseudorapidity range |η| < 2.4.These 
hambers have a pulse width narrower than the time between two bun
h
rossings, and provide fast signals for the trigger de
ision, but are less a

uratethan the pre
ision 
hambers. Resistive Plate Chambers (RPCs) are used inthe barrel region (|η| < 1.05) and Thin Gap Chambers (TGCs) are used in theend-
aps (1.05 < |η| < 2.4). The purpose of the trigger 
hambers is a
tuallythreefold:
• Be
ause of their high speed, they provide bun
h-
rossing identi�
ationfor the dete
ted muon tra
ks;
• They provide pT threshold estimates for the dete
ted muon 
andidatesto be used by the Level-1 trigger system;
• They measure the muon 
oordinate in the dire
tion orthogonal to thatdetermined by the pre
ision tra
king 
hambers.6.3 The ATLAS trigger systemThe ATLAS Trigger and Data A
quisition (
ommonly 
alled TDAQ) systemhas the task of sele
ting 200 events that are deemed interesting, from the
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Figure 6.6: Blo
k diagram of the ATLAS trigger and data a
quisitionsystems.40 million events produ
ed every se
ond by the LHC. The output rate is limitedby the hardware used in the data a
quisition, and the storage 
apa
ity availablefor ATLAS data. It is very important to have an e�
ient and well understoodtrigger system, sin
e 99.9995% of the events will be thrown away by it. In thefollowing I des
ribe the general features of the ATLAS trigger system, withspe
ial emphasis on the single-muon trigger, as that is the main subje
t of therest of the thesis.ATLAS uses a three level trigger system. The levels are 
alled: Level-1,Level-2 and Event-Filter. Ea
h trigger level is designed to re�ne the de
isionsmade at the previous level and, where ne
essary, apply additional sele
tion
riteria. A s
hemati
 view of the ATLAS TDAQ system is shown in Figure 6.6.All the sub-dete
tors have to store their data for all the 
ollisions in thelast 2.5 µs, whi
h is the time needed by the Level-1 trigger to make a de
ision.If the event is a

epted by the Level-1 trigger, the whole event is read out fromthe front-end ele
troni
s by the Read Out System (ROS) PCs. At this pointthe event is stored in event fragments on 148 separate nodes. The Level-1trigger provides spe
ial, so 
alled Region of Interest (RoI) information to the



68 Chapter 6. LHC and ATLASLevel-2 trigger, whi
h is transmitted on a dedi
ated data line.The Level-2 trigger is guided by the RoI information 
oming from Lev-el-1. It only requests information from the parts of the dete
tor that havebeen �agged at Level-1 as interesting, and makes a de
ision based on thatinformation. If the event is a

epted at Level-2, the event is built by a dedi
atedfarm of 
omputers, and is given to the Event-Filter.The Event-Filter makes its de
ision pro
essing information from all thesub-dete
tors, and gives the �nal a

ept/reje
t signal. If an event is a

epted bythe full trigger 
hain, it is �rst stored lo
ally in the surfa
e buildings of ATLAS.The 
olle
ted data is then periodi
ally transferred to the CERN 
omputer
entre for further pro
essing.6.3.1 The Level-1 trigger systemThe Level-1 trigger is built using 
ustom-made ele
troni
s, as speed is of thehighest importan
e here. It sear
hes for signatures of high-pT muons, ele
-trons/photons, jets and τ -leptons de
aying into hadrons. It also sele
ts eventswith large missing transverse energy ( /ET) and total transverse energy (ΣET).The Level-1 trigger uses redu
ed-granularity information from only a sub-set of the dete
tors: the RPC and TGC dete
tors for high-pT muon identi�
a-tion, and all the 
alorimeter sub-systems to sear
h for ele
tromagneti
 
lusters,jets, τ -leptons, /ET and total transverse energy. As mentioned already, theLevel-1 trigger system arrives at a de
ision within 2.5 µs of the bun
h-
rossingprodu
ing the event, with a maximum trigger rate of 75 kHz (upgradable to100 kHz), whi
h is limited by the readout systems.Both the Level-1 
alorimeter trigger and Level-1 muon trigger 
ount thenumber of obje
ts passing some sele
tion 
riteria, and �ag the event if it passeda 
ertain event-level threshold (in the 
ase of the /ET and ΣET triggers). Thesemultipli
ities and event level �ags are transmitted on dedi
ated data lines to theCentral Trigger Pro
essor (CTP) for ea
h bun
h-
rossing. The CTP makes theoverall Level-1 trigger de
ision based on the re
eived multipli
ity informationand event-level �ags. The CTP 
an be programmed to handle a maximum of256 so 
alled trigger items. A trigger item is a 
ondition whi
h, if ful�lled,a
tivates the Level-1 trigger.Level-1 trigger items are identi�ed by a single string that implies whatwas required by that item. They have the following form:L1_ 2
︸︷︷︸

EM
︸︷︷︸

15
︸︷︷︸

i
︸︷︷︸multipli
ity; 55jjjjjjjjjjjjjjjj type; 66nnnnnnnnnnnnn threshold;DD							 additional modi�erffMMMMMMMMMMMM



6.3. The ATLAS trigger system 69The trigger item in the example (L1_2EM15i) means that the Level-1 triggerhas to �nd two isolated ele
tromagneti
 
lusters that pass a 15 GeV threshold.The following threshold types 
an be spe
i�ed for Level-1 trigger items: muon(MU); ele
tron/gamma/tau (EM); jet (JT); forward jet (FJ); /ET (ME), ΣET(SE) and ΣET from all jets found (JE). Currently the only additional modi�erused in the threshold names is �i�, whi
h means that the found obje
t is isolated� the energy deposits in the 
alorimeters 
lose to the obje
t are below a 
ertainthreshold. A 
olle
tion of su
h Level-1 trigger items is 
alled the Level-1 triggermenu.6.3.2 The high level triggerThe Level-2 and Event-Filter triggers are implemented using ordinary PCs, andtogether they are 
alled the High Level Trigger (HLT). A fun
tional layout ofthe HLT was shown at the top of Figure 6.6. The dete
tor data for every eventa

epted at Level-1 is read out by ROS units, where they are temporarilystored and provided � on request � to the subsequent stages of the DAQ/HLTsystem.As dis
ussed already, the RoI information is sent on dedi
ated data pathsfrom the Level-1 sub-systems to the RoI Builder, where they are assembledinto a single data stru
ture and forwarded to one of the Level-2 supervisors(L2SV). These nodes assign the events for whi
h they re
eived RoIs to one ofthe Level-2 pro
essing units (L2PUs), and re
eive the results of the L2PU'sanalysis. The L2PUs make requests for event data using the re
eived RoIinformation dire
tly to the ROSs. After an a

ept or reje
t signal is returnedto the L2SV, it forwards the de
ision to the DataFlow Manager (DFM). Also,in addition to sending the result of its analysis to the L2SV, an L2PU alsosends a summary of its analysis to a Level-2 trigger-spe
i�
 ROS. (This is
alled the Level-2 result data.)The DFM (as the name suggests) 
ontrols the event �ow in the experi-ment. If an event is found not to ful�l any of the Level-2 
riteria, the DFMinforms all the ROSs to delete the asso
iated event data from their bu�ers.Ea
h event whi
h has been sele
ted by the Level-2 trigger, is assigned bythe DFM to an event-building node (
alled SFI). The SFI 
olle
ts the eventdata from all the ROSs and builds a single event-data stru
ture from them,the event. After building an event, the event data belonging to that event isdeleted from the ROS bu�ers. The full event is then sent to the Event-Filterfor further analysis.The Event-Filter, in addition to the sele
tion, 
lassi�es the sele
ted eventsa

ording to a pre-determined set of event streams and the result of this 
lassi-�
ation is added to the event stru
ture. Sele
ted events are subsequently sentto the output nodes (SFOs) of the TDAQ system. Conversely, those events
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Figure 6.7: Fun
tional diagram of a high level trigger 
hain.not ful�lling any of the event �lter sele
tion 
riteria are expunged from thesystem. The events re
eived by an SFO are stored in its lo
al �le system a
-
ording to the 
lassi�
ation performed by the event �lter. The event �les aresubsequently transferred to CERN's 
entral data-re
ording fa
ility.The HLT sele
tion softwareThe HLT software � both at Level-2 and the Event-Filter � is 
omposed of thefollowing 
omponents (see Figure 6.7):
• Trigger steering is the main software 
omponent that re
eives an eventfor pro
essing, and 
alls the sele
tion algorithms in the order spe
i�edby the trigger 
on�guration.
• Feature extra
tion (FEX) algorithms re
onstru
t dete
ted parti
lesor 
omplex �nal states, and save the results of their re
onstru
tion forthe subsequent algorithms.
• Hypothesis (Hypo) algorithms take the results of previous FEX al-gorithms, and perform the a
tual trigger sele
tion for spe
i�
 signatures(e.g. 20 GeV isolated muon). They return true or false depending onwhether the previously re
onstru
ted obje
t(s) ful�lled the sele
tion 
ri-teria.The trigger 
on�guration de�nes 
hains of algorithms (trigger 
hains) forthe HLT that have to be exe
uted in the right sequen
e to test the ful�lmentof a 
ertain 
ondition. The trigger steering exe
utes all the trigger 
hains



6.3. The ATLAS trigger system 71one after the other, stopping with the exe
ution of a 
hain if the event failedthe sele
tion of a hypothesis algorithm. Ea
h trigger 
hain 
orresponds to anHLT trigger item, whi
h is passed if the event passes the sele
tion of all thehypothesis algorithms in the 
hain. Trigger items in the High Level Trigger arenamed similarly to the Level-1 items, the main di�eren
e being that the itemtype is written with lower
ase letters. For instan
e the Level-1 item dis
ussedpreviously 
ould start the L2_2e15i Level-2 item. The names of the trigger
hains are also written with lower
ase letters, and take the form 2e15i forinstan
e.6.3.3 The ATLAS single-muon triggerThe muon trigger system of ATLAS is des
ribed in [60℄. The following is ashort des
ription of the sele
tion performed at the various levels of the muontrigger.Level-1As mentioned in Se
tion 6.2.5, Level-1 muon triggering is done with dedi
atedmuon trigger 
hambers: Resistive Plate Chambers (RPCs) in the barrel regionof the dete
tor (|η| < 1.05) and Thin Gap Chambers (TGCs) in the end-
apregions (1.05 < |η| < 2.4). Muon 
andidates are identi�ed and their pT isestimated based on the de�e
tion of their tra
ks by the toroid magneti
 �elds.A demonstration of the �algorithm� is shown in Figure 6.8. If a hit is foundin the pivot plane of the trigger 
hambers (RPC2 or TGC3), the trigger logi
opens windows (so 
alled �
oin
iden
e windows�) in the neighbouring dete
torplanes to look for 
oin
ident hits. If hits are found within the 
oin
iden
ewindows, muon 
andidates are 
reated. Based on the size of the 
oin
iden
ewindow in whi
h the 
oin
ident hits are found, a pT estimate is assigned tothe muon 
andidate.Dedi
ated ele
troni
s look for muon 
andidates in 64 barrel, 96 end-
apand 48 forward se
tors4. The 
andidates are sent to the Muon to CTP Interfa
e(MuCTPI), that 
reates the Regions of Interest for the Level-2 trigger from there
eived information, and sends the multipli
ities of muon 
andidates passingthe various pT thresholds to the CTP.Level-2The Level-2 muon re
onstru
tion is done in multiple steps. First, around ea
hRoI 
oming from Level-1, muons are re
onstru
ted by a fast algorithm � muFast4The TGC dete
tors in the end
ap area of the dete
tor are 
ommonly divided into anend
ap (1.05 < |η| < 1.9) and a forward (1.9 < |η| < 2.4) region by the trigger 
ommunity.
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Figure 6.8: Layout of the muon trigger 
hambers and demonstration ofthe algorithm used at Level-1 to �nd muon trigger 
andidates.[61℄ � using information only from the Muon Spe
trometer. A hypothesisalgorithm (MufastHypo) is run afterwards, that sele
ts muon 
andidates witha pT above a 
on�gurable threshold.Next, the 
harged tra
ks are re
onstru
ted in the Inner Dete
tor in awindow around the muon 
andidate re
onstru
ted by muFast. Finally a mat
his sear
hed for between the tra
k re
onstru
ted in the Muon Spe
trometer andthe tra
ks re
onstru
ted in the Inner Dete
tor by the muComb algorithm. A pTsele
tion is applied by a hypothesis algorithm (Mu
ombHypo) on the 
ombinedmuon 
andidates.Event-FilterThe Event-Filter muon re
onstru
tion (TrigMoore [62℄) is built around theo�ine muon re
onstru
tion pa
kage Moore/MuID [63℄. It provides 
ombinedmuon re
onstru
tion in the Inner Dete
tor and the Muon Spe
trometer, us-ing more pre
ise 
alibration data and algorithms than at Level-2. The re-
onstru
ted muon 
andidates are sele
ted by a single hypothesis algorithm,TrigMooreHypo.I played a major role in writing software for the 
on�guration and testingof the Level-1 
entral trigger hardware, and in 
reating their o�ine simulations.This 
ode is now an o�
ial part of the ATLAS online and o�ine software.
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S

ele
ting B-physi
s events at the LHC will be a non-trivial task. Theseevents usually do not produ
e leptons or jets with high transverse mo-menta, or an overall large energy deposit in the dete
tor. For this reasonspe
ialised trigger 
hains are used to sele
t spe
i�
 B-physi
s 
hannels. In theHigh Level Trigger (HLT) usually 
omplex signatures are sear
hed for, whi
hin
lude multiple dete
ted obje
ts with low energy.However in the Level-1 trigger, one 
annot use too 
ompli
ated signaturesto start the before mentioned HLT 
hains. At initial, low luminosities (1030 -
1031 
m−2s−1) it will be possible to use low-pT Level-1 single jet, ele
tron andmuon triggers, as the rate of these will be small enough to handle in the Level-2trigger. However at design luminosities (> 1032 
m−2s−1) su
h triggers wouldgive too high rates for further pro
essing.For many physi
s pro
esses no e�
ient triggering will be possible at nomi-nal luminosities, but some 
hannels will still be a

essible. B-physi
s pro
esseswith two low-pT muons in their �nal state may even be sele
ted at Level-1 athigh luminosities, as the di-muon trigger rate at Level-1 
an be kept manage-able even at the highest designed luminosity (1034 
m−2s−1).7.1 The Level-1 di-muon triggersThe single-muon trigger of ATLAS is detailed in se
tion 6.3.3. The Level-1trigger uses dedi
ated, fast trigger 
hambers to dete
t muons. The muon tra
ksare bent in the toroidal magneti
 �eld. From the tra
k's deviation from astraight line, the transverse momentum of the muon 
an be estimated.Triggering on di-muon signatures at Level-1 is 
ompli
ated by the fa
t thatthe muon trigger se
tors overlap with ea
h other to maximise the a

eptan
e
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Sector overlaps

Figure 7.1: Azimuthal view of the ATLAS barrel muon dete
tor 
hambers.The RPC trigger 
hambers are lo
ated in the middle and outer stations ofthe muon spe
trometer.of the trigger, so that it would not loose muons es
aping between the se
tors.This overlap of the trigger se
tors is demonstrated in Figure 7.1 for the barrelse
tors. Under 
ertain azimuthal angles a muon may 
ross two neighbouringse
tors, resulting in two Level-1 muon 
andidates being dete
ted by the triggerele
troni
s.From purely geometri
al 
onsiderations, a high-pT muon has a 3% 
han
eof hitting more than one muon trigger se
tor if it has an |η| < 2.4. The expe
tedrate of di-muons 
oming from b-physi
s pro
esses with the pT of both muonslarger than 6.0 GeV is about 300 Hz at a luminosity of 1033 
m−2s−1. At thesame luminosity the single-muon 6 GeV Level-1 trigger is expe
ted to give a10�20 kHz trigger rate. From these simple 
onsiderations it is evident, that ifthe fake-double 
ounts are not redu
ed somehow, they would give 
omparableor even larger trigger rates than the events with two real muons.The muon 
andidates whi
h are re
onstru
ted by ea
h barrel and end-
apse
tor separately, are transmitted to the Muon to Central Trigger Pro
essorInterfa
e (MuCTPI). The MuCTPI is responsible for 
olle
ting the muon 
an-didates from all the trigger se
tors, and transmitting them to the Region ofInterest Builder (RoIB) and the Data A
quisition system (DAQ). It is also
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hemati
 diagram of the stru
ture of the MuCTPI.responsible for 
al
ulating the total number of muon 
andidates passing ea
hof the six programmable thresholds, taking the overlaps between the triggerse
tors into a

ount, before passing the multipli
ities on to the CTP.The s
hemati
 build of the MuCTPI is shown in Figure 7.2. The informa-tion about the Level-1 muon 
andidates are 
olle
ted by the Muon Interfa
eO
tant (MIOCT) boards. There are 8 MIOCT boards for both hemisheres ofthe dete
tor, giving 16 in total. These boards are responsible for 
al
ulatingthe multipli
ities of the muon 
andidates in a given dete
tor o
tant. One o
-tant 
ontains 4 barrel (Resistive Plate Chambers, RPC), 6 end-
ap (Thin GapChambers, TGC) and 3 forward (TGC) se
tors. The s
hemati
 layout of thetrigger se
tors in one o
tant is shown in Figure 7.3. The regions of the se
torswhi
h 
an be taken into a

ount in the overlap handling, are shown in a shadeof grey.The MIOCT modules are plugged into a single VME 
rate with a 
ustomba
kplane, 
alled the Muon Interfa
e Ba
kplane (MIBAK). The main purposeof the dedi
ated ba
kplane is to add up the multipli
ities of the Level-1 muon
andidates 
al
ulated in the di�erent o
tants, to give the Level-1 muon multi-pli
ity for the full dete
tor.The Muon Interfa
e to Central Trigger Pro
essor (MICTP) board is usedto transmit this multipli
ity information to the Central Trigger Pro
essor(CTP) for ea
h bun
h-
rossing. It is also the MICTP board that re
eivestiming signals from the CTP and the a

elerator.
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Figure 7.3: Overlaps handled by the MuCTPI. The �gure shows the s
he-mati
 layout of the se
tors handled by a single MIOCT module. The RoIswhi
h are 
onsidered in the overlap handling are shown in a shade of grey.For the events a

epted by the CTP, the information about the Level-1muon 
andidates is read out through the Muon Interfa
e Read-Out Driver(MIROD) board. It formats the information about the muon 
andidates intotwo separate ROD fragments to be sent to the Region of Interest Builder(RoIB) and the data a
quisition (DAQ) system.Sin
e the Level-1 trigger hardware has to be very fast, the overlap reso-lution has to be done in a simple manner. I will use the notation of Figure 7.3in the following des
ription. The areas that 
an be taken into a

ount in theoverlap resolution are hard-
oded in the design of the MIOCT boards. Theseareas are the following:
• The RoIs on the edge between BA00 & BA01 and BA30 & BA31 
anbe in overlap with ea
h other. There is no overlap taken into a

ountbetween BA31 and BA00. (Barrel�barrel overlap.)
• The 8 RoIs with the highest η in BA01 
an be in overlap with the 32 RoIswith the lowest η in EC03 and EC04. The 8 RoIs with the highest η inBA00 
an be in overlap with the 32 RoIs with the lowest η in EC02 andEC03. The overlaps are similar for BA30 and BA31. (Barrel�end-
apoverlap.)
• The RoIs on the edge of the end-
ap se
tors 
an be in overlap with theRoIs of the neighbouring end-
ap se
tor. (End-
ap�end-
ap overlap.)
• Similarly, the RoIs on the edge of the forward se
tors 
an be in overlapwith the RoIs of the neighbouring forward se
tors. (Forward�forwardoverlap.)



7.2. Performan
e of the Level-1 di-muon triggers 77A detailed des
ription of the MIOCT board explaining how it 
an dete
toverlapping Level-1 muon 
andidates is given in [64℄. The boards hold multiple
arefully designed look-up tables (LUTs) that hold the RoI 
ombinations thatare 
onsidered to be overlapping with ea
h other. The LUTs also store the
pT threshold and 
harge sign of the muon that is supposed to be 
onsideredto 
ause double-
ounting. This information is stored in the LUTs to retain�exibility, be
ause we 
an only map the overlapping regions using simulationsat the moment. With the start of data taking our understanding of the overlapareas might 
hange.As 
an be seen from Figure 7.3, all the end-
ap and forward se
tors over-lap with their two neighbours. Sin
e the MuCTPI 
annot resolve overlapsbetween se
tors belonging to separate MIOCT boards, the fake double-
ountsoriginating from these regions have to be dealt with by the TGC muon triggersub-system. It has been shown that by masking a single strip at the edgeof the overlapping se
tors, the fake double-
ount probability 
an be redu
edsigni�
antly without a noti
eable de
rease of the trigger e�
ien
y [65℄.7.2 Performan
e of the Level-1 di-muon triggersIn this se
tion I will summarise the work I have done to 
reate optimal look-up tables for all the 16 MIOCT boards of the MuCTPI, and show the e�e
tsof this optimised overlap handling at the Level-1 muon trigger on some rareB-de
ay 
hannels.7.2.1 Creating the MuCTPI 
on�gurationThe probability of a single muon produ
ing a fake Level-1 di-muon trigger isstudied using large samples of single-muon simulations pro
essed by the fullATLAS dete
tor simulation. The relatively little a
tivity 
aused by a muon inthe dete
tor enables a reasonably fast full dete
tor simulation of these events,whi
h makes the produ
tion of a few million events relatively simple. A viewof su
h an event in whi
h both a barrel and an end-
ap se
tor dete
ts a singlemuon 
an be seen in Figure 7.4.I have used samples of fully simulated single-muon events as detailed inTable 7.1. I used the full samples available for 6, 7, 10, 12, 15, 21 and 45 GeVto 
reate the optimised LUTs for the MuCTPI. This was done by a dedi
atedanalysis program performing the following sequen
e:1. It loops over the samples, looking for events where the Level-1 triggerdete
ted more than one muon. If the multiple muons 
ame from regionswhere overlap resolution is possible in the MuCTPI, it saves the se
tor
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Figure 7.4: View of a simulated event with a single muon having a pT of6 GeV.and RoI 
ombination for whi
h the fake double-
ount happened. The
ode 
ounts how many times a given se
tor-RoI 
ombination o

ured.2. After all events have been pro
essed, the 
ombinations whi
h should be
onsidered in the overlap removal are sele
ted by �nding the 
ombinationwith the highest probability and a

epting all 
ombinations that have aprobability larger than some fra
tion of the maximal probability.3. The 
ombinations that are supposed to be 
onsidered in the overlaphandling, are written out into a single XML �le in a format that followsthe look-up table logi
 of the MuCTPI hardware.Step 2 takes 
are of removing low-probability overlaps from the LUTsand avoiding overtraining. The resulting XML �le 
an dire
tly be read bythe o�ine and stand-alone simulations of the MuCTPI hardware � used inthis analysis. The tuning of the LUTs 
an be done by adjusting the 
uts in
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pT [GeV ℄ 2.0 2.5 3.0 3.5 4.0 4.5 5.0 6.0# of events 340k 390k 130k 330k 180k 290k 160k 140k
pT [GeV ℄ 7.0 9.0 10.0 12.0 13.0 15.0 17.0 19.0# of events 90k 190k 140k 90k 180k 50k 160k 150k
pT [GeV ℄ 21.0 22.0 26.0 28.0 30.0 32.0 34.0 36.0# of events 130k 40k 90k 90k 90k 90k 70k 90k
pT [GeV ℄ 45.0 50.0# of events 90k 80kTable 7.1: Samples of single-muon simulations used in the analysis.step 2. By raising these 
uts, only the most probable se
tor-RoI 
ombinationsare kept whi
h in
reases the di-muon trigger e�
ien
y, but also in
reases thefake di-muon trigger rate. Lowering the 
ut values in
reases the size of theLUTs, de
reasing the fake di-muon trigger rate, but also possibly de
reasingthe trigger e�
ien
y for real di-muon signatures.The 
uts in step 2 were set su
h that any se
tor-RoI 
ombination withan overlap probability larger than 10% of the probability of the most probable
ombination of the respe
tive kind (barrel�barrel, barrel�end-
ap, et
.) wasretained. Keeping more 
ombinations would have resulted in too large LUTsthat the hardware 
ould not have handled, but as it will be shown in Se
-tion 7.3, this 
on�guration did not introdu
e a noti
eable e�e
t in the di-muontrigger e�
ien
y.7.2.2 Fake di-muon trigger rate from single muonsUsing the referen
e LUTs 
reated by the program des
ribed above, the fake di-muon trigger probabilities were evaluated. I de�ne the fake trigger probabilityas follows:
Pfake =

Number of events with more than one muon detected

Number of events with a triggered muon
(7.1)The numbers in the numerator and the denominator 
orrespond to muonspassing the same Level-1 muon trigger threshold. I assign a fake probability
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s in ATLASfor ea
h se
tor overlap type listed in Se
tion 7.1, whi
h means there are 4di�erent kinds of fake double-
ounts in my analysis:
• Barrel�Barrel double 
ounts (BB): When a single muon is dete
ted bytwo overlapping RPC se
tors.
• Barrel�End-
ap double 
ounts (BE): When a single muon is dete
ted byan overlapping RPC�TGC se
tor pair.
• End-
ap�End-
ap double 
ounts (EE): When a single muon is dete
tedby two overlapping �End-
ap� TGC se
tors.
• Forward�Forward double 
ounts (FF): When a single muon is dete
tedby two overlapping �Forward� TGC se
tors.Ea
h of these fake double-
ount types have been evaluated separately.The analysis used the full single-muon data samples summarised in Table 7.1.The e�e
t of the MuCTPI's overlap handling is demonstrated in Figure 7.5 a)and b). The �gures show the Barrel�End-
ap fake double 
ount probabilityfor the six �nominal� di-muon trigger items in 
ase the muon was dete
ted bythe barrel, for muons with transverse momenta between 2 and 50 GeV.
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Figure 7.5: Barrel�End-
ap fake di-muon trigger probabilities for variousLevel-1 di-muon trigger items without (a) and with (b) using the overlaphandling of the MuCTPI.As 
an be seen in Figure 7.5, the fake trigger probabilities are not uniformin pT. In order to make a good estimation of the rate of these fake triggers,this pT dependen
e has to be taken into a

ount. The detailed probabilities for6 and 20 GeV muons to 
ause fake di-muon triggers without using the overlaphandling of the MuCTPI, for all available Level-1 muon thresholds 
an be seenin Table 7.2.
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pT [GeV℄ BB prob. [%℄ BE prob. [%℄ EE prob. [%℄ FF prob. [%℄Fake L1_2MU4 probability6.0 1.56 ± 0.07 1.39 ± 0.08 1.00 ± 0.07 0.81 ± 0.0620.0 1.43 ± 0.06 0.13 ± 0.02 0.49 ± 0.05 0.55 ± 0.05Fake L1_2MU5 probability6.0 1.14 ± 0.06 1.17 ± 0.07 0.40 ± 0.05 0.56 ± 0.0620.0 1.43 ± 0.06 0.13 ± 0.02 0.49 ± 0.05 0.55 ± 0.05Fake L1_2MU6 probability6.0 1.11 ± 0.05 0.97 ± 0.06 0.39 ± 0.04 0.55 ± 0.0520.0 1.43 ± 0.06 0.13 ± 0.02 0.49 ± 0.05 0.55 ± 0.05Fake L1_2MU8 probability6.0 0.87 ± 0.05 0.38 ± 0.06 0.31 ± 0.05 0.58 ± 0.0720.0 1.33 ± 0.06 0.10 ± 0.02 0.42 ± 0.05 0.45 ± 0.05Fake L1_2MU10 probability6.0 0.68 ± 0.05 0.12 ± 0.08 0.21 ± 0.09 0.54 ± 0.1320.0 1.26 ± 0.06 0.10 ± 0.02 0.36 ± 0.04 0.36 ± 0.04Fake L1_2MU11 probability6.0 0.43 ± 0.21 0.00 ± 0.00 0.32 ± 0.15 0.42 ± 0.1620.0 0.86 ± 0.05 0.00 ± 0.00 0.33 ± 0.04 0.32 ± 0.04Fake L1_2MU20 probability6.0 0.28 ± 0.28 0.00 ± 0.00 0.48 ± 0.34 0.00 ± 0.0020.0 0.75 ± 0.05 0.00 ± 0.00 0.24 ± 0.03 0.18 ± 0.03Fake L1_2MU40 probability6.0 0.42 ± 0.42 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.0020.0 0.49 ± 0.04 0.00 ± 0.00 0.08 ± 0.03 0.08 ± 0.03Table 7.2: Probabilities for single muons with transverse momenta 6 and20 GeV that 
aused a single muon trigger, to also 
ause a fake di-muonsignature. (Without using the overlap handling of the MuCTPI.)Single muon trigger rate 
al
ulationThe single muon trigger rates are esimated from the muon trigger e�
ien
ies
al
ulated using single-muon simulations, and the theoreti
al 
ross se
tions for
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Figure 7.6: In
lusive muon produ
tion 
ross se
tions at the LHC fromdi�erent pro
esses. All 
ross se
tions are integrated for the full η 
overageof the ATLAS Level-1 muon dete
tors. (Referen
es to the 
al
ulations arepresented in [65℄.)
in
lusive muon produ
tion at the LHC. The 
ross se
tion of in
lusive muonprodu
tion from di�erent pro
esses at 14 TeV proton�proton 
ollissions for
η < 2.4 are shown in Figure 7.6. As it 
an be seen from the plot, the largest
ontributors to in
lusive muon produ
tion are the pro
esses involving the 
re-ation of a pion or kaon (whi
h subsequently de
ay to a muon), a b or a cquark.All the 
al
ulations presented here go up to 50 GeV in muon transversemomenta. The 
al
ulations show that the trigger rates 
oming from muonsthat have a pT larger than 50 GeV are mu
h smaller than the un
erainties inthe 
ross se
tions at low-pT � whi
h are responsible for the largest part of therates �, and are hen
e negle
ted.Be
ause of fundamental di�eren
es in the muon dete
tors, the muon spe
-trometer has been split into 4 regions for the trigger rate 
al
ulations, as theseregions show di�erent trigger e�
ien
y 
urves. The trigger rates in the 4 ηregions are 
al
ulated separately and their 
ontributions are added up. Thesingle muon trigger rate in one region for a 
ertain trigger item is 
al
ulatedusing the following formula:
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R = L

pinf
T∫

pcutoff
T

σµ(pT )ǫ(pT )dpT , (7.2)where L is the instantaneous luminosity of the a

elerator, and ǫ is the Lev-el-1 trigger e�
ien
y. As detailed previously, pinf
T is e�e
tively 50 GeV in the
al
ulations. pcutoff

T was 
hosen to be 2 GeV as the trigger e�
ien
y for muonsbelow this transverse momentum is pra
ti
ally zero, they do not have enoughenergy to rea
h the muon spe
trometer.Detailed 
al
ulations for the single muon trigger rates at all levels of theATLAS muon trigger 
an be found in [65℄.Fake di-muon trigger rate 
al
ulationTo 
al
ulate the fake di-muon trigger rates 
oming from in
lusive muon pro-du
tion, a modi�ed version of the 
ode for 
al
ulating the single muon triggerrates was used. The fake di-muon trigger probabilities were 
al
ulated in thesame η regions used in the trigger rate 
al
ulation. Hen
e these probabilities
an easily be folded into Equation 7.2:
Rfake = L

pinf
T∫

pcutoff
T

σµ(pT )ǫ(pT )PfakedpT . (7.3)In the a
tual 
al
ulations � for the sake of simpli
ity � the fake di-muontrigger probabilities have been linearly interpolated for the muon pT valueswhere no exa
t measurement was available. The fake Level-1 di-muon triggerrates 
oming from di�erent areas of the dete
tor are 
olle
ted in Table 7.3. Of
ourse the fake rate in
reases as we lower the thresholds on the muons, as 
anbe ni
ely seen in the table. It is also obvious that the majority of the fakedi-muon triggers with the 
urrent optimisation is 
aused by the barrel muondete
tor se
tors.7.3 Level-1 di-muon triggers for Bs → µ+µ−φThe bran
hing ratios of the rare B de
ay 
hannels will most easily be deter-mined from their relative di�eren
e from known de
ays. For the Bs → µ+µ−φ
hannel one 
an use the B+ → J/ψ(µ+µ−)K+ 
hannel as referen
e, using the
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Muontriggers
forB-physi
s

inATLAS Trigger item BB rate [Hz℄ BE rate [Hz℄ EE rate [Hz℄ FF rate [Hz℄ Total fake rate [Hz℄L1_2MU04 1846.6 ± 119.2 271.6 ± 14.1 136.2 ± 24.5 69.2 ± 12.3 2323.7 ± 123.1L1_2MU05 243.9 ± 13.0 203.1 ± 10.6 35.3 ± 10.5 33.3 ± 6.5 515.5 ± 20.8L1_2MU06 193.9 ± 12.4 82.6 ± 7.1 24.6 ± 6.0 24.7 ± 4.7 325.7 ± 16.2L1_2MU08 114.1 ± 9.8 16.1 ± 2.1 9.7 ± 3.0 12.4 ± 3.3 152.3 ± 11.0L1_2MU10 79.2 ± 8.0 4.9 ± 1.2 4.8 ± 2.2 5.5 ± 2.0 94.4 ± 8.6L1_2MU11 11.7 ± 1.8 0.1 ± 0.1 3.9 ± 2.0 4.5 ± 1.8 20.1 ± 3.2L1_2MU20 2.4 ± 0.4 0.1 ± 0.0 2.4 ± 1.9 0.7 ± 0.5 5.5 ± 2.0L1_2MU40 0.8 ± 0.1 0.0 ± 0.0 1.7 ± 1.7 0.1 ± 0.1 2.6 ± 1.7Table 7.3: Rates of di�erent kinds of fake Level-1 di-muon triggers at L = 1033 
m−2s−1.
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BR(Bs → µ+µ−φ) =

Nobs
Bs

αBs · ǫtotalBs

· αB+ · ǫtotalB+

Nobs
B+

· fu

fs
·

BR(B+ → J/ψK+) ·BR(J/ψ → µ+µ−) (7.4)formula [66℄, where Nobs
x is the number of respe
tive 
andidates observed, αxis the geometri
al and kinemati
 a

eptan
e for the 
hannel, ǫtotalx is the totalevent sele
tion e�
ien
y in
luding trigger, o�ine re
onstru
tion and analysissele
tion, and fu/fs a

ounts for the di�erent b quark fragmentation probabili-ties. It is very important in these analyses to understand and 
ontrol all biasesintrodu
ed by the event sele
tion. Biases are evaluated from Monte Carlosimulations and will be validated with experimental data of known physi
spro
esses.First I des
ribe the datasets under investigation in Se
tion 7.3.1. Se
-tion 7.3.2 presents the Level-1 single- and di-muon trigger e�
ien
ies for this
hannel using various pT thresholds. Se
tion 7.3.3 then gives details on thebias introdu
ed by the Level-1 di-muon trigger as a fun
tion of the openingangle between the muons in the �nal state.7.3.1 About the datasetThe pro
ess under analysis was simulated with the PYTHIA Monte-Carlo gen-erator [67℄ using the PythiaB interfa
e [68℄ developed for ATLAS. In the simu-lation, the following bran
hing ratios were used: Br(Bs → µ+µ−φ) = 1×10−6,with Br(φ → K+K−) = 0.492. Ea
h generated event was required to havetwo muons, one with pT > 4 GeV and the other with pT > 6 GeV. The total
ross se
tion of the simulated pro
ess after the generator 
uts was 
al
ulated tobe 0.57 pb. I have analysed a total of 34400 fully simulated and re
onstru
tedevents, representing about 19.6 fb−1 of 
olle
ted integrated luminosity. (About2 years of data at �low� luminosity.)7.3.2 Trigger e�
ien
ies for various 
on�gurationsThe overall Level-1 muon trigger e�
ien
ies were tested for multiple 
on�gura-tions on the previously des
ibed B signal and 
ontrol samples. Table 7.4 showsthe trigger e�
ien
ies with respe
t to the generated events for the Bs → µ+µ−φand B+ → J/ψ(µ+µ−)K+ pro
esses.The MuCTPI's overlap removal does not a�e
t the single-muon triggere�
ien
ies, hen
e the respe
tive table 
ells are empty. An e�
ien
y redu
tiondue to the usage of overlap removal 
an be observed systemati
ally for all
hannels and trigger items, but it is of the order of the statisti
al un
ertaintyof the analysis. As the next se
tion will show, this redu
tion is mainly an
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s in ATLASE�
ien
y [%℄Trigger item w/o overlap removal with overlap removal
Bs → µ+µ−φL1_MU04 97.0 ± 0.1 �L1_MU06 93.1 ± 0.1 �L1_2MU04 69.4 ± 0.2 69.0 ± 0.2L1_2MU06 53.7 ± 0.2 53.2 ± 0.2

B+ → J/ψ(µ+µ−)K+L1_MU04 96.8 ± 0.1 �L1_MU06 92.9 ± 0.1 �L1_2MU04 69.1 ± 0.2 68.8 ± 0.2L1_2MU06 53.4 ± 0.2 52.9 ± 0.2Table 7.4: Absolute Level-1 muon trigger e�
ien
ies for the Bs → µ+µ−φand B+ → J/ψ(µ+µ−)K+ 
hannels with respe
t to all the generated events.e�e
t 
oming from events where the Level-1 muon trigger dete
ted one of thesimulated muons twi
e while missing the other one. Hen
e the de
rease is nota fault of the overlap removal, but of the muon trigger 
overage.Although the low-pT single-muon triggers are 
learly mu
h more e�
ientthan the di-muon triggers, these will only be usable at initial, low luminositiesof the a

elerator. At higher luminosities the trigger rate 
an be redu
ed byseveral orders of magnitude by swit
hing to the di-muon triggers, while stillkeeping an a

eptable e�
ien
y.7.3.3 Opening angle dependen
yIn 
ase of studying some quantity as a fun
tion of a 
ertain parameter x, onemust ensure that the trigger e�
ien
y is independent of the parameter x or
orre
t for the e�
ien
y to avoid a bias from the trigger. Many analyses willuse various angular distributions of the muons for their 
al
ulations. It istherefore very important to fully 
ontrol any bias that the trigger may haveon these distributions.Figure 7.7 a) and b) show the L1_2MU04 and L1_2MU06 trigger e�
ien-
ies as a fun
tion of the opening angle1, ∆R, between the two leading muonsin Bs → µ+µ−φ events. The leading muons are the two muons with the high-1∆R is 
al
ulated as p

∆η2 + ∆φ2, where ∆η and ∆φ are the pseudorapidity and azimuthangle di�eren
es between the two 4-momentum ve
tors.
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y as a fun
tion of ∆R in the semi-leptoni
rare B de
ay Bs → µ+µ−φ using the L1_2MU04 (a) and L1_2MU06 (b)triggers.
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tangle) on Bs → µ+µ−φ events.est transverse momentum in the Monte Carlo re
ord. No o�ine sele
tion isapplied to see the bias only from the Level-1 trigger.The trigger e�
ien
y 
learly depends on the opening angle of the leadingmuons. Sin
e overlap removal between the muon 
andidates does not play arole at large opening angles, this e�e
t is purely kinemati
. The m(Bs)−m(φ)mass di�eren
e determines the pT spe
trum of the muons 
oming from thede
ay at di�erent opening angles. Figure 7.8 shows the pT distribution of theleading muons for three di�erent ∆R ranges of ∆R < 0.1, 0.2 < ∆R < 0.4and ∆R > 0.5. The muons at large opening angles 
learly have a softer pTdistribution.
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s in ATLASThe e�e
t is even more 
learly visible for higher threshold di-muon triggeritems, as the probability of having muons at large ∆R with transverse momentahigh enough to trigger a high threshold di-muon trigger item is very small, butnon-negligible at small opening angles.The small e�
ien
y loss in Figure 7.7 at very small opening angles ishowever due to the trigger system. In the 
ase that the muons both leave hitsin the same RoI, only one muon 
an be triggered by the system. The e�e
t ofturning the overlap handling in the MuCTPI on or o� is negligible 
ompared tothe e�e
ts dis
ussed previously, and is below our 
urrent statisti
al un
ertainty.7.4 Con
lusionsIt will be possible to study some B-physi
s pro
esses at the LHC with theATLAS dete
tor even at the highest designed luminosities. The pre
ise mea-surement of the bran
hing ratios of rare de
ays of the B mesons 
ould providea good tool for �nding proof of the existen
e of physi
s beyond the StandardModel.The ATLAS trigger system will have to be set up 
arefully to sele
t eventswith two low-pT muons in their �nal states, as the overlaps between the muontrigger se
tors 
an produ
e fake di-muon trigger signatures. In this 
hapterI demonstrated that it is possible to redu
e the rate of su
h fake di-muonevents by about 70% using the overlap handling of the MuCTPI alone. I alsodemonstrated on a sele
ted rare Bs meson de
ay that the overlap handling inthe Level-1 trigger has no unforeseen e�e
ts on the trigger e�
ien
y.



CHAPTER 8Muon triggers for top physi
sin ATLAS
A

s shown in Se
tion 5.2, the LHC will provide its experiments with anunpre
edented number of tt̄ pairs. It is very important to use e�
ienttriggers that are well understood to sele
t these events. The �rst 
rossse
tion measurements will need pre
ise trigger e�
ien
y 
al
ulations from earlyon. It is possible to e�
iently sele
t semi-leptoni
 tt̄ de
ays � where one of the
W -bosons de
ays to an ele
tron or a muon � with the single-lepton triggers ofATLAS. This is made possible by the hard pT spe
trum of the leptons 
omingfrom the W de
ays, as demonstrated in Figure 8.1.
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Figure 8.1: pT spe
trum of simulated muons fromW → µν de
ays in semi-leptoni
 tt̄ events. The distribution is s
aled to 
orrespond to an integratedluminosity of 1 pb−1.



90 Chapter 8. Muon triggers for top physi
s in ATLASIn this 
hapter the e�
ien
y of the whole 
hain of muon triggers in ATLAS� both Level-1 and HLT � is presented for semi-leptoni
 tt̄ events. Subsequentlyan example tt̄ produ
tion 
ross se
tion analysis is presented whi
h utilises thesetrigger e�
ien
ies.8.1 Monte Carlo samplesThe analysis used about 600k fully simulated semi-leptoni
 tt̄ events � repre-senting a total integrated luminosity of 945.6 pb−1. About one third of theevents has a W de
aying to an ele
tron, one third has it de
aying to a muonand one third has it de
aying to a tau parti
le. There is also a small per
entageof fully leptoni
 tt̄ de
ay events in the sample following the de
ay bran
hingratio of the un�ltered W . Throughout this 
hapter I am going to refer to the
tt̄ events where one of the W -s de
ays to a muon as semi-muoni
 events.The most important ba
kground to tt̄ produ
tion at the LHC are thepro
esses with real leptons 
oming from W de
ays, with additional jets in theevent. These are 
ommonly referred to as W + jet events. In my analysis Iused about 22k fully simulated W + jet events in whi
h the W de
ays to amuon. These events represent a total integrated luminosity of 686.5 pb−1.8.2 Muon trigger 
on�gurationThe Level-1 trigger simulation used the standard single-muon trigger itemson the samples, whi
h are: L1_MU06, L1_MU08, L1_MU10, L1_MU11,L1_MU20 and L1_MU40.As shown in Se
tion 6.3.3, the single-muon High Level Trigger of ATLASruns 3 
onse
utive �hypothesis� algorithms that implement the event sele
tion.All these algorithms apply 
uts only on the re
onstru
ted transverse momen-tum of the muon that was found. The pT 
uts used for this analysis are listedin Table 8.1 for the mu06, mu20i and mu40i trigger 
hains. There is 
ur-rently no optimised mu40i trigger implemented for ATLAS, the 
uts 
hosenfor this analysis are only edu
ated guesses of how su
h a trigger item 
ould beimplemented.8.3 Overall muon trigger e�
ien
iesThe e�
ien
y of ea
h Level-1 item to trigger on a tt̄ event is shown in Fig-ure 8.2 a). Here the e�
ien
y is 
al
ulated with respe
t to the total number ofsimulated semi-muoni
 events in the tt̄ sample. It 
an be seen that the high-
pT Level-1 single muon triggers provide high e�
ien
y for sele
ting the events.
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ies 91Signature MufastHypo Mu
ombHypo TrigMooreHypo[GeV℄ [GeV℄ [GeV℄mu06 5.49 5.83 6.0mu20i 18.95 19.33 20.0mu40i 36.0 38.0 40.0Table 8.1: Sele
tion 
uts applied by the muon HLT hypothesis algorithms.When running at an in
reased luminosity (1034 
m−2s−1), the threshold 
aneasily be raised to 40 GeV without an una

eptable loss in e�
ien
y.
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Figure 8.2: E�
ien
y of the single muon Level-1 (a) and Level-2 (b) triggeritem as a fun
tion of the used Level-1 thresholds and Level-2 pT 
ut appliedby the Mu
ombHypo hypothesis algorithm respe
tively.Figure 8.2 b) shows the absolute e�
ien
y of the Level-2 single muontrigger, in 
ase of the HLT 
hain being started by a muon RoI passing theMU06 threshold. The pT 
ut applied by the Mu
ombHypo algorithm is shownon the horizontal axis. Figure 8.3 shows similar e�
ien
ies when the EF 
hainis started by a LVL2 muon 
andidate ful�lling the mu06 signature. The pT 
utapplied by the TrigMooreHypo algorithm is shown on the horizontal axis.The absolute trigger e�
ien
y for the HLT 
annot be read dire
tly fromthese plots, however. The Level-2 mu20i pro
essing will only be initiated byLevel-1 RoIs whi
h ful�ll the L1_MU20 requirements. The e�
ien
y for ea
htrigger level, normalised to the number of simulated semi-muoni
 events havebeen 
al
ulated for a few trigger signatures. These are shown in Table 8.2.Comparing Table 8.2 with Figure 8.2 b) and 8.3, one 
an see that thedi�eren
es are small, indi
ating that the �gures 
an be used to a

uratelyestimate the e�e
ts of a 
hange in the trigger thresholds.



92 Chapter 8. Muon triggers for top physi
s in ATLAS

 [GeV]
T

p
0 5 10 15 20 25 30 35 40 45 50

E
ffi

ci
en

cy

0.3

0.35

0.4

0.45

0.5

0.55

0.6

0.65

0.7

0.75
ATLAS

EFFigure 8.3: E�
ien
y of the single muon Event-Filter trigger item as afun
tion of the pT 
ut applied by the TrigMooreHypo algorithm.Trigger 
hain Level-1 E�. Level-2 E�. Event-Filter E�.name [%℄ [%℄ [%℄mu06 83.7 80.0 72.9mu20i 74.5 66.1 58.7mu40i 66.3 43.1 36.0Table 8.2: E�
ien
ies of the standard mu06 and mu20i trigger 
hains,together with those of a theoreti
al mu40i 
hain on simulated semi-muoni

tt̄ events.8.4 Di�erential muon trigger e�
ien
iesOne 
an also determine the e�
ien
y of the trigger to dete
t a single muonwith a given pT in tt̄ events and produ
e so 
alled turn-on 
urves. For this onehas to exe
ute a mat
hing between the simulated and the trigger muons. Atthis time the best method for mat
hing a trigger muon to a simulated muonis based on their η and φ 
oordinates at the intera
tion point.8.4.1 Muon trigger turn-on 
urves in tt̄ eventsA Level-1 muon is mat
hed to a simulated or re
onstru
ted muon if its ∆Rdistan
e from the muon is smaller than 0.15. Figures 8.4 a) and b) show thee�
ien
y of a simulated muon, with a pT as indi
ated on the horizontal axis,to pass the L1_MU06 and L1_MU20 triggers, respe
tively. Figure 8.4 b) alsoshows the trigger e�
ien
y for a re
onstru
ted muon with a pT as indi
ated onthe horizontal axis. The e�
ien
y to trigger a muon that has been identi�edby the re
onstru
tion is slightly higher, just as one would expe
t. It 
analso be seen, that the plateau e�
ien
y to trigger on high-pT muons with the
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ien
ies 93L1_MU20 trigger is a little lower than to trigger on them with the L1_MU06trigger. This is easily understood taking into a

ount that the RPC se
tor logi
only requires a 
oin
iden
e between two dete
tor stations for the L1_MU06trigger, but they require a 
oin
iden
e between three stations for the L1_MU20trigger.
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L1_MU20Figure 8.4: Level-1 trigger e�
ien
ies as a fun
tion of the pT of the sim-ulated or re
onstru
ted muon. The trigger e�
ien
y with respe
t to re
on-stru
tion is only shown for L1_MU20, sin
e re
onstru
ted muons with a pTlower than 10 GeV were not in
luded in my analysis.The plateau of the e�
ien
y is around 80% in both 
ases, whi
h is mostlydue to the de�
ien
ies in muon trigger dete
tor 
overage. The trigger e�
ien
ystays �at above 50 GeV up to a muon transverse momentum of about 1 TeV.Figures 8.5 a) and b) show the relative e�
ien
y of the Level-2 muontrigger for the L2_mu06 and L2_mu20 trigger items. The e�
ien
y on theplateau is near 100%, implying that few muons identi�ed at Level-1 are missedat Level-2. The e�
ien
y 
urves with respe
t to simulated and re
onstru
tedmuons are very similar, whi
h is also understandable from the high e�
ien
y ofthe Level-2 muon trigger. At the same time the 
urves are mu
h sharper aroundthe threshold energies, whi
h shows that mu
h more pre
ise pT estimation ispossible at Level-2 than at Level-1.Similarly, Figures 8.6 a) and b) show the relative e�
ien
y of the Event-Filter single muon triggers, EF_mu06 and EF_mu20 as a fun
tion of the pTof the simulated and re
onstru
ted muons. The turn-on 
urve is the sharpestat this level. The EF_mu20 e�
ien
y is larger on the plateau with respe
t tore
onstru
ted muons. The Event-Filter re
onstru
tion uses mu
h of the sametools and algorithms whi
h are used in the o�ine re
onstru
tion whi
h areknown to be less e�
ient in identifying muons than Level-2, so this separationis also understandable.The Event-Filter uses the most stri
t re
onstru
tion of muons, whi
h
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L2_mu20Figure 8.5: Level-2 trigger e�
ien
ies as a fun
tion of the pT of the sim-ulated or re
onstru
ted muon. The trigger e�
ien
y with respe
t to re
on-stru
tion is only shown for L2_mu20, sin
e re
onstru
ted muons with a pTlower than 10 GeV were not in
luded in my analysis.
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EF_mu20Figure 8.6: Event-Filter trigger e�
ien
ies as a fun
tion of the pT of thesimulated or re
onstru
ted muon. The trigger e�
ien
y with respe
t tore
onstru
tion is only shown for EF_mu20, sin
e re
onstru
ted muons witha pT lower than 10 GeV were not in
luded in my analysis.leads to de
reases in re
onstru
tion e�
ien
y in 
ertain dete
tor parts. Thisis demonstrated in more detail in the next se
tion.As 
an be seen from Figure 8.4 b), the L1_MU20 trigger e�
ien
y doesnot rea
h its plateau fully for re
onstru
ted muons with pT = 20 GeV. For thisreason the o�ine muons that I will use in Se
tion 8.5 have to have a pT ofat least 25 GeV. The absolute trigger e�
ien
ies for events that have a muonwith pT > 25 GeV are listed in Table 8.3 for all trigger levels for the mu20itrigger 
hain.
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ies 95Trigger 
hain Level-1 E�. Level-2 E�. Event-Filter E�.name [%℄ [%℄ [%℄Relative to previous levelmu20i 84.34 94.79 92.07Absolutemu20i 84.34 79.94 73.60Table 8.3: E�
ien
ies of the standard mu20i trigger 
hain, on tt̄ eventswith a re
onstru
ted muon with pT > 25 GeV.8.4.2 Angular muon trigger e�
ien
ies in tt̄ eventsOne 
an also show the e�
ien
y as a fun
tion of the dire
tion of the re
on-stru
ted muon. Figure 8.7 a) shows the e�
ien
y to trigger the L1_MU20trigger item, as a fun
tion of the η 
oordinate of the muon. Similarly Fig-ure 8.7 b) shows the e�
ien
y as a fun
tion of the φ 
oordinate. The Level-1trigger e�
ien
y is not uniform in the dete
tor. The barrel, 
overing the range
|η| < 1.05, displays areas of greatly redu
ed e�
ien
y, for example at the feetof the dete
tor. The redu
tion in e�
ien
y 
an also be seen in φ, as shown inFigure 8.7 b), where the feet are visible at φ values 
lose to −2 and −1. It hasto be noted that with new optimisations of the Level-1 trigger 
on�guration� not available at the time of the Monte Carlo produ
tions for this analysis �improvements were made in making the trigger e�
ien
y more uniform in theend-
ap regions (|η| > 1.05).
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Figure 8.7: Level-1 trigger e�
ien
y as a fun
tion of the η (a) and φ (b)
oordinate of the re
onstru
ted muon for the L1_MU20 trigger item.The Level-2 trigger e�
ien
ies, relative to Level-1, as a fun
tion of the
η and φ 
oordinates of the muon 
an be seen in Figures 8.8 a) and b), re-
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s in ATLASspe
tively. The Level-2 muon re
onstru
tion in the end-
aps (|η| > 1.05) wasnewly developed for the trigger at the time of 
reating the tt̄ Monte Carlosimulations. For this reason the optimisation of the re
onstru
tion was not yet�nalised. This is 
learly visible as a loss in e�
ien
y 
ompared to the values inthe barrel in Figure 8.8 a). These �gures in
lude the e�
ien
y loss due to the
pT 
ut applied at Level-2, 
ausing the e�
ien
y to be lower than the plateaue�
ien
y in Figure 8.5 b).
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Figure 8.8: Level-2 trigger e�
ien
y as a fun
tion of the η (a) and φ (b)
oordinate of the re
onstru
ted muon for the L2_mu20 trigger item. Thee�
ien
y is 
al
ulated relative to Level-1.The Event-Filter trigger e�
ien
ies for the EF_mu20i signature relativeto Level-2 are shown in Figures 8.9 a) and b). As detailed previously, theEvent-Filter muon re
onstru
tion uses the same algorithms and tools as theo�ine re
onstru
tion, whi
h results in a 
lose to �at e�
ien
y as a fun
tion ofthe η and φ 
oordinates of the re
onstru
ted muon.8.5 tt̄ produ
tion 
ross se
tion analysisThe top pair produ
tion rate at the LHC will be approximately 1 Hz at aluminosity of 1033 
m−2s−1. Apart from leading to an extensive investigationof the top se
tor, top produ
tion will also be a signi�
ant ba
kground to manysear
hes for New Physi
s. Hen
e the measurement of the top pair produ
tion
ross se
tion is a very important part of the ATLAS physi
s programme.Understanding the trigger is an important part of any 
ross se
tion analy-sis at the LHC, just like understanding all the other parts of the event sele
tionpro
ess. In this se
tion I present a simple analysis extra
ting the tt̄ produ
tion
ross se
tion using the trigger e�
ien
ies 
al
ulated spe
i�
ally for my analy-sis, from so 
alled streamtest data. These data sets were produ
ed as part ofthe ATLAS Computing System Commissioning (CSC) e�ort to simulate real
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Figure 8.9: Event-Filter trigger e�
ien
y as a fun
tion of the η (a) and
φ (b) 
oordinate of the re
onstru
ted muon for the EF_mu20 trigger item.The e�
ien
y is 
al
ulated relative to Level-2.data 
oming from the dete
tor. The data roughly represents the output of 10half-hour runs of the ATLAS dete
tor in early data-taking (1033 
m−2s−1).This se
tion is not intended as a full 
ross se
tion analysis, so properun
ertainties on the results will not be dis
ussed. The goal is just to show howtrigger e�
ien
y results 
an be used in a real physi
s analysis.8.5.1 Cross se
tion analysis methodI am using the so 
alled 
ounting method to 
al
ulate the tt̄ produ
tion 
rossse
tion. Semi-leptoni
 tt̄ events have a 
hara
teristi
 signature that is easy tosele
t from the data. The tt̄ produ
tion 
ross se
tion 
an then be 
al
ulatedfrom the number of events passing our sele
tion with the formula:

σtt̄ =
Nsel −Nbkg

L · A · εtrigger · εreco · εfilter
, (8.1)where Nsel is the number of data events passing all sele
tion 
riteria, Nbkgis the number of ba
kground events passing the sele
tion 
riteria estimatedfrom Monte Carlo, L is the integrated luminosity of the data sample, A isthe a

eptan
e of the dete
tor and εtrigger, εreco and εfilter are the trigger,re
onstru
tion and Monte Carlo �lter e�
ien
ies respe
tively. In the analysis Iam going to 
al
ulate the a

eptan
e and re
onstru
tion e�
ien
y as one term,

εsel.8.5.2 Data sele
tionI used the in
lusive muon streaming dataset. This dataset holds all the eventsfrom the streaming test that 
aused a muon trigger to �re. I sele
ted the
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s in ATLASL2_mu20 trigger for sele
ting the semi-muoni
 tt̄ events. The Event-Filterlevel of the ATLAS trigger was not run on the streaming test data for te
hni
alreasons. Be
ause of this, I 
al
ulate all trigger e�
ien
ies on the Monte Carlodata up to Level-2. The dataset 
orresponds to a total integrated luminosityof 15.46 pb−1.I only used the tt̄ and W + jets Monte Carlo data des
ribed in Se
tion 8.1to estimate the e�e
ts of my event sele
tion, as it has been shown previously[65℄ that using my sele
tion 
riteria, only this type of ba
kground is non-negligible.Obje
t de�nitionsThe event sele
tion uses 3 kinds of re
onstru
ted obje
ts: muons, jets andmissing transverse energy. I used the following 
riteria to sele
t these obje
tsfrom the re
onstru
tion output:1. Muon de�nition: A muon is an obje
t re
onstru
ted by the MuIDalgorithm, and satis�es:
• pT > 25 GeV
• |η| < 2.4Only muons that have a ∆R distan
e greater than 0.3 from a re
on-stru
ted jet, are in
luded in the analysis. This suppresses muons 
omingfrom K/π de
ays. The distan
e between muons and the 
losest jet isshown in Figure 8.10 for the streamtest dataset.
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Figure 8.10: Distributions of jet-to-muon distan
es in η (a), and ∆R (b)before jet-muon overlap removal is performed.



8.5. tt̄ produ
tion 
ross se
tion analysis 992. Jet de�nition: In the analysis I 
onsider jets re
onstru
ted with the
one algorithm with a radius of 0.4. The jets have to also satisfy:
• pT > 20 GeV
• |η| < 2.5Sin
e the analysis does not use ele
trons or taus, I do not 
he
k theoverlaps between jets and su
h obje
ts.3. Missing transverse energy de�nition: The missing transverse energyused in the analysis is 
al
ulated from a sum over spe
i�
ally 
alibrated
alorimeter 
ells in 3 
ategories: 
ells in ele
tromagneti
 
lusters, in jets,and in 
lusters not asso
iated with any re
onstru
ted 
alorimeter obje
t[59℄. This sum is then 
orre
ted for the ET of identi�ed muon 
andidatesand for probable energy losses in the 
ryostat.Event sele
tionThe following event sele
tion assumes a good understanding of the ATLASre
onstru
tion, as it uses re
onstru
ted parameters not 
onsidered reliable with�rst data. The following 
uts are exe
uted before giving an event to the topre
onstru
tion algorithm detailed later in the se
tion:

• Only events passing the L2_mu20 trigger item are 
onsidered.
• The event has to have at least one muon passing the obje
t sele
tion de-tailed previously. Additionally, this muon also has to be 
lose (∆R < 0.1)to a Level-2 muon passing L2_mu20, as this ensures that the trigger ef-�
ien
y 
al
ulation will be 
orre
t.
• The missing transverse energy of the event has to be greater than 20 GeV.
• The event has to have at least 4 jets passing the obje
t sele
tion detailedpreviously.The number of sele
ted events after ea
h 
ut is summarised in Table 8.4.The table at �rst sight suggests that the event sele
tion is performing worsefor sele
ting tt̄ events than for sele
ting W + jet events. Remember however,that the tt̄ Monte Carlo 
ontains events where one of the W -s de
ays to anele
tron, muon and tau, in the 
orre
t mixture (see Table 5.1) � so 2/3 ofthe events are not targeted by this analysis �, while the W + jets MonteCarlo 
ontains only events where the W de
ays to a high-pT muon. Theevents passing these sele
tion 
riteria are passed to an algorithm re
onstru
tinghadroni
 top quarks.
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s in ATLASSele
tion 
ut Streamtest data tt̄ MC W (µνµ) + jets MC[events℄ [%℄ [%℄ [%℄Full sample 81110 100.0 100.0 100.0L1_MU20 63236 77.96 35.87 57.06L2_mu20 54096 66.69 29.75 49.82Good muon 40860 50.38 20.26 37.52
/ET 33139 40.86 18.48 32.684 jets 524 0.65 9.29 18.79Table 8.4: Event sele
tion �ow: The number of events after applying ea
h
ut.8.5.3 Hadroni
 top quark re
onstru
tionThe hadroni
ally de
aying top quark is re
onstru
ted in the following way:1. Top quark 
andidates are produ
ed from all 3-jet 
ombinations in theevent.2. The 
andidates are ordered a

ording to their pT, putting the one withthe highest pT �rst.3. The 
andidate with the highest pT, that ful�lls the following 
riteria issele
ted as the re
onstru
ted top quark:

• One of the 2-jet 
ombinations from the sele
ted 3 jets has a masswithin 10 GeV of the 
urrent world-average W mass.
• Exa
tly one of the sele
ted jets is b-tagged.The top quark re
onstru
tion algorithm is run on all the previously se-le
ted events. It �a

epts� an event if it is able to re
onstru
t at least onehadroni
 top quark 
andidate in it. The e�
ien
ies of the re
onstru
tion aresummarised in Table 8.5. As 
an be seen, the re
onstru
tion reje
ts most of the

W + jets ba
kground events, while su

eeding with most of the signal events.Data type Streamtest data tt̄ MC W + jets MC[events℄ [%℄ [%℄ [%℄Re
onstru
ted top 289 55.15 63.42 8.64Table 8.5: Hadroni
 top quark re
onstru
tion statisti
s on the events se-le
ted previously.
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Figure 8.11: Re
onstru
ted top quark mass distribution 
omparing stream-test data with tt̄ and W + jets Monte Carlo.A plot of the mass distribution of the re
onstru
ted hadroni
 top quark
andidates 
an be seen in Figure 8.11. It is possible to evaluate on the sig-nal Monte Carlo if the hadroni
 top quark re
onstru
tion found the 
orre
tre
onstru
ted obje
ts to re
onstru
t the top quark. For this, a mat
hing isperformed between the simulated b quark and the light quarks from the Wde
ay and the re
onstru
ted jets.8.5.4 Cross se
tionNow I have all the 
onstituents for Formula 8.1. From Table 8.5 Nsel = 289.The number of ba
kground events after all sele
tion (s
aled to the luminosity ofthe streamtest data set) is Nbkg = 25.06. As dis
ussed in Se
tion 8.5.2, the to-tal integrated luminosity of the streaming test data sample is L = 15.46 pb−1.The 
ombined sele
tion e�
ien
y (a

eptan
e, trigger- and re
onstru
tion e�-
ien
y) is extra
ted from Tables 8.4 and 8.5, εsel = 0.05892. The Monte Carlo�lter e�
ien
y for the semi-leptoni
 tt̄ Monte Carlo 
an be 
al
ulated from the
W bran
hing ratios from the PDG values. The �lter e�
ien
y is expressed as:

εfilter = 1 − (1 − brlep)
2 , (8.2)where brlep is the bran
hing ratio of a W to de
ay to a lepton. The �lter
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s in ATLASe�
ien
y is εfilter = 0.5372 from this formula. Using these results, I get a total
tt̄ produ
tion 
ross se
tion of

σtt̄ =
Nsel −Nbkg

L · εsel · εfilter
= 539 ± 33(stat) pb (8.3)from the streamtest dataset. When 
omparing this result with the theoreti
al
ross se
tion presented in Se
tion 5.2, one 
an observe a large dis
repan
y.During the analysis I 
ame to the 
on
lusion that the 
hange in the o�ine jetre
onstru
tion software between the version used for the re
onstru
tion of thestreamtest data and the version used to re
onstru
t the other Monte Carlos,introdu
ed a dis
repan
y between the event sele
tion e�
ien
y 
al
ulated onthe tt̄ Monte Carlo and the sele
tion e�
ien
y in the streamtest data. I didhowever verify that applying the analysis pro
edure to the tt̄Monte Carlo itselfreprodu
es the 
orre
t 
ross se
tion. Hen
e the analysis itself is working 
or-re
tly. As the streamtest data is just another Monte Carlo set employed hereto demonstrate the use of the trigger 
orre
tions in a 
ross se
tion measure-ment, I did not further investigate this dis
repan
y. For real data rigouroustests will have to be 
arried out to ensure that the Monte Carlo simulationused to 
orre
t the data for dete
tor e�e
ts des
ribes the data 
orre
tly.8.6 Con
lusions

tt̄ events provide very good possibilities for 
ommissioning the ATLAS dete
tor.Be
ause of the high mass of the top quark, these events usually deposit a lot ofenergy in the dete
tor, produ
ing a lot of parti
les in jets. The semi-leptoni

tt̄ events also in
lude a high-pT lepton and missing transverse energy. For thisreason, nearly all parts of the ATLAS o�ine re
onstru
tion 
an be tested with
tt̄ events sele
ted from the �rst data.As shown in Se
tion 8.3, the high-pT single-muon triggers provide goode�
ien
y for sele
ting the semi-muoni
 tt̄ events, whi
h makes it possible tosele
t su
h events even at the highest instantaneous luminosities of the LHC.The measurement of the tt̄ produ
tion 
ross se
tion will be one of the �rstphysi
s results of ATLAS on
e it starts to 
olle
t data. As shown in Se
tion 8.5,a 
ross se
tion measurement � with a sizeable un
ertainty � will be possiblealready from a few days of datataking.



Summary
I

n my thesis I dis
ussed the work I have done in two separate experiments.In the two-photon group of the OPAL 
ollaboration I implemented mul-tiple event sele
tion te
hniques not used in the group before, for sele
tingphoton�photon intera
tions in whi
h a jet is produ
ed. I found that the mostreliable method for sele
ting high energy photon�photon events was a likeli-hood based sele
tion.Using this event sele
tion method, I measured the in
lusive jet produ
-tion 
ross se
tion in photon�photon 
ollisions in the data taken between 1998and 2000 at 
entre of mass energies √
see = 189 � 209 GeV that represents atotal integrated luminosity of 593 pb−1. The analysis was an extension of astudy done previously to determine the same 
ross se
tion for 
entre of massenergies √see = 130 � 136 GeV. This analysis was motivated by the fa
t, thatthe L3 
ollaboration found in this pro
ess an ex
ess in the produ
tion 
rossse
tion at high pjetT . In my analysis I have found a good agreement betweenthe measurement and the 
ross se
tion predi
ted by NLO QCD 
al
ulations.In the se
ond part of my thesis I dis
ussed the work I have done in thetrigger group of the ATLAS 
ollaboration. In the trigger group it was myresponsibility to develop and maintain the o�ine simulation of the Muon toCentral Trigger Pro
essor Interfa
e (MuCTPI), and using this simulation tohelp design the �nal version of the MuCTPI hardware for the ATLAS dete
-tor. Among other things, the MuCTPI is responsible for handling the overlapsbetween the muon trigger 
hambers, by eliminating fake di-muon trigger signa-tures in the 
ase when a single muon was dete
ted by multiple trigger se
tors.Using the o�ine simulation, I evaluated the probability that a single muonwould generate a fake di-muon trigger signature in the dete
tor for di�erent
on�gurations of the MuCTPI hardware. With the optimal 
on�guration I
al
ulated the expe
ted fake Level-1 di-muon trigger rates, and veri�ed onB-physi
s samples that the 
on�guration does not degrade the physi
s perfor-man
e of the dete
tor.As a member of the top-physi
s group of the ATLAS 
ollaboration, I tookpart in estimating the trigger e�
ien
ies for sele
ting events with a top quarkpair (tt̄). I was responsible for 
al
ulating the single-muon trigger e�
ien
ies



104 Summaryfor various trigger 
on�gurations. I have found that the single-muon trigger ofATLAS will be 
apable of sele
ting tt̄ events with high e�
ien
y throughoutthe lifetime of the Large Hadron Collider (LHC).The observation and study of tt̄ 
reation at the LHC will be a very im-portant physi
s pro
ess with initial data. The tt̄ de
ay usually produ
es highmomentum leptons, multiple high energy jets and missing energy in the dete
-tor. This makes the de
ay ideal for testing almost all aspe
ts of the dete
tor.Measuring the tt̄ produ
tion 
ross se
tion at 14 TeV 
entre of mass energy isgoing to be one of the �rst physi
s results of the LHC. In the last se
tion ofmy thesis I showed how a simple analysis 
an be exe
uted that extra
ts the
tt̄ produ
tion 
ross se
tion from data, using a spe
ially mixed Monte Carlo,mimi
king data 
oming from the dete
tor. I found that even with a few daysof data at nominal luminosity (1033 
m−2s−1) it is already possible to get a
rude measurement of the 
ross se
tion.



Összefoglalás
A

dolgozatomban két különböz® kísérletben elvégzett munkámat mutat-tam be. Az OPAL kollaborá
ió két-foton 
soportjában több olyan újeseményválogatási eljárást hoztam létre foton�foton köl
sönhatásokkiválogatására amelyekben hadronzápor (jet) keletkezik, amik korábban nemvoltak használatban a 
soportban. Úgy találtam, hogy a legmegbízhatóbbeljárás a nagyenergiás foton�foton események kiválogatására egy likelihoodalapú válogatás volt.Ezt az eseményválogatási eljárást felhasználva, meghatároztam az inkluzívjet keletkezési hatáskeresztmetszetet foton�foton ütközésekben az 1998 és 2000közott, √see = 189 � 209 GeV tömegközépponti energián gy¶jtött adatokban,ami összesen 593 pb−1 integrált luminozitásnak felel meg. Az analízis egy ko-rábbinak a kiegészítése volt, ami ugyanezt a hatáskeresztmetszetet vizsgálta√
see = 130 � 136 GeV tömegközépponti energián. Az analízis abból az ok-ból is érdekes volt, mivel az L3 kollaborá
ió megnövekedett jet keletkezésihatáskeresztmetszetet talált ebben a folyamatban magas pjetT értékeknél. Asaját analízisemben jó egyezést találtam a mért hatáskeresztmetszet és az NLOQCD számolások által jósolt eredmények között.A dolgozatom második részében azt a munkát mutattam be, amit azATLAS kollaborá
ió trigger-
soportjában végeztem. Az én feladatom volta trigger-
soporton belül a �Muon to Central Trigger Pro
essor Interfa
e�(MuCTPI) hardver-elem szimulá
iójának megírása és karbantartása, és enneka szimulá
iónak a felhasználásával én is segítettem az ATLAS detektor végs®MuCTPI hardverének megtervezésében. Egyebek mellett a MuCTPI a felel®s atrigger kamrák közötti átfedések kezeléséért azzal, hogy kisz¶ri az olyan hamiskét-müon trigger-jeleket, amelyeket egyetlen müon okozott azzal, hogy többtrigger-szektorban is jelet hagyott. A szimulá
iót használva meghatároztamannak a valószín¶ségét, hogy egyetlen müon hamis két-müon jelet hozzon létrea detektorban a MuCTPI hardver különböz® beállításai mellett. Az optimálisbeallítást használva kiszámoltam a várható hamis, els® szint¶, két-müon trig-ger hozamokat, és ellen®riztem B-�zikai mintákon, hogy ez a kon�gurá
ió nemrontja le a detektor �zikai teljesít®képességét.Az ATLAS kollaborá
ió top-�zikai 
soportjának tagjaként részt vettem



106 Összefoglalása top kvark párokat (tt̄) tartalmazó események kiválasztási trigger-hatásfokai-nak a meghatározásában. Én voltam a felel®s az egy-müon trigger-hatásfokokmeghatározásáért különböz® trigger-beállítások mellett. Úgy találtam, hogyaz ATLAS egy-müon triggere képes lesz nagy hatásfokkal kiválasztani a tt̄eseményeket a Nagy Hadron Ütköztet® (LHC) teljes életidején keresztül.A tt̄ keletkezés meg�gyelése és vizsgálata az LHC-nél nagyon fontos �zikaifolyamat lesz az els® adatokkal. A tt̄ bomlás általában nagy impulzusú lep-tonokat, több nagyenergiás hadronzáport és hiányzó energiát hoz létre a de-tektorban. Ez ideálissá teszi a detektor majdnem minden tulajdonságának el-len®rzéséhez. A tt̄ keltés hatáskeresztmetszetének mérése 14 TeV tömegközép-ponti energián egyike lesz az LHC els® �zikai eredményeinek. A dolgozatomutolsó fejezetében bemutattam, hogyan lehet végrehajtani egy egyszer¶ ana-lízist, amely meghatározza a tt̄ keletkezési hatáskeresztmetszetet a gy¶jtöttadatokból. Ehhez egy spe
iálisan kevert Monte Carlo-t használtam, ami a de-tektorból érkez® adatokat utánozta. Azt találtam, hogy már néhany napnyitervezett luminozitás (1033 
m−2s−1) melletti adatból durva be
slést lehet adnia hatáskeresztmetszetre.
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