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In tro duction

Most people will remember the periodic system of the elements as they learned it at school.
The table, invented in 1869 by Dmitri Mendeleev,has a particular odd shape. The inventor
did not know the reasonbehind the system, but organizedall elements in a table by simply
ordering the di�eren t elements by their observed properties. An important property was the
increasing mass of the atoms, at that time the most basic components of an element. The
fact that someelements hardly reacted with anything, or that somehad very speci�c electric
properties also helped in the ordering.

A great achievement by Mendeleevwas the prediction of the existenceof several elements
as he found gapsof non-observed elements in his classi�cation. It was only later however, at
the beginning of the 20th century , that the ordering of the elements could be explained: �rst
with the discovery of the sub-atomic structure of protons and neutrons in the atomic nucleus
(surrounded by an electron cloud) and �nally with the development of quantum mechanics.

In the 1960sit wasrealizedthat nature goesonelevel deeper and that protons and neutrons
are not so fundamental as was thought; they consist of what were to be called quarks and
gluons.In short, the total periodic systemcould now bereplacedby no morethan four particles:
two quarks, the electron and its partner the neutrino. The interactions betweentheseparticles
take place by meansof so-calledmessengerparticles, such as the photons and the gluons.

The theory describing the classi�cation and interactions of these particles, the Standard
Model, took about two decadesto take shape. In this period the model gradually consistedof
more and more fundamental particles: the two quarks, the electron and the neutrino turned
out to each have two heavier brothers. This classi�cation came forth partly by hypothesis,
but also partly by unexpected observations. A great successof the Standard Model was the
uni�cation of the electromagnecticand the weak nuclear interactions into one, renormalizable,
quantum �eld theory. This theory predicted two messengerparticles never observed before,the
W and the Z boson.In 1983thesewerediscoveredat CERN. Long awaited, the observation of
their existencewas of fundamental importance in con�rming a crucial aspect of the Standard
Model. In 2000,with the observation of the t -neutrino, the last but one of the particles in the
Standard Model was discovered. Only one more particle, the Higgs boson, is still missing.

The exact con�rmation of the model was, and still is however, not easy. Large particle
colliders are built to acceleratecharged particles to speedsas high as possible and to have
them collide, either on each other or on �xed targets. The `debris' 
ying out of the collisions
are particles created as part of the kinetic energy of the acceleratedparticles is transformed
into mass.Thesedebris are analyzedwith sophisticateddetectors to determine the properties
of the particles and their interactions. The �nal con�rmation of the Standard Model is hoped
to be establishedwith the most powerful proton-proton collider ever built: the LHC at CERN.
Soon to becomefully operational, this acceleratorwill reach energylevels expected to be high
enoughto �nd the Higgs boson.
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2 In tro duction

At the sametime, the LHC will becomea true `top quark factory'. The top quark is the
heaviest of all quarks: its mass is more than 180 times the massof a proton. Although not
a stable particle and not immediately a constituent of matter around us, its large massgives
this particle an important role in all interactions. It was discovered in 1995at Fermilab in the
USA, and its properties are not exactly determined yet. The LHC will produce top quarks at
an unprecedented rate enabling measurements more accurate than any experiment is capable
of at the moment.

If the Higgs boson is found, all particles of the Standard Model will have been identi�ed.
The Standard Model could be the �nal fundamental theory of particle physics;several known
problemshowever almost certainly excludethis possibility. The energyreleasedin the collisions
at the LHC will be at levels never observed before in such controlled environments and might
result in the discovery of new particles or interactions, bringing the need of an extension to
the Standard Model. Di�eren t extensions have already been conceived, such as the theory
of extra dimensionsor of supersymmetry. The Standard Model is then an e�ectiv e theory: a
low-energy limit of someunderlying theory, without being dependent on the details of that
theory. On the other hand, if no Higgs bosonis found with the LHC, its existenceasdescribed
by the Standard Model becomesimpossible.Several revisionsof the Standard Model covering
this possibility have also beenpostulated. In fact, with the open questionsremaining and the
long list of theorized possibleanswers, it is often felt nowadays that the time of theoretical
predictions should be over and that it is again time for observations and measurements.

In this thesis we set out to prepare ourselves for the �rst measurements on the top quark
with the ATLAS detector, oneof the four experiments to study the proton-proton collisionsat
the LHC. One of the �rst phasesof the measurements will be the calibration of the detector.
We have developed an approach for the energyscalescalibration of the detector, �ne-tuned to
the observation of the top quark. Independent from this calibration, we have also set up an
analysis to measurethe rate of production of top quarks in the �rst data to be taken.

Thesis layout

In the �rst chapter the Standard Model is explained; a small study is presented on the Parton
Distribution Functions (PDFs) for protons at the LHC. These PDFs are parameterizations
of the probabilit y for a constituent of the proton to carry a certain fraction of the proton's
momentum. The study discussesthe accuracy possible in predicting the rate of production
of the top quark with the LHC. In the same chapter also the theory of supersymmetry is
summarized.The secondchapter discussesthe LHC acceleratorand the ATLAS detector with
all its sub-detectors,while in the third chapter more detail is given on the Inner Detector (ID)
of ATLAS: the SemiConductor Tracker sub-detectoris explained, together with the ID cooling
systemand its commissioningin 2008.Chapter 4 then describeshow the signalsobtained with
the ATLAS detector are used to reconstruct the properties of the particles created in the
proton-proton collision. Extra attention is given to the b-tagging algorithms: special tools
usedfor the identi�cation of the b-quark, the secondheaviest quark in the Standard Model.

With the signalsconverted into observableswe present in chapter 5 a study on the energy
scalecalibration of the detector using a kinematic �t basedon the constraints of a top quark
pair creation. Chapter 6 describesan analysissetup for the measurement of the top quark and
the W bosonproduction rates on the �rst data to be taken. The latter analysis makesuseof
b-tagging algorithms. Both in chapter 5 and 6 the possibility of using the presented analyses
as a further aid to observe signsof supersymmetry is discussed.



Chapter 1

Theoretical background

In this chapter we discussthe theory of the Standard Model and of supersymmetry, speci�cally
the supersymmetric mSUGRA. The chapter covers,amongothers, thoseaspectsof the theories
which are useful as background to the studies presented in this thesis. For a more elaborate
introduction we refer the reader to several excellent textb ooks, see[1{3].

1.1 The Standard Mo del

At the moment the Standard Model [4{6] is by far the best theory describing the fundamental
building blocks of nature and their interactions. Developed in the sixties and seventies almost
all its predictions have beenveri�ed in the last decades.It is a relativistic quantum �eld theory
based on symmetries, implying that the physics is invariant under certain transformations.
The transformations are described by group theory and the SU(3) � SU(2)L � U(1)Y group
determinesthe interactions of the Standard Model.

According to Noether's theorem thesethree symmetrieseach have an associated conserved
charge. For SU(3) the conserved charge is color, which can take one of three values denoted
by red, green and blue. The generators of the SU(3) group are the eight gluons which are
the carriers of the so-called strong force. The SU(2)L � U(1)Y group is associated with the
electroweak part of the Standard Model and the chargesunder the group are the weak isospin
and the weak hypercharge. The generators of the two groups mix and lead to the W � and
Z, the carriers of the weak force, and to the photon, the carrier of the electromagnetic force.
With theseforcecarriers the Standard Model describesall known fundamental forcesin nature,
except gravit y.

Apart from the forcecarriers, a further categoryof particles in the Standard Model consists
of the quarksand leptons.Thesearethe building blocks of all matter around usand they appear
in three `families'. The �rst family contains the up (u) and down (d) quark, plus the electron
e� and the electron-neutrino ne. The di�erence betweenquarks and leptons is that the quarks
carry color charge and are thus sensitive to the strong force.

In nature particles have either integer spin (bosons)and follow Bose-Einsteinstatistics, or
particles have half-integer spin (fermions) and follow Fermi-Dirac statistics. The force carriers
are gauge bosonswith spin 1, quarks and leptons are fermions with spin 1

2. A scalar �eld
in the theory generatesthe particles' massesand by the Higgs mechanism [7{9] results in
the only spin 0 particle: the scalar Higgs boson. The mechanism describes the spontaneous
breaking of the electroweak symmetry resulting in the observable weak and electromagnetic

3



4 Chapter 1. Theoretical background

Particles Spin Electric charge

Quarks (u;d)L (c;s)L (t;b)L (1=2;1=2) (+ 2=3; � 1=3)
uR cR tR 1/2 +2/3
dR sR bR 1/2 -1/3

Leptons (ne;e� )L (nm;m� )L (nt ; t � )L (1=2;1=2) (0; � 1)
e�

R m�
R t �

R 1/2 -1

Gaugebosons g (strong) 1 0
W� and Z (weak) 1 � 1 and 0

g (electro- 1 0
magnetic)

Scalar boson H 0 0

Table 1.1: The particles of the Standard Model, listed with their spin and electric charges.We
note that the quarks carry color charge and thus in fact also comein three di�eren t colors.

force. Although all the measuredproperties of the W and the Z gaugebosonsare consistent
with the Higgs mechanism's predictions, one last prediction of the symmetry breaking, that is
the existenceof the scalar Higgs boson,has yet to be veri�ed.

In Table 1.1 we list all the fundamental particles present in the theory. We note that
throughout this thesis the natural units are used, that is h̄ = c = 1. The subscript L denotes
that the charged weak interaction only applies to left-handed fermions. In the Table it can be
seenthat the left-handed fermions are described in doublets, while the right-handed fermions
appear only in singlets.We note that the W only couplesto the left-handed particles, while the
Z also couplesto right-handed fermions since it is a mix of the SU(2)L and U(1) generators.
This alsoexplainswhy there is no right-handed neutrino: with no color charge,no weakcharge,
no electric charge and no massit is pointless to try and pinpoint a right-handed neutrino. It
would not interact and thus cannot `be'. In the Standard Model the neutrino is massless,yet
a few yearsago it wasestablishedthat the neutrino doeshave a small mass[10,11], leading to
the possibleexistenceof a right-handed neutrino. This is oneof the clearesthints that although
the Standard Model is very accurate up to now, it is not complete.

1.1.1 Quan tum Chromo dynamics

Quantum Chromodynamics (QCD) is the theory basedon the SU(3) symmetry describing the
strong interaction between particles carrying color charge. These are the quarks and gluons,
also known as partons1) . The coupling constant as, parameterizing the `strength' of the force,
has the striking feature that it grows at large distances,or in other words, at lower energies.
A consequenceof this is the con�nement of partons: colored particles cannot be free, only
bound states of partons into color-neutral particles can be free. A proton for example is the
bound state of two up quarks and one down quark. Thesethree are the valencequarks of the
proton. Inside the proton quantum 
uctuations can lead to the brief existenceof gluons and
quark-antiquark pairs, also called sea quarks. The bound states are called hadrons and are
classi�ed in mesonsand baryons, consisting of respectively a quark-antiquark pair and three

1)To be correct, `partons' was the name given to elementary objects observed in deep inelastic scatterings
inside the proton, later identi�ed with quarks and gluons.



1.1. The Standard Mo del 5

Figure 1.1: Generalstructure of a hard proton-proton collision. The hard scattering is depicted
by the HP (Hard Process)in the rectangular box. The �gure is taken from [12].

valencequarks.
The collision of two protons is thus the interaction of the parton constituents of the protons.

The total interaction is extremely complicated and can be visualized as in Fig. 1.1. Left and
right the two incoming protons are depicted. We seeleft the three valencequarks inside the
proton exchanging gluons, particle a and b, or even the so-calledself-interaction of one quark
with gluon c. A hard scattering takes place when the energy exchange between two partons
from the two protons is high enoughto kick each other out of their con�nement in the protons,
depicted as the HP (Hard Process)in the rectangular box.

The partons resulting from the hard scattering radiate until the �nal phaseof hadronization
takes over. This boundary is depicted with the dotted circle H in the �gure. Intuitiv ely we
can seethis as follows: the partons loseenergythrough radiation until the color force becomes
strong enough to recombine them back into mesonsand baryons. With all the radiation and
recombination one parton results in a shower of particles. This is called a jet, seeSection4.3.

With each proton losing a color constituent the remains of the protons are also color
charged.Forming an unstable state the total of the remains interacts in the Underlying Event
(UE) in mostly soft scatterings, leading to two showers of particles predominantly in the
forward directions of the protons. The recombination in the underlying event is not independent
of the hard scattering. With the hard scattering carrying color charge the underlying event
must be connected to the �nal state particles of the hard scattering if the total collision is
to remain color neutral. This connection can be the exchange of a quark or a gluon, as the
particles d-g we seein the �gure, leading to particle production also in the central rapidit y
regions2) , partially overlapping with the hard scattering. We note that in the underlying event
secondhard scatterings can take place.

2)That is close to the transverseplane through the interaction point, seeSection 2.2.1.
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q

q0

q k

Figure 1.3: Left: the hard scattering of the quark and gluon as in Fig. 1.1. Right: the same
diagram including the emissionof a gluon from the incoming quark. The probabilit y for a soft
emissiongrows with smaller momentum k and goesto in�nit y when k ! 0. Thesedivergencies
are absorbed by rede�ning the functions fn(xn;mF ) as functions of the factorization scale.

Factorization

The hard processin Fig. 1.1 represents the interaction of a gluon with a quark scattering into
a hard gluon and quark. For the measurement of this process'crosssection we need to know
the momenta of the incoming partons. However, the two are constituents of the protons and
their momenta are unknown. At the sametime, the outgoing quark and gluon are observed as
jets in the detector and distinguishing a jet from a gluon or a quark is di�cult. 4) Therefore
we typically make inclusive measurements: we cannot measurea partonic crosssection such
as s (qg! qg), yet we can measurethe hadronic crosssection s (pp ! j j 0) of two jet events.
The relation in perturbation theory betweenthe two is given by

sHadronic = å
l ;m; j; j0

Z Z
dx1dx2 fi(xl ) f j (xm)s j ; j0

Partonic(xl ;xm); (1.1)

where the sum runs over all possible
a vors and speciesl ;m of the incoming partons, and all
possible
a vors and species j; j0 of the outgoing partons. Each of the incoming partons carry a
fraction xl and xm of their protons momentum and the integral runs over all allowed momentum
fractions. The Parton Distribution Function (PDF) fn(xn) is the probabilit y that a parton of
type n is encountered with momentum fraction x. In the expressionof the PDFs we run into
trouble.

In Fig. 1.3 we seeon the left the hard scattering of the gluon and the quark from Fig. 1.1
drawn again, on the right we seethe samescattering including the radiation of gluon d in Fig.
1.1. It turns out that the probabilit y Pqq0 for the emissionof a collinear gluon grows as the
momentum k drops. With k ! 0 the probabilit y even goes to in�nit y. The way to deal with
this is similar to the renormalization approach. We de�ne a factorization scalemF such that
the expressionfor the probabilit y is split into a �nite and a divergent part. The factorization
theorem states that the last part can be absorbed, such that we remain with �nite expressions
of fn(xn;mF ). Similar to the massesin the Standard Model, the PDFs cannot be determined
from theory and are to be measuredin experiments.

In Figure 1.4 an overview is given for the predictions for several important Standard Model
cross sectionsat pp and pp colliders. These cross sectionsare calculated at next-to-leading
order (NLO) in perturbativ e theory: the exact meaningof this is explained in the next section.

4)Although identifying jets originating from b-quarks is possible, seeSection 4.4.
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In the �gure we seehow the distributions for the Tevatron and for the LHC do not always
`connect'. This is due to the di�erences between the PDFs of a proton and the PDFs of an
anti-proton.

Figure 1.4: Standard Model cross sections for pp-collisions (Tevatron) and for pp-collisions
(LHC). The Figure is taken from [14].

1.1.2 Running coupling constan t

In this section we discussthe running coupling constant a s. Before stating the question we
want to discuss,we note that the naming is somewhatconfusing:a `constant' which is running
is no real constant. Yet this is not the point we want to addressin this section. The exact
question we want to answer is the following: how can it be that a s(mR) is often interpreted as
the strength of the strong force5) , varying with the energyscalemR used?Is an observablesuch
asthe strength of the forceby de�nition not supposedto be independent of the renormalization
scale?

5)Even by the author in this samechapter.
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First of all, the fact that the function as(mR) is non-constant with varying mR tells us that as

is not an observable. The parameter as is a value corresponding to the vertex in the Feynman
diagrams and depending on the choice of mR the contributions from the di�eren t Feynman
diagrams in an expansion change. In other words, the setup of perturbativ e QCD with its
regularization and renormalization schemesis such that the coupling constant is an expansion
parameter. This setup is chosenwith the purposeof being able to stay in the perturbativ e
regime:diagramswith N loopsaresuppressedby powersof a 2N

s , and with the choiceof m2
R � Q2,

where Q2 is the squareof the interaction scale, it turns out that the contributions from the
loop diagrams in the expansionare at a minimum, see[1]. The diagram containing no loops is
called the tree diagram and is the Leading Order term.

The scaleQ2 denotesthe squareof the energylevel at which the interaction takesplace. In
electron-positron scattering e+ e� ! g ! qq it is easily set: the interaction scaleQ2 = s, wherep

s is the center-of-massenergy. In somechannelsthe choice is lessclear; we comeback to this
in Section 1.1.3 where we discussthe production of top quark pairs.

To seethe `running of the coupling constant' we start with the Callan-Symanzik equa-
tion, which dictates that an observable such as a cross section is to be independent of the
renormalization scheme.The equation states, see[1],

�
m2

R
¶

¶m2
R

+ b(as)
¶

¶as

�
s (

p
s;m2

R;as) = 0; (1.2)

which we can read as follows: any direct dependenceof the cross section on mR should be
exactly canceledby the dependenceof the coupling constant on mR. We note that if we wereto
perform a calculation for the crosssectionup to all orders the parameter mR would disappear.
Yet as we can only go up to a certain order, a value for mR has to be chosen.The b function
is determined by

b(as) = m2
R

¶as

¶m2
R

(1.3)

and to the �rst order in the perturbativ e expansion it is given by b(a s) = � (b0=4p)a 2
s . The

constant b0 = 11� (2=3)nf and is de�ned with n f the number of quark 
a vors considered.6) See
also [2] for more details. Equation (1.3) can be rewritten and integrated, resulting in

Z as(m2)

as(m2
0)

das

a 2
s

= �
b0

4p

Z m2

m2
0

dm2
R

m2
R

!
�

1
as(m2

0)
�

1
as(m2)

�
= �

b0

4p
ln

m2

m2
0

(1.4)

From this equation it becomesclear that if as has been determined at a certain scale m0,
it can be extrapolated to any other scale m. A common approach is the extrapolation from
as(m2

0 = m2
Z).

The asymptotic logarithmic behavior of as also possessesthe possibility of de�ning the
boundary condition on the asymptote: with L s the momentum scale at which the coupling
constant blows up and setting as " ¥ as the scalem2

0 # L 2
s, we obtain from eq. 1.4:

as(m2) =
4p

b0 ln(m2=L 2
s)

: (1.5)

6)When the interaction scalesatis�es m2
c < Q2 < m2

b only four 
a vors need to be considered.
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Here we seehow the coupling becomeslarger as the interaction scaledecreases.L s is experi-
mentally found to be L s � 200 MeV (its exact value dependson the number of quark 
a vors
nf consideredin the perturbativ e expansion).Mathematically this simply meansthat the ex-
pansion parameter becomestoo large when m2 # L 2

s and perturbation theory does not hold
anymore. Physically this is often interpreted as the con�nement by the strong force.

The expansionparameter as becomesan `observable' only when we �rst de�ne a common
set of conventions. It has becomecustomary to use the coupling after the so-calledregular-
ization by modi�ed minimal subtraction (MS), with the renormalization scaleset at mZ. The
resulting coupling constant is called as;MS(m2

Z). From measurements of for example the total
cross section for e+ e� annihilation to hadrons, or the transversemomentum distribution of
W bosonsproduced from quark-antiquark annihilation at high-energy pp colliders, see[1], the
as can be determined at di�eren t interaction scales.Further on in Section 1.3.2 the running
of the coupling constants in the Standard Model and in models including supersymmetry is
depicted in Figure 1.13.

1.1.3 Top quark physics

In the Standard Model the top quark waspredicted asthe weakisospinpartner of the observed
bottom quark b. In 1995it wasdiscoveredby the CDF and D0 collaborations [15], with a mass
nowadays measuredto be 173:1 � 1:3 GeV [16]. This is approximately 35 times larger than
the mass of the b quark and 5 orders of magnitude larger than that of the �rst generation
quarks. The classi�cation of the six quarks with increasing masseshas led for a long time to
the hypothesisof new physics,seefor example [17].

In the Standard Model the top quark acquires its massthrough the Yukawa coupling to
the Higgs �eld, that is

mt = yt
v

p
2

; (1.6)

whereyt is the strength of the Yukawa coupling betweenthe top quark and the Higgs �eld and
v is the vacuum expectation value of the Higgs �eld. The latter is �xed by the Fermi coupling
constant GF

7) and equals v = (
p

2GF )� 1=2 = 246 GeV. With yt close to unit y the top quark
couplesstrongly to the Higgs �eld, or to whatever elsemight break the electroweak symmetry.
It thus plays an important role in the search for and study of the Higgs boson.

Single top quark pro duction

There are several hard scatteringsthat may lead to the production of top quarks. Through the
electroweak forcesingletops can be produced,accompaniedby a W boson(the Wt-channel), or
another quark (the s- or t-channel). In Figure 1.5 the three channelsare depicted in Feynman
diagrams at Leading Order. The NLO cross sections for single top production at the LHC
are summarizedin Table 1.2. The valuesfor 14 TeV center-of-massenergyare extracted from
[18,19], the valuesfor 10 TeV collisions are calculated at NLO using MCFM [20].

Top quark pair pro duction

Via the strong interaction the top canbeproducedin pairs. Throughout this thesiswewill focus
on this channel, also denoted by tt̄ . In Figure 1.6 we seedepicted in Feynman diagrams the

7)This constant is again �xed by GF =
p

2g2=(8m2
w), with g the weak interaction coupling constant and mW

the W boson mass, and can be for example measured in the rate of muon decay m� ! nme� ne, see[1].
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p
s= 10 TeV

p
s= 14 TeV

t-channel 124.51 246.6
s-channel 6.627 10.65

Wt-channel 32.66 66

Table 1.2: NLO crosssections(in pb) for single top production at the LHC.
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Figure 1.5: Leading order single top quark production. The upper two diagrams depict the
Wt-channel. The s-channel is shown in the lower left and the t-channel in the lower right
diagram.
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Figure 1.6: Leading order top quark pair production. Left: quark-antiquark annihilation. Mid-
dle and right: gluon fusion, the dominant production channel at the LHC.
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di�eren t Leading Order channelsfor the production of a top quark pair. The total production
crosssectionfor the tt̄ channel at leading order can be calculated by summing over all possible
con�guration of the diagrams. Con�gurations exist with di�eren t 
a vors, colors, spin and
momenta for the incoming particles. In short the crosssection can be written as:

s tt̄
� p

s;mt
�

= å
i; j

Z Z
dxi dx j fi

�
xi ;m2

F

�
f j

�
x j ;m2

F

�
� ŝ tt̄

� p
s;mt ;xi ;x j ;as

�
m2

R

�
;m2

F

�
; (1.7)

where the sum runs over all possible 
a vors and species i; j of the incoming partons. The
ŝ tt̄ is the cross section of the hard scattering processof the partons i and j into a t t̄ pair
and includes the summation over possible colors and spin. Just as in eq. (1.1) the parton
distribution function fn(xn;m2

F ) is the probabilit y that a parton of type n is encountered with
momentum fraction x. An observable should be independent of the factorization scale,yet as
we can only perform calculations up to certain order, a mF must be set when extrapolating the
PDF from the scaleat which it has been measured,to the scaleat which we are performing
our measurements.

As an example, in Fig. 1.7 we set it to the top mass,that is m2
F = Q2 = (170 GeV)2. These

distributions are obtained from the CTEQ6.5 PDF set [22].We seehow for all the constituents,
the probabilit y increaseswith smaller x. A simpli�ed calculation of

p
x1 � x2

p
s� x

p
s= 2mt tells

us that for the center-of-massenergy present at the Tevatron we needa minimum of x � 0:2,
while at the LHC we needa minimum of x � 0:03. From the �gure we thus understand that the
dominant production channel at LHC will be via gluon fusion, while at the Tevatron it is via

Figure 1.7:Parton distribution functions for the proton accordingto the CTEQ6.5 parametriza-
tion. We seethat the distributions for the up and down quarks are higher than those of the
anti-quarks due to the contribution of valencequarks. The gluon distribution can be seento
rapidly increasefor lower momentum fraction x. The �gure is taken from [21].
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quark-antiquark annihilation. The crosssection for the top pair production at the Tevatron
and at the LHC was depicted in Fig. 1.4.

The choiceof Q2 = (170GeV)2 needssomeexplanation. In Section1.1.2we explained that
Q2 is the squareof the interaction scale;from the reasoningfollowed in that section the �rst
two diagrams in Fig. 1.6 would imply a scale of Q2 = 4m2

t . Yet for the third diagram, the
dominant production channel at the LHC, it is unclear what the interaction scale is. In the
end, setting Q2 = (170 GeV)2 is solely basedon the knowledge that we are investigating the
production of the top quark, and thus must be working around the energy level of mt . In any
case,the crosssection should be independent of Q2. In calculations the renormalization scale
mR is often varied in the range (0:5Q)2 < m2

R < (2:0Q)2 to give an estimate of the theoretical
uncertainty as a consequenceof performing calculations up to �nite order, seeSection 1.2,
where such a study is presented.

Top quark decay

With a massabove the Wb threshold, the top quark decays almost exclusively as t ! Wb. The
corresponding branching fraction is larger than 99.8%and with its massof 173.1GeV the top
quark has a decay width of Gt = 1:35 GeV [23], corresponding to a lifetime of not more than
O(10� 24) s. If wecomparethis to the time scalegoverning QCD processes,1=L QCD = O(10� 23) s,
we seethat the top quark will predominantly decay before forming bound states; we can thus
describe the decay of a top quark by the decay of a free quark.

With two W bosonsin each top pair event and one third of all W bosonsdecaying into
leptons, the top pair decays are categorized in the fully hadronic (only jets), semi-leptonic
(one lepton + jets) and fully leptonic events (two leptons + jets). The leptonic decays of the
W are spread approximately even over electrons, muons and t 's, resulting in the branching
fractions summarizedin Fig. 1.8. Throughout this thesis we focus on the semi-leptonicdecays
with an electron or a muon; thesetwo leptons leave clear signals in the detector and are easy
to identify , especially in the busy hadronic environment we can expect in ATLAS. The leptonic
decays of the top quarks with t 's are left out, as theseparticles are more di�cult to identify .

Figure 1.8: Branching fractions of a top quark pair illustrated in a pie-chart. The pair decay
is categorizedby the decay of the W boson.The semi-leptonic decays consideredthroughout
this thesis are the channelswith one electron or muon +jets. Theseamount to 30% of all top
pair decays.
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1.1.4 The W and the Z boson

The charged W and the neutral Z are the two mediators of the weak interaction. They were
discovered in 1983 at the UA1 and UA2 experiments at CERN [24{26] and their properties
were extensively studied at LEP from 1989 up to 2000. The current world average for the
massesare

mW = 80:398� 0:025 GeV; (1.8)

mZ = 91:1876� 0:0021GeV: (1.9)

Thesevaluesare obtained from [23]. The accurate measurements will make it possibleto use
the bosonmassesfor calibration of the ATLAS detector. To this end, the widths are important.
Thesehave beenmeasuredto be

GW = 2:141� 0:041 GeV; (1.10)

GZ = 2:4952� 0:0023GeV: (1.11)

Pro duction and decay

The W and Z bosonscan be createdas daughter particles of heavier particles in channelssuch
as the top quark decaying into a W and a b-quark, or the Higgs decaying into a ZZ pair 8) . We
note that W's as well as Z's can be produced in pairs, yet we restrict ourselves to the single
bosonproduction channels.

The W and Z bosonscanalsobe createddirectly in the hard interaction by quark-antiquark
fusion, seeFig. 1.9. Both bosonsneed an anti-quark to be produced; at the Tevatron this is
present as valencequarks in the anti-proton, at the LHC it is only present as a seaquark. (In
Fig. 1.4 on page 8 the distributions therefore do not connect.) The two cross sectionshave
beencalculated up to NNLO and for the inclusive production at the LHC are expected to be
s W = 20:5 nb and s Z = 2:02 nb at 14 TeV center-of-massenergy, see[27]; this is including the
branching ratio into one lepton generation. In this thesis the leptonic decay of the W plays an
important role and we restrict ourselvesto the decays into an electron plus ne or into a muon
plus nm. The branching ratios for the W's and Z's are, see[23]:

W+ ! l+ n : 10:80� 0:09% (3� )
! hadrons : 67:60� 0:27%

Z ! l+ l � : 3:3658� 0:0023% (3� )
! nn : 20:00� 0:06%
! hadrons : 69:91� 0:06%

The Z bosonproduction crosssection is lower than that of the W bosonas the branching ratio
in one lepton generation is smaller and as the couplings constants to the fermions are smaller,
see[3].

W and Z pro duction with additional partons

For the work in this thesis the W and Z total inclusive production cross sections are not
immediately of importance. More important are the crosssectionsof the W and Z production
with at least two additional partons: the radiation of partons as discussedin Section 1.1.1

8) If the Higgs mass is large enough. If not, this channel is heavily suppressed.
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Figure 1.9: Leading order W (left) and Z (right) production at the LHC.

can result in additional hard partons, observable as jets, originating from before the hard
interaction (Initial State Radiation, ISR) or originating from after the hard interaction (Final
State Radiation, FSR).9) Together with ISR/FSR the observable signature of these events,
called W+jets or Z+jets event, can be similar to the signature of a top quark pair event.

The prediction of the W+jets and Z+jets crosssections is however not trivial. In [28] it
is explained how going from calculations at Leading Order to calculations at Next-to-Leading
Order improves the results as the renormalization and factorization scale dependenceis re-
duced. Yet at the sametime it is shown how the higher order opensnew possibleproduction
channels, increasing the crosssection. From the samearticle the NLO crosssections for W-
and Z+jets events in Table 1.3 are obtained.10)

In [29] it is discussedhow the prediction for the crosssectionfor Z plus four or more jets has
a 50%uncertainty. The reasonfor this is that in these(Leading Order) predictions the coupling
as is di�cult to determine at all four or more vertices, as the scaleQ2 is unknown. The same
reasoninggoesfor the crosssection of W plus four or more jets. The W+ bb̄ crosssection also
hasa relative largeuncertainty. From data takenat the Tevatron the crosssectionmeasurement
for leptonic decays of W plus associated b-quark production results in 2:74� 0:50 pb, while
0.78 pb is expected from Leading Order calculations, see[30]. Studies are ongoing to fully
understand this discrepancy, but for now a safe margin of a factor of two is placed on the
production crosssection of W+ bb̄ at the LHC.

9) ISR and FSR lead to the same�nal state and are in principle indistinguishable.
10)The exact de�nition of a jet as used in the article is similar to what will be used in this thesis.

W+ ! e+ ne Z ! e+ e�

+ jj + X 669+ 0
� 18 105+ 1

� 5

+ bb̄ + X 3:06+ 0:62
� 0:54 2:28+ 0:32

� 0:29

Table 1.3: Crosssections(pb) for the production of W- and Z plus two or more jets at the LHC
with 14 TeV center-of-massenergy. The table lists the inclusive crosssection for the leptonic
decay with an electron, and the exclusive crosssection for the production including a bb̄ pair.
The uncertainties are the consequencesof renormalization and factorization scalevariations
m= MV=2 to m= 2MV , whereV stands for either a W or a Z, and m= mR = mF . In Section 1.2
thesevariations are explained in detail.
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1.2 PDF uncertain ties in the top quark pair and W boson cross
sections

In Section 1.1.3 we explained how for the calculation of the top pair crosssection PDFs are
necessary. There are several PDF parameterizations available for which di�eren t techniques
are applied, or for which di�eren t data setshavebeenusedto extrapolate the functions. In this
section we investigate the prediction of the top quark pair and of the W bosoncrosssections
at the LHC with a center-of-massenergyof 14 TeV, focusing on the systematic errors due to
the uncertainties known for the PDFs. We investigate two sourcesof errors: the choice of the
mR and mF scalesand the uncertainty on the data usedto determine the PDFs.11)

The PDFs neededfor the simulations of the pp collisions at the LHC are extrapolations
of PDFs �tted to data taken at HERA and Tevatron. These extrapolations are obtained
using the DGLAP equations, which describe the QCD-evolution of a PDF as function of the
factorization scale.12) The uncertainty on the experimental data propagatesinto uncertainties
on the free parameters in the PDF �ts. Through the DGLAP equations these uncertainties
can be extrapolated to the PDFs neededfor the LHC. Since 2001 certain PDFs have been
extended with an extra functionalit y of calculating the consequencesof these uncertainties.
We will be using the MRST2001E [32] and the CTEQ6.1 [33] PDFs.

Thesetwo versionsconsist each of a set of PDFs. In the global �t to data, the authors of
both versionsusea number of free parameters(ngroup). For the MRST group this is a total of
15 parameters, for the CTEQ group this is 20 parameters.As to determine an uncertainty on
their PDF �ts, they usethe following approach: for each parameter an upper and lower bound
is calculated for which the �t deviatesfrom the best �t by a small amount. In other words, the
best �t has a minimized c 2 and the parametersmay deviate such that c 2 grows by a certain
Dc 2, alsocalled the tolerance.The MRST2001E set consistsof 31 PDFs: oneasa result of the
best �t, plus 2� 15 for the upper and lower result for each of the 15 free parametersused in
the PDF �ts. The CTEQ6.1 set with its 20 parametershas 41 di�eren t PDFs.

Unfortunately, an appropriate deviation is not easily set. For normal, that is Gaussian
errors, the tolerancewould be Dc 2 = 1. Yet this criterion dependson the assumption that the
statistical and systematicerrorsareknown, which is not the casefor the PDFs. By investigating
the c 2 variations per data set used, the CTEQ group has settled with a �nal tolerance of
Dc 2 = 100, seealso [34], while the MRST group has settled with Dc 2 = 50.

Ratio of the top pair and W boson cross sections

We calculate the uncertainty on the top pair crosssection as a consequenceof two methods:
the (mR;mF ) scalevariations and the PDFs internal parameter variations we just discussed.13)

Furthermore, we investigatethe ratio of the top pair crosssectionto the W bosoncrosssection,
speci�cally the sW! leptons. With almost all top quarks decaying via t ! Wb, the ratio of the two
crosssectionshas the potential of dividing out several systematic errors and could thus serve
asa calibration tool at the start up of the LHC. We therefore investigatethe consequencesthe
PDF uncertainties have on this observable.

11)Another important sourceof error, which we will not discuss,is the uncertainty on as. Seefor example [31].
12)Comparible to the b function in eq.(1.3) describing the evolution of as as a function of mR.
13)An alternativ e analysis is presented in [35] and a similar investigation for the crosssection at the Tevatron

is also available, see[36].
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1.2.1 Setup of the calculation

For the computation of the crosssectionswe use the event generator MC@NLO, version 3.2
[37,38]. This Monte Carlo program simulates the pp collision at a 14 TeV center-of-massenergy
and calculatesMatrix Elements up to Next-to-Leading-Order; in Section 4.2 event generators
are discussedin more detail. The di�eren t PDFs have beenmade available in one library, the
LHAPDF, while the interface betweenthe event generator and the library is taken care of by
LHA GLUE [39].

The event generatorcan compute the full top pair crosssectionasa singlechannel. For the
W bosonproduction and subsequent decay, one can chooseto either compute the full channel
of W ! 2X with 2X being leptons or quarks, or the channel with W+ or W� going to one of
the three lepton families. Although the production rates of W � and W+ at the LHC will not
be equal, their ratio can accurately be determined. Using the MRST PDFs [31] it is calculated
to be sW�

sW+
= 0:731� 0:005: (1.12)

As the branching of the W boson to either of the three leptons is also well known, we have
chosento simply look at the singlechannel of W+ ! m+ + nm. For a good approximation of the
full W crosssection one can then easily apply the rule sW = 16:4sW+ ! m+ + nm.

The top quark mass - The top pair cross section has a large dependenceon the top
mass.We investigate this by varying the top masswith � 2:5 GeV, where the averageis set to
mt = 175:0 GeV. This was the standard top massat the time the work was performed.

The QCD scale - Another variable of importance is L 5, the scaleL s calculated with �v e

a vors in the renormalization equations, seeSection 1.1.2. For the CTEQ PDFs it is set to
L 5 = 0:226 GeV, for the MRST PDFs it is set to L 5 = 0:239 GeV. 14)

mR and mF dep endence - For the determination of the dependenceon the renormalization
and factorization scalewe let both scalesvary by a factor of two [40]:

mi = 0:5M ; mi = 1:0M ; mi = 2:0M: (1.13)

The massscaleis either M = mt or M = mW, depending on the channel.
The PDF tolerance range - Both the MRST and the CTEQ set consist of one best

�t PDF, plus 2� ngroup PDFs, which we will call the (+) and (� ) direction of variation V �
i ,

with 0 < i < ngroup. We have nmrst = 15 and ncteq = 20. Any observable X, like the top pair cross
section we are studying, has an error de�ned by

DX =
1
2

vu
u
t

i= ngroup

å
i= 1

�
X(V(+)

i ) � X(V (� )
i )

� 2
: (1.14)

The error on the ratio of crosssections is calculated by �rst taking the ratio of each of the
directions of variation V �

i and then applying the above de�nition.

14) If one lets MC@NLO calculate the L 5 value for the MRST PDFs from the LHAPDF library , it amounts
to L 5 = 0:224 GeV. Yet in the MC@NLO internal PDF library , the default value for the MRST PDFs is set
at L 5 = 0:239 GeV. This di�erence comesfrom the fact that the MRST group and the MC@NLO group use a
di�eren t form of calculation of the strong coupling as. Since we are using the MC@NLO routine to compute as,
the correct setup is with L 5 = 0:239 GeV, independent of the PDF library . The di�erences can be the result of
using di�eren t data and di�eren t numerical approximations.
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1.2.2 Results

In Table 1.4 we state the results for the top pair crosssection, where the errors are according
to eq. (1.14). In our calculations we let the renormalization scalemR and factorization scalemF

vary independently. The outcome is that the crosssectionsdependenceon mR is much higher
than its dependenceon mF . As an illustration we list all results of the CTEQ6.1 with mt = 175
GeV in Table 1.5. In Table 1.4 we have set mR = mF = m. As for the (W+ ! m+ + nm) processit
turns out that, within the range chosen,the crosssection is independent of the factorization
scalemF . In Table 1.6 we state the results for the W crosssection.

From a comparison of the s tt with the sW+ ! m+ + nm we conclude that there is an anti-
correlation between the two crosssections.This is clear from Fig. 1.10 where we seethe 41
results of the variations within the PDF tolerance range for the CTEQ6.1 distributed, at
mR = mF = mt and mt = 175 GeV.

With the top quarks being mostly produced by gluon fusion at Leading Order and the W
bosonbeing mostly produced by quark fusion, a possibleexplanation for the anti-correlation
between the two crosssectionsis the following: any variation of a PDF resulting in a higher
gluon density alsoresults in a lower quark density. We note that this argument would not hold
if we evaluated a PDF f (x) at one value of the momentum fraction x. Yet it does hold for
a PDF f (x) integrated over x, and for the results presented here the integral over x is more
important, as the production of a W bosonor a tt̄ pair can occur over a large range of x.15)

In Table 1.7 we summarizethe results for the top pair crosssectiondivided by the (W+ !
m+ + nm) crosssection.The relative error due to the PDF toleranceis larger comparedto either
of the given crosssections' uncertainties.

Figure 1.10 illustrates the result of the PDF tolerancerangeat a �xed renormalization and
factorization scale.If we look at one speci�c PDF and vary the scales,we seefrom Table 1.4
and 1.6 that there is also an anti-correlation in the variation of mR. The results show a large
dependencyof the crosssection on the top mass.The variation of � 2:5 GeV results in a cross
section di�erence of approximately � 7%.

To seeif the choiceof scalevariation is justi�ed, wehavecalculated the top pair crosssection
as a function of mi in the range 0:01< mi=mt < 10. For one single PDF, that is the CTEQ6.1
best �t variation with mt = 175 GeV, this results in the distribution in Fig. 1.11. In [40] a
similar distribution is calculated for the crosssection at Tevatron. It is explained that going
to NLO including Next-to-Leading-Log (NLL) 16) reducesthe scaledependencein the range,
justifying the choice of 0:5 < mi=mt < 2.

15)Gluons and quarks are not the only constituents of a proton, antiquarks are also present. Their presence
is the result of gluons splitting in quark-antiquark pairs. As the Leading-Order production of a W boson also
requires an antiquark, and as the two crosssectionsare evaluated at di�eren t x values, there are somesubtleties
in the argument presented here.

16) Instead of calculating completely one higher order in the perturbativ e expansion in as, one can estimate
the next order by reorganizing the large logarithms L in the expansion, where L � 1. After this so-called
resummation, the most dominant logarithmically enhanced terms to all orders in as can be isolated in the
Leading-Log term. Expressed in exponential form, the expansion for a cross-sections reads

s � e(Lg1(asL)+ g2(asL)+ asg3(asL)+ ::: ) ; (1.15)

where the gi are functions of asL. Including only the g1 term results in the Leading-Log expression, comple-
menting this with the g2 term results in the NLL, etc. . .



1.2. PDF uncertain ties in the top quark pair and W boson cross sections 19

 cross section (nb)mn +m ® +W

10.8 11 11.2 11.4 11.6 11.8 12

to
p 

pa
ir 

cr
os

s 
se

ct
io

n 
(p

b)

780

790

800

810

820

830

840

 = 175 GeVtm

CTEQ 6.1

Figure 1.10:The crosssectionfor top pair production vs the crosssectionof the W+ ! m+ + nm

channel, calculated with the 41 variations of the PDFs from CTEQ6.1. An anti-correlation
betweenthe two channelsis visible.
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Figure 1.11: The top pair crosssection as a function of the scalem, with mR = mF = m. The
calculations are performed at NLO, resulting in a substantial dependenceon the scales.
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top mass(GeV) PDF group m=mt s tt (pb) � error (pb)

172.5 cteq6.1 0.5 967 34 (3.5%)
172.5 cteq6.1 1.0 865 30 (3.5%)
172.5 cteq6.1 2.0 765 28 (3.7%)
172.5 mrst2001 0.5 1000 14 (1.4%)
172.5 mrst2001 1.0 894 12 (1.3%)
172.5 mrst2001 2.0 790 12 (1.5%)
175.0 cteq6.1 0.5 904 32 (3.5%)
175.0 cteq6.1 1.0 809 29 (3.6%)
175.0 cteq6.1 2.0 715 26 (3.6%)
175.0 mrst2001 0.5 935 13 (1.4%)
175.0 mrst2001 1.0 837 12 (1.4%)
175.0 mrst2001 2.0 739 11 (1.5%)
177.5 cteq6.1 0.5 846 31 (3.7%)
177.5 cteq6.1 1.0 758 28 (3.7%)
177.5 cteq6.1 2.0 670 25 (3.7%)
177.5 mrst2001 0.5 875 13 (1.5%)
177.5 mrst2001 1.0 784 11 (1.4%)
177.5 mrst2001 2.0 693 10 (1.4%)

Table 1.4: Results for the top pair crosssection.The most right column is the error due to the
PDF tolerance range calculated with eq. (1.14). The renormalization and factorization scales
equal mR = mF = m.

PDF group mR=mt mF=mt s tt (pb) � error (pb)

cteq6.1 0.5 0.5 904 32 (3.6%)
cteq6.1 0.5 1.0 891 32 (3.6%)
cteq6.1 0.5 2.0 885 33 (3.7%)
cteq6.1 1.0 0.5 826 29 (3.5%)
cteq6.1 1.0 1.0 809 29 (3.6%)
cteq6.1 1.0 2.0 797 29 (3.7%)
cteq6.1 2.0 0.5 749 26 (3.5%)
cteq6.1 2.0 1.0 730 26 (3.6%)
cteq6.1 2.0 2.0 715 26 (3.7%)

Table 1.5: Dependenceon both the renormalization and the factorization scales.We only state
the top pair crosssection for CTEQ6.1 at mt = 175 GeV. The most right column is the error
due to the PDF tolerance range.
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PDF group m=mW sW+ (nb) � error (nb)

cteq6.1 0.5 10.94 .54 (4.9%)
cteq6.1 1.0 11.34 .54 (4.8%)
cteq6.1 2.0 11.66 .56 (4.8%)

mrst2001 0.5 11.06 .23 (2.1%)
mrst2001 1.0 11.40 .23 (2.0%)
mrst2001 2.0 11.71 .24 (2.0%)

Table 1.6: Results for s (W+ ! m+ + nm). The most right column is the error due to the PDF
tolerance range. The renormalization and factorization scalesequal mR = mF = m.

top mass(GeV) PDF group m=M Ratio (� 10� 2) � error (� 10� 2)

172.5 cteq6.1 0.5 8.80 .71 (8.1%)
172.5 cteq6.1 1.0 7.63 .61 (8.0%)
172.5 cteq6.1 2.0 6.56 .54 (8.2%)
172.5 mrst2001 0.5 9.04 .30 (3.3%)
172.5 mrst2001 1.0 7.85 .26 (3.3%)
172.5 mrst2001 2.0 6.75 .23 (3.4%)
175.0 cteq6.1 0.5 8.23 .67 (8.1%)
175.0 cteq6.1 1.0 7.14 .58 (8.1%)
175.0 cteq6.1 2.0 6.13 .51 (8.3%)
175.0 mrst2001 0.5 8.46 .28 (3.3%)
175.0 mrst2001 1.0 7.34 .25 (3.4%)
175.0 mrst2001 2.0 6.31 .22 (3.5%)
177.5 cteq6.1 0.5 7.70 .63 (8.2%)
177.5 cteq6.1 1.0 6.70 .55 (8.2%)
177.5 cteq6.1 2.0 5.74 .48 (8.4%)
177.5 mrst2001 0.5 7.92 .27 (3.4%)
177.5 mrst2001 1.0 6.88 .23 (3.3%)
177.5 mrst2001 2.0 5.91 .20 (3.4%)

Table 1.7: Results for the ratio of s (tt)=s (W+ ! m+ + nm), where M is either mt or mW. The
most right column is the error due to the PDF tolerance range.
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1.2.3 Conclusion

As pointed out earlier the choiceof toleranceof the two PDF groups is not trivial. The CTEQ
group chosea tolerance twice as large as the MRST group did and we immediately seethis
translated in a larger error. Besidesthis discrepancy, we seethat the averagesfor both the top
pair and the W crosssectionstend to be higher in the MRST calculations. These di�erences
make that in our view the most conservative choiceis the outcomewith the largest error range,
that is the outcome of the CTEQ group. The largest error by far is still due to the variance
of renormalization and factorization scale.Combining all errors we cometo a �nal value with
mt = 175 GeV of

s tt = 809+ 95(11:7%)
� 94(11:6%) � 29(3:6%) pb: (1.16)

The + 95
� 94 is the error due to scalevarianceand the � 29 is the consequenceof the PDF tolerance

range. The latter coincideswith the di�erence betweenthe crosssectionsof the MRST and of
the CTEQ group.

Concerning the ratio of the top pair cross section to the (W+ ! m+ + nm) cross section
the conclusion is that as well as for the scale variation as for the PDF tolerance range an
anti-correlation is present. The averageratio and its errors are

�
7:1+ 1:09(15%)

� 1:01(14%) � 0:58(8:1%)
�

� 10� 2: (1.17)

The + 1:09
� 1:01 is the error due to scale variance and the � 0:58 is the consequenceof the PDF

tolerance range. Compared to eq.(1.16) the error due to the PDF tolerance has more than
doubled to 8:1% and the error due to scalevariation has grown with a few percent. The idea
that certain systematic uncertainties might diminish in this ratio is clearly not applicable to
thesetwo errors.

Going from NLO to NLO+NLL

In [35] a similar analysisis performed including the newest top massmeasurement, and includ-
ing calculations up to NLO+NLL with the new PDF setsCTEQ6.5 [22] and MRST2006nnlo
[41]. First, the authors also state the results for the top pair crosssection at NLO:

CTEQ6:5 : s NLO
tt = 875+ 102(11:6%)+ 30(3:4%)

� 100(11:5%)� 29(3:3%) pb; with mt = 171 GeV: (1.18)

Taking into account the dependenceof the cross section on the top mass this is in agree-
ment with the result of eq. (1.16). More interesting is the observation of the authors that the
renormalization and factorization scalesshould not be kept equal when going to NLO+NLL:
with mF = mR the scaleuncertainty reducesto no more than + 7%

� 5%, yet when the two scalesare
independent the end result is

CTEQ6:5 : s NLO+ NLL
tt = 908+ 82(9:0%)+ 30(3:3%)

� 85(9:3%)� 29(3:2%) pb: (1.19)

MRST2006nnlo: s NLO+ NLL
tt = 961+ 89(9:2%)+ 11(1:1%)

� 91(9:4%)� 12(1:2%) pb: (1.20)

Here the two scalesare independently varied in the full range of 0:5 < mi=mt < 2:0 and the
positive/negative errors are calculated at the points (mR;mF ) resulting in the largest posi-
tiv e/negative o�set. The results show a signi�cant di�erence between the CTEQ and the
MRST crosssections.As the di�erence is larger than the uncertainty due to the PDF toler-
ancerange, we can only concludethat the latter is somewhatunderestimated.
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1.3 Supersymmetry

The Standard Model (SM) describesaccurately most of the properties of the fundamental par-
ticles observed in nature so far. There are indications however that the model is not complete,
the most important of which comefrom:

� Gra vit y. The fourth fundamental force known in nature is not accounted for in the SM.

� The neutrino. In the SM this particle is massless,yet from [10,11] we know this is not
the case.

� Dark matter and dark energy . The SM describesno more than 4% of all matter and
energypresent in the universe.The remaining 96%is called dark matter (20%) and dark
energy (76%), yet what it consistsof is unknown.

� Uni�cation. Why is the SM described by the SU(3) � SU(2)L � U(1)Y group? Is there a
larger group in which all three forcescan be uni�ed?

� Unnaturalness. The scalar Higgs massmh is the only `unprotected' mass in the SM
and in the renormalization of mh unnatural �ne-tuning might be necessary.

In Section1.3.2we describe someof theseproblems in more detail. Togetherwith other unan-
sweredquestions,theseproblemsmake it clear that new physicsmust lie beyond the Standard
Model. Several theoriesand modelshavebeenpostulated in the last few decades.In this section
we describe only one, that is supersymmetry.

Supersymmetry implies a symmetry between the bosonic and fermionic �elds in the La-
grangian. Similar to for example the SU(2) symmetry that exists between the up and down
quark, supersymmetry relates bosonsto fermions in supermultiplets (or super�elds). It is not
possiblefor the Standard Model to be supersymmetric, therefore if the symmetry is applied,
it is an extensionof the theory and it doublesthe particle spectrum as we know it.

The �rst generationof leptons, denotedin a SU(2) doublet L, is thus related to the doublet
of scalar leptons (sleptons) eL in a super�eld F̂ . The scalar partners of the quarks are called
squarks and the fermionic partners of the gauge bosonsare called gauginos. The fermionic
partners of the Higgs bosonsare called Higgsinos. As these superparticles have never been
observed and thus cannot have the samemassesas their Standard Model partners, supersym-
metry is thought to be broken. This results in massestoo large for the superparticles to have
beenfound yet, but which may becomeaccessiblewith the LHC.

In the Standard Model lepton and baryon number are conserved by gaugeinvariance and
renormalizability. With supersymmetry theseconservations do not hold anymore. Lepton and
baryon number can be preserved by demanding conservation of R-parit y, which is a discrete
multiplicativ e symmetry and de�ned by

Rp = (� 1)3B+ L+ 2S: (1.21)

The B is the baryon number, L is the lepton number and S is the spin of a particle. Standard
Model particles have Rp = + 1, whereasthe superparticles have Rp = � 1. This symmetry17)

17)With nq the number of quarks and nl the number of leptons, the baryon and lepton number are simply
given by

B =
nq � nq

3
and L = nl � nl ; (1.22)
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forbids a superparticle to decay into only Standard Model particles. A phenomenologicalcon-
sequenceis that superparticlesarealways producedin pairs, and each superparticle decay must
result in one stable superparticle, often called the Lightest Supersymmetric Particle (LSP).

1.3.1 Supersymmetric transformations

Before we discussthe phenomenologicalaspects of supersymmetry we want to give the reader
a brief impression of the theoretical implementation. For a more elaborate introduction we
refer the reader to [42{44]. If we start with space-timetranslation, we remember that for an
in�nitesimal translation x0

m = xm+ em we may write for a scalar �eld f (x):

Uf (x)U � 1 = f (x0); where U = 1+ iemPm: (1.23)

The four operators Pm are the generators of the transformation. These generatespace-time
displacements and have the 4-momenta as conserved charge. We can write

f (x+ e) = f (x) + df (x); (1.24)

where

df (x) = iem�
Pm; f (x)

�
= em¶mf (x): (1.25)

What doesthe supersymmetric equivalent of the above translation look like?If the super-
symmetric operator Q is to translate a boson �eld into a fermion �eld as in Qjf i = jy i , the
operator itself must carry spinor indices, such as Qa. It also implies that space-timeitself is
extendedwith fermionic degreesof freedomto superspace:

(xm) ! (xm;q;q): (1.26)

These new dimensionshave as components Grassmannnumbers which obey anti-commuting
rules. For the two numbers q and h for examplewe have that

f q;hg = 0 ! qh = � hq: (1.27)

Thus supersymmetry introducesa new dimension, one that is only de�ned quantum mechan-
ically and does not possessclassicalproperties, such as contin uous extent. The operator for
the transformation is given by

Qa = i
¶

¶qa + qb?(s m)ba¶m (1.28)

and obeys

f Qa;Q†
bg = i(s m)ab¶m = (s m)abPm: (1.29)

The s m are the three Pauli matrices together with the identit y matrix. 18) We note that more
generalsupersymmetric algebrasexist, in which the single generator Qa is replacedby N gen-
erators QA

a(A = 1;2; :::N). Due to phenomenologicalconstraints usually only the N = 1 algebra
is considered.

It is here that we can grasp the far-reaching e�ect that supersymmetry has. Looking at
eq.(1.29) we seethat if we perform two supersymmetric transformations generatedby Q we

18)Someauthors usea di�eren t normalization resulting in the anti-commutation rule of eq. (1.29) with a factor
2 on the RHS. Here we have adopted the convention of [42].
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get the energy-momentum operator Pm. This meansthat we can read the operator Q as the
square root of the 4-momentum derivative, just like the Dirac equation can be seenas the
squareroot of the Klein-Gordon equation [42,45,46].

Although it is hard to visualizesuch an extensionof our four-dimensionalspace-time,wecan
comparethis with i =

p
� 1. With onesimple de�nition we can extend any real dimension into

a complex plane. Superspaceis to be understood in a similar way: the space-timecoordinates
are extended to include fermionic degreesof freedom, which are connectedto the standard
onesby meansof transformations generatedby Q. The interlock of the operator with space-
time derivativesalso givesus one of the �rst hints on how supersymmetry can help bridge the
gap to the theory of general relativit y and provide a quantum �eld theory of gravit y. In fact,
any theory with local supersymmetry must be a theory of gravit y. Gravit y supermultiplets can
thus be constructed containing a spin-2 graviton and a spin-3/2 gravitino, see[43,44].

1.3.2 Motiv ation for supersymmetry

The theory of supersymmetry was developed in the seventies19) , even the extensionsof super-
gravit y werealready �rmly establishedin 1976[48,49]. At the moment the theory is probably
the most popular extension of the Standard Model, not only due to its aesthetic appeal, and
partly also maybe due to the lack of sound theoretical alternativ es,but also due to the possi-
bilit y of it solving somelong standing problems in high energyphysics.We will now mention
a few of the phenomenologicalmotivations.

Naturalness

One of the most important consequencesof supersymmetry is probably the protection of the
scalar mass.We can explain this with the diagrams in Fig. 1.12,depicting three contributions
to the self-energyof the scalar propagator. With q the momentum of the scalar particle and p
and q� p the momenta of the loop particles the three diagrams equal:

DI = A
Z

d4p
p2 + 1

4q2 + m2

(( p+ 1
2q)2 + m2)(( p� 1

2q)2 + m2)
(1.30)

DI I = � B2
Z

d4p
p2 � 1

4q2

(( p+ 1
2q)2 + m2)(( p� 1

2q)2 + m2)
(1.31)

DI I I = A2
Z

d4p
m2

(p2 + m2)(( p� q)2 + m2)
(1.32)

where m is the scalar Higgs mass.A is the scalar self-couplingand � B2 is the -1 of a fermion
loop times the scalar-fermioncoupling squared.This symbolic notation is chosento explain the
following: the �rst two expressionDI and DI I contain a quadratic and a logarithmic divergency.
In the Standard Model A can only be the self-couplingof the Higgs, while B is dominated by
the top yukawa coupling. the result is A� B2 6= 0 and we remain with a quadratic divergency.
In supersymmetric theories the sum however does cancel, as for each bosonic loop a partner
fermionic loop is present. The total sum is always A� B2 = 0 and we remain with only the
logarithmic divergencies.The third diagram results in DI I I with only a logarithmic divergency.

19)For an excellent overview of the early history of supersymmetry we lik e to refer the reader to [47].
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Figure 1.12: Three contributions to the renormalization of the scalar mass. Solid lines are
fermion lines, dashedlines represent scalar �elds. The momenta are depicted by p and q.

The di�erence between a quadratic and logarithmic divergencebecomesmore clear if we
apply the cut-o� scheme to the diagrams above. With the integral going up to a scaleL we
can seeby simply counting the powers of p in the integral that

DI � � DI I � L 2 + m2 lnL : (1.33)

Summing all self-interactions in a dm we de�ne the bare massm0 such that the physical mass
mh equals

m2
h = m2

0 + dm2: (1.34)

If new physicslies beyond the Standard Model at say an energyscaleof L X we can set L = L X,
in the caseof no new physics the cut-o� must be set to the Planck scale at 1019 GeV, at
which gravit y starts to play a role. Thus a quadratic divergency could imply a �ne-tuning
up to O(1038 GeV) for mh to lie in the expected region of 102 GeV [50], while a logarithmic
divergencywould be of the order of the massm. This is called the problem of unnaturalness.

With exactly an equal amount of fermionic as bosonic �elds supersymmetry thus ensures
that all the quadratic divergenciesfrom the fermionic loopscancelwith thosefrom the bosonic
loops; we say that the symmetry protects the scalar mass. In Section 1.1.1 we stated that
divergenciesare no problem as long as the theory as a whole is proved to be renormalizable.
This applies to both quadratic and logarithmic divergencies,so one might wonder what the
needis for supersymmetry.

It turns out that the quadratic divergencyof the scalar massis the only quadratic diver-
gency in the Standard Model. In the renormalization of the fermionic mass for example we
also have fermionic loops as in diagram II of Fig. 1.12. These are however exactly canceled
out, which is subscribed to the chiral symmetry of the theory protecting the fermionic masses.
With the gaugebosonsprotected by gaugesymmetry20) , only the scalarmassgoesunprotected.
Again, there is nothing `wrong' with this, the Standard Model is renormalizable, yet to many
physicists �ne-tuning remains too unpleasing.

We mentioned before that supersymmetry must be broken; if the symmetry is to protect
the scalar mass,the above implies that the breaking of supersymmetry cannot be at too high
an energylevel. It is expectedto lie at most in the TeV region, bringing it in reach of the LHC.

20)Here we neglect the massesof the W and the Z which are a consequenceof the spontaneous symmetry
breaking of the electro-weak theory.
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Figure 1.13: Evolution of the three coupling constants in the Standard Model (dashed lines)
and in supersymmetric theories (solid lines). The latter is depicted in casesupersymmetry
breaking occurs at 250 GeV (lower solid lines) or at 1 TeV (upper solid lines).

Uni�cation of the coupling constan ts

Just as the electromagnetic and the weak force are uni�ed in the electro-weak theory, there
have been many attempts to unify the three forces in a Grand Uni�ed Theory (GUT). A
natural way to do this would be by embedding SU(3) � SU(2) � U(1) in a larger symmetry
group. This larger symmetry would have to be broken at a higher energy scale,such that by
the RGEs we would obtain the coupling constants as we know them.

Turned around, we can try to �nd the uni�cation scaleby evolving the coupling constants
up to higher scales.It turns out that with the RGE from only the Standard Model particles this
doesnot work, see[51]. In Fig. 1.13 we can seehow the couplings do not unify.21) If however
new particles exist, such asthe supersymmetric partners, the RGEs of the couplingschange.In
Fig. 1.13the possibleevolution of the couplingsis depicted in casethe supersymmetry breaking
scalelies at 250 GeV or at 1 TeV. We note that there are many di�eren t implementations of
supersymmetry, and not all result in the sameRGEs. This �gure merely serves to illustrate
the possibility of uni�cation.

As mentioned before, another problem supersymmetry might help solve is the uni�cation
of the Standard Model forceswith gravit y, see[43,44].

Dark matter

With the Standard Model only up to 4% of all matter and energy in the universe can be
accounted for. A total of 20%is only measurablethrough gravit y; it must be non-baryonic and
is called the dark matter, see[53]. 76% of the total is called the dark energy, which is thought
to causethe measuredaccelerationof the expansionof the universe,see[43,44].

21)Taken from [52].
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Supersymmetric models that obey the R-parit y conservation, seeeq. (1.21), predict the
presenceof a stable Lightest Supersymmetric Particle (LSP). If produced under the correct
circumstances at the Big Bang this particle could account for all the dark matter in the
universe.We comeback to this in Section 1.3.4.

1.3.3 Minimal Supersymmetric Standard Mo del

In the Standard Model one complex Higgs doublet couplesto the fermions and gaugebosons.
After the electro-weak symmetry breaking three degreesof freedomfrom the doublet form the
massesof the W and Z boson,and we are left with oneHiggs particle. Becauseof the structure
of supersymmetric theories(contrary to the SM, supersymmetric modelsdo not allow complex
conjugates), two Higgs doublets of opposite hyperchargeare neededto generatethe massesof
the up-type and of the down-type quarks: the Hu with hyperchargeY = + 1=2 and the Hd with
Y = � 1=2. With again three degreesof freedom forming the gaugeboson masses,we are left
with �v e scalar Higgs particles denoted by h0;H0;A0;H+ and H � .

Sinceno superparticleshavebeenobservedyet, supersymmetry must bebroken if present in
nature. There are no phenomenologicalsatisfying theoriesknown with a spontaneousbreaking
of the symmetry22) and the breaking is usually parameterizedby introducing massterms for
the superparticles. For more details on the exact parametrization we refer the reader to for
example [43,44], here we only want to mention that by breaking of the supersymmetry, the
spontaneoussymmetry breaking in the Higgssectorcomesnaturally.23) The ratio of the vacuum
expectation values(vevs) of the neutral Higgs components is usually written as

tanb =
hHui
hHdi

(1.35)

and at tree level the mass of the lightest Higgs h0 is to satisfy mh0 � mZj cos2b j. This is
experimentally excluded.Taking into account large radiativ e correctionsfrom mainly tops and
stops the upper limit can be raised, but it cannot exceedapproximately 135 GeV [56]. If the
theory is allowed to be extendedwith extra singlets, seefor example[57], this upper limit can
be raised further. The model in [57] has an upper limit of 168 GeV, or 195 GeV if several
constraints are neglected[58].

Experimental results combined with only Standard Model calculations prefer a Higgs mass
around 90 GeV [50]. With the lower bound from LEP set at mh = 114:4 GeV at 95%con�dence
level [50], supersymmetry might explain its relative large mass; that is of courseif it exists.
If the Tevatron or the LHC can exclude the full range up to O(200) GeV for the Higgs mass,
both supersymmetry and the Standard Model are in trouble.

The particle conten t

In Table 1.8 we see left the superpartners of the Standard Model �elds. The squarks and
sleptonsare spin-0 particles, the gauginosand Higgsinosare spin-1/2. The L- and R-labeling
doesnot refer to the handednessor the chiralit y of the sparticles,as the sparticlesare bosons.
The labels merely serve as to indicate the relation with the fermions in Table 1.1. (In an

22)The Fayet-Iliop oulos breaking [54] and the O'Raifeartaigh breaking [55] are examples, yet these are non-
compatible with the Standard Model.

23)That is, in large parts of the parametrization phasespace.As this is a great bene�t of supersymmetry, we
restrict our discussiononly to models including this property.
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Fields

Squarks (eu; ed)L (ec;es)L (et;eb)L

euR ecR etR
edR esR ebR

Sleptons (ene; ee)L (enm; em)L (ent ; et )L

eeR emR et R

Gauginos eg
eB; fW1; fW2; fW3

Higgsinos fHu; fHd

)

Mass
eigenstates

euL; euR ecL; ecR et1;et2
edL; edR esL; esR eb1;eb2

ene enm ent

eeL; eeR emL; emR et 1; et 2

eg

ec �
1;2 (Charginos)

ec 0
1;2;3;4 (Neutralinos)

Table 1.8: Left: the supersymmetric partners of the Standard Model particle �elds. Right: in
the mSUGRA model the masseigenstatesare mixtures of the �elds. The L- and R-squarksand
the L- and R-sleptonscan mix into two states, denoted simply by their increasingmasswith
1,2. The mixing is usually negligible in the �rst two generations.The gauginosand Higgsinos
mix into the charginos and neutralinos, except for the gluinos.

unfortunate terminology the `+'chiralit y of a fermion in the Standard Model is denotedby `R'
and the �̀ 'chiralit y is denoted by `L'.) Due to mixing the masseigenstatesof the super�elds
are combinations of the L- and R-sparticles. The resulting mixing is mainly important for the
third generationand the eigenstatesare called et1;2;eb1;2 and et 1;2. We note that the gauginoand
Higgsino �elds also mix, with an exception for the gluinos. The masseigenstatesare the two
charginos ec �

1;2 and the four neutralinos ec 0
1;2;3;4. The indices1;2: : : classify the increasingmass.

The Minimal Supersymmetric Standard Model (MSSM) is the supersymmetric extensionof
the Standard Model with the minimal particle content as listed in Table 1.8 and with R-parit y
conservation24) . The breaking is parameterizedand introduces105new parametersin addition
to the Standard Model ones.This parameterization is a consequenceof our ignorance,we do
not know how the symmetry truly is broken. Oncewe understand the supersymmetry breaking
the number of parameterswill be drastically reduced.

It is usually assumedthat the breaking occurs in a hidden sector, where through some
weakinteraction radiativ ecorrectionslead to supersymmetry breaking. There aremany of such
models, the most popular probably are the gaugemediated symmetry breaking [59] and the
gravit y mediated symmetry breaking. We restrict ourselvesto the latter, that is supergravit y.
With its promisesto unify the Standard Model with gravit y and to perhapsidentify the dark
matter it is one of the most attractiv e theories.

1.3.4 Minimal supergra vit y

Simply assuminggravit y to be the sourceof symmetry breaking is of coursenot enough,westill
remain with 105newfreeparameters.The approach in dealingwith this, is restricting ourselves
to certain parts of the phasespaceby experimental limits and applying certain assumptions.
For the minimal supergravit y model (mSUGRA) it is assumedthat at the GUT scale all
scalars,be it squarks,sleptonsor Higgs bosons,have a commonmassm0. All the gauginosand
higgsinos have a common mass m1=2 and all the trilinear Higgs-sfermion-sfermioncouplings

24) In somemodels the R-parit y conservation is not implemented, seefor more information [52].
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have a commonvalue A0, see[43,44]. Theserestrictions are not completely out of the blue; the
common massesare suggestedby the fact that gravit y is universal and limits on for example
the decay of the m! e+ g and on CP violation hint in the direction of theseconstraints, yet
we do emphasizethat these are but assumptions helping to restrict the total phase space.
Altogether there are �v e free parameters left in mSUGRA, or better four and a half:

m0; m1=2; A0; tanb and sgn(m) = � ; (1.36)

where m is the bilinear coupling betweenthe two Higgs �elds. With theseparametersand the
RGEs all couplings and the entire massspectrum can be determined. For dedicated studies a
few benchmark points have beenagreedupon within the ATLAS collaboration, see[60]. Table
1.9 lists �v e of them.

The e�ect of the �v e free parameterson the mSUGRA massspectrum can be summarized
as follows:

� The parametersm0 and m1=2 have the largest impact on the massspectrum of the super-
particles. With an increasingm1=2 all massvaluesincrease.With increasingm0 all squark
and slepton massesbecomelarger, while the remaining sparticles are mostly insensitive
to the m0, see[61].

� The reasonthat the sign of m is positive in all the benchmark points is that the e�ect of
the sign on the massspectrum is negligible comparedto the other parameters.The pa-
rameter spacefor m< 0 is alsomore restricted than for m> 0 due to the muon anomalous
magnetic moment (g� 2)m measurements, seefor example [62], and due to dark matter
constraints: if dark matter is to be an LSP it must consist of a neutral particle, yet for
m< 0 and low tanb the stau becomesthe LSP.

� The most important consequenceof the A0 value is for the h0 mass,which becomeslarger
asA0 getsmorenegative.The Higgsmasscanshift by + 10GeV whenA0 goesfrom +1000
to -1000.A di�eren t impact of the A0 parameter is on the stop mass.For an increasing
value of jA0j the lightest stop massbecomessmaller, especially if tanb is large.

� As for tanb we can say that for larger valuesthe heavy Higgsesand the third generation
sfermions becomelighter; the mass splitting for the sfermions in the third generation
also increasesresulting in relatively light et 1 and et1.

The crosssection for the total production of supersymmetric particles mostly dependson
the massesof the initial pair of superparticles produced, which at the LHC are expected to

Name (Label) m0 (GeV) m1=2 (GeV) A0 (GeV) tanb sgn(m) s NLO (pb)

Coannihilation (SU1) 70 350 0 10 + 10.86
Focus Point (SU2) 3550 300 0 10 + 7.18
Bulk (SU3) 100 300 -300 6 + 27.68
Low Mass (SU4) 200 160 -400 10 + 402.19
Funnel (SU6) 320 375 0 50 + 6.07

Table1.9:Fiveof the ATLAS benchmark points in the mSUGRA parameterspace.The naming
�nds its origin mostly in the dark matter constraints (see text for more details). The cross
sectionslisted are at 14 TeV center-of-massenergy.
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be the eg; eu; ed and in somecasesthe et1. Especially for larger values of tanb combined with a
large value for jA0j this last channel is more present. In this thesis we only study the SU3 and
SU4 benchmark points. For both models the massof the et1 lies above the top quark massand
it often decays through a top. Especially in the SU4 model the stop massis relatively small:
met1 = 206 GeV.

Dark matter constrain ts

If the neutralino is to be the dark matter constituent, the measurements from WMAP [53] are
among the strongest constraints on the mSUGRA parameter space.Over the majorit y of the
phasespacethe neutralino dark matter is expectedto be overproducedrelative to the observed
dark matter. Therefore models with annihilation of the LSP in the high-density early universe
are needed.

Several regionsin the parameter spacehave beenidenti�ed assuitable. Theseare classi�ed
as the stau coannihilation, the focuspoint, the bulk and the A-funnel region, see[62,63]. These
names are also used to de�ne the benchmark points, seeTable 1.9. Figure 1.14 depicts the
(m1=2;m0) plane with A0 = 0; tanb = 50 and m> 0. The upper left corner of the phasespaceis
ruled out by experimental bounds on the chargino mass, the lower right corner is ruled out
as the stau becomesthe LSP. The light gray area spanning most of the spacein between is
favored by measurements on the muon's magnetic moment, while the limit of mh = 114 GeV
is drawn by a solid line; the allowed spacelies to the right of this boundary.

The Focus point is the narrow band near the upper left corner, while the coannihilation
region is the narrow band near the boundary of the stau LSP region. The bulk region is the
parameterspacewith low m0 and m1=2, which in somecasesenablesthe neutralino to annihilate
e�cien tly. The A-funnel region is not visible in this speci�c parameter space.

Figure 1.14:The (m1=2;m0) phasespacein the mSUGRA model with A0 = 0; tanb = 50, m> 0.
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Chapter 2

LHC and the ATLAS detector

CERN is a particle physics laboratory located on the border of Switzerland and France, near
Geneva. From 1989to 2000it operated LEP, the most powerful lepton acceleratorever built,
and from now on CERN's main facilit y is the LHC, the Large Hadron Collider. Built in the
sametunnel as LEP was,27 km long and between50 to 100m under ground, the LHC is now
the largest and most energetichadron collider ever constructed.

2.1 The Large Hadron Collider

The LHC acceleratesbunchesof protons or heavy ions in both directions along its ring. At four
di�eren t points the bunchescrossand the particles can collide. The LHC will collide protons
on protons at a maximum center-of-massenergyof 14 TeV. To reach such energiesthe particle
beamsare acceleratedin di�eren t steps:injected in the Proton Synchrotron Booster (PSB) by
the LINA C the beamsare acceleratedto 1.4 GeV. The Proton Synchrotron (PS) and Super
Proton Synchrotron (SPS) increasethis energyup to 26 and 450 GeV respectively and inject
the particles in the LHC, where each beam is acceleratedto 7 TeV.

In Fig. 2.1 we seean overview of the CERN acceleratorsand the experiments at the four
collision points. The ALICE experiment (A Large Ion Collider Experiment) is dedicated to
study heavy ion collisions.LHCb is an experiment dedicatedto study CP-violation, while CMS

LHC

CMS

ALICE

LHCb

SPS

PS

PSB
ATLASPb-ions

protons

(not to scale)

LINAC

Figure 2.1: Overview of the CERN acceleratorsand four experiments.
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(Compact Muon Solenoid)and ATLAS (A Toroidal LHC ApparatuS) are two generalpurpose
detectors.

To reach 7 TeV, the beamsareacceleratedin the LHC by RF-cavities and their path is bent
along the ring by super-conducting dipole magnetsproviding a 8.36 Teslamagnetic �eld. The
two beam-pipesin the dipolemagnets,necessaryto circulate the protons in oppositedirections,
are embeddedin onesingle iron yoke. The super-conducting coils around both beam-pipesare
madeof copper-clad niobium-titanium cablesand carry currents up to 15 kA. The dipolesare
cooled by super-
uid Helium, keepingthe temperature at 1:9 K. For more technical details on
the LHC machine we refer to [64].

The two beamseach consist of multiple bunchesof protons which crosseach other inside
the four experiments along the ring. The rate at which hard scatterings take place depends,
among other things, on the luminosity L = fnN2=A; f is the revolution frequency, n is the
number of bunches in each beam, N is the number of particles in each bunch and A is the
crosssection of the beam. In the LHC the luminosity will be ramped up to a design level of
1034 s� 1cm� 2. To reach this level, the bunchesin LHC will consist of 1011 protons and almost
3000buncheswill circulate in each ring. A normal beam life-time is around 10 hours, this is
limited by beam lossesdue to collisions and imperfections.With the high density of particles
per bunch each crossingcan result in multiple scatterings, resulting in so-calledpile-up events.
We comeback to this shortly.

In the early phasethe luminosity will be two or three ordersof magnitude lower. On the 10th

of September 2008the �rst beamswere circulated in the LHC. Unfortunately a bad soldering
betweentwo superconducting magnetscausedthe breakdown of the LHC on September 19th.
The commissioningwas halted and repairs were made in the winter of 2008/2009. The new
turn on of the LHC is now planned for the end of 2009.

During the commissioningphasethe number of buncheswill be increasedin stepsto reach
the design level; in Table 2.1 we list the �rst steps as they are planned at the moment with
collisions of 10 TeV center-of-massenergy. We seein the table that the number of events per
crossingrises.Once the LHC is at design luminosity this will have increasedto an averageof
23, while the bunch spacingwill have decreasedto 25 nsec.

Machine parameters Step 1 Step 2 Step 3 Step 4 . . . Design Level

Bunch intensity 1:0� 1010 1:0� 1010 4:0� 1010 9:0� 1010 . . . 1011

Number of bunches 1 4 43 156 . . . 2808
Luminosity [s� 1cm� 2] 1:1� 1027 4:5� 1027 2:9� 1030 5:4� 1031 . . . 1034

Events/crossing << 1 << 1 0:36 1:8 . . . 23

Table 2.1: The machine parameters for the commissioningphasefor the �rst collisions of 10
TeV center-of-massenergy. Also shown are the parametersat the LHC designlevel.

2.1.1 Minim um bias, pile-up and underlying events

Not all collisions at the LHC will be stored for further analysis. With approximately � 109

events per secondat design luminosity the amount of data produced if all events were to be
stored would simply be too large. A choice has to be made which events might be interesting
and worth keepingthe data for. In a particle detector this choice is made by a trigger system
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which looks for signsof interesting collisions. When searching for interesting hard scatterings
there are di�eren t typesof background we can identify:

� The minim um bias : Most interactions between two protons are soft scatterings, i.e.
the amount of momentum being exchangedbetweenthe protons is small. Not only can
perturbativ e QCD not be applied to soft interactions, seeSection 1.1.2, but the physics
behind theseevents is also not what the LHC is designedfor to analyze. All in all, the
ratio of interesting to non-interesting scatterings, including hard interactions, is small.
An average, minimum bias, trigger will thus typically be an uninteresting soft event.
Such events can a�ect the analysis when they form pile-up events to hard scattering.

� Pile-up events : A higher density of particles in a bunch increasesthe chanceof multiple
scatterings per bunch crossing.When an event is triggered it may happen that in the
read-out of that event also the scattering products of other collisions are seen.At the
sametime, the frequency of scatterings will be so high at the design luminosity of the
LHC that events from di�eren t bunch-crossingscan be read-out simultaneously. The
background this createsto the interesting decay channel is de�ned as pile-up events.

� The underlying event : Protons are not elementary particles and the hard scattering
is the interaction of the gluon and quark constituents of the two protons. The remnants
of the two protons fragment and hadronize resulting in more scattering products in the
detector. Theseform the underlying event.

� Another type of background consists of events not originating from bunch-bunch in-
teractions. Cosmics for example, are muons created high in the atmosphereby cosmic
radiation. One muon crossingthe entire ATLAS detector through its interaction point
can thusmimic a back-to-back di-muon event. Another exampleis beam-gasevents; these
are interactions of the beam with the residual gas moleculespresent in the vacuum of
the beam-pipe.

� The last kind of background we mention is \ph ysics background": any interesting hard
scattering which has the same signature as the signal we are looking for, but in fact
originating from a di�eren t process.This background is di�eren t from the others, as
it can resemble the signal at the hard scattering level, making it more di�cult to �nd
observablesto distinguish the signal from the background.

2.2 ATLAS

ATLAS is one of the two generalpurposeexperiments at the LHC and is designedto explore
the physics in the TeV region. Although the protons are acceleratedto 7 TeV, the center-of-
mass energy of the hard scattering will be lower than 14 TeV. The energy available in the
collision is

p
x1x2s, where x1 and x2 are the momentum fractions carried by the two partons

participating in the hard scattering. Thus with the ATLAS detector, particles with masses
up to several TeV can be searched for, such as possiblesupersymmetric partners of Standard
Model particles, seeSection 1.3.

ATLAS consistsof several layers of detectors, each with the purposeof measuringspeci�c
observables.Figure 2.2 shows a cut-away view of ATLAS. Starting from the inside of ATLAS
the detector closest to the interaction point is the Inner Detector (ID), a tracking detector
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with the purposeof measuringthe direction and momenta of chargedparticles. The momenta
can be determined as the particles are de
ected by the solenoidalmagnet which surrounds the
ID; this super-conductingcoil generatesa �eld of 2 Teslaoriented along the beamaxis. Next in
ATLAS are two calorimeters,oneto measurethe energyfrom electro-magneticshowers,i.e. the
energy from electronsand photons, and seconda calorimeter to measureall hadronic energy
deposit. The outer layer of ATLAS is the muon spectrometer which measuresthe momenta of
the muons de
ected by a toroidal magnetic �eld. Theseare, in the Standard Model, the only
charged particles able to reach the muon chambers.

The whole detector is built in a cavern along the ring called UX15. On both sidestwo extra
caverns have beenbuilt for servicetasks, seeFig. 2.3. There is one large area named USA15,
located on the outside of the ring, and a smaller area on the inside called US15. The ATLAS
control room is located on the surface in building SCX1. We now �rst de�ne the coordinate
systemas used in the ATLAS collaboration and then go through all the sub-detectorsone by
one. We note that a more detailed description of the ATLAS detector is given in [65].

2.2.1 Coordinate system

The coordinates are de�ned to form a right-handed Cartesian coordinate-system. The z-axis
lies parallel to the beam direction at the interaction point and viewed from that point the
positive direction for the axis is in the direction towards the LHCb experiment, seeFig. 2.1.
The side of ATLAS on the positive z-axis is also referred to as side A, while the opposite side
is called side C, and the barrel is B. The positive x-axis points towards the center of the LHC
ring and the positive y-axis points upwards. To be correct, the y-axis has a small angle with

Figure 2.3: Layout of surfacebuildings and of accessshafts to the ATLAS cavern. The main
areasof underground activit y are the main cavern (UX15) and the main counting room and
servicecavern (USA15). The ATLAS control room is in building SCX1 on the surface.
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the vertical (0:704� ). Due to geologicalconditions near Geneva the tunnel was not built in an
exactly horizontal plain.

In the ATLAS collaboration an adapted polar coordinate system is used.With the z-axis
asdescribed before,a polar coordinate systemis de�ned with an azimuthal angle f with f = 0
towards the LHC center, in combination with a radial coordinate R and the polar angle q.
This last angle is however replacedby the rapidit y

y =
1
2

ln
E + pz

E � pz

m= 0� � ! y = � ln
�
tan

q
2

�
� h : (2.1)

The pseudorapidity h is equal to the rapidit y y of a particle if its massis zero.With the masses
of most particles being much smaller than their energies,the pseudorapidity is often usedeven
for massive particles. In this thesis we will be using the pseudorapidity as standard. In other
words, whenever the rapidit y h is mentioned, the de�nition of pseudorapidity is used.

The reasonfor using this transformation of a polar coordinate is the fact that the particle
multiplicit y distribution in rapidit y (dN=dh ) is basically 
at, and the di�erence in the rapidit y
of two particles is invariant under Lorentz boosts along the beam axis.

2.3 The Inner Detector

The Inner Detector (ID) is designedto determine to high precision particle momenta and re-
construct the primary and secondaryvertices.It coversthe track reconstruction up to jh j < 2:5
and provides electron identi�cation in a momentum region from 0.5 GeV up to 150GeV, with
jh j < 2:0. The ID is to measurethis without interacting too much with the particles themselves,
as this complicates their track reconstruction in the ID and their energymeasurement in the
calorimeters.

The ID itself is composedof three sub-detectors:the silicon pixel detector, the semi con-
ductor tracker (SCT) and the Transition Radiation Tracker (TRT). The �rst two are both
basedon semi conductor technology and have a very high spatial resolution, in the order of
10 mm. For the third sub-detector the choice was made for a relatively more lightweight de-
vice. The TRT consistsof gaseousstraw tube elements interleaved with transition radiation
material. Although it hasa lower spatial resolution than the silicon detectors, it providesmany
spacepoints enhancingthe track reconstruction in the busy environments with up to � 1000
particles expected. The TRT is also suitable for electron identi�cation.

2.3.1 Pixel Detector

The pixel detector consistsof silicon sensorsmounted on a barrel with three cylindrical layers
and on six disks. The �rst barrel layer is located at 50.5mm of the beamaxis, the next two at
88.5and 122.5mm. Especially the �rst layer is of great importance for a good vertex resolution
and the performance of the b-quark identi�cation algorithms (b-tagging algorithms); it will
however also endure the highest radiation damagerate and its performancewill deteriorate
after a few years1) . On both sidesof the barrel the pixel modules are mounted on three disks,
these are located at z= 495, 580 and 650 mm, seeFig. 2.4. To compensatefor the Lorentz
angle the modules on the pixel barrel layers are mounted with an angle of 20� with respect to

1)The current plan is to insert a layer even closer to the beam axis (before the current inner layer is too much
damaged). For this, the beam pipe is partly removed and replaced by a pipe with pixel modules mounted on
its exterior. This could be achieved in a long shut-down of the LHC planned in a winter (not before 2014).
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Figure 2.4: Drawing showing the ID end-capstraversedby two charged tracks, at h = 1:4 and
h = 2:2. The track at h = 1:4 traversessuccessively the beam-pipe, the three barrel pixel layers,
four of the SCT disks and approximately 40 straws in the end-cap TRT wheels.In contrast,
the end-cap track at h = 2:2 traversesthe beam-pipe, only the �rst barrel pixel layer, two
end-cappixel disks and the last four disks of the end-capSCT. The coverageof the end-cap
TRT does not extend beyond jh j = 2:0. For the SCT disks only the inner and outer modules
can be seen,the middle modules are mounted on the other side of the disks.

the barrel's tangent. In Section3.1.1we go into more detail on the working of silicon detectors
and we explain the Lorentz angle.

Figure 2.5 shows a schematic view of a barrel module. There are 16 front-end (FE) chips
with 2880electronic channelseach, which are bump bondedto the pixel sensorelements. Most
pixel sensorshave a sizeof 50� 400 mm2, 10%are 50� 600 mm2. Theselarger pixel sensorsare
to bridge the small gapsbetweenthe FE chips. For each pixel sensorwhich hasa chargedeposit
passinga certain threshold the chip sendsthe time-over-threshold signal to the Module Control
Chip (MCC). With the time-over-threshold signal a more accurate measurement is possible
than with a `hit-or-no-hit' signal: the duration of the signal is proportional to the charge
deposited at the pixel sensor.As each traversing ionising particle will deposit somecharge on
a cluster of pixel sensors,the time-over-threshold signalsof the multiple sensorshit enablesto
locate the center of the cluster.

Each module has one MCC. This communicates with higher levels of the ATLAS Data
Acquisition systemby optical links. At the sametime it controls the power over the individual
pixel sensorsand is itself powered through the copper on a polyimide 
ex hybrid circuit. The
TMT, that is the Thermal Management Tile, conducts the producedheat to the cooling pipe.
To reducedistortions of the material when heating up or cooling down the TMT is decoupled
from the module by 
exible glue. Each module is also equipped with a temperature sensor,
the NTC 2) , as shown in Fig. 2.5.

2)Negative Temperature Coe�cien t
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Figure 2.5: Schematic view of a barrel pixel module. In the plan view we also seethe bump
bonding of the pixel sensorsto the FE chips and the TMT. Seetext for more details.

2.3.2 Semi Conductor Tracker

The SCT contributes to the tracking of charged particles by providing four spacepoints in
a range of jh j < 2:5. It consists itself of three sub-parts, one barrel and two end-caps.The
barrel consistsof four cylindrical layers with its silicon modules mounted such that the strips
run parallel to the beam axis. The modules in the barrel have an angle of 11� with respect to
the barrel's tangent to compensatefor the Lorentz angle and to provide full coveragein the
f -direction.

The two end-capseach havenine diskswith the modulesorientated such that the strips run
radially. Each disk can have an inner and outer layer, mounted on the side of the disk facing
the interaction point, plus a middle layer on the other side of the disk. This setup ensures
there are no gaps between the layers. The exact location of the disks and their occupation
in modules are chosensuch that any charged particle always hits at least four modules. An
impressionof this can be seenin Fig. 2.4; to go into more details a separatesection is devoted
to the SCT, seeSection 3.1.

2.3.3 Transition Radiation Tracker

The TRT is the outermost sub-detector in the ID. Its straws (drift tubes)provide many extra
spacepoints for the track reconstruction, but with a lower spatial resolution than the SCT or
pixel detector. By detecting transition radiation in the TRT, electronscan be identi�ed in the
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large amount of charged particles produced in the hard scattering.

The TRT consistsof cathode straws with radius of four millimeters and length up to 144
cm. They are operated at -1530V and �lled with a gasmixture of 70% Xe, 27% CO2 and 3%
O2 with 5-10 mbar overpressure.The anodesare 31 mm diameter tungsten wires plated with
0.5-0.7mm gold and are kept at ground potential. The wires are supported at the straw ends
by end-plugs and are directly connected to the front-end electronics. For the barrel straws
(with length of 144 cm) the wire is supported near the center by a plastic insert glued to the
inside of the wall, isolating both parts and thus reducing the occupancy of each straw. For
this, each barrel straw is read out from both ends.However, each long barrel straw is therefore
ine�cien t near its centre over a length of 2 cm. For somestraws the wire is even divided in
three segments, leaving the middle segment inactive. See[65] for more details.

The strawsarebundled in modules:the barrel consistsof three layers,each with 32modules.
Figure 2.6 is a schematic view of a part of the ID barrel and depicts how the TRT straws are
bundled in triangular shaped modules.This providesa f -coveragewithout any gaps.The end-
cap straws are mounted radially, starting at 63 cm and ending at 103 cm from the beam axis.

Figure 2.6: Drawing showing the sensorsand structural elements traversedby a charged track
in the barrel ID. The track traversessuccessively the beam-pipe, the three barrel pixel layers,
the four SCT layers and approximately 36 axial TRT straws within their triangular support
structure.
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The end-capscover the range of 0:7 < jh j < 2:0, seeFig. 2.4.
A charged particle crossing the TRT will ionize the gas inside the straws. The released

electronsdrift to the anode wires; the drift time of thesereleasedchargesin the straw is used
to determine the point of closestapproach of the charged particle to the wire with a spatial
resolution of 170 mm. The TRT will provide typically 30 hits per track, with a maximum of
36, see[66].

The straws are embedded in polypropylene �b ers with di�eren t indices of refraction. A
charged particle will emit transition radiation in the X-ray regime with energy proportional
to the Lorentz factor g = E=m. The X-rays are e�cien tly absorbed by the Xenon in the gas
in the straws and their energy deposits of several keV can easily be distinguished from the
energydeposits from the ionized gas,which are of order 200 eV. The electronicsdiscriminate
the signal against two thresholds and can handle both energydeposits simultaneously. As the
electron has a small mass, the amount of radiation it emits is clearly larger than that of a
heavier particle with the sameenergy;hencethe TRT servesas electron identi�er.

To avoid pollution from permeation through the straw walls or through leaks, the straws
are operated in a CO2 envelope. SeealsoSection3.3 for more information on the environmental
conditions of the ID.

2.3.4 Inner Detector material distribution

The material distribution in a detector partly determines its performance. The distribution
can be expressedwith two important properties, see[23]:

� The radiation length X0 is the mean distance over which a high-energyelectron loses
all but 1=e of its energy by bremsstrahlung. It is also 7

9 of the mean free path for pair
production by a high-energyphoton.

� The nuclear in teraction length l is the mean free path betweeninelastic collisions.
For a (hypothetical) homogeneousmaterial l = A=Nr s , where A is the atomic weight,
N is the Avogadronumber, r is the density of the material and s is the crosssection of
the incoming particle on the nucleuswith weight A.

The need for cooling of the pixel detector and the SCT (see Section 3.3), the readout
devicesand the silicon substrate itself constitute material with signi�cant thicknessin terms
of radiation length. Figures 2.7(a) and 2.7(c) show the integrated radiation length X0 traversed
by a straight track as a function of jh j at the exit of the ID.

In Fig. 2.7(b) and 2.7(d) the material distribution in terms of interaction lengths l is shown.
We seethat for the ID it doesnot exceed0.7 l . In Section2.4 we discussthe calorimetersand
we show how their depth amounts up to 10 l .

A striking feature in Fig. 2.7 is the amount of non-active serviceand structural material
from jh j � 0:7 up to the interface of the barrel and end-capregionsaround jh j � 1:7. This in-
cludescooling connectionsat the end of the SCT and TRT barrels, TRT electrical connections,
and SCT and TRT barrel servicesextending radially out of ATLAS. A large fraction of the
service and structural material is external to the active ID envelope, therefore deteriorating
the calorimeter resolution but not the tracking performance.Another servicecontribution is
from the pixel servicesat 2:7 < jh j < 3:2, which leave the detector along the beampipe. Their
extended range in jh j can clearly be seen:for jh j > 2:8 the pixel contribution in Fig. 2.7(a)
and 2.7(b) can be seento be almost only cooling and cablesin 2.7(c) and 2.7(d).
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Figure 2.7: Material distribution (X0, l ) at the exit of the ID envelope, including the services
and thermal enclosures.The distribution is shown as a function of jh j and averagedover f .
In (a) and (b) the breakdown indicates the contributions of external servicesand of individual
sub-detectors,including servicesin their active volume. In (c) and (d) the breakdown shows
the contributions of di�eren t ID components, independent of the sub-detector.

2.4 The Calorimeters

For the measurement of the particles' energy two di�eren t typesof calorimeter are used: the
electro-magnetic(EM) calorimeter for electronsand photons and the hadronic calorimeter for
all strongly interacting particles. In Fig. 2.8 we seethat both fully envelop the Inner Detector.
Figure 2.9 shows the interaction lengths of all calorimeters. An EM calorimeter must have a

high enoughX0 to stop the electronsand photons, yet a low l to not interfere too much with
the hadrons; the EM energy measurement does not depend on l . In contrast, the hadronic
calorimeter's depth must be large enough to stop all hadronic showers and prevent punch-
throughs in the muon spectrometer. The EM calorimeter material amounts to a maximum of
about 1.5 l , compared to � 7:5 l for the hadronic tile calorimeter, 10 l for the Hadronic
end-cap(HEC), and 10 l for the forward calorimeter (FCal).
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Figure 2.8: Overview of the Calorimeters. From inside out in we �rst seean electromagnetic
and seconda hadronic calorimeter. Servicesfor the Inner Detector and for the cryostat needed
to keep the liquid argon in the EM calorimeter cold make that a gap is neededbetween the
middle Tile barrel and the Tile extendedbarrels.
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Figure 2.9: Cumulativ e amount of material, in units of interaction length, as a function of jh j.
The breakdown starts with the material in front of the electromagneticcalorimeters.We then
seethe electromagnetic calorimeters themselves, each hadronic compartment, and the total
amount at the end of the active calorimetry. Also shown for completenessis the total amount
of material in front of the �rst active layer of the muon spectrometer (up to jh j < 3:0).
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The calorimeters have beendesignedto cover the geometrical acceptanceas hermetically
as possible.The only particle, known so far, to go undetected in the whole of ATLAS is the
neutrino. Its presencecan however be deducedby `missingenergy' in a certain direction. The
longitudinal momentum of the colliding partons is not known, but their transversemomentum
is minimal. An unbalanced sum of transverseenergy in the event, called Emiss

T , can thus be
seenas the sum of the pT of all neutrino's in the event.

The principle of a calorimeter is simple: in a denseabsorber the incoming particle interacts
with the material, creating a shower of charged and neutral particles. The charged particles
are measuredin the active medium. The number of particles counted is ideally proportional
to the energy of the original incoming particle. The sampling fraction of a calorimeter is the
fraction of the energy measuredin the active medium to the total energy deposited in the
module.3)

In the EM calorimeter the showers are a cascadeof mostly photons and electron-positron
pairs: photons interact with the nuclei in the absorber resulting in the pair production of
an electron and a positron4) . The charged particles lose energy by ionizing the atoms or by
emitting bremsstrahlung, that is radiation as a consequenceof acceleration in the EM �eld
of the nuclei or the electrons.The hadrons scatter by strong interactions with the nuclei into
showers of lower energy hadrons. We note that in the hadronic calorimeter a shower can be
partially electromagnetic. This is mostly due to the many pions produced in the shower, of
which the p0 decays to two photons.

2.4.1 Electromagnetic Calorimeter

The EM calorimeter is a liquid argon based detector and uses lead plus stainless steel as
absorber. The chargedparticles in the shower ionize the argon; the freed chargessubsequently
drift to electrodes under in
uence of an electric �eld applied by high voltage electrodes. The
calorimeters are housedin three di�eren t cryostat environments cooling the argon down to a
liquid state. There is one cryostat for the barrel keepingit at 88 K. To minimize the amount
of material the samecryostat is used to cool the solenoidal magnet surrounding the ID to a
temperature of 4.5 K. Each end-caphas its own cryostat at a temperature of 88 K containing
the entire end-capand the entire forward calorimeter.

The EM calorimeter is made out of modules all built in a similar way, be it for the barrel
or the end-capcalorimeter. Only in the Forward Calorimeter (FCal) the modulesare di�eren t,
seeSection 2.4.4. Figure 2.10(a) shows the schematicsof one barrel module: 1.1-2.2mm thick
lead plates covered with stainlesssteel are folded in an accordion shape. These are stacked
together with a honeycomb structure betweenthe plates, creating gapsof 2-6 mm betweenthe
absorbers. Along with the accordion plates, electrodesmade out of copper and Kapton in the
sameshape are installed. These electrodes are used for power supply and for read-out. The
spacein betweenthe honeycomb structure is �lled with the liquid argon.

The accordion shape makesit possibleto have a full f coveragewithout cracks and a fast
extraction of the signal at the outside of the detector. The orientation of the modules is not
always the same: in the barrel the wave runs in the radial direction, in the end-cap it runs
parallel to the beam axis. In both casesthe `amplitude' of the wave is in the f direction. The
barrel covers the range of 0 < jh j < 1:475, the two end-capsthe range of 1:375< jh j < 3:2.

3)Another de�nition, which is just the inversequantit y, is used in TileCal MC data reconstruction [67].
4) If the photon energy is high enough it can also split in a m+ m� pair. However sg! m+ m� � sg! e+ e� as

mm � me.
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Figure 2.10: Schematic view of a liquid argon EM calorimeter module (left) and of a Tile
calorimeter module (right). Seetext for more details.

Between the barrel and each end-cap somespaceis reserved for cryostat services;electrons
reconstructedat jh j � 1:4 are therefore treated with special care,seeSection4.6.1. In the FCal
the EM calorimeter is also a liquid argon detector, but di�eren tly shaped. It covers the range
of 3:1 < jh j < 4:9.

The read-out of the EM calorimeter is segmented with a decreasinggranularit y at larger
radius. The read-out channels of inner segments are thus routed through the outer layers.
First, even beforethe modules described above, the so-calledpresamplermeasuresthe energy
loss in the material in front of the EM calorimeter, which can reach up to � 2:5 X0, seeFig.
2.7(a). The presampler covers the range of 0 < jh j < 1:8 and is a single layer of liquid argon
with a granularit y of dh � df = 0:025� 0:1. The modules, as seenin Fig. 2.10(a), consist of
three layers with granularities of dh � df = 0:003� 0:1, 0:025� 0:025 and 0:05� 0:025. The
�rst layer with a thicknessof 4.3 X0 is usedfor g=p0 and e=g separation.The secondlayer with
a thicknessof 16 X0 receives the largest part of the energy deposit, while the third layer (2
X0) has as purposeto measurethe tail of high energyshowersand to consequently distinguish
electromagneticfrom hadronic showers; the hadronic shower hasa larger fraction of its energy
further `downstream'.

2.4.2 Hadronic Tile Calorimeter

For the hadronic calorimeter several techniquesare used.The barrel parts have scintillator as
active medium, while the hadronic end-capand hadronic FCal are again liquid argon detectors.
The barrel hadronic calorimeter usessteelasabsorber and consistsof three parts, seeFig. 2.8:
the `tile barrel' covers the range of jh j < 1:0 and the two `tile extendedbarrels' on both sides
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Figure 2.11: Schematic of the transition region between the barrel and extended barrel tile
calorimeter. Additional scintillator elements are installed to provide correctionsfor energylost
in inactive material (not shown), such as the liquid-argon cryostats and the inner-detector
services.The plug tile calorimeter is fully integrated into the extended barrel. The gap and
cryostat scintillators are read out together with the other tile-calorimeter channels.

cover 0:8 < jh j < 1:7. It had to be divided to provide spacefor cablesand servicesfor the inner
detector as well as power supplies and servicesfor the barrel liquid argon calorimeter. This
`gap', which is at most 60.0 cm wide, is equipped with a plug tile calorimeter and additional
scintillator elements, seeFig. 2.11. This designprevents a pointing gap and results in a full h
coverageup to 1.7 by the Tile Calorimeter.

The scintillator in the detector is produced in tiles, hence its name. The unique feature
of this hadron calorimeter is the orientation of the tiles; thesepoint radially to the beam line
resulting in an excellent f -coverage.The tiles are 3 mm thick and comein di�eren t sizes:their
radial length varies from 97 to 187 mm, their azimuthal length from 200 to 400 mm. The
polystyrene tile producesscintillating light when a charged particle crosses.The material is
doped with wavelength-shifting 
uors converting the UV to visible light, which is captured in
�b ers routing it to photomultipliers.

In Fig. 2.10(b) we seethe schematics of one module; it is wedgeshaped covering 5.625
degreesin azimuth and 64of theseareneededto goround the EM calorimeter. The modulesare
mounted with a small gap betweenthem of 1.5 mm at the inner radius. The spaceis neededto
route the �b ersradially outwards to the top of the module wherethe photomultipliers (PMTs)
are kept inside the steel girder. This girder also provides spacefor the readout electronicsand
the 
ux return for the solenoid �eld. The fundamental element of the absorber structure
consists of a 5 mm thick steel master plate, onto which 4 mm thick steel spacer plates are
glued in a staggeredfashion to form the pockets in which the scintillator tiles are located. We
emphasizethat the master plates are placedradially and span the full height of the module as
seenin Fig. 2.10(b).
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Figure 2.12: Segmentation in depth and h of the tile calorimeter modules in the central (left)
and extended(right) barrels. The bottom of the picture corresponds to the inner radius of the
tile calorimeter.

The light produced in the scintillating material is collected using a wavelength-shifting
�b er on each side of the tile. The �b ers, which are coupled radially to the tiles along their
edgesas illustrated in Fig. 2.10(b), are grouped together and coupled to the PMTs. The �b er
grouping is used to de�ne a three-dimensional cell structure in such a way as to form three
radial sampling depths, approximately 1.5, 4.1 and 1.8 l thick at h = 0, seealso Fig. 2.9.
Thesecells have dimensionsDh � Df = 0:1� 0:1 in the �rst two layersand 0:2� 0:1 in the last
layer. The depth and h -segmentation of the barrel and extendedbarrel modules are shown in
Fig. 2.12.The �b erscoupledto each edgeof the scintillating tiles are read out by two di�eren t
PMTs; this gives the possibility to average the signal from one tile which might otherwise
depend on the impact position of the particle entering the tile. This setup also serves as to
provide a redundant read-out link.

2.4.3 End-cap Calorimeter

As mentioned, the EM end-capcalorimeter is similar to the EM barrel. The hadronic end-cap
calorimeter (HEC) is also liquid argon based,with copper as absorber and covers the range
of 1:5 < jh j < 3:2. It consistsof two wheels,the front wheel and the rear wheel, cylindrically
shaped with an outer radius of 2030mm. Each of the four wheelsis constructed of 32 identical
wedge-shaped modules.

The modules of the front wheelsare made of 24 copper plates, each 25 mm thick, plus
a 12.5 mm thick front plate. In the rear wheels,the sampling fraction is lower with modules
made of 16 copper plates, each 50 mm thick, plus a 25 mm thick front plate. The 
at plates
are stacked with a honeycomb structure betweenthem. The gapscreated this way all have a
thicknessof 8.5 mm and are �lled with the liquid argon and the electrodes. The readout is
organizedin cellswith sizesof Dh � Df = 0:1� 0:1 in the region jh j < 2:5 and 0:2� 0:2 for larger
valuesof jh j. Longitudinally each wheel has two read-out sections.The read-out is segmented
in 8 and 16 gaps for the front, and 8 and 8 gaps for the rear wheel. These four segments are
named HEC0 up to HEC3 and their contribution in material is shown in Fig. 2.9.5)

5)A confusing fact in the literature is that HEC1 and HEC2 can also refer to the entire hadronic end-cap
wheels. HEC2 can thus be the �rst read-out segment of the rear wheel, but also the entire rear wheel.
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2.4.4 Forw ard Calorimeter

Each of the two forward calorimeters consistsof three wheels.The �rst is the electromagnetic
part (FCal1), the next two together form the hadronic part (FCal2 and FCal3). The FCal,
covering the range of 3:1 < jh j < 4:9, is located at approximately 4.7 m from the interaction
point and is thus exposedto high particle 
uxes. This has resulted in a designwith very small
liquid argon gaps,which have beenobtained by using an electrode structure of small-diameter
rods, centered in tubeswhich are oriented parallel to the beam direction.

The EM wheel of the FCal usescopper as absorber and comprisesa total radiation length
of 27.6 X0. The Hadronic part usesTungsten as absorber and consists of two wheels with
radiation lengths of 91.3 and 89.2 X0. The interaction lengths are respectively 2.7, 3.7 and 3.6
l , seealsoFig. 2.9. The absorbershave longitudinal holesto accommodate the electrodeswith
the liquid argon in them.

2.5 The Muon Spectrometer

The muon spectrometer in ATLAS is the outermost sub-detector.It consistsof precisioncham-
bers as well as trigger chambers in a barrel part and in four wheelson each side, of which one
wheel is a `ring' radially positioned outside the end-cap toroid. 6) Figures 2.2 and 2.13 show
how the spectrometer is built up out of the chambers, taking a large spacevolume. Its momen-
tum determination performancedependson the toroidal magnetic �eld which is createdby the
eight coils of the superconducting barrel toroid magnet and the two end-captoroid magnets.
The magnetic �eld is on average0.5 T in the barrel region and 1.0 T in both end-capregions.
Together with the size of the system the magnetic �eld results in a large bending power. It

6)The two rings on both sidesof ATLAS are not completely installed yet.

Figure 2.13:Crosssectionof the muon systemin a (z; r) plane. In�nite-momen tum muonswould
propagate along straight tra jectories which are illustrated by the dashedlines and typically
traversethree muon stations. We seethe three barrel layers, the four wheelsand the trigger
chambers.
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Figure 2.14: Crosssection through the upper part of the barrel, with RPCs marked: they are
located on both sidesof the middle chambersand on onesideof the outer chambers.The barrel
consistsin total of 16 sectors,alternately with large and small chambers. All dimensionsare
in mm.

is however an inhomogeneous�eld: in the barrel region it varies from 0.15 to 2.5 T and in
the end-cap region from 0.2 to 3.5 T. An accurate B-�eld mapping is necessaryto correctly
reconstruct the muons' momenta.

The layout of the detector is optimized to provide the best acceptanceand resolution,
taking into account the inhomogeneousmagnetic �eld and the large sizeof the apparatus. The
spectrometer covers the range of jh j < 2:7 measuring each muon in three layers of chambers
and is designedto reconstruct accurately the momentum and chargeof traversingmuonswith
momentum of � 3 GeV up to � 3 TeV. Fig. 2.14 depicts a cross section through a part of
the barrel spectrometer. Two magnet coils can be seentogether with nine chambers between
and on the coils. The sixteen sectorsin the cylindrical barrel have alternately small and large
chambers, which results in a small overlap at their edges.This ensuresa full coveragein f -
spaceand can be usedfor relative alignment of the chambers.The precisionmeasurements on
the muon's track are performed by the Monitored Drift Tubes(MDTs). The spectrometer also
serves as trigger on muons: in the range of jh j < 1:05 Resistive Plate Chambers (RPCs) are
installed, also indicated in Fig. 2.13 and 2.14, and in the range of 1:04< jh j < 2:4 Thin Gap
Chambers (TGCs) are located, seeFig. 2.13.

The barrel hasan inner layer at approximately 5.0 m from the beamaxis, a middle at 7.5 m
and an outer layer at 10 m. The exact radial distance of the chambers varies per sector: the
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large chambers are closer to the beam axis than the small chambers, seeFig. 2.14. The muon
wheelsare located at jzj = 7.4 m betweenend-capcalorimeter and end-cap magnet, at jzj =
10.8 m forming the ring around the magnet end-cap,and at jzj = 14 and 21.5 m, beyond the
magnetend-cap.In Fig. 2.13the wheelsare indicated asEIL, EEL, EML and EOL: the end-cap
inner large, -extra large, -middle large and -outer large. In the barrel there is a gap between
the chambers at jh j � 0 to leave spacefor cablesand servicesfor all the sub-detectorsdeeper
in ATLAS. This gap is at most 2 m betweencertain chambers: highly energeticmuons with
straight tracks can go undetected in the spectrometer in a region of jh j < 0:08 if betweenlarge
chambers, or in a region of jh j < 0:04 if between small chambers. These muons can however
be measuredin the ID and calorimeter.

(a) A barrel MDT chamber.

m

29.970 mm

Anode wire

Cathode tube

Rmin

(b) Cross section of a MDT
tub e

Figure 2.15:Left: structure of a MDT chamber. An aluminum frame carriestwo multi-la yersof
three or four drift tube layers.Four optical alignment rays, two parallel and two diagonal,allow
for monitoring of the internal geometry of the chamber. RO and HV designatethe location
of the readout electronics and high voltage supplies, respectively. Right: crosssection of one
MDT tube, seetext for more information.

Figure 2.15(a) shows the schematics of one barrel MDT chamber, Fig. 2.15(b) depicts the
crosssectionof onedrift tube. It is a 30 mm diameter aluminum tube �lled with a gasmixture
of Ar (7%) and CO2 (93%) at an absolute pressureof 3 bar. This gasis ionised when a muon,
or any charged particle, passesby. An anode wire operated at 3080V runs through the tube
and collects the charge: the time of arrival of the signal pulse is a measurefor the radius of
the point of closestapproach of the muon's track compared to the wire. The chambers are
installed such that the tubesrun orthogonal to the beam axis. Within the chamber a hit does
not result in a f coordinate.

In the two inner wheelsthe innermost layer consistsof Cathode-Strip Chambers (CSCs).
Covering the forward range of 2:0 < jh j < 2:7, seeFig. 2.13, thesechambers are more suitable
with their higher rate capability and time resolution. The CSCs are multi-wire proportional
chamberswith cathode planessegmented into strips in orthogonal directions. This allows both
coordinates to be measuredfrom the induced charge distribution.
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In the track reconstruction, hits in three chambers form a curved path. The sagitta of such
a curve is de�ned ass= l 2=8r, wherel is the path length in the magnetic �eld and r the bending
radius. The spectrometer momentum resolution designis 10% for a 1 TeV muon. For a muon
with no longitudinal momentum this corresponds to a track with sagitta of about 500 mm, to
be measuredwith a resolution of 50 mm, implying that the locations of MDT wires and CSC
strips along a muon tra jectory must be known to < 30 mm. For this purposea high-precision
optical alignment system monitoring the relative positions among the chambers, and their
internal deformations is installed. An impressionis given in Fig. 2.15(a) for the monitoring of
the internal geometry. Together with a track-based alignment with data the position of the
chambers can thus accurately be measured.

2.6 The Trigger and Data Acquisition system

At the design luminosity of the LHC in the order of � 109 interactions per secondwill occur
inside the ATLAS detector, generating1 PB/s of data. As explained in Section2.1.1 not only
is this amount unsustainablefor massstorage,many of theseevents are alsonot worth storing.
The Trigger and Data Acquisition (T/D AQ) system reducesthis to � 200 events per second,
or equivalently to an amount of � 300 MB/s for data storage. To achieve this a three-level
trigger system is designedfor the ATLAS detector.

Figure 2.16 shows an overview of the T/D AQ system. It can roughly be divided in the
hardware readout chain and the trigger system. The readout chain starts at the Front-End
(FE) electronicson the detector modules which send the data for each bunch crossingto the
pipeline memories;we emphasizethat at design luminosity each crossingwill contain several
interactions, which at this point in the data chain are seenas one event. When passing the
level 1 (L1) trigger, which only usesreduced-granularit y information from the calorimeter and
the muon spectrometer, the event data are sent to the Readout Driv ers. These RODs align
the data in time and forward them to the Readout Bu�ers (ROBs). The level 2 (L2) trigger
requeststhe data from theselarge memory bu�ers. To reducethe amount of data transfer only
the information from the RegionsOf Interests (RoIs) identi�ed by the L1 trigger is analyzed;
the L2 trigger does have accessto the full granularit y data of theseRoIs. If the event passes
the L2 trigger, the Event Builder requests the data from the ROBs and forwards the fully
assembled event to the Event Filter (EF), the third and last trigger level.

The Data Acquisition system (DAQ) controls the movement of the data down the trigger
chain; in addition it also provides for the con�guration, control and monitoring of the ATLAS
detector during data-taking. We note that the monitoring of the detector hardware (such as
gas systems,cooling systems,etc.. . ) is taken care of by the Detector Control System, the
DCS. We will now describe the three trigger levels in more details. For a completedescription
we refer to [65,68].

2.6.1 Level 1 Trigger

The L1 trigger is a hardware trigger implemented in custom-built electronics. It reducesthe
event rate from an initial 40 MHz7) to about 75 kHz. The 
o w of the L1 trigger is shown in
Fig. 2.17. The trigger decision is taken by the Central Trigger Processor(CTP) and is based
on reduced-granularit y information from the RPCs and TGCs for a muon trigger and from

7)A bunch crossing of 40 MHz with 23 events per crossing result in the � 109 events/sec mentioned earlier.
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Figure 2.16: Overview of the Trigger and Data Acquisition system. The right side shows the
data collection infrastructure and the left side the di�eren t trigger levels. The trigger decision
lines show at what level in the data transfer chain the event data are acceptedor rejected. At
the bottom of the �gure di�eren t streamsare depicted, seetext for more details.

the calorimeters for a trigger on electronsor photons, jets, or t 's decaying into hadrons.With
the information from the calorimeter an event can also be triggered on large total transverse
energyor large missing transverseenergy. The event selectionusesinclusive criteria, which in
this casemeans that the objects' pT or the global energy quantities have to pass a certain
threshold. For the electron/photon and t triggers isolation can also be required: the particle
must have a minimum angular separation from any signi�cant energy deposit in the same
event.

The L1 muon trigger is implemented in electronicsplacedon the muon chambersas well
as in the USA15 cavern. It receives information from the trigger chambers and searches for
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Figure 2.17:Block diagram of the L1 trigger. The Central Trigger Processoracceptsor rejects
the event basedon information from the calorimeter and muon trigger. If it is acceptedthe
signal is sent to the FE electronics along with a timing stamp, the L2 receives the RoIs and
the DAQ handlesthe data transfer further down the trigger chain.

patterns of hits consistent with high pT-muons originating from the interaction point. The
only information sent to the CTP is the multiplicities of muons above certain pT thresholds.
The logic provides six independently programmable thresholds.

The L1 calorimeter trigger is also located in the servicecavern USA15 and has two sub-
systemsworking in parallel: the Cluster Processor(CP) and the Jet/Energy sum Processor
(JEP). With no tracking information at this level any electromagneticenergydeposit is simply
classi�ed as electron/photon. The CP identi�es electron/photon or t candidateswith certain
ET thresholds. The JEP receives jet trigger elements, which are 0:2 � 0:2 sums in Dh � Df ,
to identify jets and to produce global sumsof scalar and missing transverseenergy. Only the
multiplicities of each of the di�eren t triggered objects and the global energysumsare sent to
the CTP.

The Cen tral Trigger Pro cessor receives the multiplicities of all trigger objects and the
global energy quantities. This information is compared to a list of items, where a maximum
of 256 items can be on the list. Each item can be a combination of conditions: for example,
the condition L1 2EM15I demanding two electromagnetic isolated clusters of 15 GeV can be
combined in one item with the condition L1 2J45 demanding two jets of 45 GeV. An event
is acceptedif one or more items are passed.Apart from the trigger conditions the item also
has a pre-scaling factor between1 and 224. With this factor the amount of events labeled as
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triggered can be scaleddown by randomly choosingamong the events that ful�lled the trigger
selection.

The trigger decision, together with the 40.08 MHz clock and other signals, is distributed
to the detector front-end and readout systemsvia the Timing, Trigger and Control (TTC)
system, using an optical-broadcast network. If the event is acceptedby the L1 trigger, the
geometric location of trigger objects is sent as RoIs to the L2 trigger. The L1 trigger also
identi�es the bunch crossingof interest; with a bunch interval of 25 ns this is not a trivial task.
For the muon spectrometer, the physical size of the system implies times-of-
igh t exceeding
the bunch-crossinginterval. For the calorimeter trigger, a complication is that the width of
the calorimeter signalsextends over many (t ypically four) bunch-crossings.While the trigger
decision is being formed the data for all detector channels is retained in pipeline memories
placed on or near the detector. The L1 latency, which is the time from the proton-proton
collision until the L1 trigger decision, is required to be lessthan 2.5 ms, with a target latency
of 2.0 ms, leaving 0.5 ms in caseof necessity. About 1 ms of this time is accounted for by
cable-propagationdelays alone.

2.6.2 High Level Trigger

The High Level Trigger is a software basedtrigger, running on a PC farm located in USA15.
It is subdivided in the L2 trigger and EF, which both have accessto the full granularit y
information of all sub-detectors,but for the L2 only in the RoIs. Better information on energy
deposition thus improves the threshold cuts, while track reconstruction in the inner detector
signi�cantly enhancesthe particle identi�cation (for exampledistinguishing betweenelectrons
and photons).

Lev el 2 Trigger

The L1 trigger sendsthe RoIs to the L2, which retrieves the full data for those regions from
the ROBs; this amounts to about 1� 2% of the full data of an event. It has a nominal average
processingtime of 40 ms and reducesthe output rate to around 3 kHz.

The execution of the L2 trigger is organizedby the HLT Steering algorithm basedon the
static con�guration information and on the dynamic event data. In simpler words, the Steering
algorithm decideswhich trigger decisionstep should be run on which of the RoIs that are being
reconstructed. At each step in the reconstruction, physicssignaturesare analyzed and tested
against the trigger demands.At each step the event can be rejected, which alsostops the data
retrieving of other RoIs. This way only for selectedevents the full data of the RoIs is transfered
and the transfer is minimized for rejected events.

The L2 trigger mostly usesinclusive criteria, comparableto the L1 trigger. One exception
is the L2 selection for events containing the decay of a B-hadron, which requires the recon-
struction of exclusive decays into particles with low momentum. 8) For this particular trigger
decisionthe L2 algorithm can also accessinformation on the muons in an area larger than the
original RoI.

8)By exclusive decays we mean the speci�c decays of the B-hadron with two muons.
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The Ev ent Filter

After passing the L2 trigger, the event builder requestsall data from the ROBs and sends
the fully assembled event to the EF, which rebuilds the full event using standard ATLAS
event reconstruction and analysis applications. On average, one event is processedin four
seconds;with a farm of � 1500PCs this reducesthe event output to 200 Hz. A full event is
approximately 1.5 MB in size.An important part of the event selectionis its classi�cation to
the ATLAS physicsstreams,seenext section.

At the start-up luminosity of 1031 s� 1cm� 2 the event rate is still modest, about 3 orders of
magnitude lower than the designlevel. At this luminosity, low thresholds and looseselections
can thus be used for the L1 trigger without running the risk of triggering too many events,
while the HLT can be run in pass-throughmode.

2.6.3 Trigger menu and data streams

The complete con�guration of the ATLAS trigger is called a menu, where a menu consistsof
di�eren t chains. One chain, also called a slice, can for example be the sequenceof the L1, L2
and EF trigger selecting two jets. An event is thus acceptedif at least one chain is satis�ed;
the bene�t of such a modular setup is that chains can be easily adjusted or replaced.With the
luminosity increasingover time, the trigger menu will be contin uously adapted as to keepthe
output rate maintainable.

At the end of the trigger chain the EF classi�es the event into oneor more physicsstreams.
Events with the samesignaturesare thus grouped together, simplifying further analysis.It also
makes it possibleto reprocessevents separately for each stream. An event can however also
end up in several streams, resulting in duplicate events. The di�eren t streams are therefore
de�ned such to have a minimal amount of overlap. A possiblecon�guration at low luminosity
is four physics streams: electronsand photons (Egamma-), muons, jet=t =Emiss

T and minimum
bias triggers. With such de�nition the overlap would be lessthan 10%, see[69]. The minimum
bias trigger ensuresthat someminimum bias events are saved; although we de�ned these as
non-interesting scatterings, we do not yet completely understand them. Their expected rate
for example at the LHC energy levels has a large uncertainty. Someof these events will be
investigated to better understand the background they form.

In addition to the physicsstreams,there will be three special streams.The so-calledexpress
stream is a sub-sampleof high-purit y signal events from the physicsstreamsusedto monitor
the quality of the data and the detector. The calibration stream contains events triggered by
special calibration triggers. The debug stream is for all the events which causederrors during
online running, such as time-outs, crashes,etc.. . Thesecan then be investigated further.



Chapter 3

The SCT and the ID evaporativ e
cooling system

Nikhef participated extensively in the design and construction of two ATLAS sub-detectors.
For the muon spectrometer all BOL chambers, the muon RODS and parts of the DCS were
designedor constructedat Nikhef and in Nijmegen.For the ID, 100inner SCT end-capmodules
were produced and the entire end-capA was assembled in Amsterdam. In this chapter we go
into more details on the SCT and its cooling systemwhich is part of the ID evaporative cooling
system.

3.1 The SCT end-cap in detail

We discussthe SCT bottom-up: wewill �rst explain how a silicon detector works. Although the
modules in the pixel detector have di�eren t schematics, they are basedon the sameprinciple.
We then go into more details on the components of one SCT end-capmodule; the barrel and
end-capsdi�er mostly in the sizeand orientation of their modules.Finally we elaborate on the
layout of the modules on an end-capdisk and the assembling of nine disks into one end-cap.
For a more detailed description of the designand functioning of the SCT we refer the reader
to [70{73].

3.1.1 Basics of silicon strip detectors

Silicon atoms have four valenceelectrons. In a lattice, theseelectronscan becomeconductive
electrons if their energiesare raised, be it by thermal excitation or by absorption of energy.
This energy raise must exceeda certain minimum: the amount neededto jump the energy
band gap between the valenceand the conductive band. With one conducting electron, the
material alsogainsanother conducting `hole': the de�ciency left behind by the electron can be
�lled up by its neighbors. Theseshifting electronscan be seenas a positive hole moving in the
other direction.

Silicon can be doped with impurities to alter its properties. By adding atoms with �v e
valenceelectrons the result is n-type silicon: the �fth electron from the impurit y can easily
jump in the conducting band of the silicon. Impurities with three valenceelectronsresult in p-
type material. There the valenceelectronsof the silicon jump to �ll the fourth valenceband of
the impurit y, leaving behind a conducting hole. When a p- and n-type material have a contact
surface,chargesstart moving: the conducting electrons from the n-type material move to the
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Figure 3.1: Partial crosssection of a silicon strip-sensor. The applied potential depletes the
bulk region of its `free carriers'. The only current measured is the leakage current, caused
by electronsfreed by thermal energy. Any charged particle passingby releaseselectronsfrom
the silicon atoms, creating a current in one of the extra-highly doped p+ -strips. The n-type
material inversesover time to p-type due to irradiation.

p-type side, while holesgo in the opposite direction. The resulting charge build-up stops any
more charge from moving, creating a depletion zone.

Figure 3.1 shows the schematic crosssection of one SCT silicon sensor.The bulk region
is n-type silicon, which is implanted with extra-highly doped p-type strips, so-calledp+ -type.
The inter-strip distance is � 80mm, while the sensorthicknessis � 300mm. The depletion zone
betweenthe n- and p-type material is increasedto cover the whole silicon bulk by applying a
positive voltage to the aluminum backplane, the bias voltage Vbias. To provide good contact,
an extra doped n+ -type material is implanted betweenthe two.

Once the entire silicon bulk region is depleted, all conducting electrons are taken out of
the silicon. Only a very minimal leakage current due to thermal excitations runs through
the material. A chargedparticle traversingthe SCT can now be accurately detected: it creates
electronsand holesalong its path, which drift under the in
uence of the Vbias creating a current
in one of the strips. Under in
uence of the magnetic �eld present in the ID these drifts are
de
ected, giving rise to the so-calledLorentz angle.

The current running through the p+ -strips doesnot directly go to the read-out chips. First,
the charge builds up inside the strip due to a resistor connectedto its far end, that is the side
not nearest to the hybrid, seeFig. 3.2. This charge build-up induces another charge in the
aluminum strips running parallel to the p+ -strips, separatedby a SiO2 insulator, seeFig. 3.1.
The bene�t of this layout is lessnoise.

Radiation damage

The high particle 
ux through the SCT during LHC operation results in radiation damage
to the sensors.Two types of radiation can be distinguished: the ionizing radiation caused
by all charged particles, and non-ionizing radiation, causedby all particles, but mainly by
hadrons.The e�ects of this last typearedislocation of atomsand nuclearreactions,introducing
impurities and in fact altering the doping of the material. The impurities form traps for the
charge carriers, increasing the charge collection time and changing the signal e�ciency and
timing. The impurities also create intermediate levels in the band gap, thereby increasingthe
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Figure 3.2: Components of a SCT end-cap module. SeeSection 3.1.2 for more details on all
components.

leakage current. The ionizing radiation createstrapped holes in the SiO2. The trapped holes
are known as surfaceand oxide damage.This damagecausescharge build-ups, increasingthe
noiseand lowering the signal height.

The dislocations in the material causeit to behavemoreand more p-type like.This hasgreat
consequencesfor the depletion voltage. The n-type will �rst become`lessn-doped', decreasing
the depletion voltage. After a certain time this processis however so far that the material
really is p-type. The junction movesfrom the p+ -type strips to the n+ -type, seeFig. 3.1, and
an increasingdepletion voltagemust againbeapplied to keepthe silicon bulk entirely depleted.
At the start-up in 2009 the Vbias will be 150 V; after ten years, the expected life-time of the
SCT, it is expected to have increasedup to 450 V.

An e�cien t cooling is of great importance here.The mentioned dislocations can thermally
vibrate back into position, a processcalled`bene�cial annealing'. This is however overshadowed
by the `reverseannealing': a processlesswell understood, but probably due to the di�usion of
the dislocations or impurities and the creation of acceptors(p-type material). This causesthe
e�ectiv e doping to increase,be it n- or p-type. Once a p-type material, the reverseannealing
speedsup the damage.The annealing can be tempered with decreasingtemperature and the
SCT will therefore be kept at � 7� C; any maintenancerequiring shutting down the cooling is
to be kept to a minimum to prevent more damage.
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Figure 3.3: End-cap SCT disk with outer and inner modules(left) on the sideof the disk facing
the interaction point. The middle modules (right) are mounted on the other side.

3.1.2 One SCT end-cap module

Each SCT end-capconsistsof nine disks, mounted with modules in an inner, middle and/or
outer ring. In Fig. 3.3 we see photographs taken of an end-cap disk with all three layers
populated. The three layers have modules of di�eren t sizesand shapes, yet all modules are
built in a similar way. Onehundred inner moduleswereproducedat Nikhef, the rest at di�eren t
locations. Figure 3.2 shows the components of one end-capmodule. Each module has two or
four sensorsglued back-to-back onto a spine at a 40-mrad stereo angle to provide a two-
dimensional position measurement. The modules in the inner ring on a disk have one sensor
per side, the modules in the two other rings have two sensorsper side, which are bonded
together.

There are 768 strips per sensorread out by 6 ABCD chips. In total there are thus twelve
ABCD chips per module. For the SCT end-capsthe inter-strip distance, also called pitch,
varies from 57 to 94 mm. For the barrel there is but one type with a pitch of 80 mm. The
ABCD chips are mounted on the copper/Kapton hybrid and each is wire-bondedto 128strips,
also called channels,via the glassfan-ins. A chip converts the strip signals into binary output
signal and storesthe hits for 132bunch crossingsin a pipeline memory, while awaiting a Level
1 trigger signal, seeSection2.6.1.The chips alsocontain a chargeinjection circuitry which can
be usedfor calibration. In contrast to the time-over-threshold signal in the pixel detector, the
SCT strips in the end thus result in a hit-or-no-hit signal. The resolution of such a signal is
pitch=

p
12� 20 mm, if only onestrip is hit. When more strips are hit the resolution is smaller,

seealso Section 3.2.3.

On the hybrid two more chips control the optical link between the module and the o�-
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detector system. Each module has one p-i-n diode1) to receive the Timing, Trigger and Com-
mands (TTC) signals and two VCSELs returning the data from both sides of the modules
to the Readout Driv ers (RODs). Redundancy links ensure that the TTC can be sent via a
neighboring module, and that the data from both sidescan be sent through one VCSEL2).

The spine with its side-bars not only gives structure to the module, it also electrically
connectsthe sensorbackplanes and the bias voltage, seeSection 3.1.1, and servesas thermal
conductor to transport the heat generatedby the bias current in the sensorsto the cooling
blocks. The cooling blocks areat the sametime the mounting blocks; the �xation of the location
washersto these blocks is with a precision that is better than 20 mm in the perpendicular
direction of the strips, see[74]. Figure 3.4 depicts the �xation of a module and the heat 
o ws
from the module to the cooling circuit.

cooling circuit

ABCD chip

sensor

hybrid

cooling block

location washer

fan-insheat flow

Figure 3.4:Crosssectionalong the spineof an outer module at the hybrid end,with the �xation
of the location washer to the cooling block (seealso Fig. 3.2). The arrows indicate the heat

o ws from three ABCD chips and from the sensor.The 
o w along the cooling block to the
cooling circuit is also depicted. The �gure is taken from [75].

3.1.3 End-cap disk and cylinder design

Figure 3.3 shows photographs of the front (left) and back (right) side of a fully populated
disk. Per quadrant the disk has 13 outer, 10 middle and 10 inner modules. One disk is 1.2 cm
thick and has an outer radius of 56.7 cm, an inner radius of 26.7 cm and consistsof a carbon
�b er sandwich with a Korex � honeycomb �lling. Various mounting points and holes have
been machined on the disk, to facilitate the routing of the cooling circuits, �b ers and power

1) p-doped-intrinsic- n-doped semiconductor diode.
2)Vertical Cavit y Surface Emitting Laser.
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Figure 3.5: Photograph of a part of one SCT end-capdisk, illustrating the servicesbefore the
disk is populated with modules. The latter are temporarily replacedby dummy hybrids. Five
of theseare visible.

tapesover the disk surface.The front and back side are used, to ensurea full coverageof the
(x;y)-plane by the modules3) and at the sametime have spacefor their associated services.

In Fig. 3.5 a photograph of a part of one disk is shown illustrating the servicecablesand
pipes.The picture was taken beforepopulating the disk with modules; the functioning of the
modules was temporarily simulated with dummy hybrids. All the servicesreach the disk edge
where they are routed along the cylindrical support structure, also called `the cylinder'. The
servicecomponents on the disk will now be summarized.

� The power tap es, alsocalled `wiggly' tapes,supply the control signal, the high voltage
and the low voltage power to each module. Each wiggly tape can supply power for up to
three modules.

� The opto-harnesses route all the optical �b ers to and from the modules. Two �b ers
per module are used for the transmission of data and one �b er per module is used to
send the timing, trigger and control signals. These three lines are connected to each
module by an opto-plugin , which converts the optical signals into electrical signals.
Each opto-harnesscan be connectedto up to six modules.

3) In Figure 3.3 we see how the middle modules cover the radial gap where the front-end electronics and
servicesfrom the outer and inner modules are located.
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� DCS sensors, where DCS stands for Detector Control System, are for measuring the
temperature and humidit y. Up to 30 thermistors are located on one disk and more are
attached at various locations throughout the SCT volume.

� Grounding foils are located on the front and back sidesof all disks to ensureproper
grounding connectionsto all the applied services.All disk elements are linked up to the
support structure (seefurther down), which is connectedto common ATLAS ground.

� The FSI jew els, where FSI stands for FrequencyScanningInterferometry, are present
throughout the SCT. A `jewel' is the re
ecting element in a grid-line interferometer,
with which an accuratemeasurement of a distancecan be made.Each section (barrel or
end-cap) is equipped with an FSI grid and is thus monitored for any changein shape.

� The cooling circuits are highly modular allowing one circuit per disk quadrant. The
pipeshave a Cu-Ni composition and consistof consecutive S-bendsto alleviate the stress
causedby thermal expansion.Each circuit is divided in up to three di�eren t branches,
where the mass 
o w through each branch is regulated by a capillary located on the
outside of the end-capcylinder.4) The modules in one quadrant of a ring are all cooled
by the same branch: one main circuit per quadrant feedsup to three circuits for the
modules present on the inner, middle and outer ring.

In Figure 3.6 (left) the schematicsof the cooling circuit for the middle modules is given.
The right �gure shows a photograph of the realization on a disk. As it is the back side,
there is but one circuit; the inner and outer modules are mounted on the other side. On
a photograph in Fig. 3.8 the capillaries can be seen.

� The cooling blo cks - For the outer and middle rings both module ends are cooled,
whereasfor the inner ring, where the modules consist of only two sensorsand are thus

4)To be exact, the length of the capillary determines the mass 
o w, seealso Section 3.4.2.

Figure 3.6: Cooling circuit for middle modules: design (left) and realization on a (protot ype)
disk (right).
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shorter, only onecooling contact is implemented. The carbon-carbon5) cooling blocks are
solderedto the pipesand mounted on the disk. The blocks have an aluminum threaded
pin over which the module is placed and secured,with a controlled layer of thermal
grease(20 mm thick) in between. The largest heat production is in the chips on the
hybrid, approximately 0:8 Wcm� 2 per chip. For the blocks located on the hybrid side of
the module a 1 mm split therefore separatesthe block into two parts: a larger part for
cooling the hybrid, and a smaller one making contact with the spine for the removal of
heat from the sensor.Seealso Fig. 3.4.

In Table 3.1 the population of all end-capdisks with either inner, middle or outer modules
is listed; both end-capsare identical. Disk 8 needsonly a short middle, since having a full
middle module would not have any optimizing e�ect on the h coverage.The outer and inner
modulesfacethe interaction point, except for disk 9, which wasrotated and wasmounted with
its outer modules facing away from the interaction point to maximize the h coverage.

Disk 1 2 3 4 5 6 7 8 9 Total

jzj (mm) 854 934 1092 1300 1400 1771 2115 2505 2720

Outers 52 52 52 52 52 52 52 52 52 468
Middles 40 40 40 40 40 40 40 - - 280
Short middles - - - - - - - 40 - 40
Inners - 40 40 40 40 40 - - - 200

Total 92 132 132 132 132 132 92 92 52 988

Table 3.1: The total population of modules on each disk; each quadrant contains exactly one-
fourth of the total. The nominal jzj position of the center of each SCT end-cap disk is also
listed.

The nine disks are accurately mounted inside a cylindrical support structure, which itself is
supported by a front and rear `wing', seeFig. 3.7. The front wing is closestto the interaction
point. These wings are used to place the end-cap on the TRT rails, allowing the SCT and
TRT to sharea commonaxis. Apertures are available on the cylinder to allow connectionsfor
the �b ers and cablesto be made at the patch panels at the disk edge.From these so-called
patch panel forward 0 (PPF0s) the disk servicesare routed along the surfaceof the cylinder
to the rear side, where they are again connectedto the service lines connecting the end-cap
with the systemsin the servicecaverns, seeFig. 2.3. The entire cylinder is grounded with a
copper-polyimide ground sheet that covers the outside of the cylinder surface,seeFig. 3.8.

The on-cylinder service lines are �b er ribb ons carrying the optical signals, power tapes
and the cooling circuits. At the PPF0s the wiggly tapes from the disks connect to Low Mass
Tapes (LMTs), 21 mm wide polyimide power tapes with copper traces. These LMTs have
beendesignedvery thin to keepthe amount of material as low aspossible,which however also
meansthat they have a signi�cant resistanceand produceconsiderableheat. LMTs connecting
to modules in the samef -segment of the disks are occupying the samesurfaceposition on the

5)a form of graphite with high thermal conductivit y in one plane (t ypically � 100 W/m �K) and poorer
conductivit y out of the plane (� 50 W/m �K).
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Figure 3.7: The cylinder support structure. The two wings are usedto mount the end-capon
the rails also usedby the TRT.

LMT

capillary

cooling circuits

grounding foilaperture

Figure 3.8: Photograph of a part of the end-cap surfacewith the on-cylinder services.LMT
stacks are visible, cooled by two cooling circuits on either side. More cooling circuits and
capillaries are present, which connect to the on-disk servicesthrough the aperture.
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cylinder and are stacked together. When powered, the temperature in the center of a stack of
LMTs can rise to 50� C, leading to a signi�cant heat load on the detector.

In order to transport this heat away from the detector, dedicated cooling pipesare placed
along side the LMTs, with foils wrapped around the LMTs and the cooling pipes to create
su�cien t thermal contact betweenthe two components. Thesepipesare fed from the cooling
circuits of disk 7,8 and 9, which have additional cooling capacity as they contain lessmodule
rings. Each set of three LMT stacks has a pipe on either side: one from disk 9 and one from
disk 7 or 8. In caseof failure of the cooling circuit on one of these disks, the LMTs are still
cooled by the cooling circuit from another disk, preventing the lossof a full azimuthal slice of
modules.

Separatecapillaries carry the coolant to each circuit inlet. The exhaustsfrom the circuits in
onedisk quadrant mergeat the disk edge,such that all inner, middle and outer modules in one
disk quadrant rely on a singlecooling line outlet. This meansthat oneleaking circuit can cause
an entire disk quadrant to be a�ected. For end-cap C this is unfortunately the caseon disk
9: circuit 186 is leaking and the quadrant with positive y and negative x cannot be operated.
(Luckily disk 9 only carries outer modules.) Thirteen outer modules are thus non-functional.

3.2 SCT performance

The Inner Detector is designedto measurethe transversemomentum of chargedparticles with
precisionbetter than 30% for tracks with pT up to 500GeV, requiring a resolution of � 20 mm
in the bending plane [70]. For the track reconstruction the hit e�ciency is to be > 99%, at least
99% of the channelsare to be operational and the noise occupancy per strip 6) in the SCT is
required to be lessthan 5�10� 4. To satisfy this last requirement, the threshold in the ABCD
chip above which the signal is interpreted as a hit, needsto be at least 3.3 times higher than
the averagenoiseon the strip. With a typical value of the input noiseon the silicon strips of
� 1500electrons,the threshold setting is thus to be> 0.8 fC (4950electrons).The hit e�ciency
requirement dictates the threshold to be < 1:3 fC. For comparison:a charged particle passing
through the � 300mm thick silicon sensorcreatesapproximately 2:5� 104 electron-hole pairs,
equivalent to a charge deposition of about 4 fC within the silicon.

The performanceof the SCT has been monitored all along its production line. First, the
individual modules were tested before being sent to the assembly site, i.e. Nikhef for end-cap
A. Then during the assembly four main stagesof tests can be considered:the end-capdisk (or
barrel-layer) assembly, the end-capcylinder (or entire barrel) assembly, the surfacereception
tests in building SR1at CERN and �nally the integration in the ATLAS detector in the cavern.

The testing consistsof digital and analoguetests: the digital tests check that the redun-
dancy links betweenmodules and the chips bypasslinks are functional. It also includes a test
of the pipeline circuitry . The analoguetests are: the Strobe Delay test, for the correct setting
for the delay between the charge injection time and readout time neededfor proper calibra-
tion, the 3-point-gain and the ResponseCurve test, seefurther, and the Trim Range Scan.
The latter determinesthe optimum `trim setting' for each channel, which compensatesfor the
threshold o�set each strip can have with respect to the one signal threshold that is set per
ABCD chip. In [73] all tests and test results are discussedin detail, here we summarize the
results of the tests performed in 2008after the SCT was integrated in the ATLAS detector in
the cavern.

6)Number of hits on a strip as a result of noise divided by the number of times the signal is read out.



3.2. SCT performance 67

Figure 3.9: Left: a typical threshold scanwith the �tted width of the step function character-
izing the output noise.Right: noiseoccupancymeasuredin the barrel and end-capmodules.

3.2.1 Noise and dead channels

An important test is the 3-point-gain with which the input noise, the channel gain and the
channel e�ciency can be determined.7) As mentioned in Section 3.1.2 the ABCD chips on the
modules are equipped with a charge injection circuitry which can be usedfor calibration. For
this calibration pulse a step of 10 mV corresponds to an input charge of 1 fC. These pulses
can be used to measurethe input noise in the so-calledgain test: on each channel increasing
valuesof chargeare injected and the number of hits for a given number of triggers is measured
over a range of threshold.

In Fig. 3.9 (left) we seea typical result for one channel of such a scan. A scan of a (hy-
pothetical) perfect channel with no noise would result in a step function: the hit probabilit y
drops from 1:0 to 0:0 when the threshold is varied from low to high values(keepingthe injected
charge �xed). Due to noiseon the channel this step function is smearedand the scanproduces
an S-curve.The threshold at which 50%of the triggers are measuredashits correspondsto the
averagechannel output for that charge, the width of the smearedstep function characterises
the output noise.

Repeating this scanwith pulseswith di�eren t input chargesresults in the `responsecurve',
the 50%-response-thresholdvs the input charge. The 3-point-gain is simply a responsecurve
of three points. The slope of a linear �t to this is the gain, and the input noise is determined
by the output noiseat 1 fC divided by the gain. The noise is measuredin units of ENC: the
Equivalent Noise Charge which is de�ned as the amount of electrons neededto be delivered
to the input to produce the noise.In Table 3.2 an overview of the input noisefor the di�eren t
module groupsat the di�eren t test stagesfor end-capA is given. All valuesare comparableat
each stageof testing. For end-capC and the barrel the results were similar, seealso [76].

With the noise temperature coe�cien ts measuredto be � 5 ENC/ � C for the outer and
middle modules and � 4 ENC/ � C for the inner and short-middle modules, the �nal results in
the table are almost within speci�cation: the maximum allowed noiseduring the initial LHC
running is set at 1500ENC with sensortemperatures � � 7� C. This upper limit is to ensure

7)The ResponseCurve test does the sameas the 3-point-gain test, with a larger number of injected charges
for more accuracy.
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that even after radiation damage the noise occupancy does not exceed5� 10� 4. In Fig. 3.9
(right) the noise occupancy is depicted, as measuredin the cavern in December 2008 at the
end of the cosmicmuon run8). It is clearly below the speci�cation of 5� 10� 4. The results in
Table 3.2 are only a few percent too high and should be no reasonfor concern.

With the noisetest defective channels(noisy or dead) can be identi�ed, aswell asbonding
defects(noisetoo high or low). After comparing the results from the di�eren t test stagesit can
be concludedthat there is no signi�cant increasein the number of bad channels.The fraction
of defective channels is 0:2% in the SCT barrel and 0:3% in the SCT end-caps,see[73,77],
safely below the speci�cation of 1%.

Test Stage Outers Middles Short Middles Inners

Disk assembly 1606� 51 1527� 44 911� 25 1066� 31
Cylinder assembly 1586� 52 1519� 45 908� 25 1057� 33
SR1 reception 1584� 77 1534� 62 895� 38 1055� 44
Cavern integration 1608� 83 1559� 51 911� 26 1072� 32

Table 3.2: The mean input noise and spreads(in ENC) of the four module groups for end-
cap A during the four main stagesof testing. All values have been normalized to a module
temperature of 0� C.

3.2.2 Hit e�ciency

The hit e�ciency is, in simple words, the fraction of hits recordedin a region of a sensorwhere
a chargedparticle traversedand a hit can be expected. The hit prediction is calculated in the
following way: for a reconstructedtrack in an event the hit (if there is any) located on the SCT
barrel or disk under investigation, i.e. the i th layer, is removed. A track re�t is then performed
excluding this hit and from the parametersof the new track an extrapolation to the i th layer
results in the predicted position of a hit on a module.

In order for a hit to be entered into the numerator of the e�ciency calculation, it must be
found within a certain road width around the predicted hit prediction. The results presented
in this sectionare obtained with the cosmicrun data of fall 2008;asmost tracks correspond to
low momentum cosmicmuonsthe Multiple Coulomb Scatterings(MCS) of the chargedparticle
traversing the detector can causesigni�cant kinks in its tra jectory. (This is not the casefor
the LHC in general.) In order to neglect the e�ect of theseMCS a value of 2 mm was chosen
for the road width.

The result obtained this way for the unbiased9) hit e�ciency is depicted in Fig. 3.10. The
horizontal axis is de�ned as follows: 0:0 is the module side facing the interaction point on the
innermost layer of the barrel, or disk of the end-cap;0:5 is the other side of the samemodule.
1:0 is again the inner side of the next layer/disk, etc.. . For this study 5� 104 cosmic muon
tracks were used, taken end 2008. For the barrel plot the selection cuts10) reduce the initial
6� 105 track/silicon intersectionsby a factor of 0.47.The left �gure thus contains around 3� 104

8)Cosmic muons are muons created in the atmosphere by cosmic radiation and can travel all the way down
to the ATLAS detector. End 2008 these muons were analyzed for commissioning and calibration purp oses.

9) `Unbiased' here means that the hit was excluded from the track �tting. The same analysis can be done
without excluding the hit on the i th layer, biasing the results.

10)Of which the synchronization of the SCT and TRT read-out timing and the requirement of a < 40� incident
angle result in the biggest losses.
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entries per layer point. There are however only about 1:7� 104 entries for the entire end-capA,
as no end-captriggers wereoperational yet in the cosmicrun of 2008.All tracks are triggered
by barrel trigger chambers and the number of entries drops rapidly with the disk number.
The results for disk 9 are with approximately 50 entries. Almost all layer hit e�ciencies are
measuredto be within speci�cations, i.e. greater than 99%. For this data set a preliminary
alignment was used, i.e. the barrel was aligned down to the module level, while the end-caps
were aligned as a whole to the barrel.

Figure 3.10: Hit e�ciency for each layer of the SCT barrel (left) and each disk of end-capA
(right) from cosmicmuon tracks, using a preliminary alignment. Each layer/disk hastwo sides.

3.2.3 Alignmen t and resolution

As the detected cosmic muons originate in the upper atmosphere,the vertical orientation of
the end-cap disks makes a direct alignment using these muons more di�cult. Therefore, the
end-capsare aligned to the barrel. Figure 3.11 depicts the distribution of the hit residuals
in the barrel, de�ned as the measuredhit position minus the expected hit position from the
track extrapolation, for the nominal and the preliminary aligned geometry11) . Compared to
the results for a perfect geometry, which are determined from MC results and are shown in
the same�gure, we can concludethat the alignment is already on a good track.

The SCT detector resolution canbeextracted from the width of the SCT hit residualdistri-
bution of a given module sideafter subtracting the track prediction and alignment corrections
uncertainties, see[77]. The track uncertainty is however poorly estimated for the caseof low
momentum particles. Figure 3.12 shows the width of the SCT unbiasedresidual distribution,
for the outer side of the modules in barrel layer 2, as a function of the unbiased track c 2;
this is the track c 2 minus the contribution of the hit under evaluation.12) Thesemodules were
chosento maximize statistics and minimize track errors. The �gure depicts the distribution
obtained for simulated and for real data. The bene�t of showing it as a function of the track
c 2 is that when the c 2 tends to zero the contribution of low momentum tracks, and thus from
track uncertainty, is negligible.

A width of 24� 1 mm is obtained for real data for tracks with an unbiasedc 2=ndof of less
than 1. This is slightly higher than the 20� 2 mm obtained for the simulated data, most likely

11)For the alignment the global c 2 approach was used, see[78].
12)The total track c 2 is simply the sum of å i

�
residuali

s i

� 2
, where the sum runs over all hits i.
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causedby the alignment uncertainties which have not been considered.A width of 20 mm is
however lower than the theoretical value of 23 mm belonging to barrel module strips with a
pitch of 80 mm. These small widths measuredare due to the large number of double hits in
both the real and simulated data. Approximately onein three of the hits is in fact a double hit,
meaning that two neighboring strips are hit. From this one learns that the particle must have
passedin between the two, reducing the uncertainty on its exact tra jectory. This e�ectiv ely
reducesthe resolution of the one-strip hit measurement.
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Figure 3.11: Residual distribution in x (the projection onto the local x coordinate, which is
the precisioncoordinate), integrated over all hits-on-tracks in the SCT barrel for nominal and
preliminary aligned geometry. Tracks are required to passthe pixel inner layer.

Figure 3.12:Width of the SCT unbiasedresiduals(takenfrom [77]) asa function of the unbiased
track c 2 per number of degreesof freedom, for real and simulated cosmicmuon data.
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3.3 The ID evaporativ e cooling system

For both the pixel and the SCT detector a special cooling systemhasbeendesigned.Being the
closestto the interaction point, thesetwo detectorshave the highest particle 
ux, resulting in
radiation damagewith a contin uous degradation of the bulk silicon material and an increase
in the device leakage current. To slow down the reverseannealing of the silicon modules, as
explained in Section 3.1.1, the temperature must be kept as low as reasonablypossible.

The cooling systeminstalled must not only lower the temperature, it must at the sametime
removea largeheat load. Each of the modulesin the detectorsis readout through several front-
end (FE) chips. With the heat produced at each FE chip (0:8 Wcm� 2) all modules together
produce a considerableamount of heat: the SCT barrel produces by itself 22 kW, the two
SCT end-capstogether produce a similar amount and the total heat production of the pixel
detector is around 17 kW. Although thesevaluesare only expected after yearsof irradiation,
the capacity of the cooling system installed now must be su�cien t to remove this heat load.
At the start-up of ATLAS the power consumption of the modules will be almost a factor
two lower: it increasesover time as sensorcurrents increasedue to the radiation damage,see
Section 3.1.1. In Table 3.3 we summarizethe power loads in di�eren t parts of the ID.

Number of Nominal Subtotal Nominal
capillaries Number of power load nominal mass

per circuits per power load 
o w per
circuit circuit circuit

[W] [kW] [g/s]

SCT Barrel 2 44 504 22.2 7.8
SCT EC (3 sectorsdisk) 3 64 346.5 22.2 5.7
SCT EC (2 sectorsdisk) 2 8 241.5 1.9 4.5

Pixel Barrel 1 56 220 12.4 4.1
Pixel Discs 1 24 110 2.7 2.1

Pixel servicepanels 1 8 220 1.8 4.1

TOT AL 204 63.2

Table 3.3: Basic parametersand cooling capacity of the cooling circuits.

A silicon detector can survive longer at lower temperature, yet with the pixel and SCT
detector being at the heart of ATLAS the material restriction and the limited spaceput severe
constraints on the possiblecooling achievable. An evaporative cooling systemhasbeenchosen,
to operate at a coolant temperature of � 25� C. With the total thermal resistancebetween
the modules and the cooling pipes, this amounts to the SCT and pixel modules operating at
around � 7� C and 0� C respectively. In this section we go into the details of the ID cooling
system.We cannot however cover everything and for a more detailed description we refer the
reader to [79,80].

3.3.1 Evaporativ e and mono-phase cooling systems

An evaporative system has been chosen over a mono-phasesystem for several reasons:the
higher heat transfer coe�cien t between the cooling 
uid and the cooling pipes, the smaller
temperature gradient along the long cooling channels, and the smaller pipe size required for
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the circuits. An important reasonis that extracting heat at a phasechangeis a more e�cien t
way than using a single phasecooling system, reducing the amount of cooling liquid needed
and reducing the sizesof the pipe work.

To give an indication, the speci�c heat capacity (SHC) of C3F8 , the refrigerant used in
the cooling system,is 0:794J/(gK), at 1 bar and + 25� C. Its latent heat vaporisation (LHV) is
97:0 J/g at 1.7 bar and � 25� C. With a heat load of 63 kW the evaporative systemthus needs
0.65kg/s to keepthe detector cooled13) . A mono-phasesystemwould need7.2 kg/s, assuming
we tolerate a 10� C increasein temperature14) . Not only is such an increasein temperature
undesirable,but a factor of ten more coolant would thus be needed.

3.3.2 Coolant choice

There are several reasonsfor choosing C3F8 as the coolant for the system. The saturated n-
type 
uoro carbon refrigerants CnF2n+ 2 havemany properties neededin ATLAS: they havevery
good stabilit y against radiation, they are non-
ammable, non-toxic and electrically insulators.

Di�eren t typesof 
uoro carbonshave beenconsideredand in Table 3.4 we list someimpor-
tant properties of two of them. In the end C3F8 was chosenfor mainly three reasons:�rstly , it
givesa lower pressuredrop in the vapor phase,asweseein Table3.4,which allows for a reduced
size of the return pipe. Secondly, it has a low saturated vapor temperature at the minimum
operating temperature of � 25� C, which is still above the atmospheric pressure.This means
that there can be no air ingress.And thirdly , it shows the highest heat transfer coe�cien ts.

Vapor volume per
Refrigerant Latent Heat cm3 of liquid Vapor pressure

[J=g] [cm3] [bara]

C4F10 101.1 242.6 0.58
C3F8 97.0 71.4 2.46

Table 3.4: Physical properties of two possiblerefrigerant candidates,at � 15� C.

A system with CO2 has also been considered.Such a system has several advantages: the
coolant can operate at lower temperatures, there might be lessmaterial needed,and CO2 is a
cheaper material than C3F8 ; last but not least, it is environmental-friendlier, see[81].However,
due to lack of expertise with such a system and time to develop it, it has not beenchosento
be implemented in ATLAS. Especially the higher pressuresat which it operatesand the exact
amount of pipe-work (material) neededfor such a systemwere reasonsfor concern.

3.3.3 Thermal enclosure

For the detectors to be kept at such low temperatures, they must be contained in a dry
environment to prevent condensationoccurring on the cold structures. The four di�eren t parts
of the SCT and the pixel, i.e. the pixel, the SCT barrel and the two SCT end-caps,are therefore
all individually isolated by a thermal enclosure
ushed with dry nitrogen. The TRT itself is

13)This is lower than the total of 1.1 kg/s in Table 3.3: to be sure to have enough cooling capacity at any time,
the total 
o w is almost twice as large. Hence also the need for heaters, seepage 76.

14)Here we assumethat the SHC is the same at � 25� C as it is at + 25� C. The boiling point is at � 37� C, so
the assumption is not too far o�.
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split in three individual parts, i.e. the barrel and its two end-caps,and theseare 
ushed with
CO2 as they operate with a gas mixture of CO2 , O2 and Xe. To form a barrier between the
TRT and the silicon detectors, the gaps in between the sub-detectorsare 
ushed with CO2 .
SeeFig. 3.15 for an overview of the seven systemsand [80] for more details.

The enclosuresof the seven sub-detectorsmust ensurethermal neutralit y and gasisolation
betweenthem, all seven thus have an independent temperature and gascontrol system.With
the limited available spacethe choice was made for active elements: the pixel and SCT are
coveredwith heating foils to ensurethermal neutralit y at the boundary betweensub-detectors.
During normal operation of ATLAS this meansthat the outside of the SCT is warmed to the
temperature of the TRT, i.e. room temperature; the pixel heater pads can stay o�. A second
role of the heater pads is keepingthe pixel and SCT outer temperatures above the dew point
of the cavern, when the detector is open and the cooling is running. This is when the pixel
heater pads are also needed.

3.4 Cooling system comp onents

The easiestway to understand how the cooling system works is to go step by step through
its pressure-enthalpy (PH-) diagram, seeFig. 3.13(a). The part of the system actually in the
ID is between point D0 and point F0. We will start by explaining the processfrom point A.
From there up to point D the system is located in the USA15 area, seeFig. 2.3. A schematic
overview of the lay-out of the cooling systemis given in Fig. 3.13(b). The parts going between
point D and D0 and betweenpoint F0 and A correspond to the pipescarrying respectively the

uid and the gasto and from the detector.

3.4.1 O�-detector part

The o�-detector part consists �rst of the main cooling plant with the compressorsand the
condenserlocated in USA15, and secondof the four distribution racks which are located on
the gallery at the sidesof the ATLAS cavern (UX15). Each rack serves one quadrant of the
detector and controls both the inlet pressureand the back pressureof each of the, on average,
51 individual 
uid circuits in a quadrant.

Starting at point A, the gasreturns from the back pressureregulator and goesto the com-
pressors.At normal operation of ATLAS a maximum of six compressors,working in parallel,
compressthe gas from 800 mbar absolute at the main return manifold to 17 bar absolute at
their outputs. All but two of thesecompressorsrun in an ON or OFF mode; the �rst two (also
on UPS15)) have a by-passline, making it possibleto �ne tune the 
o w rate and thus tuning
the pressureat the compressorinlet manifold to a constant value. We note that in 2008not
more than four compressorsran simultaneously; the maximum of six compressorswill only be
neededat the end of life of the sub-detectors,when the heat production is at its highest. A
seventh compressorwill also be installed, such that for maintenance one compressorcan be
turned o� with the cooling systemstill running.

At point B in the PH-diagram, the 
uid is still in a gas form. It is condensedinside a
mixed water plate heat exchanger, which has the water circulation inside the heat exchanger
regulated to maintain a constant condensationpressure.After the condenserthe liquid returns

15)Unin terruptible Power Supply. A system ensuring a contin ues power supply, even in caseof failure of the
regular supply.
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Figure 3.13: The processof the cooling liquid given in di�eren t steps from A to F' in a P-H
diagram and in a schematic layout of the system.
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to the main inlet distribution manifold, passing�rst through a storagetank and a sub-cooler.
This last cooler, also working with mixed water, brings us from point C to point D in the
PH-diagram.

Leaving the USA15 area the liquid has a long way to go to reach the detector. Along this
passage,which is in total more than 100 m long, the pipes are routed for more than 20 m
through a tunnel also usedto route power cablesto UX15. The heat producedby thesecables
and the environmental temperature in the tunnel is unknown. After the pressureregulators,
seenext section, but just before the ID, the pipesare again routed along cables.Altogether it
has therefore beenassumedthat, as a worst case,the liquid could warm up to a temperature
of 35� C before reaching the ID, bringing us to point D0. By the end of the year 2008 it was
clear that the temperature increaseis much lessand the liquid arrivesat the ID not warmer
than 25� C: the last part of the routing just before the ID is also together with the returning
cold gaspipes,e�ectiv ely cooling the incoming warmer liquid pipes.

3.4.2 On-detector part

A schematic view of the on-detector part is given in Fig. 3.14. From the distribution racks on
the platforms a total of 204circuits go into the detector. Each circuit starts with onePressure
Regulator (PR) on one of the racks, which sets the inlet pressure.This can be usedfor small
adjustments of the 
o w rate through the circuit, but its main purposeis to keepthe pressure
above the saturation point of the 
uid; otherwise vapor formation will lead to a signi�cant
reduction of the 
o w through the capillaries and to a reducedcooling capacity.

Each circuit then consistsof several components we will discussshortly and �nally returns
to the distribution rack wherethe Back PressureRegulator (BPR) controls the outlet pressure.
This pressurein fact sets the temperature of the outlet cooling 
uid, which can be seenin
the PH-diagram of Fig. 3.13(a). Setting a higher/lower pressuremeansthat the point in the
diagram where the 
uid goes from saturated state to gas state will be higher/lower on the
phase-transition line and be at a higher/lower temperature. Obtaining a temperature of � 25� C
requires therefore an absolute pressureof 1.67 bar for the C3F8 cooling 
uid.

Heat exchanger Going from point D' to point D" in the PH-diagram there is a temperature
drop of the liquid. This happensin the heat exchanger(HEX) wherethe incoming warm liquid
interacts with the outgoing cold gas.The bene�t of this component is that a more e�cien t use
of the available enthalpy can be made, and that the outgoing gas is warmer.

The design of the HEX is sub-detector dependent, mainly driven by the available space.
The e�ciency of a HEX dependson several factors: the 
uid mass
o w and speed,the fraction
of liquid to vapor in the 
uid returning from the detector and the orientation of the HEX.
This last factor is of importance as the orientation in
uences the 
o w and thus the amount of
contact betweenthe incoming and outgoing coolant.

Capillary After the heat exchanger the coolant passesthe capillaries. The purposeof these
is to drop the pressureof the 
uid, such that it enters the detector structure in a mixed phase
of liquid and gas, with a vapor quality16) as low as possible.That is, it must be just in the
boiling phaseto be as e�cien t as possiblein extracting the heat from the modules.

The 
o w through the capillaries is the pressuredrop we observe in the PH-diagram from
point D" to point E. Each circuit can have either one, two or three capillaries, depending on

16)A 
uid which is pure gas has vapor qualit y of 1; pure liquid has vapor qualit y of 0.
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Figure 3.14:The on-detector part of onecooling circuit. All components and several important
temperature sensorsare shown.

the number of branches the circuit splits into. Each capillary is used to set the correct mass

o w neededin that speci�c branch. The required mass
o w is branch speci�c: it dependson
the power dissipation along that branch, the e�ciency of the circuits HEX and on the vapor
quality at the exhaust of the cooling structure. Setting a correct mass 
o w is achieved by
tuning the length and diameter of the capillary. The lengths vary between1.5m and 6m, the
diameters between0.65mm and 1.00mm; see[79] for all details.

Detector structure Arriving �nally at the point wherethe cooling doeswhat it is designed
for, that is taking the heat load from the detector, the 
uid goes from point E to point F in
the PH-diagram. At point F, this is again after the detector structure, the 
uid must not have
reached the phase-transition line, since that would imply that it is 100% gas which greatly
reducesits cooling capacity.

Heater After the detector structure the 
uid passesthe HEX again where it absorbsmore
heat from the incoming liquid. The 
uid after the HEX can still be a mixture of liquid and gas,
and has a very low temperature. If this were to leave the dry environment of the ID, it would
causecondensationalong the pipesgoing back to the distribution racks on the platforms. To
prevent this, the coolant is brought to room temperature by a heater, basically an electric coil.
This brings it to point F' in the PH-diagram, where it is at room temperature and completely
in a gasstate.

If the heat load of the detector should suddenly drop or completely disappear for whatever
reason,the heater still has the function of bringing the 
uid to room temperature. This means
that it must be able to react within a reasonabletime to changesin the cooling 
o w and that
its maximum power is equal to or greater than the full heat load of the detector branch.

In Fig. 3.14 we can seethe location of several temperature sensorsat di�eren t points in
the cooling circuit. These are used to monitor the whole system; some are used to control
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the heater power such that the temperature of the 
uid leaving the detector is around 20� C.
The temperature of the heater surfaceis usedfor the interlock system: if it risesabove 55� C,
the current is immediately stopped, independent of the power request.When the temperature
drops below the limit, the current is resumed.We note that for some circuits the interlock
limit is set higher, seeSection 3.5.2.

Change of heater design In the beginning of 2007during the installation of the heaters,
two problems were discovered. First, the location of the control sensor on the heater was
found to be not-optimal. Secondly, a combination of moisture and wrong glue used for the
connectorson the heater resulted in a short-circuit in a limited number of heaters.This ended
in oneheater partly melting oneconnectorwhen testing the installation. To prevent this from
happening again the heaters were redesigned.It turned out that exactly around the original
location of the control thermocoupleson the heater the 
uid is coldest.This is probably caused
by the narrowing of the pipe. In the new designthe narrowing was made lesssevere, and the
regulation thermocouple for the control line was placed after the heater, where the 
uid has
a more homogeneoustemperature. In order to still be able to reach the SCT heaters after
installation, thesewere also placed at a di�eren t position than originally planned. Figure 3.15
shows the original location where the SCT heaters were supposedto be placed. In the new
designthey were moved to the end-
anges, just like the pixel heaters.
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Figure 3.15: Schematic layout of one quadrant of the ID. The old and new position of the
SCT heaters is given. The barrel compartments extend to the other half of the detector: with
a mirrored quadrant to the left, we can seethe seven di�eren t environments. The `Was to be
TRT wheels'indicatesspacereservedfor additional TRT wheels.Thesenever wereconstructed,
and the spaceis now usedfor the pipe-work neededto the new SCT heaters.
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The Back Pressure Regulators The pressuredrop observed from F' to A in the PH-
diagram is the drop over the BPRs which set the pressuresat the on-detector side. The
pressureof the 
uid at the o�-detector side of the BPRs is regulated by the operation of the
compressors.

For the coolant temperature to be� 25� C in the detector, the pressureat the inlet-side of the
compressorsis to be around 800 mbar, seeFig. 3.13(a). Turning on cooling circuits however
changesthis pressure,with more 
uid arriving at the compressors.In Fig. 3.16 the Vapor
Return Pressureis shown and we observe the pressurerising as circuits are turned on. From
15:00up to 17:00a total of 63 loops is turned on. At 15:28and at 15:42the pressuresuddenly
drops: at both times an extra compressoris turned on. The pressuredrop is a consequenceof
the sucking-e�ect of the extra compressor.The fact that we do not measure800 mbar after
the turn on of a compressor,is becausein 2008 the cooling system was operated at higher
temperatures than in �nal operation.
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Figure 3.16: Vapor return pressureduring turn on of circuits. At 15:28and at 15:42the e�ect
is visible of two compressorsturning on.

Problems with the compressors

On May 1st 2008 a serious failure of the cooling plant occurred, shutting it down for three
months. It turned out that three compressorswere badly damaged due to slipping of the
internal magnetic couplings. Fig. 3.17(a) shows a schematic of one compressor.An electric
motor drivesthe compressorthrough a magnetic coupling; this type of compressorwaschosen
becausethe magnetic coupling makes it possible to have a good isolation of the C3F8 gas,
reducing leaksand possiblecontaminations. Due to a still unknown reasonthe coupling started
to slip. The magnet driving the compressioncame to a halt, while the magnet driven by the
electric motor kept turning, creating electric currents heating up the magnets. The system
almost certainly ran for more than twelve hours in this condition and cameto a halt when the
magnetsbroke to piecesdue to the heat.

The manufacturer repaired the compressorsand also installed sensorson all compressors
counting the number of rotations of the cranksto makesuretheserun at 1450RPM; the cranks
drive the compressionand aremagnetically coupledto the electromotor running at 1450RPM,
seeagain Fig. 3.17(a). The interior damagefrom the May 1st incident was however such that
small parts of the debrismight havebeentransported into the cooling pipes.After investigation
only the pipesoutside the detector in the USA15 pump room were found to be contaminated,
�lters protected the pipes further downstream. When taken apart for cleaning the debris was
found to be mostly from another part of the compressors:apparently the pistons eroded much
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(a) Schematic of the compressor. (T ype
HAUG, model QTOGX 160/80 LM.)

(b) Picture of the compressorsin USA15.

Figure 3.17: Left: In the compressorthe electro-motor drives the outer of the two magnets.
Through magnetic force this drives the inner magnet, making it possible to have a good
isolation of the left part of the compressorcontaining the C3F8 . Right: a photograph of the
six compressorsinstalled in USA15.

faster than assumed.Independent of the slipping problem, but also serious, this has lead to
the installation of extra �lters after the compressorsand a more frequent replacement of the
piston rings.

Two questionshowever remain unanswered:what causedthe slipping, and why did it occur
in three of the �v e running compressorsat the sametime?

3.5 Op erating the cooling

Once the cooling plant is operational there are basically three controls to be set:

� The PR which is set for groups of circuits. In total there are 18 PRs to be set.

� The BPR which in fact controls the temperature of the cooling 
uid in the detector. The
BPR is set for 40 groups of circuits.

� The power of the heater of each of the 204 circuits. This is automatically regulated by
a standard PLC17) , which usesthe temperature sensorsdownstream of the heater as a
control input.

The operation of the systemis straightforward onceit is in normal run mode. The PR and
BPR are at a certain �xed point, only the heater-power in fact is to be controlled and this is
done by the PLC, which is basedon a PID algorithm.

PID algorithm A Proportional-In tegral-Derivative (PID) algorithm is used to control a
certain parameter, such as the temperature of the cooling 
uid, by measuringit and changing

17)Programmable Logic Controller
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the setting of the heater current to reach a certain operational point. It doesso by calculating
the neededcorrection basedon three di�eren t measurements of the coolant temperature: the
absolute o�set (the Proportional value), the integrated o�set over time (the Integral value)
and the rate at which the o�set is changing (the Derivative value). The correction is a weighted
sum of the three valuesand must be tuned to achieve a smooth transit to the set-point.

In our case,each circuit temperature is to be controlled by adjusting the power of the
heater. Parameters to be �ne-tuned are the proportional weights of the three measurement
values and the set-point. A set of parameters can easily lead to (too big) overshoots. For
example, if the temperature is too low, the power requestwill heat the 
uid, but with such an
amount that the temperature may becometoo high. If a wrong set of parameters is chosen,
theseovershoots will never get smaller, or worse,they will get bigger. The tric k is to �nd that
set of parameterswhich stabilizes the temperature as smooth as possible.

Most of the heaters have now been �ne-tuned, however some still have problems with
regulation. These problems are not immediately causedby wrong PID parameters and have
to be dealt with in other ways. We go more into details on this in section 3.5.2.

3.5.1 Turning on and o� the circuits

The cooling processshown in Fig. 3.13(a)operatesduring a standard stablerun. The turning on
and o� of the circuits are however processescausinglarge temperature 
uctuations themselves.
Once LHC and ATLAS are operational and running normally, the cooling system will be
turned on and o� only oncea year. In 2008we were still in the commissioningphase.We will
now discussthe turn on and o� processof the circuits and with it the problems that were
encountered during that time.

In Table 3.5 the di�eren t states a circuit can be in are given. As we mentioned, only the
BPR, the PR and the heater-power are to be controlled.

Turning on

Turning on a circuit is a matter of setting the BPR and PR to the desired set-points and
of opening the PR valve. We can go directly from any state, be it the LOCKED, OFF or
STANDBY state, to the ON state. We note that only when a circuit is in ON state can the
pixel or SCT modules on that circuit be powered. Whenever the state changesfrom ON to
something else,the modules are also immediately powered o�.

State PR valve BPR valve Heaters
ON Open & Open & On &

pressureset regulating to set-point controlled by PLC
STANDBY Closed Open & On &

regulating to set-point controlled by PLC
OFF Closed Open & On &

line is sucked vacuum controlled by PLC
LOCKED Closed Open & O�

line is sucked vacuum

Table 3.5: Di�eren t states of the cooling circuits.
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Figure 3.18: Heater sensorsfor a well-behaving loop (#126); at 17:28the circuit is set to ON.
The power request is adjusted to the 
uctuations of the exhaust temperature, until a stable
state is reached. Seetext for more details.

Figure 3.18depicts the heater sensorsfor a circuit being turned to ON state. In the top plot
we observe how the temperature of the exhaust liquid is slowly dropping before17:28.This is
due to neighboring circuits being turned on and lowering their surrounding temperature. At
17:28 the command to turn to ON is sent and the heater current in the secondplot starts to
rise initially with a few percent 18) . The exhaust temperature, which is the control temperature
to be stabilized by the PLC at 20� C, doesnot drop immediately, only at 17:30it suddenlygoes
down by 20� C: it takesa few minutes for the liquid to �ll the pipes.At this point the heater
current goesup, until 17:32when the exhaust liquid temperature is too high and the current
is turned down a few percent. At 17:35the circuit is �nally stable. In the third plot the heater
temperature is depicted and we observe how this 
uctuates: �rst it rises,as there is a (small)
current, but no 
uid 
o wing yet. Once the 
o w starts passing,it goesdown to � 4� C. At 17:32
it has goneup again due to the too high current and at 17:35 it is stable at � 1� C.

Turning o�

When going to STANDBY, the PR valve of a circuit is closed.The coolant 
o w comesto a
halt and the pressureat the on-detector side of the PR will slowly drop until it reaches the
samevalue as at the BPR. The pipes are thus kept ful l, and the PLC can still run a current
through the heater.

This is the reasonthat the intermediate STANDBY state is neededwhen shutting down: if

18)Throughout this section the heater current is given in percentages of its nominal 100%. The PLC regulates
the current by turning on/o� a power source of 110 V.
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Figure 3.19: Heater sensorsfor a well-behaving loop (#126); at 11:30 the circuit is set to
STANDBY. The power request is adjusted to the 
uctuations of the exhaust temperature,
until a stable state is reached. Seetext for more details.

a circuit is turned immediately from ON to OFF, the line is suckedvacuum at the BPR causing
it to turn very cold; the P-H diagram of Fig. 3.13(a) shows how a lower BPR corresponds to
a lower temperature. During the sucking the temperature of the coolant goes below � 25� C,
although of courseat the sametime the amount of liquid decreases,e�ectiv ely decreasingthe
cooling capacity. Not only can the steep temperature gradient be dangerousfor the detector,
also the minimum temperatures reached can causedamageto the modules.

In these three states, the ON, STANDBY and OFF state, the heater is still on and its
power is under control of the PLC. It is only when the circuit has stabilized again, visible by
steady temperatures and no power over the heater, that the circuit is set to LOCKED: the
heater is securedin an o�-state. Figure 3.19 depicts the heater sensorsduring a standard turn
to STANDBY. At 11:30 the circuit is put into STANDBY and with this command the PLC
also sets the current to 1%. This is however too extreme and the exhaust liquid temperature
drops more than 22� C. The heater current is resumed until 11:32 when the exhaust liquid
temperature shoots over the 20� C and the heater temperature itself goesup to 40� C. This last
value is still below the interlock level of 55� C. The heater current 
uctuates until 11:35,and
these
uctuations are immediately seenin the temperatures.At 11:35the current stops as the
exhaust temperature gets too high and thesestart dropping again. The exhaust temperature
goes to 12:5� C at 11:42, not low enough to resume the heater current, and then stabilizes
around 15� C.
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Figure 3.20: Heater sensorsfor a problematic loop (#50) with temperature readout at the
wrong location; at 21:35the circuit is turned ON, but no stable setting is found. At 22:09the
circuit is set to STANDBY. Seetext for more details.

3.5.2 Lo ops with problematic heater control

The turn on and shut down shown in Fig. 3.18and 3.19are both of circuit 126,a loop with no
problems.Somecircuits have turned out to be di�cult to regulate. Due to di�eren t geometries
of the circuits the 
o w through the 204heatersis not always the sameand the orientation of the
heaters turns out to have a signi�cant impact. During the �rst operation of the pixel cooling
circuits in April 2008 it was seenthat the pixel heaters were unstable (for approximately 30
loops) in the bottom half of the detector. For the SCT a similar problem exists for somecircuits
in the bottom half of the detector. All in all, we can distinguish two di�eren t problemswe will
discusshere.

Temp erature regulation problem - temp erature readout at the wrong lo cation

It turns out that for somecircuits the position of the control temperature sensoris too closeto
the heater itself. At that location, the mixture is not homogeneousenoughand the temperature
is not a correct measurement of the 
uid's overall temperature. The control sensorfor several
pixel heaters is placed in the bend of the circuit, which happens to be a cold spot due to
the dynamics of the 
o w. In Fig. 3.20 we seeconsequently how the temperature cannot be
stabilized: at 21:35the circuit is turned on. The exhaust temperature stays below 20� C, while
the heater temperature almost goes up to 70� C. 19) The exhaust temperature however stays
low, simply becausethe sensoris reading at a cold spot, and at the same time the current

19)For these pixel circuits the interlock limit has been changed: the temperature limit is set to 80� C.
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and heater temperature keep rising. At 22:09 the loop is turned to STANDBY again. For
circuits with these problems a di�eren t method is now in use for regulation of the heaters:
the temperature is read out further downstream by the so-calledC31 sensors(50 to 100 cm
downstream), which give a more correct measurement of the liquid temperature, seealso Fig.
3.14.

In the SCT there are no circuits with a similar designas the bendedonesin the pixel de-
tector. Still, somecircuits do have the drawback that the position of the control sensordirectly
after the heater is not perfect, i.e. even after the re-designing,seesection3.4.2. Especially the
circuits again in the bottom part of the SCT have this problem. For these the control has
not been moved to the C31 sensors:a stable regulation is recovered by lowering the control
temperature to 17� C and by setting the PR to lower values, thus reducing the mass
o w. For
two SCT barrel circuits this doesnot recover the regulation, as thesealso su�er from the next
problem we will discuss.

Temp erature regulation problem - In terlo ck problem

When the heater is on, a current runs through a coil which runs around the 
uid pipe. In Fig.
3.21 a schematic is drawn which shows how this createsa front somewherealong the heater
where the liquid/gas mixture goesto a 100%pure gas.The gasafter this front is heated even
further by the current and being now in a single phase,its temperature rises.

For many circuits this single phaseheating createsa problem. If the control sensormea-
suring the heater body temperature is behind the phasefront, its readout can easily trigger
the interlock and stop the current. Figure 3.22shows the heater sensorsfor a circuit which has
beenturned on, but cannot �nd a stable current. First, just before21:40the loop is turned to
ON. At 21:45a stable exhaust temperature seemsto be found, but the power requestdoesgo
up slowly to 60%, probably to compensatefor the small 
uctuations of the exhaust tempera-
ture just below the 20� C. The heater temperature however is very high and at 22:14hits the
55� C, thus triggering the interlock; this brie
y cuts the current at 22:14,until the temperature
is below 55� C again. The power requestat the sametime goesup due to the current being cut
and not providing enough heat. After this, the current 
uctuates due to the interlock being
hit all the time, and with it the temperatures. The power request keepsrising until at 22:45
it reached 90%. To prevent this from getting even worse, the loop is turned to STANDBY
manually.

There are several solutions to this problem: �rst, the limit for the heater body temperature
can be raised such that the interlock is not �red. The heater will �nd a stable point, but the
drawback is that this meansrunning the systemwith several very hot heatersin the detector.

Control sensor 
Heater Body temp.sensor

100% gasliquid/gas mixture

Figure 3.21: Schematic of a heater. The coil lines are given by the arrows, the front between
liquid/gas mixture and 100%gasis shown by the dotted line.
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Figure 3.22: Heater sensorsfor a problematic circuit (#149) hitting the surfacetemperature
interlock when turned on. No stable run can be found and the circuit is turned to STANDBY
at 22:45.Seetext for more details.

Another solution is turning on the modules on that circuit immediately when the cooling
circuit is turned on. The heat load of the modules meansthat the heater power request does
not have to be too high and a stable running of the circuit can be found, ascan be seenin Fig.
3.23. At 23:00the coolant 
o w starts and the temperatures drops, the modules are turned on
at this sametime. The power requestgoesup and overshoots, just as we observed in Fig.3.18.
In this overshoot the heater temperature hits the 55� C limit twice at 23:06 and 23:07 and
the current is cut at those times. This does not causeany problem. A few minutes later the
exhaust temperature is at a stable value and the heater is still safelybelow the interlock limit.
Around 23:40when it is clear that it stays stable, the loop is turned to STANDBY again.

Although this last problem hasmadethe operation of the cooling more di�cult during the
commissioningphasein 2008, it is believed to be temporary. (Approximately 5 loops are still
a�ected by this problem.) In the commissioningphase the cooling was operated at a back-
pressureset to around 3 bar. This `warm' running waschosenasa safeway to test the system.
During normal operation of ATLAS, the back-pressurewill be lowered to around 1.3 bar and
the system will be much colder. This will solve the interlock problem: during tests on several
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Figure 3.23: Heater sensorsfor the samecircuit as in Fig. 3.22. The di�erence is that at 23:00
the modules are also turned on. At 23:40the circuit is again turned to standby.

heaters it was found that the front as visualized in Fig. 3.21 moves to the left or right when
the back-pressureis raised or lowered respectively. With the interlock sensoron the mixture
side of the front, the problem disappears.



Chapter 4

Event simulation and reconstruction

In this chapter we give an overview of the software packagesused to perform the event re-
construction and selection. We �rst discussthe software framework and brie
y present the
Monte Carlo (MC) generatorsused to simulate events. We then go into more details on the
jet reconstruction and b-quark identi�cation (b-tagging) algorithms. We also discussthe mea-
surement of the Missing TransverseEnergy ( =ET ) and �nally we summarizethe di�eren t object
de�nitions and selectionswe will be using in our analyses.

4.1 ATHENA framew ork

The software package used is a 
exible modular framework called ATHENA [82], which is
derivedfrom the GAUDI framework [83]developed for the LHCb experiment. With its modular
designit can be applied to di�eren t typesof events, be it proton-proton collisionsin ATLAS or
single particles such as cosmicmuons traversing the detector. The framework is also designed
such that it can be used for analysis of actually recorded events, or of simulations there-
of. Simulated events are created with Monte Carlo generators and are used to study the
performanceof the detector and to validate the reconstruction algorithms.

The framework ensuresthat the algorithms requestedby the user are run in the correct
order. For this, the output of an algorithm is written to a common place in memory called
the `transient event data store', from where the next algorithm can retrieve it and processit
further. The output can also be written to disk; in casethe neededinput for an algorithm is
not present in the event store, the framework ensuresthat the data is read from disk. This
setup makes it possibleto run the complete chain of algorithms in one single job, or to only
perform a certain part of the chain in a smaller job.

Ev ent simulation

At the time of writing no collisions have been recorded yet in ATLAS. For a preliminary
physicsanalysis we therefore need�rst to create events with MC generatorsand simulate the
detector's response. In Section 4.2 we go deeper into the MC generators.For the detector's
responsethe simulated passageof the createdparticles through the detector is handled by the
GEANT4 toolkit [84]. This handlesthe interaction of the particles with the magnetic �eld and
with the detector material, causing for example multiple scattering, energy loss, and much
more. The toolkit also simulates the responseof all sub-detectorsand their sensors:a particle
traversing a sensitive element such as a silicon sensorcan create a `hit'. The consequencesof

87
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Figure 4.1: An example of an ATHENA algorithm chain for the reconstruction of elec-
trons/photons. The balloons are algorithms each performing a speci�c task. The algorithms
retrieve their information from the transient event data store, where they also store their out-
put. This is then used by the following algorithms in the chain. The Tracker Digits and the
Calorimeter Cells can be simulated or real data.

a hit, such as the drift of the chargesin a silicon module and the responseof the electronicsis
simulated. This �nal step is called the digitization.

We note that for the simulation of the detector's response there are several algorithm
packagesavailable. The most detailed is called the `full simulation', which is the most accurate,
but alsothe most time-consumingin processing.The least detailed simulation is called Atlfast;
although less accurate it is still useful for many analysesand makes it possible to simulate
events in far lesscpu-time. For somespeci�c studies it can be useful to combine the full and
fast simulation: AtlfastI I contains the full simulation of the Inner Detector, the fast simulation
of the calorimeter and either the full or fast simulation for the muon spectrometer.

In this thesis, all samplesanalyzed are processedwith the full simulation unless stated
otherwise.

Ev ent reconstruction

With either a simulated or a truly recorded event, the next step in the analysis chain is the
event reconstruction. This requires various algorithms to perform the pattern recognition,
track �tting, energy measurement, and much more. A detailed output of the reconstruction
is written to an event summary data (ESD) �le, a less detailed summary is written to an
analysisobject data (AOD) �le. In caseof a simulated event thesesamplesalsocontain `truth'
information, that is information from the event simulation which can be used to study the
quality of the reconstruction. As a last step, the samplescan be analyzed either within the
ATHENA framework or using ROOT [85] to perform physicsanalysis.
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Figure 4.1 shows an example of an algorithm chain in ATHENA performing the recon-
struction of an electron or photon candidate. Parts of the information stored in the transient
event data store are written to the data set �les, more in the ESD than in the AOD. This
givesthe possibility to rerun the ATHENA chain, if for examplesomecalibration constants are
changed.Whether the candidate is �nally labeled as an electron or a photon dependson the
object de�nition used in each speci�c physicsanalysis. In Section 4.6 we state the de�nitions
we will be using in our analysis.

4.2 Event generators

In Section 1.1.1 we discussedhow in the collision of two protons the hard scattering is an
interaction of the quark and/or gluon constituents. In the simulation of events both the hard
scattering and the underlying event are taken into account. The physical concept that makes
such simulations possible is factorization, the abilit y to isolate separate independent phases
of the overall collision. These phasesare dominated by di�eren t dynamics, and the most
appropriate techniques can be applied to describe each of them separately. For a detailed
review on event generation we refer to [12]. In this section we only discussthe simulation of
the hard scattering.

For the creation of events with Monte Carlo programs we can distinguish two steps: the
�rst is the selectionof the partons from the protons accordingto the PDFs and the calculation
of their interaction. This is the calculation of the Matrix Element (ME) for a certain process
with an MC generator. The secondstep is the parton showering used to simulate initial and
�nal state radiation (ISR and FSR) on the calculated process.We will take the simulation of
tt̄ events to illustrate someof the possibletechniques available for MC generators.

Figure 4.2 shows a hard scattering of two gluons producing a t t̄ pair. We note that this is
but oneexample,there are more processeswith a top pair asoutcome.The ME of this diagram
is calculated at Leading Order (LO) and is made visible here in black, while additional FSR
is created by a parton showering algorithm, visible in gray. In Chapter 6 we will be analyzing
the tt̄ AcerMC [86,87] samples,which are created as this example.For the AcerMC samples
the Pythia [88] parton showering is used.

Figure 4.2:Example of tt̄ production at Leading Order (black) combined with parton showering
(gray).

Parton showering is known to be a good approximation for the radiation of extra partons
in the soft and collinear limit only. If we want to incorporate t t̄ events with extra hard jets
it is therefore more accurate to use next-to-leading order (NLO) matrix elements. These do
not only take into account the exact calculation for radiation of an extra gluon or quark,
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they also incorporate the e�ect of virtual corrections. In Figure 4.3 the two left diagrams are
examplesof NLO tt̄ production, with again parton showering applied. MC@NLO [37,38] is
a MC generator basedon this method; for the MC@NLO samplesanalyzed in this thesis the
Herwig program [89,90] is usedfor subsequent parton showering.

However, when quantum amplitudes of the matrix elements up to NLO are summed,inter-
ferencecontributions may be positive, negative or zero. To compensatefor this, someevents
from MC@NLO are generatedhaving negative weights. Typically about 13% of all generated
events in the MC@NLO samplesused in this thesis have negative weight.

A problem which ariseswhencombining parton showering with matrix elements up to NLO
is double counting. In Figure 4.3 the most right diagram is a LO t t̄ production, which after
parton showering has the sametopology as the middle diagram. Somesort of subtraction or
veto is neededto compensate for this. In MC@NLO the double countings are avoided using
analytic expressionsfor the �rst shower emissions.

Double counting

Figure 4.3: The two left diagrams are examplesof next-to-leading order t t̄ production (black)
combined with parton showering (gray). The most right diagram illustrates a t t̄ production at
LO with the sametopology after the parton showering as the diagram in the middle, which is
produced at NLO. Several techniquesare available to prevent such double countings; seetext
for more details.

For tt̄ events with more and more extra partons the matrix elements of order a N
s (with

large N) are, at the moment, too di�cult to calculate. The Alpgen program [91] can calculate
the ME for tt̄ events with up to 6 extra partons, at Leading Order. Compensatinganalytically
for the overlap between jets created at ME level or at parton showering level becomesmore
di�cult (with the ME calculated up to Leading Order only). A solution for this problem is the
division of the phasespace:the parton showering after the ME calculation is only usedfor soft
and collinear radiation. If the parton showering doescreate an extra hard parton the event is
rejected.

In more technical details: after the parton showering a jet algorithm is applied and the
reconstructed jet of the showered partons is matched to the original ME partons. If no match
is found, the assumption is that the jet is a consequenceof hard ISR/FSR and is rejected.This
speci�c technique is called the MLM matching.1) Another procedureto divide the phasespace
is the CKKW matching, see[92]. Figure 4.4 depicts a few examplesof t t̄ events with up to
two extra jets. In the lower right diagram the gray gluon is created by the parton showering.
The jet this createscannot be matched to a parton generatedat the ME level and the event
is rejected. This prevents a double counting of the lower left diagram.

1)Free parameters in the MLM procedure are the minim um pT of the parton and the minim um angular
distance DR =

p
Df 2 + Dh 2 between two partons, for an event to be generated by the matrix element. The

parameters are set at pT = 20 GeV and DR= 0:7 in ATLAS studies.
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n=0 n=1

n=2
Forbidden

Figure 4.4: Approximation of higher order t t̄ production by combining tree level matrix ele-
ments (black) with parton showering (gray). To prevent double counting as in the two lower
diagrams, the parton showering is restricted to only provide soft and collinear radiation.

With di�eren t techniquesavailable for event generation the di�erence betweenthe predic-
tions from several MC generatorscan be usedfor a study of the systematic uncertainty of the
generators.A study on the prediction for the tt̄ + n-jet spectrum from di�eren t MC genera-
tors is given in [93]; their conclusionis that Alpgen and AcerMC predict a slightly higher jet
multiplicit y per event than MC@NLO. We comeback to this in Section 6.2.3.

4.3 Jet algorithms

A parton that hasparticipated in a hard scattering hadronizesinto a jet which can contain up
to � 10 particles. A jet de�nition is a set of rules to cluster particles that \b elong together",
ideally (but impossibly) originating from a single parton, or at least corresponding to the
distribution of partons beforehadronization. In the busy environment wecanexpect at ATLAS
this is far from trivial. We can reduce the problem at �rst to two questions:which particles
get put together into a common jet? And how does one combine their momenta? The last
question is nowadays mostly solved with the direct four-momenta sum (E-scheme), although
other schemeshave beenused,seefor example [94].

In this section we discussthe �rst question: which particles to put together? A jet leaves
tracks from its charged constituents in the Inner Detector and deposits most of its energy in
the calorimeter, whereeach incoming particle createsa shower of chargedand neutral particles.
Although studies are underway to gain information from the tracks in the ID, see[95], most
jet algorithms only work with the information from the calorimeters. We will discussstep by
step how this information is put together into a jet.
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4.3.1 Algorithm requiremen ts

Basedon the study from Ref. [96] a set of basic rules has been assembled in ATLAS for the
jet reconstruction. The most important requirements are:

� Infrared safe - The presenceor absenceof additional soft particles betweentwo par-
ticles belonging to the samejet should not a�ect the recombination scheme.Generally,
any soft particles not coming from the fragmentation of a hard scattered parton should
not a�ect the number of jets produced.

� Collinear safe - A jet shouldbereconstructedindependent of whether a certain amount
of transversemomentum is carried by oneparticle, or a particle is split into two collinear
particles.

� Detector indep endence - The reconstructed jet and its kinematic variables should
not depend on the detector characteristics, i.e. all detector-speci�c signal characteristics
and ine�ciencies must be calibrated out or corrected as much as possible.

� Order indep endence - The algorithm should behave equally at the parton, particle
and detector level.

The last two criteria for detector and order independenceare the most di�cult and are for
now only approximately correct for most algorithms. The �rst two criteria must be satis�ed
however by all algorithms. Yet we will seelater that this is also not always the case.

4.3.2 Calorimeter activit y reconstruction

The calorimeters in ATLAS have about 200,000 individual cells of various sizes and with
di�eren t readout systems,seeSection 2.4. Before a jet �nding algorithm can be applied to
decidewhich particles to put together, the cell signalshave to be converted into larger signal
objects with physically meaningful four-momenta. Two di�eren t object de�nitions areavailable
in ATLAS, the calorimeter tower signals and the topological cell clusters.

Figure 4.5 depicts an overview of the three jet reconstruction sequencesavailable with
thesetwo calorimeter objects. For the tower signalsthere is onesequence;the cell clusterscan
however be dealt with in two ways, which di�er in the point at which the hadronic energy
calibration is performed. We comeback to this in Section 4.3.4, we �rst give the de�nition of
the tower signalsand the cell clusters.

Calorimeter to wer signals

For the tower signalsthe cellsareprojected onto a �xed grid in pseudorapidity (h ) and azimuth
(f ). The tower bin sizeis Dh � Df = 0:1� 0:1 in the wholeacceptanceregionof the calorimeters,
i.e. in jh j < 5 and � p < f < p with 100� 64= 6:400towersin total. Projective calorimeter cells
which completely �t inside a tower contribute their total signal, as reconstructed on a basic
electromagnetic energy scale2) , to the tower signal. Non-projective cells and projective cells
larger than the tower bin sizecontribute a fraction of their signal to several towers,depending
on the overlap fraction of the cell area with the towers. The cell signals are on the basic
electromagnetic energy scale; the tower signal as a sum of (possibly weighted) cell signals is
thus at the sameenergyscale.

2)The raw signal from the ATLAS calorimeters. See[95] for more details.
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Figure 4.5: Schematic overview of three jet reconstruction sequences:from calorimeter towers
(left), from uncalibrated (center) and from calibrated (right) cell clusters. The most notable
di�erence is the location of the hadronic calibration. The classi�cation in three software do-
mains is also visible.
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Topological cell clusters

A topological cell cluster is a representation of the three-dimensional\energy blob" left by
the shower of each particle entering the calorimeter. Starting with a seedcell with a high
signal-to-noiseratio, or signal signi�cance G= Ecell =snoise;cell above a level jGj > 4 all directly
neighboring cells are collected. The neighbors of these neighbors are again collected if the
cell has jGj > 2 and �nally a third neighbor is added if the cell has jGj > 0. After the initial
clusters are formed, they are analyzed for local signal maxima by a splitting algorithm and
split betweenthose maxima if any are found. This set of threshold is referred to as 4=2=0. We
note that the absolute valuesof G in thesecuts are taken with a speci�c reason:due to noise
the cellscan be readout with negative values.The idea is that by taking the absolutevalue the
contributions from cells with positive noiseare canceledby those from negative noise.This is
especially important for the contributions in the secondand third neighbor-layer.

At �rst the clustersare formed using the basicelectromagneticenergyscaleof the calorime-
ter cells. These can directly be transferred to the jet �nding algorithms, as in SequenceI I in
Fig. 4.5, or they can be calibrated to a local hadronic energy scale3) as in SequenceI I I. For
this last calibration the clustersare �rst classi�ed aselectromagnetic,hadronic, or noise,based
on their location and shape. After that, cell signalsinside hadronic clusters are weighted with
functions depending on cluster location, energy, and the cell signal density. Then, a correc-
tion for energy lossesin inactive materials closeto or inside the cluster is applied. Finally, a
correction for signal lossesdue to the clustering itself (out-of-cluster correction) is applied.

4.3.3 Jet �nders

The tower signals and cell clusters are fed to the jet �nding algorithms as masslesspseudo-
particles. Their directions are �xed by the bin center in the (h ; f ) grid for each tower, or they
are reconstructed from the energy-weighted center for the cluster. The most commonly used
algorithms in ATLAS area seeded�xed cone�nder, basedon [96],and the kT algorithm [94,97].

Fixed cone jet �nders

The algorithm starts by ordering all input objects in decreasingorder in transversemomentum.
The object with the highest pT serves as a seed if its transverse momentum lies above a
certain threshold (1 GeV in ATLAS). All objects which then lie within a conein h and f withp

Dh 2 + Df 2 < Rconeare combined with the seedinto a new object; Rcone is the �xed coneradius
and is most commonly 0.4 for narrow jets or 0.7 for wide jets in ATLAS. If the direction of the
new object does not coincide with the previous direction of the jet, objects are (re-)collected
in the new cone and the previous steps are repeated. This stops when the direction of the
four-momenta sum does not change anymore and the jet is subsequently called stable. The
following step is to take the next seedfrom the input list, from which a new jet is formed with
the sameprocedure. This stops when no more seedsare available. At this point the created
jets can overlap, that is shareconstituents. This problem is solved by the split-and-mergestep:
jets which shareconstituents with more than a certain fraction f of the pT of the lessenergetic
jet are merged. If they share lessthan the fraction f they are split. In ATLAS the fraction is
set at 0.5.

3) In Section 2.4 the electromagnetic and hadronic showering in jets is discussed.The two di�er in the fraction
of the particles' energy being measuredby the calorimeter; thus two calibration schemesare needed.
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We note that this algorithm is in fact not completely infrared safe.For events with only a
few jets this has almost no impact on observables and the cone algorithm performs as good
or even better than the kT algorithm. We comeback to this in Section 4.3.5. Complex events
with many jets do however su�er from this IR unsafety, see[95]. Recently the SeedlessInfrared
Safecone algorithm SISCone[98] has been developed and it is anticipated that this will be
available for the �rst experimental collisions.

Sequential recom bination jet algorithms

The sequential recombination jet algorithms are di�eren t implementations of one algorithm.
Here we describe the standard implementation as used in ATLAS, the kT algorithm [97].

Starting with a list of objects, be it a tower signal or a cell cluster, or even a parton if
analyzing at for example the truth level, we do:

1. For each object i we de�ne di = pn
T;i where n = 2 for the kT algorithm. For each pair (i; j)

of objects with i 6= j we de�ne

di j = min(pn
T;i ; pn

T; j )
Dh 2

i j + Df 2
i j

R2 ; (4.1)

whereR is a free variable. This distanceparameter allows somecontrol on the sizeof the
jets and is set at 0.4 for narrow jets and 0.6 for wide jets in ATLAS.

2. Find the minimum of all the di and di j and label it dmin.

3. If dmin is a di j , remove the objects i and j from the list and replace them with a new
object k, which is given by the four-momentum sum of i and j.

4. If dmin is a di , the object i is consideredto be a jet by itself and removed from the list.

5. If the list of objects is not empty, go back to step 1.

When the algorithm has terminated, each object we started with is either part of a jet or is
a jet itself. We note that this algorithm is infrared and collinear safe. A recently developed
implementation of the algorithm is a similar recombination scheme, yet with n = � 2. This
`anti kT algorithm' [99] has the bene�t that the jet boundary is resilient with respect to soft
radiation, but 
exible with respect to hard radiation. The algorithm thus behaves conically,
yet does not su�er from the infrared unsafety. Very likely, the anti kT algorithm will be the
ATLAS default in future analyses.

4.3.4 Jet calibration

In Figure 4.5 we saw that for the tower signals there is one reconstruction sequence,while
for the cell clusters there are two. These di�er in the point at which the hadronic energy
calibration is performed. The raw signals from the calorimeters are namely at �rst on a basic
electromagnetic energy scale and the cells containing hadronic energy depositions therefore
have to be recalibrated. Tower signals remain at the EM scale, only after the jet �nding
algorithm is an hadronic calibration performed. Cell clusters can be immediately calibrated
to hadronic level (SequenceI I I in the overview), or can remain at the EM scale and the
hadronic calibration is again performedonly after the jet �nding algorithm (SequenceI I in the
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Figure 4.6: The energyresolution of reconstructed jets in a di-jet sample,as a function of the
energy. Left is the result for cone jets (Rcone= 0:7), right for kT jets (R= 0:6). The resolution
is measuredin two rapidit y regions. The smooth curve corresponds to a �t done with the
function given in Eq. 4.2.

overview). The �nal step we seein the `Jet reconstruction Domain' in the overview �gure is the
Jet Energy ScaleCorrections resulting in Physics jets. Those include corrections for residual
non-linearities in the jet responsedue to algorithm e�ects, like missingenergyfrom the jet, or
adding energynot belonging to the jet in the clustering procedure.

In this thesisweonly usejets reconstructedasin sequenceI and I I. The cell signalweighting
in the jets (after the jet �nding algorithm) is the application of the H1 calibration scheme. The
basicideabehind this schemeis that low signaldensitiesin calorimeter cellsindicate a hadronic
signal and thus needa signal weight for compensation of the order of the electron/pion signal
ratio, while high signal densities are more likely generated by electromagnetic showers and
therefore do not needadditional signal weighting.

The in-situ calibration depicted in the `Analysis domain' of the overview brings the jet
energy to the original parton energy. This can (mostly) only be addressedin the context of a
speci�c physicsanalysis,of which the study in Chapter 5 is an example.

4.3.5 Reconstruction performance

In [95,100] the performance of the di�eren t jet �nder algorithms is studied. Here we only
highlight a few of the results mentioned. First we consider the resolution s (Erec)=Erec of the
reconstructed energyof the jet4) . The dependenceof the resolution on the energy is shown in
Fig. 4.6 for the cone(left) and for the kT algorithm (right) applied to a sampleof di-jet events.
The �t to the data is done with a function encompassingthree contributions, given by

s
E

=
a

p
E(GeV)

+ b+
c
E

: (4.2)

The �rst term with the �t parameter a is due to the statistical 
uctuations in the energy

4)For a resolution measurement the reconstructed energy must be compared to an energy value it was `sup-
posedto be'. For this we do not use the quark energy; we use the energy the jet algorithm measuresat particle
level. This de�nition for the \truth" energy is used throughout this section.
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Figure 4.7: The Ereco=Etruth asa function of the true jet energyfor three rapidit y regions(left),
and the Ereco

T =Etruth
T as function of the rapidit y for three ET bins (right). These results are

obtained with the conejet algorithm (Rcone= 0:4) applied to tt̄ events.

depositions. The secondterm b is a constant; this is the consequenceof the calorimeter non-
compensation and the detector non-uniformities. The last term in the resolution function is
the noisec. From the results in Fig. 4.6 we concludethat the conealgorithm performs better;
especially in the central region the resolution of the kT algorithm is worseat low energies.The
latter also shows a larger noisevalue.

In [100] the studiesshow further that no signi�cant di�erence is measuredwhen comparing
the calibrated and uncalibrated topological clusters. A di�erence is found when comparing
clusters with towers: the noiseterm is lower when clusters are used.

Results on tt̄ events

The jet reconstruction performanceon tt̄ events has also brie
y been studied in Ref. [100].
The results in Fig. 4.7 are obtained using events generated with MC@NLO with the same
jet �nder as we have used in the analysesin this thesis, that is the ATLAS cone algorithm
(Rcone= 0:4). We seethe Ereco=Etruth dependenceon the jet energy in three rapidit y regions
(left) and its dependenceon the rapidit y in three energybins (right).

From the left �gure we can conclude that the energy measurements improve at higher
energies.In the right �gure we notice at �rst the dip at jh j � 1:5, which corresponds with the
gap betweenthe barrel and the end-capcalorimeter, seeSection2.4. The intermediate rangeof
1:00< jh j < 1:50 is stated explicitly in the left �gure to show the quality of the measurement in
the gap region. The reconstruction in the gapsremains di�cult, despite the extra calibration
steps made (in all jet algorithms) in this region. We further notice that the jets' transverse
energiesin the lowest ET bin are reconstructed worse than those in the higher ET bins, that
is at low rapidit y. At higher rapidities the opposite is the case.This re
ects the fact that the
energy increaseswith h at �xed ET and that Ereco=Etruth improveswith increasingenergy.

Theseperformancestudieshowever only re
ect the reconstruction up to the particle content
of the jets, we must assumethat the comparison of the jet energiesto the quark energiesis
worse.If a systematic uncertainty for the jet energyscaleof better than 1% is desired,see[95],
in-situ calibrations for dedicated measurements are necessary.
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4.4 B-tag algorithms

In this section we go into the details of the identi�cation of jets originating from b-quarks,
which will be needed for the analysis in Chapter 6. There are several algorithms used in
ATLAS, we will not discussall of them. For all details on b-tagging and a full coverageof all
algorithms we refer to [101].

The decay of a b-quark is di�eren t from that of the light quarks. The most important
property of the b-quark is that the B-mesonor baryon it hadronizesto has a relatively long
lifetime, typically of the order of 1.5 ps (ct B � 450mm). If a B-hadron is produced with a
signi�cant boost g, its 
igh t distancecanbesigni�cantly enhanced.With a good reconstruction
tracks can be reconstructed as not pointing to the primary vertex, or a secondaryvertex can
be found. Almost all b-quarks decay to a c-quark.5) A semi-leptonic decay of b ! c ln leaves
its signature with a soft lepton and missing energy. With the relatively long charm lifetime t c

a tertiary vertex can sometimesbe reconstructed, although since t c < t b the third vertex is
often mixed with the secondary.6) A further important property is the relative large massof 5
GeV or more of the B-hadrons, giving the decay products typically larger opening anglesand
transversemomenta relative to the jet direction than those of light quark jets.

With these properties we can divide the available taggers in two categories:the spatial
taggers,using the long life time and displacedvertex, and the soft-lepton taggers,which look
for typical signaturesof the lepton produced in the semi-leptonicdecays. We will only discuss
the �rst category. For the soft-lepton taggerswe refer to [103] and [104].

4.4.1 Impact parameters

With the displaceddecay point of a B-hadron the reconstructedtracks are(ideally) not pointing
to the primary vertex. To quantify this, the two impact parameters of the tracks are used:

� The transverseimpact parameter d0: the distanceof closestapproach of the track to the
primary vertex, measuredin the r � f plane.

� The longitudinal impact parameter z0: the z coordinate of the track at the point of
closestapproach in the r � f plane.

Tracks in a b-jet will have on averagelarger impact parameters than tracks in a light quark
jet. To emphasizethat the secondaryvertex must lie along the 
igh t path of the hadron, the
impact parametersare signed:positive if the track crossesthe jet axis in front of the primary
vertex and negative if it crossesit behind. Tracks from the primary vertex will have a random
impact parameter sign due to detector resolution, while tracks from the secondaryvertex will
have more often a positive impact parameter sign.

Not all tracks in a jet are consideredin b-tagging. A set of selectioncriteria is implemented
to only use well measuredtracks, to reject fake tracks and to reject tracks from long lived
particles:

� All tracks are taken into account within a distance of DR < 0:4 to the jet axis, where
DR is de�ned by DR=

p
Df 2 + Dh 2 and thus represents the distance in f and h space

to the jet axis, independent of the jet reconstruction algorithm and/or cone-size.The

5)The simplest model of a B-meson or B-baryon decay assumesthe b-quark is entirely undisturb ed by the
accompanying lighter quarks. We note that this \sp ectator model" is only an approximation, see[102].

6)Examples of charmed hadrons are the D� with a life-time of ct = 312mm, and the D0 with ct = 123mm.
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(b) The signed transverse impact parameter sig-
ni�cance d0=sd0 .

Figure 4.8: Distributions for the transverse impact parameter for tracks in b-, c- and light
quark jets. The tracks were selectedfrom tt̄ events, seetext for details on the selectioncuts.

tracks must have a pT > 1 GeV and at least seven hits are required, be it pixel or SCT
hits. For thesetracks the impact parametersat the perigeemust satisfy jd0j < 1 mm and
jz0 � zpvj sinq < 1:5 mm. zpv is the longitudinal location of the primary vertex. The pixel
detector must have at least a hit in its innermost layer, the b-layer, and one extra hit.

� From the selectedtracks all possibletwo-track pairs are formed. Only tracks which do
not come too close to the primary vertex are used, that is tracks with L3D=sL3D > 2,
where L3D is the three dimensional distance between the primary vertex and the point
of closest approach of the track to this vertex, and s L3D the error on this parameter.
With the secondaryvertex �nder, seesection 4.4.2, all pairs are rejected that are likely
to come from Ks or L decays, or from photon conversion. The location of the vertex is
comparedto the location of the innermost pixel layers to cut out secondaryinteractions
in material.

Figure 4.8 depicts the transverseimpact parameter distribution for the tracks remaining
after theseselectionsfrom a sampleof t t̄ events. Figure 4.8(a) shows the distribution for the
signed d0 for di�eren t types of jets; to give more weight to correctly measuredtracks Figure
4.8(b) shows the signi�cance distribution d0=sd0.

For this study jets are labeled as a b-jet if a b-quark in the MC truth information is
found with a pT > 5 GeV and a distance of no more than DR= 0:3 to the jet direction. If this
hypothesis fails the sameis tried with c-quarks and �nally with t leptons. If all fail, the jet
is labeled a light quark jet. The resolution s d0(pT ;h ) is the width of a Gaussian�tted to the
di�erence betweenthe measuredand the true impact parameter in di�eren t bins of (pT ;h ).
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The discriminating power of the impact parametersfor b- and other jets is usedin several
taggers. The IP1D algorithm relies on only the longitudinal impact parameter z0. The IP2D
relieson the transverseimpact parameter d0 and the IP3D usesa two-dimensionaldistribution
of the longitudinal and transverse impact parameter. In section 4.4.3 we go more into the
details of the algorithms' formalism.

4.4.2 Secondary vertex �nders

To �nd a possiblesecondaryvertex, all two-track pairs formed earlier are combined in a single
vertex, using an iterativ e procedure to remove the worst track until the c 2 of the vertex �t
is satisfactory. The secondaryvertex tagging algorithms usethree properties of this vertex to
calculate a b-jet likelihood:

� The invariant massof all the tracks in the vertex.

� The ratio of the energysum of all the tracks in the vertex to the energysum of all tracks
in the jet.

� The number of two-track pairs.

Figure 4.9 shows the distributions for these three variables obtained from t t̄ events. We em-
phasizethat theseresults are obtained after the track selectionmentioned in Section 4.4.1, as
is the casewith all further results discussedin this chapter on b-tagging performance.These
distributions have beentaken from [105] and we refer to this note for more details.

The available secondaryvertex taggersusetheseproperties in di�eren t ways: the SV1 uses
a 2D distribution of the �rst two variables and a 1D distribution of the last variable. The
SV2 tagger relieson oneoverall 3D distribution of all three observables.We explain how these
properties are combined to give a b-jet likelihood in the next section.

The SV1 and SV2 methods result in one secondaryvertex. As mentioned, almost all b-
quarks decay through a c-quark and somehave a tertiary vertex. A new algorithm, JetFitter,
usesthis property by always looking for two decay vertices. It �nds a line along which the
primary, secondaryand tertiary vertex are best �tted. For more details we refer to [105].

4.4.3 The b-jet lik eliho od metho d

The formalism for most of the b-taggers is identical. For some variable Si , which could be
for exampleone of the impact parametersor one of the secondaryvertex variables mentioned
above, a probabilit y density function (pdf ) b(Si ) and u(Si ) is de�ned for the b- and light quark
jet hypothesesrespectively. As mentioned, sometaggers also use two- and three-dimensional
distributions. Any track or vertex thus gets a weight de�ned by b(Si )=u(Si ), which can be
combined into one jet weight w jet by the de�nition

w jet =
NC

å
j= 1

0

@
N j

T

å
i= 1

lnw j
i

1

A =
NC

å
j= 1

0

@
N j

T

å
i= 1

ln
b j (Si)
u j (Si)

1

A : (4.3)

where the sum runs over the selectedN j
T tracks in each category j: the tracks are divided

into NC categorieswith dedicatedpdfs. In the b-tagging algorithms usedso far in ATLAS two
categoriesexist, i.e. NC = 2: the Shared tracks (tracks with sharedhits) and the complementary
subsetof tracks called Good tracks. The distributions of the weights b(Si )=u(Si ) for tracks with
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Figure 4.9: The three properties usedin SV taggersfor b- and light quark jets: vertex invariant
mass(up), ratio of energy in vertex and in jet (left) and the number of two-track pairs used
(right); all results are obtained from tt̄ events. SeeSection 4.4.2 for more details.

sharedhits is thus di�eren t than the distributions for so-calledGood tracks. See[101] for more
details.

The jet weight is the �nal variable of the algorithm: if a jet has a weight above a certain
pre-de�ned cut value it is labeled as a b-jet. Each choice of a cut value has a probabilit y of
rightly tagging a b-jet, but also a probabilit y of mis-tagging a light quark jet. The e�ciencies
vary with the algorithms. The best results are from taggerswhich combine weights as we can
observe in Fig. 4.10,which shows the distributions for the IP2D and the combined IP3D+SV1
taggers.

Taggers for �rst data

For now the probabilit y density functions b(S) and u(S) usedin the di�eren t taggersmust come
from MC studies, which results in the problem for the �rst data to come from ATLAS that
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Figure 4.10:The weight distributions for the IP2D tagger (left) and for the IP3D+SV1 (right),
for b-, c- and light quark jets; all results are obtained from t t̄ events.
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(b) Jet probabilit y: � log10Pjet .

Figure 4.11: Distributions of the probabilit y of compatibilit y with the primary vertex for
individual tracks (left plot) and for all tracks in the jet (right plot) as de�ned for JetProb.
The casesof b-quark (plain), c-quark (dashed) and light quark jets (dotted line) are shown.
A puri�ed sampleof light quark jets meansthat within a coneof sizeDR= 0:8 around the jet
direction no b- or c-quark may be present, nor a t lepton. A similar reasoninggoes for the
puri�ed c-jets; all results are obtained from tt̄ events.
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Figure 4.12: Rejection of light quark jets versusthe b-tagging e�ciency for di�eren t tagging
algorithms; all results are obtained from tt̄ events.

these might not accurately simulate the behavior of the detector. More simpler but robuster
taggershave beendeveloped for the start-up phaseof ATLAS. For the vertexing algorithms,
SV0 is an example.This algorithm tags a jet as a b-jet simply if the B-hadron 
igh t distance
signi�cance calculated from the secondaryvertex position exceedssomecut value.

The recommendedtagger for the start-up phaseis the JetProb algorithm, see[101]. This
calculates for each selectedtrack i the probabilit y Pi that it originated in the primary vertex
by comparing its signedIP signi�cance di

0=s i
d0

to a resolution function R for prompt tracks:

Pi =
Z �j di

0=s i
d0

j

� ¥
R(x)dx; (4.4)

wherex is the signedIP signi�cance. The probabilit y of the tracks in a jet can then becombined
into a jet probabilit y Pjet . The bene�t of this algorithm is that the resolution function R can be
measuredin data using the negative side of the signed IP distribution, which will have little
contribution from heavy-
a vor particles. This makesit possibleto havean early commissioning
of the algorithm with the �rst data. In Fig. 4.11(a) the probabilit y for individual tracks Pi is
shown; in Fig. 4.11(b) we show the � log10Pjet distributions for di�eren t types of jets. We
emphasizethat a Pjet � 1 implies a high probabilit y for all tracks in the jet to originate in the
primary vertex.

A drawback of this algorithm is that it performsworsethan the other, moreadvanced,algo-
rithms. Figure 4.12depicts the light quark jet rejection, i.e. 1=el ight , versusthe b-jet e�ciency:
a rejection of 30 is expected for a b-tagging e�ciency of 60%. For comparison, the ultimate
JetFitter algorithm hasa rejection of 200.Yet the latter is only the caseif the pdfs are correct;
due to possiblemis-alignments in the commissioningphaseof ATLAS, the performanceof the
JetProb is more trust worthy.

Figure 4.12 serves mainly to illustrate the di�erences between the taggers, the absolute
valuesof the rejection and tagging e�ciency namely also depend on the jet pT and h . Figure
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(a) Jets with 30< pT < 45 GeV.
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(b) Jets with 60< pT < 100 GeV.

Figure 4.13: The light quark jet rejection (puri�ed jet sample) as a function of the jet h . The
IP3D+SV1 tagging algorithm is usedon two di�eren t samples:jets from t t̄ events and from
WH (mH = 120GeV) events. The cut on the algorithm weight varies from bin to bin, such that
the b-tagging e�ciency remains at 60%.

4.13depicts the rejection as a function of the jet h for two pT bins. Theseresults are obtained
on tt̄ events, and on WH (mH = 120 GeV) events. We observe that in the higher pT bin the
rejection increases,while at the sametime the best rejection is achieved on jets around h � 0:7.
The shapesof the di�eren t distributions are mostly similar, yet the absolute rejection is lower
for the jets from the WH events. This is attributed to the large binning in pT (on averagethe
jets in the WH sample have lower pT ), but also among others to the fact that di�eren t MC
generatorshave beenused:MC@NLO+HERWIG for the t t̄ events, PYTHIA for the WH. We
refer to [101] for more details on this matter.

4.5 Measuremen t of the missing transv erse energy

In the Standard Model the only particle which goesundetectedthrough ATLAS is the neutrino.
Its presencecan be derived by measuring the missing transverseenergy =ET : for events with
only one neutrino the =ET is equal to the pT of the missing particle.7) Complications start
when multiple neutrinos are present, there is no way of deriving the di�eren t pT 's from one
=ET measurement. New (unknown) particles might also go undetected, such as the LSP in
supersymmetry models, seeSection1.3. In other words, an accuratemeasurement of the =ET is
neededto fully reconstruct the event and might lead to a good signature for new physics.

There are two algorithms in ATLAS to determine the =ET . The Object-based algorithm
starts from the reconstructed, calibrated and classi�ed objects in the event, taking also into

7)This is of course assuming a hypothetical detector covering perfectly the entire (h ; f ) plane.
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account the deposits outside these objects. The Cell-basedalgorithm starts from the energy
deposits in calorimeter cells; this procedure is expected to be robust from initial data taking
on and is therefore usedthroughout this thesis.

The calorimeter is designedsuch that it covers as much as possibleof the (f ;h )-plane. If
we wereto have a perfect sphere-coveragewe could alsomeasurethe energyin the longitudinal
direction. Yet the beam-pipeentrancesmakethis impossible;with most of the underlying event
disappearing through these pipes we can therefore not say anything about the longitudinal
energypresent in the hard-scattering and wearerestricted to a transverseenergymeasurement.

With somegapsbetweenthe di�eren t sub-detectors,a �nite detector resolution and possible
dead or noisy readout channelswe also produce fake =ET . The largest contributions of fake =ET

are, in random order:

� Noise - The electronic noisealone in the � 200k readout channels in the calorimeters
contribute about 13 GeV to the width of the =ET distribution, that is before the noise
suppressionin the measurement of the `=ET calorimeter contribution' (seefurther).

� Missed and fak e muons - Muons can sometimesescape detection, especially in the
gap regions of the muon spectrometer. Fake muons can be causedfor example by high
pT jet punch-throughs from the calorimeter to the muon spectrometer.

� Jet leakage - This is jet energy which is not deposited in the calorimeter, but for
example in the muon spectrometer (without faking a muon) or in the cryostat. For
this last possibility the reconstruction algorithms have compensations, but the large

uctuations in thesedeposits can still causefake =ET .

� Mismeasured jets - Due to mis-calibration of jets, or becauseof jets passingthrough
the gaps in the calorimeter. Although the measuredjet energiesare compensated for
this, the resolution in theseareasis worse.

Most of thesecontributions can be kept to a minimum by a good selectionand calibration of
calorimeter cells,which we discussin the following section.Fake muonsare kept to a minimum
by using information from the Inner Detector (ID), missedmuons are however more di�cult
to compensatefor.

4.5.1 Cell-based reconstruction

The Cell-based=ET algorithm usesinformation from all sub-detectors.It encompassescontribu-
tions from energydeposits in the calorimeters,from measuredmuonsin the muon spectrometer
and the ID, and corrections for energy loss in the cryostat. The component in the x and y di-
rection are thus given by:

6EFinal
x;y = 6EMuon

x;y + 6ECryo
x;y + 6ECalo

x;y : (4.5)

The =ET muon contribution The 6EMuon
x;y is calculated from all muons measured in the

rapidit y range jh j < 2:7, that is 6EMuon
x;y = � å Ex;y. To reduce the amount of fake muons the

muon is to be matched to a track in the ID. With the ID covering the range up to jh j < 2:5,
muons with 2:5 < jh j < 2:7 are free of this requirement.

The resolution of the muon spectrometer is of such good quality that the fake =ET mostly has
contributions from entirely missedmuons,or jet punch-throughs which reach the spectrometer.
Missed muons could be accounted for with information from the ID and calorimeter, yet this
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is not yet implemented in ATLAS. As a �nal note we mention that the energymuons loosein
the calorimeter is taken into account elsewhere,that is in the =ET calorimeter term.

The =ET cry ostat contribution The cryostat betweenthe LAr barrel electromagneticcalorime-
ter and the TileCal is thick enough for hadronic showers to loosenon-negligible amounts of
energy, see Section 2.4. The =ET reconstruction recovers this loss of energy in the cryostat
using the correlation of energiesbetween the last layer of the LAr calorimeter and the �rst
layer of the hadronic calorimeter. A similar correction for the end-capcryostats is applied, see
also [106].

The =ET calorimeter contribution This is the most di�cult term in the =ET calculation.
The �rst step is to reduce the calorimeter noise, for which two possibilities exist. One is to
selectonly cells with energydepositions above a certain threshold. This selectionis still being
re�ned. A better solution for now is the use of topological cell clusters. In Section 4.3.2 we
explained how these are formed by clustering neighboring cells if these have a high enough
signal-to-noise ratio. The set of threshold 4=2=0 used is optimized to suppressnoise, while
keepingthe single pion e�ciency as high as possible,see[106]. Thus we have:

6ECalo
x;y � � å

TopoCells
Ex;y: (4.6)

For the best results the cells �rst however have to be calibrated to account for the di�eren t
depositions we get from di�eren t particles.

The calorimeter cell calibration

The �rst step in the calibration is basedon the energydensity inside the cell. Electromagnetic
showerstend to havehigher densitiesascomparedto hadronic showers.For this `global calibra-
tion' two schemesexist: the H1-like, seeSection 4.3.4, and the Local-Hadronic8) calibration.
This last scheme usesfurther information related to the shape and depth of the shower to
classify a topological cluster.

The next step in the calibration improves the =ET measurement by associating each cell
with a reconstructed high pT -object. As each cell can be part of multiple objects, such as an
electron and a jet, the association is performed in a chosenorder: electrons,photons, muons,
hadronically decaying t 's, b-jets and light jets. If a cell is not associated to any object only
the previously mentioned global calibration is applied, but it is still used in the measurement
of the =ET . Studies have shown the importance of these cells: when excluding them from the
measurement, the mean =ET shifts by about 1 GeV and the resolution worsensby 25%, see[106].

The calibration stepstaken in the reconstruction of the objects are redonefor each of the
cellsin the =ET measurement. Someof thesestepsarehowever excluded.In the jet reconstruction
for examplean overall scalefactor is applied to correct for (among other things) out-of-cluster
e�ects. This correction must not be applied for the =ET , as the contribution of cells outside the
clusters already accounts for it. The �nal `re�ned' contribution of the calorimeter term to the
=ET in eq.(4.5) is now

6ECalo
x;y = � (6ERef Elec

x;y + 6ERef Muon
x;y + 6ERef Tau

x;y + 6ERef Bjets
x;y + 6ERef Jets

x;y + 6ERef Out
x;y ): (4.7)

8)Although the name seemsto imply the opposite, this scheme is classi�ed in the =ET reconstruction as a
`global calibration' scheme.
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Figure 4.14: Left: the =ET linearit y, given by ( =ET
True � =ET )==ET

True, as a function of the true
=ET . The results at =ET

True � 20 GeV are from Z ! t t events, those at � 35 GeV are from
W ! en and W ! mn, those at 68 GeV from semi-leptonic t t̄ events, those at 124 GeV from
supersymmetric HiggsA! t t with mA = 800GeV and thoseat 280GeV from events containing
supersymmetric particles at a massscaleof 1 TeV. Right: resolution of the =ET measurement
in the f -direction for three di�eren t physicsprocesses.

Each term is the sum of the calibrated cells inside a speci�c object. With 6ERef Out
x;y the sum of

all cells not associated to any of the other objects, all calorimeter cells are taken into account.
With this de�nition of the calorimeter term the total missing transverseenergy in eq.(4.5),
=ET

Final , is referred to as the `re�ned �nal' =ET , or in short =ET
Ref Final .

4.5.2 Reconstruction performance

In [106] the performanceof the =ET reconstruction is discussedin detail. We again highlight the
more important results. We will be using the de�nition of the =ET linearit y, given by ( =ET

True�
=ET )==ET

True, and the total transverseenergy in the calorimeters, which is the scalar sum of ET

of all topological cells that constitute the topological clusters:

SET = å
TopoCells

ET : (4.8)

Figure 4.14(a) shows the =ET linearit y as a function of =ET
True, de�ned from the sum of all

stable and non-interacting particles in the �nal state (such as neutrinos, LSPs in supersym-
metric models, etc.. . ). Clearly the =ET with all cells still at electromagneticscalehas a high
o�set of � 30%. Only the results around 35 GeV are lower: theseare obtained from W ! en
and W ! mn with low hadronic activit y. The global calibration improves this and together
with the cryostat corrections the linearit y is � 1%. The re�ned calibration does not result in
much better results for the linearit y, it doeshowever greatly improve the resolution.

The results for the =ET resolution for di�eren t events samplesare depicted in Figure 4.15as
functions of the total transverseenergySET . The left �gure shows a smaller rangefor the Z and
W decays, the right �gure shows processeswith higher values for the total transverseenergy.
Fitting the results with a function s = a�

p
SET, the parameter a variesbetween0.53and 0.57.

This is where the re�ned calibration is important: for the W decays the parameter is reduced
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Figure 4.15: The =ET resolution as a function of the total transverseenergy in the calorimeter
SET . The curves are the �ts of s = a�

p
SET to the Z ! t t results (left) and to the A ! t t

events (right).

by � 80% with respect to the global calibration with the cryostat corrections applied. The
�tted function accounts only for statistical 
uctuations in the =ET measurement. Deviations to
the �t can be found mostly for low valuesof SET where the noisecontributes relatively more,
and for high valuesof SET wherethe constant term in the resolution of the calorimetric energy
measurement dominates.

The accuracy of the =ET direction measurement is also studied. In Figure 4.14(b) we show
the f -resolution as a function of the true =ET , measuredfor three di�eren t event samples.The
leptonic decay of the W has the best results, which can be explained by the low hadronic
activit y in the event. For tt̄ events the resolution is about a factor 2 larger. Overall it is clear
that the accuracy rapidly increasesfor higher valuesof the true =ET .

To study the dependenceon energy 
o wing longitudinally around the beam-pipe, the =ET

resolution is measuredwith and without the forward calorimeters(FCAL) included. In Z ! t t
events the =ET resolution is respectively 7.8 and 10.1 GeV, see[106], showing the importance
of the FCAL in the regionswith high valuesof h .

4.6 Ob ject de�nition & selection for the analyses in this thesis

In the Chapters 5 and 6 we present two studies, performed on two di�eren t samples.The �rst
study is performedon sampleswith 14 TeV center-of-massenergy, the secondon sampleswith
10 TeV center-of-massenergy. The reconstruction of the �rst is performedwith ATHENA v.12,
while for the latter ATHENA v.14 is used.

With the changesin the reconstruction between these two versions, the best performing
object de�nitions also changed.We present here the de�nitions as used for the v.14 samples,
and if neededwe state what is di�eren t for the v.12 samples.
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4.6.1 Lepton trigger and selection

In the hadronic environments created in pp collisions isolated high pT charged leptons such as
electronsand muonsare clearand cleanobjects. Their reconstruction is not only of importance
for the o�ine physicsanalysisperformed on the events, it can also be usedin the trigger step
for an early selection on certain channels. In the analysis on the v.12 sampleswe have not
implemented a trigger selection, only in our secondanalysis on v.14 samplesdo we demand
the EF e25i medium1 to have passedwhen an electron is reconstructed in the event, or the
EF mu20 trigger when a muon is reconstructed. Seealso Section 2.6.

The uncertainties on the e�ciencies of the lepton trigger and of the lepton reconstruction
are expectedto be < 1% for the �rst 100pb� 1, see[29]. With the e�ciencies of order 80� 90%,
this translates in an uncertainty on the predicted number of selectedevents of � 1%.

Electrons

Electron candidatesare reconstructed by the egammaalgorithm, seealso [107]. For the candi-
date to be acceptedas a good electron it must passthe following cuts:

� The object must passthe mediumcuts provided by the algorithm: a set of requirements
basedon both the shower shape properties in di�eren t compartments of the calorimeter
and on variables combining inner detector and calorimeter information.

� The object must have a pseudo-rapidity of jh j < 2:5. If an electron candidate is found in
the calorimeter crack region 1:37< jh j < 1:52 it is dismissedas a good electron. Seealso
Section 2.4.1.

� It must have a transversemomentum pT > 20 GeV.

� It should be isolated. Therefore an isolation cut of ET < 6 GeV is applied, by which we
meanthat the sum of additional transverseenergyin a conewith radius DR= 0:2 around
the electron axis is required to be lessthan 6 GeV.

For the v.12 samplessomecuts are di�eren t:

� The previously mentioned mediumset of requirements are de�ned as the isEM set and
contains lesscalorimeter isolation requirements.

� The crack region is de�ned as 1:35 < jh j < 1:57. Just as for the v.12 samples,electron
candidatesin this region are vetoed.

� The isolation cut is dependent on the electron pT . It can be summarizedas
ET;DR= 0:40=pT < 0:20, and ET;DR= 0:20=pT < 0:12.

Muons

Muon candidatesare reconstructed by the STACO [108] algorithm. A good muon must pass
the following cuts:

� It should passthe best match cuts provided by the algorithm. This implies it is de�ned
from the best match combination of the muon chambers and the ID information.

� The candidate must have a pseudo-rapidity of jh j < 2:5.
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� It must have a transversemomentum pT > 20 GeV.

� It should be isolated. The isolation cut is ET < 6 GeV in a conewith radius DR= 0:1.

For the v.12 samplesthe muon selection is again di�eren t. For these samplesthe muons
are reconstructed by the MUID [109] algorithm and the isolation cut of ET < 6 GeV is for a
conewith radius of DR= 0:2.

4.6.2 Jets and missing transv erse energy

Jet candidates are reconstructed by the ATLAS cone algorithm, seeSection 4.3.3, on topo-
logical cell clusters in the v.12 samplesand on tower signals in the v.14 samples.In the v.14
samplesthe jet is required to be isolated from electrons: if an electron candidate has passed
all cuts previously mentioned and lies within a distance of DR= 0:20 of a jet candidate, the
jet is rejected. For the v.12 samplesthis last isolation cut is more severe: if an electron or a
muon candidate lies within a distance of DR= 0:40 of a jet candidate, the jet is rejected. For
the two analysespresented in this thesis we apply di�eren t cuts on the transversemomentum,
seeeither Section 5.1 or 6.1.2.

For the missing transverseenergy =ET we usethe standard ATLAS variable =ET
Ref Final , with

a cut of =ET > 20 GeV unlessstated otherwise.



Chapter 5

Energy scale calibration using a
kinematic �t

A well determined scaleof the energyof jets and scaleof the missing transverseenergyare of
crucial importance for many analyses,notably the searchesfor newphysicslikesupersymmetry.
In the ATLAS collaboration, several techniques basedon QCD multi-jet, g=Z+jets and top
quark pair events are studied for the (light) quark jet energyscalecalibration [110,111], while
W+jets and Z+jets events are studied for the missing transverseenergy ( =ET ) scale,see[112].
In addition, in this last referencean analysison the in situ measurement of the =ET in top quark
pair events is described, where a measurement of its scale is proposedusing a kinematic �t.
In this chapter we describe the kinematic �t in detail and perform several systematic studies.
The possibility of applying b-quark tagging, seeSection 4.4, is not usedin this analysis.

5.1 In tro duction

We focuson a measurement of the jet energyand missingtransverseenergyscaleusing a semi-
leptonic tt̄ event samplewith integrated luminosity of L = 160pb� 1 at a center-of-massenergy
of 14 TeV. This study shows the possibilities for �rst data energy scalecalibration, although
recently it becameclear that the �rst runs of the LHC are planned at a center-of-massenergy
of 7 TeV. In this work, basedon Monte Carlo (MC) events, a value of the top quark massof
175 GeV is used and for the studies of systematic e�ects we use an uncertainty on the mass
of 2.5 GeV. This was the default top massat the time the work was performed, before the
new measurement of mt = 173:1� 1:3 GeV was available. In [111,112] it is shown that with
a 14 TeV sample of L = 100 pb� 1 the jet energy scalecan be measuredto the level of a few
percent, while the =ET scalecan be measuredto the level of � 10%. Assuming the worst (the
studiesmight be wrong, the detector might haveproblems,.. . ), we preparefor large deviations
(� 20%) of (missing) energyscales.

We have to be clearabout which jet energyscale(JES) weset out to measure.Figure 4.5 on
page93 depicts the stepsneededbeforethe �nal \Re�ned PhysicsJet (calibrated to interaction
level)" is reached in the jet reconstruction. In Section 4.3 we did not discussthe last step, we
only discussedthe jet reconstruction and calibration up to the particle level. The last step in
the �gure brings us from the particle level, i.e. the jet constituents, to the interaction level, i.e.
the hard scattering of the protons, by using known physics scales;the step is depicted in the
�gure as the Analysis Domain and is the domain of studies on QCD or g=Z+jets events such

111



112 Chapter 5. Energy scale calibration using a kinematic �t

as in [110], or on tt̄ such as in [111]. We will usea �t with kinematic constraints to optimize
this last step to obtain the hard scattering quantities. Many of the other studies result in jet
calibration functions dependingon the jet direction h and transversemomentum pT . We do not
set out to obtain such parton correction functions; in fact, we will apply a pT -dependent MC
basedparton correction beforestarting the kinematic �tting. The jet energyscalewe measure
with this �t is no more than onenumber: an overall scaleindicating whether on averagethe jet
energies,independent of their 
a vor, are well calibrated. The =ET scaleis obviously correlated
with the overall JES, hencea careful analysis of their dependenceis needed.

Kinematic �tting is a technique that exploits the constraints in reconstructed events. Top
quarks mostly decay to a b-quark and a W boson. In semi-leptonic t t̄ events one W boson
decays leptonically and one hadronically. The measurable�nal state, ignoring QCD radiation
and neutrinos from b-decays for the moment, consistsof a charged lepton and four jets (of
which two are b-jets) and =ET from the escapingneutrino. By requiring the decay products of
the leptonically decaying W to yield the W massof 80.4GeV, two solutions for the longitudinal
momentum pn

z of the neutrino can be obtained. The other massconstraints, imposedby the
kinematics of the two top quarks and the hadronically decaying W boson,can be usedto �nd
the correct permutation of jet assignments to their parent particle and the correct pn

z .
The HitFit program, developed at the D0 experiment, see[113], is designedfor this kine-

matic �tting of semi-leptonictt̄ events. In short, HitFit takesthe measuredtransversemomenta
of the six decay-particles and adjusts (or obtains) their 4-momenta using massconstraints. For
our analysis we have to perform several kinematic �ts with di�eren t constraints, imposing
the need of a 
exible �t-program. We developed a modi�ed version of the HitFit package.
With the goal of calibrating the energy scales,in the implementation of the HitFit program
in our studies only the energiesof the four jets are �tted, while their production anglesare
kept at their originally measuredvalues.The jet angular resolutions are implemented via the
massconstraints in the �t; in the next section these are discussedin more detail. Also, the
leptonic energy scaleis assumedto be well measuredand is �xed throughout this work. We
kept the HitFit interfaceand the handling of permutations, but we replacedthe original �tting
algorithm by a new c 2-de�nition and usethe MINUIT package[114,115] for minimization.

For the study in this chapter we use fully simulated MC@NLO tt sample, reconstructed
with ATHENA version 12.0.6.This samplecontains no events with both top quarks decaying
hadronically, but all other decays modesarepresent. For background events weusea consistent
set of W+jets samples generated by Alpgen (with only leptonic W decays), where matrix
elements are usedto calculate QCD radiation leading to betweentwo and �v e hard jets. The
crosssectionsare respectively s tt̄ = 461 pb and sW = 789 pb, taking into account �lters 1) and
the above mentioned branching ratios. These are the only sampleswe study in this chapter,
hence no systematic uncertainties from MC predictions will be presented, nor the e�ect of
QCD events.2) After the overlap removal and object de�nition from Section 4.6, we use the
following pre-selection:

� Exactly one lepton (electron or muon) with pT > 20 GeV.

� At least 4 jets with pT > 20 GeV, of which at least 3 jets with pT > 40 GeV.

� Missing transverseenergy =ET > 20 GeV.

1)The W+jets Alpgen sample is �ltered for events with at least three reconstructed jets with pT > 20 GeV.
2)According to [116] the expected number of QCD events is to be of the order of the number of W+jets events,

i.e. after the event selection listed in this section.
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Outline of the chapter

In Section 5.2 we discussthe �tting strategy of the modi�ed HitFit. Section 5.3 presents the
results of the =ET scale measurement using a `scanning method': a scan of the c 2 function
from the kinematic �t is performed over sampleswith pre-adjusted =ET scale.As it turns out,
the sensitivity of this scan to the JES is so large that this has to be measured �rst, and
independently from the =ET scale. Thus in Section 5.4 the JES is determined using a scan
over sampleswith pre-de�ned jet energy scales.In Section 5.5 an alternativ e and powerful
estimator of the =ET scaleis studied: the transversemomentum di�erence betweenthe two top
quarks reconstructedusing the kinematic �t. The possibility of measuringthe top quark mass
is discussedin Section 5.6 and in Section 5.7 we proposean `analysis-chain' for early data to
determine the energyscalesand to check the consistencyof the usedtop quark mass.Finally
the conclusion is given in Section 5.8 and in Section 5.9 we study the possibility to use the
kinematic �t to distinguish supersymmetry events from Standard Model events.

5.2 Kinematic �t for semi-leptonic tt̄ events

With four jets and no useof b-tagging there are 12 possiblepermutations for assigningthe jets
to their underlying quark in a semi-leptonicdecay of a top quark pair (seealsoFig. 5.1). For the
reconstruction of the neutrino we assumepn

T = =ET and obtain the longitudinal component pn
z

from the leptonic W massrequirement: mlep:W = 80:4 GeV. As stated in Section1.1.4the world
averagefor the W massis mW = 80:398� 0:025 GeV. In caseswhereenergy
uctuations lead to
solutions with imaginary numbers,that is when the transversemassmT

ln of the lepton/neutrino
system is larger than the W bosonmass,only the real part is usedfor pn

z . We remark that it
is also possibleto obtain pn

z from the decay products of the leptonic top by requiring that the
neutrino solution together with the lepton and b-quark jet combine to the top mass,but in
general this turns out to lead to slightly worseresults.

-

-

e,m
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Wb
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q

q'
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Figure 5.1: Semi-leptonic top quark pair decay. The `leptonic' top is the top quark decaying
into a b-quark and a `leptonic' W, which is the leptonically decaying W. The `hadronic' top
is the top quark decaying into a W that subsequently decays into two light quarks/jets. The
corresponding b-quarks are named leptonic and hadronic b-quark respectively.
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Finally, the procedure leads to two solutions for the neutrino pn
z for each of the 12 per-

mutations, hence e�ectiv ely 24 permutations for each event. The candidate for the correct
permutation is selectedby keepingonly the permutation with the lowest value of the c 2 of the
�t that will be described below. In events with �v e or more jets, only the four jets with highest
pT are used.Obviously, in theseevents, but also in events with exactly four reconstructed jets
there is no guarantee that the measuredjets correspond to the partons of the hard interaction.

Before applying the minimization procedure the massesof all jets are adjusted. This is
a standard application in the HitFit program: in each permutation the mass of a jet is set
to either zero or to 5 GeV for a light or a b-jet, according to the labeling of the jet in that
permutation. The 3-momentum is not altered in this step.

The c 2 function will now be discussedterm by term. The entire function is de�ned as:

c 2 = å
i= 1;4

�
a i pi

T � pi
T

s (pi
T)

� 2

(5.1)

+
�

4
p

Õi a i � 1
s jes

� 2

(5.2)

+
�

mhad:W � 80:4
smhad:W

� 2

+
�

mlep:W � 80:4
sml ep:W

� 2

(5.3)

+
�

mlep:Top � mhad:Top

sml ep:T

� 2

+
�

mhad:Top � Mtop

smhad:T

� 2

(5.4)

The jet c 2-terms

The �rst terms in the c 2, seeequation-line5.1,allow to absorb
uctuations dueto the resolution
of the jet energymeasurement.

The transversemomenta pi
T represent the corrected jet momenta basedon the measured

momenta, pi
T;reco. The correction function is obtained from MC events by parameterizing the

relation between the measured pi
T;reco of the jet and the pi

T;true of the parton using a poly-
nomial shape.3) This is illustrated for b-quark jets in Fig. 5.2 (left), where the ratio of the
reconstructed jet pT to the true quark pT is �tted as a function of the reconstructed jet pT .
The parameterization results in the function f (pi

T;reco) de�ned as

f (pi
T;reco) �

pi
T;reco

pi
T;true

= a� (pi
T;reco)

3 + b� (pi
T;reco)

2 + c� pi
T;reco+ d; (5.5)

where the variables a;b;c;d are given in Table 5.1 separately for light- and for b-quark jets.
The functions are applied to the jet 3-momenta vector such that the directions of the jets are
not altered:

�!p i = f � 1(pi
T;reco)

�!p i
reco; (5.6)

where �!p i is the momentum of jet i, of which the transversecomponent is �nally used in the
c 2 function.

3)First a matching study is performed to identify jets as (possibly) originating from one of the four hard
partons in the top decay, where a distinction is made between the b-quarks and the light quarks from the
hadronic W. The measured jets are matched to their corresponding hard partons by requiring DR< 0:2, where
DR=

p
Df 2 + Dh 2:
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Figure 5.2: Left: calibration of the parton correction for the heavy jets. Right: the jet pT

resolution asfunction of the transversemomentum, for �v eh regions.Seetext for more details.

The resolutions s (pi
T) are parameterizedas functions of the transversemomentum and are

determined separately for �v e h regions. The resolution function parameters are obtained in
the following way. First, distributions of the transversemomentum di�erence betweenjet and
corresponding parton for variousbins in transversemomentum are �tted with Gaussianshapes.
Then, the squaredwidths of theseGaussians,again as function of the transversemomentum
are �tted with a secondorder polynomial. The functions are thus given by

s (pi
T ) =

q
A2(pi

T )2 + B2pi
T + C2: (5.7)

The resulting functions are depicted in Fig. 5.2 (right) and are given by the parametersin
Table 5.2. From the distributions in the �gure it becomesclear that the resolutions are worst
in the regions nearest to the gap region, that is for 1:0 < jh j < 1:5 and 1:5 < jh j < 2:0. The
best resolution is obtained in the most forward region, i.e. with 2:0 < jh j.4) Theseobservations
are in agreement with the results in Section 4.3.5 and [100].

The parameters a i in equation-line (5.1) are free �t parameters and are preferably equal
to unit y; their purposeis to absorb 
uctuations due to the resolution of the jet energy mea-
surement, and are not related to the overall jet energyscale.For this we have the `correlation
term' to which we come back shortly. The parameters a i are applied to the jet 3-momenta
vector such that the directions of the jets are not altered. When adjusting the jet momenta
the missing transverseenergy is also changed, such that the total transversemomentum in
the event, KT remains constant. The quantit y KT is obtained from the vectorial sum over the
leading four jets, the lepton and missing energy:

KT = å
i= 1;4

~p jet i
T + ~plepton

T + ~=ET : (5.8)

4)This is becausejets in the forward region have very high momentum and, as the shapes of most of the
distributions in Fig. 5.2 (righ t) show, a higher momentum jet has a relativ e better resolution. Explained with an
example: assumingthe jet direction is perfectly measured,s (pT )=pT = s (p)=p. A jet with h = 0 and pT = 40 GeV
has s (p)=p = 0:18, see the �gure. A jet with h = 2:3 and pT = 40 GeV has s (p)=p = 0:15. That is a better
resolution in pT , but with p = 200 GeV for the forward jet the resolution can be compared to the resolution of
a jet with h = 0 and p = 200 GeV, i.e. with s (p)=p = 0:07.
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a (GeV� 3) b (GeV� 2) c (GeV� 1) d

light jets 6:07� 10� 9 � 5:25� 10� 6 1:67� 10� 3 0.889
b-quark jets 7:54� 10� 8 � 3:62� 10� 5 6:07� 10� 3 0.650

Table 5.1: Parametersfor the parton correction function eq. (5.5), for light and b-jets.

A B (GeV1=2) C (GeV)

0.0 < j h j < 0.5 0.00 0.94 3.9
0.5 < j h j < 1.0 0.00 0.88 4.3
1.0 < j h j < 1.5 0.05 0.81 4.6
1.5 < j h j < 2.0 0.00 1.01 3.0
2.0 < j h j 0.03 0.47 5.1

Table 5.2: Parametersfor the resolution function eq. (5.7), for �v e jh j regions.

The correlation term

The term in equation-line (5.2) is related to the overall jet energyscale.The idea behind this
term is that the four a 's enable to absorb 
uctuations of the individual jet energy measure-
ments, while the event's overall jet energy scale(which is the quartic root of the product of
the four a 's) is kept closeto unit y.

The `uncertainty' s jes = 0:01 in equation-line (5.2) is estimated empirically from the re-
quirement that the magnitude of the correlation term is comparablewith other terms in the
total c 2 asappropriate. We can interpret this resolution as follows: the combination of a semi-
leptonic tt̄ hypothesiswith all the jet and massresolutions in the c 2, results in an overall jet
energyscaleresolution to the percent level.5) Although a one-to-onecorrelation is not correct,
at �rst order the s jes indicates the sensitivity to the overall jet energyscale.

In general this term leads to relatively stable �ts. When scanningover sampleswith pre-
de�ned jet energyscalesin Section5.4, this term is necessaryto prevent the absorption of the
pre-de�ned energyscaleby the four a 's.

The mass constrain ts

The constraints in equation-line (5.3) and (5.4) are added as penalty terms to the full c 2.
It should be noted that the term related to the constraint from the leptonic W mass only
contributes to the c 2 when the equation mlep:W = 80:4 GeV has solutions with imaginary
numbers for the neutrino's longitudinal momentum.

The resolutionsusedin theseterms, the s m's, are a combination of the physical masswidth
of the parent particles and the resolution of the corresponding reconstructedobjects. Only the
resolution of the jet anglescontribute to these s m's: the resolution of jet energiesis already
accounted for in the jet terms and should not be invoked again in theseterms. The s m's are
obtained using MC events by replacing the measuredenergy of the jets by the true energy
of the corresponding partons using events with no or negligible �nal state radiation. For this
purposewe select events by requiring the (true) invariant massof the two light partons and

5)This is assuming the correct jet permutation is selected, and excluding any systematic uncertainties such
as di�eren t MC generator results.
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the hadronic b-quark to be larger than 174:5 GeV. The sameselection has been applied to
the invariant massof the true lepton, the true neutrino and the leptonic b-quark. To obtain a
correct resolution for the leptonic top mass,the neutrino pn

z is calculated by requiring the two
reconstructed top massesto be equal. If we were to usethe solution for pn

z with the standard
approach of requiring the leptonic W massto be 80.4 GeV, the error on the =ET , which results
in an error on the pn

z , would propagatetwice into the resolution on the leptonic top mass:once
in the pn

x and pn
y , and oncein the pn

z .6)

In Figure 5.3 the four massdistributions are depicted, including the results of the Gaussian
�ts. The �tted meansdo not exactly correspond to the true massesof the particles, implying
that on averagethe opening anglesbetweenthe partons are di�eren t from the opening angles
betweenjets: a �tted masslower than the true masse�ectiv ely meansthat the jets are closer
together than the partons. We neglect thesesmall discrepanciesand keepthe `true' valuesof
80.4 and 175 GeV in the �t for respectively the W and the top mass.The resolutions are:

sml ep:W = 9:3 GeV

smhad:W = 4:2 GeV

sml ep:T = 4:2 GeV

smhad:T = 3:2 GeV: (5.9)

6)Even more correct perhaps, would be to calculate the neutrino pn
z by requiring the leptonic top massto be

175 GeV. In the approach we have adopted the resolution on the hadronic top masspropagates partly into the
resolution on the leptonic top. This e�ect is however smaller than the double counting of the =ET error.
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Figure 5.3: Mass distributions for (clockwise, starting with the upper left): the hadronic W,
the hadronic top, the leptonic top and the leptonic W. The dasheddistributions are the events
selected,including FSR suppression,seetext for the exact details. The Gaussian�t results are
depicted by the solid lines, with the mean and width given for each massdistribution.
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The degrees of freedom - To determine the number of degreesof freedom nd in the c 2

function, we count the contributions to nd �rst in eq. (5.1) and (5.2), then in eq. (5.3) and
(5.4):

� The four jet parameters a i are constrained by the corresponding c 2 terms, and they
are additionally constrained by the correlation term. Thus, with a total of 5 terms for 4
parametersand ignoring the correlation betweenthe jet terms and the correlation term,
we have a contribution to nd of 5� 4 = 1. When the jet terms and the correlation term
are fully correlated this contribution reducesto 0.

� In total we have four massconstraints. The term with the leptonic W massconstraint is
usedto get a solution for pn

z . This leadsto 4� 1 = 3 more degreesof freedom.However,
we get two solutions for pn

z . The correct solution has to be determined by (partially)
using the information from the �nal three mass constraints, which at most `eats' one
more constraint. In the latter casewe have a contribution to nd of 4� 2 = 2.

Hence,we �nd a minimum for the number of degreesof freedom at nd = 2 and a maximum
at nd = 4. When discussingthe c 2 probabilit y of the kinematic �t in Fig. 5.4 in the following
section we show that nd = 3 is a reasonablevalue.

5.2.1 Performance on matc hed tt̄ events

To study the performance of the kinematic �t we use a selection of events that ful�ll the
tt̄ hypothesis without signi�cant QCD radiation. In these events, which have four jets, the
measuredjets are matched to their corresponding hard partons by requiring DR< 0:2, where
DR is de�ned by DR=

p
Df 2 + Dh 2 and represents the distancebetweenjets in f and h space.

We refer to these events as matched events. The contribution of events with signi�cant �nal
state radiation (FSR) is further reducedby requiring the appropriate combination of partons'
(and leptons') true momenta to yield the top masswithin 1 GeV and the W masswithin 2 GeV,
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Figure 5.4: The c 2 probabilit y distribution of the kinematic �t for the selectedevents, for
the permutation with all four jets correctly matched to the four partons. FSR suppressionis
applied by requiring the reconstructed top massand W massto be within 1 and 2 GeV of the
true values;seetext for more details.
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Figure 5.5: For matched events with additional FSR suppression,the �tted jet energydivided
by the corresponding true parton energy together with the original result (corrected, before
the �t), after a requirement of c 2 < 5. Little or no improvement is visible as result of the �t.

both for the hadronic and leptonic top. It should be emphasizedthat this Section describes
the results of a study restricted to matched events, while this restriction is not usedby other
studies described in this note, unlessspeci�ed otherwise.

The result of this selection is as follows: of the 73:2� 103 events 7) in the sample10:9� 103

events passthe standard requirements of Section 5.1, of which 565 events have four matched
partons, as de�ned above.8) Figure 5.4 shows the c 2 probabilit y of the kinematic �t for the
selectedevents, assuming3 degreesof freedom,for the permutation with all four jets correctly
matched to the four partons. The distribution peaksaround zero, implying that even for the
correct permutation of the four jets a signi�cant number of events is poorly reconstructed.
In this caseeither the jet energies,the lepton energy or direction, or the missing transverse
energy is poorly measured.At higher probabilit y values, the distribution is essentially 
at as
expected for purely Gaussiandetector resolution. In retrospect, the 
at distribution con�rms
that nd = 3 is a reasonablevalue. For matched events we �nd that the correct jet combination
has the lowest c 2 value in about 2/3 of the events.

In Figure 5.5 the distribution of the �tted jet energy divided by the corresponding true
parton energy is displayed, for the jets before and after the �t; the �rst do have the parton
correction function applied. When extremely `clean' events are consideredby requiring c 2 < 5
a little to no improvement is visible.9) This indicates that the �t could not further improve
the overall JES for these particular events. As we will see later, the �t over all events is
however sensitive to overall jet energyscaleo�sets. Hencewe interpret Fig. 5.5 as con�rming
the correctnessof the parton correction of eq. (5.5). We observe similar behavior of the missing
transverseenergy resolution. However, as will be shown in the next section, for events with
high values of c 2, the =ET (�tted and original) resolution degrades,implying that by cutting
on c 2 one selectswell measuredevents.

7)This is from exactly 105 unweighted MC@NLO events, equivalent to an integrated luminosit y of 160 pb � 1.
As stated before, the sample contains no all-hadronic decays.

8)Without the requirements for FSR suppressionwe would have � 1900matched events.
9)The requirement of c 2 < 5 reducesthe sample of 565 events to 246 events.
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5.3 The =ET scale from the scanning metho d

In this section we describe the extraction of the =ET scalebasedon a scanof the c 2 function,
starting with a brief intermezzoto clarify the additional requirements that will be usedin this
procedure.Similar to the overall JES that we set out to measure,we emphasizethat it is the
overall =ET scalewe try to establish, not its resolution or the amount of fake =ET .

The analysisdescribed in this chapter turns out to perform best when the background from
W+jets and especially from poorly measuredtt̄ events is small. Therefore, tight requirements
are introduced that are establishedempirically. The distribution of c 2 after the kinematic �t
is depicted in Fig. 5.6 (left) for tt̄ and W+jets events. Also shown is the distribution for the
matched tt̄ events. The distribution for tt̄ peaks at low values of c 2 and then falls rapidly,
but exhibits a long tail. In contrast, for the W+jets events the peak at low values is much
lesspronounced.The di�erence betweensignal and background appears even more dramatic
when the log10(c 2) is consideredas in Fig. 5.6 (right), where the lowest valuesof log10(c 2) are
dominantly populated by tt̄ events.
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Figure 5.6: The distribution of the best permutation c 2 of the kinematic �t for tt̄ (all and
matched) and W+jets events. The standard selection requirements of Section 5.1 are used.
Left, the distribution of c 2 is depicted, right the distribution of log10(c 2).

About 50% of the matched events are removed when cutting on c 2 = 10; this appears to
be a reasonabletrade o� betweenstatistics and event quality. Cutting on c 2 suppressesevents
in which the =ET is (relativ ely) poorly reconstructed, which is con�rmed by the distributions
of `fake =ET ' shown in Fig. 5.7. Fake =ET is de�ned as the di�erence between the =ET after the
�t and the true missing transversemomentum. These distributions indicate that for events
with c 2 < 10, the =ET resolution is signi�cantly better than for events at higher values of c 2.
Moreover, at high valuesof fake =ET (larger than 30 GeV), in the tails of the distribution, there
are substantially lessevents with c 2 < 10.

Figure 5.8 (left) shows the =ET distribution for tt̄ and W+jets events with the standard
selection requirements of Section 5.1. At this stage, the ratio of signal (S) and background
(BW) events is S

BW
= 4:0. The right plot shows the same distributions after rejecting events

with c 2 > 10 and a mlep:W > 80:7 GeV, leading to S
BW

= 13:4.
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distributions are normalized.
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Figure 5.8:The distribution of =ET for tt̄ andW+jets events with standard selectionrequirements
of Section 5.1 (left) and after rejecting events with c 2 > 10 and a mlep:W > 80:7 GeV (right).
The cut value of the `additional requirement' (seetext) at =ET = 40 GeV is also indicated.

In the following we only consider the results after the next additional requiremen ts :

� The �t must have convergedand the best permutation must have a c 2 < 10.

� The reconstructed leptonic W massmust be mlep:W < 80:7 GeV, or in other words the
solution for pn

z is real.

� Before starting the �t procedurewe require =ET > 40 GeV. This has no signi�cant e�ect
on S

BW
, but is introduced to reject QCD background (though, not present in this MC

study).
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5.3.1 The scanning metho d

To determine the scaleof the missingtransverseenergy, the =ET scale,we usea c 2-scanrunning
over a hypothetical =ET scaleover a large range in small steps, called `scan-points'. At each
scan-point, �rst the new =ET scaleis implemented in a straightforward way by just multiplying
the original =ET value by the =ET scalefactor, which givesa new value of the overall transverse
momentum, KT . Then, the events are �tted to determine the event permutation with the
lowest value of c 2 (corresponding to the best �t of the four jet parametersa i). The event for
a particular scan-point is kept if it ful�lls the additional requirements discussedon page121.
The statistical uncertainties from the typically 1500events are correlated betweenscan-points.
However, someevents can ful�ll the additional requirements for a particular scan-point while
for another point, the event is rejected. This leads to uncorrelated statistical 
uctuations at
di�eren t scan-points. The size of these uncorrelated uncertainties is typically 0.5%, obtained
from the statistical uncertainty of the number of events at a certain scan-point which do not
contribute to the neighboring scan-points.

To optimize the sensitivity of the analysis a readjusted de�nition of the c 2 is used: �rst,
the events are weighted with their c 2 probabilit y P. That is, at each scan-point the average
value c 2 = SiPic 2

i =SiPi of all selectedevents (or better their best permutation) is obtained. By
taking the averagevalue, the technical problem of having di�eren t statistics at each scan-point
is solved. Second,to facilitate absolute comparisonsof di�eren t scans,at each scan-point the
averagec 2 is scaledby the number of events in the point with the lowest averagevalue: we
refer to this quantit y as c 2

w, the weighted c 2.
Figure 5.9 (left) shows the results of a scanof the =ET scalein stepsof 0.05. The top quark

massis �xed to a value of Mtop = 175 GeV. The contribution of tt̄ events and that of W+jets
background events are shown separately. In order to determine the position of the minimum
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Figure 5.9:Left: distribution of the weighted c 2 for a scanof the =ET scale,for the `Total' sample
(i.e. tt̄ and W+jets events) and for tt̄ events only. The uncorrelated statistical uncertainty
between the points is at the level of 0.5%. The best value for the =ET scale is determined by
�tting a parabolic function. Right: results for the best valuesof the =ET scaledetermined with
the scanapplied to sampleswith adapted true =ET scales.(For a samplewith e.g.adapted true
=ET scale=0.8 the expected result is 1/0.8=1.25.) The samesample is used in each point. The
uncertainties are obtained from the 
uctuation in the results on sub-samples(seetext).
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in this distribution a parabolic �t is applied around the scan-point with the lowest value of c 2
w,

leading to a =ET scale= 1:03. A statistical uncertainty of � 0:06 is obtained from the 
uctuations
on results from scanson subsamplesof the sample used: the total sample is divided in four
subsamplesand from the resulting distribution of the scalesthe uncertainty is extracted asthe
RMS=

p
4� 1. This method is applied throughout this work.10)

The contribution of background events is modest due to the strong requirements on the
missing transverse energy =ET > 40 GeV and c 2 < 10. We repeated the procedure without
including the background events and �nd a minimum again at =ET scale= 1:03, in agreement
with the nominal result.

We contin ue our study by preparing various event sampleswith adapted true =ET scales
and repeating for each sample the scanningprocedure.For this we ignore the W background
events. Figure 5.9 (right) shows the �tted result versusthe expected result: for a samplewith
for example an adapted true =ET scale = 0:8 the expected result is 1=0:8 = 1:25. The �gure
illustrates that the kinematic �tting procedure behaves reasonably linear, even for relatively
large deviations. A realistic scenariowould be to iterate the scanningprocedure,starting each
iteration with the =ET scalefrom the previous iteration.

The variation of the weighted c 2 in Fig. 5.9 (left) as a function of the =ET scaleis relatively
small. The stabilit y of this method against possiblesystematic e�ects, notably the jet energy
scaleand the top quark mass,are therefore the key issuesnow. These issuesare addressedin
the following two paragraphs.

5.3.2 Sensitivit y to the top quark mass

The top quark massas usedin the constraints of the kinematic �t is varied by its uncertainty
of 2.5 GeV and the scanprocedureis repeated.Table 5.3 lists the results for =ET scaleseparately
for various values of Mtop. The results show a large variation of -12% of the =ET scalefor the

scannedquantit y �xed quantit y
=ET scale= 1:04 Mtop = 177.5
=ET scale= 1:03 Mtop = 175.0
=ET scale= 0:91 Mtop = 172.5

Table 5.3: Summary of the results of the kinematic �tting procedure for 1-dimensional scans
of the =ET scalewith various valuesof Mtop.

-2.5 GeV variation of the top mass.Although the world averageof the top quark massis known
to � 1:3 GeV, this large correlation can a�ect our results. With the sensitivity to the jet energy
discussedin the next section it will becomeclear how we can solve this problem. We already
note that in Section5.7.1we will discussthe possibility of simultaneouso�sets in the top mass
value expectation, the jet energyscaleand the =ET scale.

5.3.3 Sensitivit y to the jet energy scale

The light quark jet energy scalemay eventually be measuredto the 1% level using the mass
of the W boson,this method is discussedin [111]. The b-jet energyscaleis the most problem-

10)As a check the uncertainty was also obtained by applying the analysis to several di�eren t samples of 105

events. The results were similar.
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Figure 5.10: Left: a lego plot of � c 2
w+o�set for hypothetical JES and =ET scalevalues (scan-

points). The value of c 2
w is inverted and an o�set is added to make the minimum visible (as

maximum). Right: a gray-scaleplot of the samequantities as in the left plot. The darknessof
the squaresindicate the magnitude as shown in the legend.

atic since it is di�cult to measurewith the �rst data. To study the overall jet energy scale
uncertainties, we usea two dimensional scanrunning over a hypothetical jet energyscaleand
=ET scalearound unit y in stepsof 0.05.

At each scan-point, �rst the new =ET scaleis applied: the =ET value is multiplied with the new
=ET scalefactor leading to a new value of the KT . Then the new jet energyscaleis implemented
while keepingthis value of KT constant, as described when discussingeq. (5.8). Moreover, the
corresponding scaledtransversejet energyresolution, s (pi

T ) is always evaluated at its nominal
value; otherwisethe minimization of the c 2 function is arti�cially forcedto prefer higher values
of the JES scale.11) The result is graphically displayed in Fig. 5.10 (left) as a lego plot for
� c 2

w +o�set; for visibilit y it is necessaryto `invert' c 2
w and an o�set is addedto ensurepositive

bin values,neededfor technical reasons,in order to seethe lego-towers around the minimum
value (as maximum). Figure 5.10(right) shows the sameresult using a gray-scaleindex. When
we look at slicesof constant JES, we observe that the c 2

w value as function of the =ET scale
has no unique minimum except for the slice with JES= 1:0. For a variation of 5% of the JES
(a realistic o�set of the JES that can be expected in the �rst data sample), the e�ect on the
=ET scaleis dramatic and no minimum can be found. The conclusionfor early data is that we
�rst needto know the correct overall JES; if the overall JESis too far o�, the 2D scanis useless
for the =ET scaledetermination.

However, the results for the JESare spectacular: the minimum of c 2
w asfunction of =ET scale

remains closeto unit y for any value (or slice) of =ET scale.At the minimum value of c 2
w, we

�nd JES= 1:01� 0:02 and =ET scale=1:03� 0:06 both closeto unit y asexpected.This suggests
that it is possibleto extract the JES without the necessity to know the =ET scalein advance,
which is the topic of the next Section.

11)The easiestway to seethis, is with an example: take a jet measuredwith pT = 100 GeV, which is also the
correct value corresponding to the parton pT . If we did not evaluate the s (pT ) at its nominal value, a positive
o�set in the scan of the JES of a factor of 1.2 results in a c 2-term for this jet of ( � 20

s (120) )2. A negative o�set of a

factor of 0.8 results in ( + 20
s (80) )2 (assuming the �t �nds the true value back.) The latter is always larger as s (pT )

decreaseswith decreasing pT . Thus a positive o�set would be favored over a negative o�set in a JES scan.
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5.4 Determination of the jet energy scale

In the previous section, using a two dimensional scan,we have observed that the JES can be
determined independently from the =ET scale,implying that the JES can be determined from
a one dimensional scanas is done for the following studies.

We use the samescanning procedure as explained earlier and scan the c 2
w as a function

of the JES from 0.84 tot 1.16 in steps of 0.02. The result is displayed graphically in Fig 5.11
(left). A parabola is �t around the minimum and leadsto JES= 1:01� 0:02. The uncertainty
of 0.02 is again obtained from the statistical 
uctuations on results from scanson subsamples.
When the W+jets background is ignored, the result doesnot signi�cantly change.
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Figure 5.11: Left: distribution of the weighted c 2 for a scan of the JES for a �xed top mass
at 175 GeV, including tt̄ and W+jets events indicated as `Total'. The contribution of t t̄ events
only is shown separately. The uncorrelated statistical uncertainty betweenthe points is at the
level of 0.5%.Right: the JES scanningresults as a function of the expected value, true 1=JES.
A line that represents unit y is drawn to guide the eye.

We have preparedseveral mis-calibrated tt̄ samples(th us ignoring W+jets background) by
using a true JES in the range between 0.8 and 1.2 and we repeated the scanning procedure.
Note that the jet energy and =ET selectioncuts are applied after a mis-calibration of the true
JES, leading to a di�eren t event samplethan for the nominal case.As can be seenin Fig. 5.11
(right), the procedurebehaveslinearly and wedevelopeda method to determinethe overall JES
within 2% statistical accuracy. There are several systematic uncertainties which can in
uence
theseresults. We now study the dependenceon the =ET scaleand the top mass.

5.4.1 Sensitivit y to the =ET scale and top quark mass

Systematic e�ects may arise from an unknown =ET scale and from the top quark mass. To
quantify the �rst uncertainty we vary the =ET scale by � 0:2; the resulting variation of the
JES is small, as listed in Table 5.4. The massof the top quark is varied by its uncertainty of
2.5 GeV; the results for the JES, seeTable 5.4, are o�set by 0.02 with respect to the nominal
result. We concludethat the JEScan be determined using the scanningprocedureto the level
of 2% statistically and 2% systematically.



126 Chapter 5. Energy scale calibration using a kinematic �t

scannedquantit y varied (true) quantit y
JES= 1.007 (nominal)
JES= 1.012 =ET scale= 0:8
JES= 1.001 =ET scale= 1:2
JES= 1.025 Mtop = 177.5GeV
JES= 0.998 Mtop = 172.5GeV

Table 5.4: Summary of results of the kinematic �tting procedure for 1-dimensional scansof
the JES for various values of the true =ET scaleand top quark mass;background events are
excluded in thesemeasurements. The statistical uncertainty on the �tted JES equals2%.

We note here that we did not study the e�ect of QCD events, if present, nor the e�ect of
the underlying event or pile-up. The �rst can contaminate the sample,`blurring' the accuracy
of the scan. The latter two event types can make it more di�cult to establish the correct
permutation, with the sameresult as QCD events, but it can also a�ect the measuredenergy
of the jets and the measured=ET . We seein Table 5.4 that a mis-measured=ET is not of great
importance, and an overall mis-measuredJES is what we aim to measure,yet the total e�ect
of any underlying event is unknown and should be kept in mind for further study.

With the overall JESmeasured,the next task is to determine the =ET scalein a di�eren t way
than presented in the previous section,sincethe c 2 scanningmethod to obtain the =ET scaleis
too correlated to the JES scan.

5.5 The =ET scale from the top pair DPT

The observable we have constructed to determine the =ET scale is the measured transverse
momentum di�erence of the two top quarks:

DPT = plep
T � phad

T ; (5.10)

where plep
T is the combined transversemomentum of the measuredcharged lepton, the =ET and

one b-jet, while phad
T is the momentum of the jets of the hadronic W and the other b-jet. The

assignment of the jets is obtained from the permutation with the lowest c 2.
Figure 5.12shows the distribution of DPT for tt̄ events and W+jets events selected,with the

additional requirements of page121still applied. A Gaussianshape is �tted to the distribution
with a mean of � 2:58� 1:15 GeV and a width of 24:0� 1:8 GeV. When the �t is only applied
to tt̄ events the mean changesto -2.4 GeV, indicating that the W+jets background can safely
be ignored for this initial study.

To study the sensitivity of DPT to the true =ET scale,several event sampleswith adapted
scaleare used;the mean of the distributions versustrue 1==ET scaleare shown in Fig. 5.13. A
line �tted through the results is also shown. The line with a slope of -37 GeV can be usedas
calibration curve to obtain the =ET scalefrom the DPT distribution with a statistical uncertainty
of s (mean)=slope= 1:15=36:9 = 0:03.

The mean of the DPT distribution is clearly not zero. Two e�ects can play a role in this
o�set: �rst, the selectionrequirements of Section 5.1 causeonly the more energetic jets to be
selected;the pT requirement for the jets is higher than the pT requirement on the lepton and the
=ET , biasing the transversemomentum of the reconstructedhadronic top quark. A seconde�ect
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might be the parton correctionsdiscussedin Section5.2, wherewe observe that the corrections
can easily amount to an increasein the jet pT of 0%� 20% (for jets with pT < 100 GeV). The
KT is altered with thesecorrections: in the standard HitFit settings the parton correctionsare
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Figure 5.12:The distribution of the measuredmomentum di�erence betweenthe two top quarks
DPT, for tt̄ and W+jets events. The assignment of the jets is obtained from the permutation
with the lowest c 2. The standard selection requirements of Section 5.1 are used, plus the
additional requirements of page121. A Gaussianis �tted to the Total distribution, of which
the mean, and its uncertainty, are used in the next �gure.
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not propagated into a change of the missing transverseenergy, with the hypothesis that the
parton corrections take into account out-of-cone jet energy depositions. As these depositions
have already beentaken into account in the original calculation of the =ET , there is no needfor
=ET -corrections. However if the di�erence betweenthe jet and the parton energy is not only an
out-of-conee�ect, =ET -corrections might be needed,but not on a one-to-onebasis.

An interesting study would be to �nd the exact causefor the needof the parton correction
and its relation with the =ET . The o�set of the DPT is however not an immediate problem. The
bias in Figure 5.13can be compensatedfor; asthis introducesa dependenceon MC prediction,
the bias doesintroduce an extra systematic uncertainty in our results.

5.5.1 Sensitivit y to the JES and top quark mass

The meanof the DPT distribution is sensitiveto the JES, but lessdramatically than the scanning
method. For example, for a true JES of 0.88 and 1.12, the mean changesfrom the nominal
-2.4 GeV (excl. background) to -0.8 GeV and -2.2 GeV respectively. Note that both results
shift the mean to higher values.When thesemeanvaluesare usedto extract the =ET scale,the
o�set is of the order of 5%. This suggeststo �rst use the scanningmethod to determine the
JES and then usethe DPT method extract the =ET scale.

The sensitivity on the massof the top quarks is estimated by changing Mtop to 172.5GeV
and 177.5 GeV respectively, which leads to mean values of -3.1 GeV and -2.4 GeV and thus
a�ects the =ET scaleat the 2% level. Hence, the DPT turns out to be relatively stable against
systematic variations of the top quark mass.However, the top quark massalsoa�ects the JES
measurement (seeTable 5.4) and thus indirectly has impact on the =ET scaledetermination.
The systematic variation of the =ET scalefrom this combined e�ect is at most 3%.12) With the
new, more accurate, world averageof the top quark massthis variation can only be smaller.

5.6 A special case study: the top mass distribution

A complete measurement of the top quark mass, simultaneously with the energy scalesis
beyond the scope of this work, but a �rst step towards such an analysis is investigated in this
Section.

We assumethat the jet energyscaleand missingenergyscalesare well known, either from
the analysespreviously presented in this chapter, or from any other analysis. This allows us
to introduce the top massMtop as an extra free parameter in the �t, seealso eq. (5.4). As in
the previous studies,b-tagging is not included. The result is shown in Fig. 5.14for events that
ful�ll the additional requirements from page121. In the distribution the events are weighted
with the c 2 probabilit y P, de�ned with 2 degreesof freedom.13) The background from W+jets
events is comfortably small. To describe the peak of the distribution, we usea Gaussianshape
as shown in the �gure. The mean of the shape is 174:2� 0:75 GeV and the width amounts to
10:2� 1:2 GeV. The result is consistent with the input value of 175 GeV.

A dedicated study of the measurement of the top quark massis presented in [117], where
the width of the masspeak is optimized and b-tagging is included. The result of that study
for the width of the top massdistribution is comparableto our result.

12)A variation of the JES with � 12% results in a 5% variation in the =ET scale;with a systematic uncertainty
of 2% as determined in Table 5.4, we can thus expect a =ET scalevariation of 1%.

13)Which is di�eren t from the function P in Fig. 5.4 with 3 degreesof freedom; the extra free parameter Mtop
`costs' one degreeof freedom.
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Figure 5.14: The distribution of the �tted massfor the W+jets background, for t t̄ events and
for the total sample. The events are weighted with the c 2 probabilit y. The event selection
includes the additional requirements from page 121. A Gaussian shape �tted to the `Total'
distribution is shown.
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5.7 Outline of the analysis using early data

Earlier in this chapter we have presented the `scanning method' and the `DPT method' to
extract the =ET scale.The �rst turns out to be too sensitive to the JES, while the secondresults
in a statistical uncertainty of 3% on a sample with a luminosity of 160 pb � 1; the systematic
uncertainty is alsoestimatedto be3%.Thesemethods dependon the knowledgeof the JES, but
in addition we have demonstrated that we can extract the JES to the level of 2% statistically.
The largest systematic e�ect on the JES turned out to be the variation of 2% when the top
quark massis varied by 2.5 GeV. In this Section we describe the analysis to be performed on
early data.

The �rst steps will be to establish jet energy corrections to the parton level with studies
on g=Z+jets events, see[110].Assuming that the JESand =ET scaleare subsequently unknown
to the level of at most 20%, we proposethe following analysis.

1. The JES can be �tted using the scanning procedure to the level of 2% (statistically).
This we have demonstratedalso if the initial =ET scaleis o�set by factors as large as20%.

2. Now, the JES is known and consecutively the =ET scalecan be determined with the DPT

method to 3%. A check can be performed with the scanningmethod.

3. It may be necessaryto repeat the �rst two stepsa few times. Finally, the direct �t of the
top quark massshould be made to check whether the usedtop quark massis consistent
with early data.

We havechecked the proposed`analysis-chain' on several t t̄ event sampleswith modi�ed energy
scalesand we observed that the input values are indeed successfullyrecovered. An example
will now be described.

5.7.1 A realistic case study

We go through the details of one `extreme case': we have prepared an event sample with a
modi�ed jet energyscale1=JES= 1:11 and a modi�ed =ET scale:1==ET scale= 1:25. Furthermore,
weassumea Mtop = 172:5 GeV in the kinematic �t constraints, although the sampleis generated
with a top massof 175 GeV. The background W+jets events are included in this analysis.

Several iterations are neededto come to a stable result; the runs are summarized in Ta-
ble 5.5. In run 1 the JES scan results in JES= 1:12� 0:02. When multiplied with the true
JESof 0.9 this leadsto an e�ectiv e result of 1.01� 0.02. Using this measuredvalue of the JES,
the DPT method in run 2 gives =ET scale= 1:30� 0:03, which leads to an e�ectiv e =ET scaleof
1.04� 0.03. As the calibration curve in Fig. 5.13 is not accurate in the lower and higher re-
gions,we reiterate this method in run 3 with the newest value for =ET scale;the e�ectiv e result
is 1:00� 0:03 for the =ET scale. In run 4 the JES is again measured,resulting in 1:00� 0:02,
which �nally gives a value of 1:01� 0:03 for the =ET scalein run 5. In these last two runs the
energy scaleshardly change,and we can conclude that a stable result is found. In run 6 the
last step of the analysis chain is performed to measurethe top quark mass,with a result of
174:1� 0:71 GeV.

Thesemeasurements show that the energyscalesarecorrectly recoveredand that the wrong
input value for the top quark hasalmost no e�ect. Sincethe input valuesfor the energyscales
in run 6 coincideagain with the `true' values,the result for the top quark massmeasurement is
comparableto the measurement in Fig. 5.14.An o�set of 2.5 GeV of the top quark massis thus
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measurablein this case.If the �tting procedureis to be usedfor top quark massmeasurements,
more study is however neededto exactly quantify the correlation of the massmeasurement
with the energyscaledetermination, and to determine the accuracywith which the masscan
be measured.

run input input measured result e�ectiv e
JES =ET scale quantit y result

1 0.90 0.80 JES 1:12� 0:02 1:01� 0:02
2 1.01 0.80 =ET scale 1:30� 0:03 1:04� 0:03
3 1.01 1.04 =ET scale 0:96� 0:03 1:00� 0:03
4 1.01 1.00 JES 0:99� 0:02 1:00� 0:02
5 1.00 1.00 =ET scale 1:01� 0:03 1:01� 0:03
6 1.00 1.01 Mtop=GeV 174:1� 0:71 174:1� 0:71

Table 5.5: Results of several steps of the analysis for the scenario true JES= 0:9 and true
=ET scale= 0:8 with Mtop = 172:5 GeV in the kinematic �tting procedure. Seetext for more
details.

5.8 Conclusion and outlo ok

We presented the �rst results of a constrainedkinematic �tting procedureon a semi-leptonict t̄
event sampleof 160 pb� 1. As we aim for an analysison early data, the possibility of applying
b-tagging has not beenused in this analysis. We focus on the measurement of the overall jet
energyscaleand the missing transverseenergyscale.

Two methods to measurethe scaleof the =ET are investigated: a scan of the c 2 obtained
from the kinematic �t as a function of the =ET scale, and the DPT method that is based on
the momentum di�erence between the reconstructed top quarks. It turns out however that
the =ET scalecan only be determined precisely when the overall JES is measured�rst. It is
demonstrated that the JES can be accurately measuredwith a scanningprocedure,and that
consecutively, the =ET scalecan be best determined using the DPT method. Preliminary studies
show that a measurement of the top masscould be possible,but further study is neededto
explore the correlations with the energyscaledeterminations.

For a follow up of this study we suggestthe study of more systematic uncertainties. Es-
pecially the uncertainty on the MC prediction for the parton correction functions and for the
o�set in the calibration curve to obtain the =ET scale from the DPT distribution needsto be
studied. Also the uncertainty due to the presenceof more background events such as QCD
events, or the underlying event or pile-up should be studied. The latter two event types are
present `throughout' the detector, thus possibly a�ecting both the missing transverseenergy
and the jet energymeasurements.
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5.9 Supersymmetric scenarios

In this section we study the possibility to use the kinematic �t as a further method, apart
from kinematic cuts, to distinguish supersymmetry events from Standard Model t t̄ events. In
the experimental signature with one lepton in the �nal state, plus jets and missing transverse
energy, the largest background to the supersymmetry signal events is expected to be t t̄ and
W+jets events, see[60], and the kinematic �tter could be used as a discriminating tool. To
focuson the possibilities with early data we study the SU3 (bulk) and SU4 (low mass)models,
seeSection 1.3.4, with a data set corresponding to an integrated luminosity of 160 pb� 1.

5.9.1 Event selection

The MC samplesused for the Standard Model channelsare the sameas mentioned earlier in
this chapter, that is the W+jets and the tt̄ samples.For the supersymmetry events we analyze
the SU3 and SU4 samplesgeneratedwith Isajet [118] plus HERWIG. All were reconstructed
with ATHENA version 12.0.6.For the event selection requirements we use two di�eren t sets:
the requirements as mentioned in Section 5.1, which we refer to as the `top-cuts', and a set as
de�ned in the study of [60], which we will refer to as the `susy-cuts':

� Missing transverseenergy =ET > 100 GeV.

� Exactly one isolated electron or muon with pT > 20 GeV; no trigger selection.

� At least four jets with pT > 50 GeV, of which at least one jet with pT > 100 GeV.

� A transverseW bosonmassMT > 100GeV. MT is reconstructed from the lepton and the
=ET and, assumingthe lepton to be massless,is de�ned by

MT =
q

2(plep
T =ET � �!p lep

T �
�!
=ET ): (5.11)

These`susy-cuts' requirements increasethe signal to background ratio. In Table 5.6 the num-
bersof events selectedfrom a sampleof 160pb� 1 are listed after applying the top- or susy-cuts.
For the latter the results with and without the MT > 100 GeV requirement are given.

W+jets tt̄ SU3 SU4

top-cuts 27� 102 1:1� 104 4:2� 102 6:7� 103

susy-cuts(excl. MT cut) 1:0� 102 6:0� 102 2:2� 102 1:8� 103

susy-cuts(incl. MT cut) 0:1� 102 0:7� 102 1:3� 102 0:9� 103

Table 5.6: Number of events selectedfrom the standard model samplesW+jets and t t̄ , and
from the supersymmetric scenariomodels SU3(bulk) and SU4(low mass),all normalized to an
integrated luminosity of 160pb� 1. Two setsof selectionrequirements are used:the low energy
`top-cuts', seeSection 5.1, and the `susy-cuts', seetext in present section. For the latter we
state the results with and without the requirement on the transversemassMT .
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5.9.2 Best perm utation c 2

The setup of the minimization package and the c 2 is as described in Section 5.2. We �t
the events to the tt̄ hypothesis. All massconstraints are implemented, the leptonic W mass
constraint is used to calculate the pn

z and we only consider the permutation with the lowest
c 2. Sincewe were previously interested in the tt̄ events we only consideredthe results if the
�t had converged,had a c 2 < 10 and had a mlep:W < 80:7 GeV. Thesethree demandswe leave
out for the study in this section since we are interested in the supersymmetry events, which
should not be �table to a tt̄ hypothesis.

In Figure 5.15 we present the c 2 distributions for the di�eren t samples.The upper plot
depicts the results with the top-cuts, the bottom left and right plots show the results with
the susy-cuts,where the MT > 100GeV requirement is excludedand included respectively. We
emphasizethat the distributions are non-cumulativ e and that in the two lower plots the SU4
results have beenscaleddown by a factor of 3, to show more details on the remaining samples.
With the top-cuts we observe that a large fraction of the t t̄ events has log(c 2) � 1, while at
the sametime there is a background of tt̄ events which has log(c 2) up to � 3. This di�erence
becomesmore clear when we look at the results in the lower left �gure with the susy-cuts,
excluding the MT cut: only a small fraction of the tt̄ sampleis correctly �tted and most of the
tt̄ events have a log(c 2) > 2. From the di�erence between the lower left and right �gure we
concludethat the transversemassrequirement removesall t t̄ events which werestill `correctly'
�tted, with log(c 2) < 2, and thus greatly reducesthe tt̄ and W+jets contributions.

From Fig. 5.4 and 5.6 we learn that of the matched tt̄ events only a few have log(c 2) > 2.
It turns out that noneof the tt̄ events remaining after the susy-cutshave all four jets matched
to the original partons. The conclusionwe draw is that for theseevents either the lepton, the
missing transverseenergyor one of the jets is poorly reconstructed.

Theseresults illustrate a major problem that occurs when analyzing t t̄ as background to
supersymmetry events: with the susy-cuts,be it with or without the MT cut, a considerable
amount of tt̄ events remains in the selectedsample14) , and theseevents are di�cult to tag as
tt̄ . Comparing the log(c 2) distributions for the tt̄ and the two supersymmetry samplesit is
di�cult to use the c 2 as a discriminating tool: removing all events with log(c 2) < 3 does for
example increasethe signal to background ratio, yet if supersymmetry is to manifest itself in
real data taken with ATLAS, the shapeof the cumulativ edistribution of the c 2 cannot beused.
Both the tt̄ and the supersymmetry sampleshave distributions peaking around log(c 2) � 3,
and the tail of a c 2 is not a reliable observable to consider.

5.9.3 The �tted masses

We can gain more information by looking at the massesof the reconstructed top and W's.
In Fig. 5.16 we show the distributions for the �tted hadronic top quark mass (upper plots)
and the �tted hadronic W mass(bottom plots). The leptonic massesare correlated with these
observables and we leave these out of consideration. In the �gure we seeleft the cumulativ e
results for a sampleof 160 pb� 1 with the supersymmetry SU3 sample included after the top-
cuts. The right two plots are the results with SU4 included. Clearly with the top-cuts a large
fraction of the selectedtt̄ events can be �tted to the expectedvaluesfor the masses.The SU3

14)Although after the requirement of MT > 100 GeV the ratio of supersymmetry events to tt̄ events looks
overwhelming, we emphasize that the SU3 and SU4 scenarioshave relativ e high cross sections. Other super-
symmetric models must be kept in mind and the remaining tt̄ events after the susy-cuts are thus de�nitely
non-negligible.
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Figure 5.15:The non-cumulativ e distributions of c 2 for W+jets, tt̄ , SU3 and SU4 events for a
sampleof 160 pb� 1. The upper results are with the top-cuts; the distributions for the W+jets
and tt̄ channelsare equal to those in Fig. 5.6. Bottom left is with the susy-cutsexcluding the
MT > 100GeV requirement and bottom right is with the susy-cutsincluding this requirement.
The distribution for SU4 in the two bottom plots has been scaleddown by a factor of 3, to
show more details on the remaining samples.

contribution is almost too small to see,while the number of SU4 events is more substantial.
Although not immediately clear from the plots, the resultsshow that the supersymmetry events
tend to have higher masses.

In Figure 5.17we show the sameresults, with the susy-cutsapplied, excluding the require-
ment of MT > 100 GeV. This last cut reducesthe number of events too much; we therefore
leave it out to be able to better analyze the di�erence between the Standard Model and the
supersymmetry events in a qualitativ e way. In the distribution for the top quark massof the
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tt̄ samplewe now observe a small peak at � 175 GeV on top of a broad t t̄ background dis-
tribution. The SU3 events have a high mass,which we seere
ected in their high c 2 in Fig.
5.15.We alsonote that for SU3 events the distribution for the top massis narrower and peaks
around � 260GeV. The supersymmetry events from the SU4samplebehave di�eren tly, in fact
the distribution for theseevents resembles the t t̄ background; their presenceis however most
pronounced from the large number of events. The results for the hadronic W massare less
pronounced,yet we seesimilar results: on averagethe SU3 events have a higher W massand
the distribution for the W massfor the SU4 events resembles that of the t t̄ background. The
high massesin the supersymmetry events are an indirect measurement of the massof the pair
of supersymmetric particles produced in the proton-proton interaction. This supersymmetry
massscaleis related to the e�ectiv e massMeff de�ned by

Meff =
4

å
i= 1

p jet;i
T + plep

T + =ET ; (5.12)

seealso [60]. In Fig. 5.18 the distributions for the �tted hadronic top mass vs the Meff are
depicted.
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Figure 5.16: Results for the �tted hadronic top mass(two top plots) and the �tted hadronic
W mass(two bottom plots). Left are the distribution gainedfrom a 160pb � 1 sampleafter the
top-cuts including the SU3 sample.Right are the sameresults including the SU4 sample.
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Figure 5.17: Results for the �tted hadronic top mass(two top plots) and the �tted hadronic
W mass(two bottom plots). Left are the distribution gainedfrom a 160pb � 1 sampleafter the
susy-cutsincluding the SU3 sample.Right are the sameresults including the SU4 sample.

5.9.4 Conclusion

The conclusion we draw from these results is that the kinematic �t can be used to isolate a
few remaining tt̄ events which can be reconstructed, although these are also removed if the
requirement of MT > 100 GeV is used. A substantial background from the Standard Model
events however remainsafter the susy-cuts.Isolating theseis more di�cult, yet with the mass
constraints applied we can gain extra information: the expected massdistributions from the
tt̄ background are lower than those from the supersymmetry samples,especially those with
high supersymmetry massscale.This last conclusiondoes not alter when the requirement of
MT > 100 GeV is included.
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Figure 5.18: The �tted hadronic top massvs the Meff for the four di�eren t samplesanalyzed.
A correlation betweenthe two observables is visible, and with Meff relating to the Msusy scale
the �tted top masscan thus give an indication of the M susy scaleof possiblesupersymmetric
scenarios.
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Chapter 6

Top quark and W boson pro duction
cross section measuremen t

Most studieslook into top quark pair events with at least four jets [116],asa semi-leptonictop
quark pair decay leads to at least four partons. For the determination of the t t̄ crosssection
we may gain more information by alsomeasuringthe number of top events with lessthan four
reconstructed jets, since jets can be misseddue to lossesthrough the beam pipe or detector
cracks, or due to mis-reconstruction, pT requirements, etc.. . In this chapter we discusssuch
a method, making use of b-tagging algorithms, seeSection 4.4. An accurate measurement of
the tt̄ crosssection is important for the searchesfor new physicsbeyond the Standard Model,
such as supersymmetry.

First, we explain the setup of the analysisand discussall signi�cant systematic uncertain-
ties. Second,we apply the analysis to a sample with unknown crosssectionsof the di�eren t
channels,and to a small sampleof events with integrated luminosity of 50 pb� 1, to determine
the possibilities with the �rst data to be taken with ATLAS. Finally we discussthe implication
of supersymmetric scenariosand their e�ect on the analysis results.

6.1 The analysis setup

The purposeof this analysis is to measurethe contribution of top quark pair and W boson
production to events with `low' jet multiplicities, that is events with four or lessjets. De�ning
the tt̄ channel as the signal channel, the main backgrounds are QCD multi-jets, W+jets, and
singletop events.1) With a b-taggerwecan perform a counting measurement in which wecount
the number of events with one, two or three jets tagged. Sincethe top quark pair events have
a di�eren t b-jet multiplicit y than the background channels,the combination of the number of
events tagged one, two or three times contains information on the amount of top quark pair
events in the sample. We set as a goal to perform the analysis on �rst data with 50 pb � 1 of
integrated luminosity. It is widely assumedthat due to imperfect alignment and calibration
of the detector the b-tagging e�ciency cannot be predicted from MC samples,see[101], and
thus also needsto be determined.

For the events that contain exactly two jets, which we shall refer to as the two-jet sample,
the number of events with oneor two jets taggedcanbedetermined.The number of zerotagged

1)SeeSections1.1.3 and 1.1.4. QCD multi-jet events are hard scatterings of pp ! X j, with X = 2;3; ::: and are
also simply called QCD events.
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jets is completely correlated with these two measurements. For events that contain three or
four jets we can determine the number of events with one, two or three tags. In total we thus
perform eight measurements on our entire sample.There are not many events containing four
jets in a data sampleof L = 50 pb� 1, and we therefore also perform this analysis on only the
total of the two- and three-jet samples.

With the eight numbers extracted from the data we can solve the �v e unknowns in our
analysis, i.e. the number of tt̄ events in the two-, three- and four-jet samples,and the two
di�eren t b-tagging e�ciencies: the e�ciency for b-jets and the e�ciency for light quark jets.
For this last variable we must be careful as to what we call a light quark jet. In this analysis
only the b-jets in top decays are categorizedas b-jets. All other jets are categorizedas light
quark jets. This implies, however, that the light quark jets from W+jets events do not have
the same composition as the light quark jets from top quark pair events: the latter have a
substantial amount of s- and c-quarkscoming from the hadronically decaying W. As the jets in
the W+jets events are all initial state radiation (ISR) and/or �nal state radiation (FSR), see
Section 1.1.4, thesemostly originate from gluons or u- and d-quarks. We will measurethe b-
tagging e�ciency on light quark jets in top events, but not in W events. The small contribution
from W+ bb̄ events complicatesthis de�nition; we comeback to this in section 6.1.4.

The standard b-tagging algorithm in ATLAS is the IP3D+SV1, a combined weight method
mentioned in section 4.4. For the �rst data this is not suitable, for the samereasonas men-
tioned before: the detector performancewill not exactly be known, and a reliable calibration
of the IP3D+SV1 b-tagger will take time. For the �rst data the JetProb algorithm is recom-
mended, seeSection 4.4.3. We have therefore used the IP3D+SV1 b-tagger for our study on
the reliabilit y of our analysis,and JetProb to show the feasibility of the analysison �rst data.

6.1.1 Lik eliho od functions

To solve the �v e unknowns, i.e. the b-tagging e�ciency on the b-jets (eb), the b-tagging e�-
ciency on the light quark jets content of the top sample(etop

l ) and the number of tt̄ events in
the two-, three- and four-jet samples,called Ntop

2j ;Ntop
3j and Ntop

4j , we use RooFit [119] for the
minimization of a negative log-likelihood (NLL), de�ned as follows:

� lnL = � lnÕ
x;n

P(Nx tag;meas
nj ;Nx tag

nj ) � � lnÕ
x;n

e� Nx tag
nj

�
Nx tag

nj

� Nx tag;meas
nj

Nx tag;meas
nj !

; (6.1)

whereP(Nx tag;meas
nj ;Nx tag

nj ) is the PoissonLikelihood of measuringNx tag;meas
nj , that is the number

of events with x jets b-tagged in the n-jet sample,when Nx tag
nj events are expected.

For the expected numbers of tagged jets in the NLL we have to make someassumptions
to keepthe number of unknowns reasonable.We will explain theseassumptionsby discussing
the expectednumbersof tagged jets in the two-jet sampleas an example:with N1tag

2j and N2tag
2j

denoting the expected numbers of events with one and two jets tagged, we can write:

N1tag
2j = eW

1 NW
2j + etop

1 Ntop
2j (6.2)

N2tag
2j = eW

2 NW
2j + etop

2 Ntop
2j (6.3)

with eW
1 = 2eW

l (1� eW
l ) (6.4)

eW
2 = (eW

l )2: (6.5)
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In the equationsabove weassumethere areonly two `typesof events': W events and top events.
The assumption here is that single top events will be t t̄ -like in their b-jet content, hencewe
sum up the contributions of both the singletop and the top quark pair channelsin events with
exactly two jets to Ntop

2j . The contribution to the number of W events with two jets, NW
2j , comes

of course from the W+jets events containing two jets. Other background channels, such as
QCD multi-jets, might however also contribute to this number. The assumption is that QCD
events have few b-jets and will be `W+jets' like; we note that we do not analyzeQCD events
in this chapter and we will not check this last assumption.

We previously stated that we de�ne all jets which are not b-jets as light quark jets. In
eq. (6.4) and (6.5) the probabilit y for having one or two jets tagged in a W+jets event, eW

1
and eW

2 , only depends on one variable eW
l . This b-tagging e�ciency on the light quark jets

content of the W+jets events is not a free variable in the �t and is to be measuredelsewhere,
seesection 6.1.4.

For the contribution from the top events in eq. (6.2) and (6.3) we de�ne the probabilities
etop

1 and etop
2

etop
1 = 2etop

l (1� etop
l )R0 bJet

2j

+
�
eb

�
1� etop

l

�
+ etop

l (1� eb)
�

R1 bJet
2j

+ 2eb(1� eb)R2 bJet
2j (6.6)

etop
2 = (etop

l )2R0 bJet
2j + ebe

top
l R1 bJet

2j + e2
bR2 bJet

2j : (6.7)

The b-tagging e�ciency on the light quark jets content of the top sampleetop
l is a free variable

in the �t, together with the b-tagging e�ciency on b-jets, eb. Due to c-jets in the top sample,
etop

l 6= eW
l . A two-jet event can contain zero,oneor two reconstructedb-jets, even beforethe b-

tagging procedure.The probabilities for thesethree scenariosaregivenby Ri bJet
2j , with i = 0;1;2.

These three probabilities are the fractions of events in the total t t̄ two-jet samplewith truly
zero, one or two of the b-jets reconstructed and have to be determined by MC studies.

The exact sets of functions giving the expected numbers of tagged jets in the three- and
four-jet sampleare given in Appendix A. Only onemore assumption is madefor theselast two
samples:there are no events with three or more b-jets. In other words, we assumethat the
sum of the three fractions Ri bJet

nj with i = 0;1;2 is equal to one in any jet multiplicit y n. ISR
and FSR can lead to more b-quarks in the event, yet the high uncertainty on their production
rate has led us to keepour model simply basedon the presenceof two b-quarks in a t t̄ event
at Leading Order.

6.1.2 Trigger and Event Selection

For the event selectionwe have performed the standard event selectionforeseenfor early top
quark pair analysisin the ATLAS collaboration [116].Using the object de�nitions asmentioned
in Section 4.6 the requirements are:

� Missing transverseenergy =ET > 20 GeV.

� Exactly oneisolated lepton, be it electron or muon, with pT > 20 GeV. At the sametime,
the Event Filter trigger EF e25i medium1 must have passedif the lepton is an electron,
or the trigger EF mu20 must have passedif it is a muon.

� Jets must have a transversemomentum of pT > 40 GeV. Events with two, three or four
jets are accepted.
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Figure 6.1: Cumulativ e jet multiplicit y after selecting one lepton (electron or muon) with
pT > 20 GeV and missing transverseenergyof =ET > 20 GeV. A good jet is de�ned by pT > 40
GeV. The distribution is normalized to an integrated luminosity of 500 pb� 1, and for the tt̄
samplethe events generatedwith MC@NLO are used.

MC samples used

We haveanalyzedMC samplesfor pp collisionsat a center-of-massenergyof 10 TeV. Through-
out this chapter we refer to this data set asthe MC08 data set.2) In Fig. 6.1 the jet multiplicit y
after the other selectionrequirements is depicted for the samplesusedin this chapter, that is:

� tt̄ generatedwith MC@NLO, in combination with the Herwig showering algorithm, or
tt̄ generatedwith AcerMC, in combination with the Pythia showering algorithm. Both
samplesonly contain the di-leptonic and semi-leptonic decays of the top quark pair, i.e.
there are no all-hadronic tt̄ decays. The crosssections, including the branching ratios,
are sMC@NLO = 217 pb and sAcerMC = 218 pb. In Fig. 6.1 the MC@NLO sampleis used.

� W+jets, generated with the Alpgen program, with zero up to �v e partons. The total
crosssection amounts to 48.5 nb.

� W+ bb̄ , generatedwith the Alpgen program, with zero up to three additional partons.
The total crosssection amounts to 17.9 pb.

� Single top, generatedwith AcerMC. The Wt- (no all-hadronic decays) and the t-channel
(only leptonic decays) are used.No s-channel samplewas produced. The crosssections,
including the branching ratios, are respectively sWt = 14:3 pb and s t = 43:2 pb.

The quoted crosssectionsare to near-NNLO3) . That is, �rst a crosssection is given by the
generator: at NLO for the tt̄ events generatedwith MC@NLO, and at Leading Order for the

2)The naming refers to the year 2008 in which all sampleswere generated and reconstructed.
3)The near-NNLO is basedon the NLO completed with several corrections, see[120]. It is an approximation

of the NNLO.
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single top, the W bosonand the AcerMC tt̄ samples.Then, for all crosssectionsa correction
factor (the K-factor) is subsequently applied to correct them to near-NNLO calculations. See
also [27,121].

From Fig. 6.1 it is clear that the W+jets events dominate in the two-jet sample,while in
the four-jet samplethe largest contribution is from tt̄ events. The ratio of (W+ bb̄ )/( W+ligh t
jets) is approximately 0:01 for all jet multiplicities.

6.1.3 Fraction of b-jets in top quark pair events

The fractions Ri bJet
nj , with i = 0;1;2 and n = 2;3;4 are the expected fractions of top quark pair

events with truly zero,oneor two of the b-jets reconstructed(but beforeb-tagging is applied),
in the two-, three- and four-jet samples.For the determination of thesefractions from the MC
samplesthe reconstructed jets have to be identi�ed ascoming from either oneof the b-quarks.
We emphasizethat we do not take into account b-quarks originating from ISR or FSR.

The approach wehaveadoptedfor the matching is the following: �rst the momentum vector
of the two b-quarks is extracted from the MC generator information. Second,the direction
of each b-quark is compared to the directions of all reconstructed jets passing the selection
requirements. A reconstructed jet is de�ned to be originating from a b-quark, if the opening
angle DR=

p
Df 2 + Dh 2 betweenthe jet and the b-quark is lessthan 0.2. Finally the number

of matched b-quarks in each event is counted. In this �nal step it can happen that the two
b-quarks in the event are matched to the same reconstructed jet. In this case,the event is
labeled as having one b-quark reconstructed.

In Table 6.1 we list the fractions extracted from the total semi-leptonict t̄ sampleavailable
(MC@NLO sample),with an equivalent of 1665pb� 1 of integrated luminosity. We also list the
fractions for sampleswith mis-calibrated jet energyscale(JES), i.e. the JES with an o�set of
either + or � 10%.

tt̄ R0 bJet
2j R1 bJet

2j R2 bJet
2j R0 bJet

3j R1 bJet
3j R2 bJet

3j R0 bJet
4j R1 bJet

4j R2 bJet
4j

JES = 0.9 15.6 59.0 25.3 6.80 43.7 49.5 3.75 35.0 61.2
JES = 1.0 15.4 59.2 25.4 6.75 43.1 50.2 3.65 33.7 62.6
JES = 1.1 15.3 58.8 25.9 6.57 42.9 50.5 3.75 33.0 63.2

Stat.error � 0:2 � 0:4 � 0:3 � 0:1 � 0:3 � 0:4 � 0:2 � 0:5 � 0:6

Table 6.1: The Ri bJet
2j fractions with correct and mis-calibrated JES, extracted from the semi-

leptonic tt̄ sample, given in percentages. A factor JES = 1.1 means that the jet energy is
scaled10% too high and thus more jets passthe selectioncut.

There is a small in
uence of the JESon the number of matched b-jets. In Section6.2.1we
study the systematic uncertainty asa consequenceof di�eren t Ri bJet

nj fractions; in Section6.2.2
we study the consequencesof mis-calibrated energyscales.

A last di�cult y, which we however cannot quantify , is the possibility that a jet is not
matched to a b-quark, even though it follows the hadronization of one of the initial b-quarks.
In the approach adopted in the calculation of the fractions Ri bJet

nj this jet is counted as a
light quark jet. Although this could a�ect the analysis, we note that as the jet is poorly
reconstructed(its direction is o� comparedto the initial b-quark's direction), the performance
of the b-tagging algorithm will probably also be far from ideal.
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Fraction of b-jets in AcerMC top quark pair events

For the systematic uncertainty study we will also analyze the e�ect of using a di�eren t t t̄
generator: AcerMC. In Table 6.2 the fractions for both samplesare summarized and we ob-
serve that in the MC@NLO sample on average the events have more b-jets reconstructed.
The di�erence between the two samplesis de�nitely non-negligible. In [93,122] the di�eren t

R0 bJet
2j R1 bJet

2j R2 bJet
2j R0 bJet

3j R1 bJet
3j R2 bJet

3j R0 bJet
4j R1 bJet

4j R2 bJet
4j

MC@NLO 15.4 59.2 25.4 6.75 43.1 50.2 3.65 33.7 62.6
AcerMC 17.5 60.4 22.1 8.16 45.4 46.5 6.00 37.8 56.2

Table 6.2: The Ri bJet
nj fractions for MC@NLO and AcerMC samplesfor n= 2;3;4 and i = 0;1;2.

The di�erences betweenthe two samplesare larger than the statistical errors, which are of the
order of the errors listed in Table 6.1.

showering programs used for the two samplesare shown to causea discrepancy in the event
jet multiplicit y. We will use the di�erence between the sets of Ri bJet

nj fractions to study the
e�ectiv e systematic uncertainty in Section 6.2.1.

Fraction of b-jets in single top events

The NLO crosssectionsfor the di�eren t single top production channelsat the LHC are sum-
marized in Table 1.2 on page11. The s-channel results at LO in two b-quarks, the two other
channelscan only result in two b-quarks at NLO. By analyzing the MC generator information
in the events, we can extract the Ri bJet

nj fractions for the selectedsingletop events. As we stated
in Section 6.1.2 there are no s-channel simulations from AcerMC available at center-of-mass
energyof 10 TeV.

From the available single top sampleswe extract the fractions as summarizedin Table 6.3.
It is clear that lessb-jets are reconstructed in single top events than in t t̄ events. There are
however far lesssingle top events than tt̄ events, making the di�erences betweenthe Ri bJet

nj for
the single top sampleand the Ri bJet

nj for the tt̄ sample lessrelevant. We will quantify this in
Section 6.1.5.

single top R0 bJet
2j R1 bJet

2j R2 bJet
2j R0 bJet

3j R1 bJet
3j R2 bJet

3j R0 bJet
4j R1 bJet

4j R2 bJet
4j

t-channel 15.4 72.7 11.9 10.5 56.6 32.9 10.0 44.8 45.2
Wt-channel 25.1 69.9 5.00 14.1 68.9 17.0 12.3 53.5 34.2

Total 18.9 71.6 9.50 11.7 60.0 28.3 10.6 47.2 42.2
� 0:8 � 1:5 � 0:6 � 0:9 � 2:1 � 1:4 � 1:8 � 3:9 � 3:7

Table 6.3: The Ri bJet
nj fractions extracted from the available single top samplesfor n = 2;3;4

and i = 0;1;2, given in percentages.
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6.1.4 Extracting the b-tagging e�ciency for W+jets from Z+jets events

Figure 6.2 depicts the eW
l distribution for the W+jets sampleswith two, three and four jets.

Above is the result of the IP3D+SV1 b-tagger, below of the JetProb b-tagger. The e�ciencies
for the three samplesare similar in most of the b-tagger weight ranges.In our analysiswe will
usea weighted averageof the eW

l for the two- and three jet sample.This choice was made for
two reasons:�rst, to have the sameeW

l -distribution in the analysesincluding and excluding
the four-jet sample.Second,the averagewas taken to prevent ending up with an e�ciency on
the three jet samplebasedon too few events.

The small di�erences visible in each plot of Fig. 6.2 betweenthe e�ciencies for the three
samplesare negligible: the di�erences are of the order of the statistical uncertainty on the
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Figure 6.2: The eW
l for the two-, three- and four-jet sampleasextracted from the MC generator

information of the W+jets samples,after the event selection requirements of Section 6.1.2.
All available W+jets events are used, including W+ bb̄ , corresponding to approximately L =
150 pb� 1. Above are the distributions for the IP3D+SV1 b-tagger, below for the JetProb
b-tagger.
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e�ciencies (not depicted in the �gures).
The b-tagging e�ciency eW

l is an input to the analysisin this chapter; it must be measured
on the data before the analysis can be performed. As stated before, we have labeled all jets
in the W+jets sampleas `light quark jets', including those from W+ bb̄ events. For this latter
contamination of our light quark jet samplenot to be a problem in the determination of eW

l ,
we must measurethe b-tagging e�ciency on a sampleof events with a jet content resembling
that of the expected W+jets sample. The approach we have adopted is to measureeW

l from
Z+jets events, i.e. events with exactly two leptons.

With a leptonic decay of either bosonsthe jets present in a W- or Z+jets event are all ISR
and/or FSR. If the contamination from additional b-jets is also similar in the two samples,a
cleansampleof Z+jets events could thus be usedto measurethe b-tagging e�ciency eW

l . From
Section 1.1.4 we already know that this is not exactly the case:the ratio of Z+ bb̄ to Z+jets
is approximately four times larger than the ratio W+ bb̄ to W+jets .

We now explain how the e�ciency can be extracted from the �rst 50 pb� 1 of data, selecting
Z+jets events with two leptons.

Tw o-lepton event selection

To show that the b-tagging e�ciency is similar on W- and Z-events, we analyze the 10 TeV
center-of-mass energy Z+ligh t quark jets samples.We emphasizethat we do not study any
Z+ bb̄ events. To select the two-lepton Z-events to be as similar as possibleto the one-lepton
W-events in our analysis, the =ET requirement is simply replacedby an extra lepton. That is,
events are selectedwith exactly two electronsor two muons, with pT > 20 GeV; no selection
on charges,and no =ET requirement.4) To prevent biasesintroduced by the trigger, the same
trigger is usedon the Z-events.

With a two-lepton selection,the sampleconsistsmostly of Z+jets and t t̄ events, see[123].

4)This one-to-onereplacement is not entirely correct. First, the acceptancesof the leptons and of the neutrino
are not the same. Second, the pT distribution of the neutrino is not the same as that of the electron or muon
in a W decay.
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(a) Two leptons with pT > 20 GeV, no =ET cut.
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(b) Same as (a), with an extra requirement of
jMl l � MZ j < 5:0 GeV.

Figure 6.3: Jet multiplicit y for events with exactly two leptons in a sample of 500 pb� 1. See
text for details on event selection.
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In Fig.6.3(a) the cumulativ e jet multiplicit y is depicted after our two-lepton requirements for
the Z+jets, tt̄ and single top samplesof 500 pb� 1. The contribution from top events can be
reduced with an extra requirement of jMl l � MZj < 5:0 GeV, where Ml l is the invariant mass
of the two leptons. Figure 6.3(b) depicts the jet multiplicit y distributions after this extra
requirement: most of the top events are removed, while the amount of Z-events is reducedby
only � 1=3. Extrap olating this to a �rst data sampleof 50 pb� 1 would give us � 500 Z-events
to measurethe b-tagging e�ciency .

Extracting eW
l from eZ

l

For the measurement of the b-tagging e�ciency we only usethe averageof the two- and three-
jet samples. In Fig. 6.4(a) and 6.4(b) the results are shown for respectively the combined
IP3D+SV1 b-tagger and the JetProb b-tagger. The black distribution is the e�ciency on the
selectedW-events (that is with the one lepton and =ET cut). This is the e�ciency neededin our
analysis.The `stars'-distribution is the e�ciency for all events with exactly two leptons.5) For
both b-taggers,and especially IP3D+SV1, the b-tagging e�ciency is higher on the two-lepton
sample.This is causedby the many top events present, as shown with Fig. 6.3(a).

With the extra requirement of jMl l � MZj < 5:0 GeV on the two-lepton samplemost of the
top events are removed. In Fig. 6.4(a) and 6.4(b) the gray distributions (with error-bars) show
the results after this extra requirement on sampleswith integrated luminosity of 50 pb� 1; the
uncertainties shown are statistical. The conclusion is that even with not more than approxi-
mately 500 Z+jets events with two leptons a meaningful b-tagging e�ciency can be extrapo-
lated. In Fig. 6.5 the exact b-tagging e�ciency for only the Z+jets sampleis again shown and
we seethat it is almost a perfect match with the eW

l .

Uncertain t y on the b-tagging e�ciency

One problem remains, that is the possibility of contamination of the Z+jets events with Z+ bb̄.
In Section1.1.4welisted the crosssectionsof W- and Z+ bb̄ with leptonic decay. From the same
section we can deduce that the ratio of Z+ bb̄ to Z+jets is approximately four times larger
than the ratio W+ bb̄ to W+jets. Unfortunately ATLAS has not produced a Z+ bb̄ sample
at 10 TeV at the time of writing of this thesis; to measurethe possibleo�set for eW

l we have
therefore calculated the b-tagging e�ciency on a sample of W+jets including a sample of
W+ bb̄ four times too large or four times too small. The result is depicted in Fig. 6.6, where
the o�set of the gray distributions comparedto the upper/lower error-bars is the o�set caused
by too many/few W+ bb̄ events. Thesetwo outer distributions will be usedin Section6.4.2 to
determine the uncertainty on the �t results as a consequenceof the uncertainty on eW

l due to
b-jets in the Z+jets sample.

At a later stage the ratios of W+ bb̄ to W+jets and Z+ bb̄ to Z+jets will probably be
measuredby ATLAS. Thesemeasurements should be used to validate the analysis presented
in this chapter.

The study presented in this section has shown that eW
l can be extracted from two-lepton

events. In the remaining studies in this chapter the true number of tagged jets in the W+jets
events is usedto de�ne eW

l .

5)Both the black and the stars-distributions are measured on all available events to increase the number of
selectedevents.
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Figure 6.4: B-tagging e�ciencies with the IP3D+SV1 b-tagger (a) and the JetProb b-tagger
(b). Black: IP3D+SV1 e�ciency on the W + light quark jets, i.e. one-lepton events. Stars:
IP3D+SV1 e�ciency on all events with two leptons. Gray with error-bars: sameasstars, with
extra requirement jMl l � MZj < 5:0 GeV, sampleof 50 pb� 1. The �gures show how in the two-
lepton channel a simple requirement on the di-lepton invariant mass reducesthe b-tagging
e�ciency on the present jets to the b-tagging e�ciency on the one-leptonW+jets events.
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Figure 6.5: Black: IP3D+SV1 e�ciency on the W + light quark jets events with one lepton
(the errors are too small to see).Gray: IP3D+SV1 e�ciency on Z + light quark jets events
with two leptons. Both are calculated on a sampleof 150 pb� 1. No background channels are
included. The results show how the b-tagging e�ciency on the pure W- and Z+jets samples
almost coincide; the di�erence is lessthan the statistical uncertainty at 50 pb� 1 in Fig. 6.4(a).
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Figure 6.6: B-tagging e�ciency on the W+jets sample with the JetProb b-tagger. The black
distribution is the e�ciency on W+jets events (incl. W+ bb̄ ). The uncertainty of this black
distribution is calculated from a sampleof 5� 102 events to estimate the statistical error to be
expected from an analysis on 50 pb� 1 Z+jets samplewith two leptons. The upper/lower gray
distribution is again the e�ciency on the W+jets sample. This is calculated with the W+ bb̄
contribution scaledup/do wn by a factor of 4, and also includes the upper/lower 
uctuation of
the statistical uncertainty shown in black. These two extreme distributions will be used later
on in this chapter.
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6.1.5 Results on a large sample

In this section we show how a set of solutions is extracted. A large sample of events with
L = 500 pb� 1 is used to reduce the statistical uncertainty, except for the W+jets sample, for
which the results have beenscaledup from approximately 150 pb� 1. Performing a scanover a
large range of the IP3D+SV1 b-tagger weights, the results are the �v e distributions as shown
in Fig. 6.7.

De�nition: The #top is de�ned as the sum of t t̄ and single top events and will be usedas
such throughout this chapter.

In the results for the #top/ #total �ts in Fig. 6.7 we seea clear plateau over a large range in
the b-tag weight, corresponding to a large range in eb. As the samesample is used in each of
the 100 �ts at di�eren t weights, the results in each of the �v e distributions are correlated. To
extract onevalue from these�ts, we must thereforechoseonespeci�c weight. Throughout this
chapter we state the results at a IP3D+SV1 weight of 4.0, as this is usually the point halfway
the plateau.

At this weight the etop
l is 0.05, while eb is still at 0:64. Higher weights reducethe eb faster

than the etop
l , reducing the discriminating power of the b-tagger and e�ectiv ely decreasingthe

degreeof freedomin the maximization of the likelihood. This e�ect is visible for weights above
� 10, for which the results are lessaccurate.At lower weights the plateau can extend down to a
weight of � � 2:0, below which the etop

l increasesrapidly. With more and more jets tagged, the
number of events with one tag reacheszero,e�ectiv ely again decreasingthe degreeof freedom
in the analysis. Below a weight of � � 2:0 the analysis therefore does not result in sensible
measurements.

The conclusionis that over a large range of the b-tagger weight the analysis �nds a stable
solution and the analysis is thus almost independent of the choice of b-tagging e�ciency .

Table 6.4 lists the number of events of each of the sub-samplesselectedand the #top/ #total
ratios that should be expected. The �tted #top/ #total stated in the Table are extracted from
Fig. 6.7 at a IP3D+SV1 weight of 4.0. Here we seethat the single top events are �tted as
tops: the �tted #tops corresponds to the true #tops, de�ned as the sum of t t̄ plus single top
events. The conclusioncan thus be drawn that the di�erences betweenthe Ri bJet

nj fractions for
the single top sampleand those for the tt̄ sample,as mentioned in Section 6.1.3, are of little
importance.

tt̄ Single top W+jets True Fitted
(MC@NLO) (incl. W+ bb̄ ) #top/ #total #top/ #total

2 jet sample 1:20� 104 3:05� 103 7:07� 104 0:17 0:17� 0:005
3 jet sample 1:10� 104 1:31� 103 1:23� 104 0:50 0:51� 0:01
4 jet sample 4:81� 103 313 2:25� 103 0:70 0:70� 0:02

Table 6.4: The number of events with 2,3 or 4 jets passingthe selection cuts. An integrated
luminosity of 500 pb� 1 is usedfor each sub-sample.The �tted #top/ #total are extracted from
Fig. 6.7 at a IP3D+SV1 weight of 4.0.
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True e�ciency Fitted e�ciency

eb 0:630� 0:003 0:638� 0:011

etop
l 0:053� 0:001 0:037� 0:004

eW
l 0:027� 0:0004 -

Table 6.5: The b-tagging e�ciencies on the b-jets in the t t̄ sample,on the light quark jets in
the tt̄ sampleand on the jets in the W+jets sample.The latter is shown for comparisononly.
The �tted e�ciencies are extracted from Fig. 6.7 at a IP3D+SV1 weight of 4.0. The �tted eb

agreeswith the true value within the statistical uncertainty, the �tted etop
l is too low. Seetext

for more details.

In Table 6.5 the �t results for eb and etop
l at a IP3D+SV1 weight of 4.0 can be comparedto

the true valuesfor the e�ciencies. The �tted eb agreeswith the true value within the statistical
uncertainty. As can alsobe seenin Fig. 6.7(a), the �tted etop

l is signi�cantly lower than the true
value. During this research we have not found any speci�c observable which has an in
uence
on the etop

l only, nor have we found any sign that the o�set propagatesin a mis-measurement
of the #top/ #total ratios.

As the other measurements do correspond with the expectedvalues,the small o�set of etop
l

might imply that the likelihood functions as constructed in Section 6.1.1 are not completely
accurate: in Section 4.4.3 it was discussedhow the b-tagging e�ciencies depend on the jet
transversemomentum, yet in the likelihood functions this is not taken into account. Although
this negligencemight be the reason for the o�set of etop

l , it is not important. The o�set is
small, and all other measurements work well.

The overall conclusionis that, within the statistical uncertainty on the �t, the results are a
non-biasedmatch of the valuesfor #top/ #total with the true ratios and an accurate measure-
ment of the b-tagging e�ciency on b-jets, over a large range of the e�ciencies.
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(a) Left: results for eb. Right: results for etop
l . The distribution with error-bars is the �t result, the distribution

without is the true e�ciency for the used sample.
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(b) Ratio of top=total for events with 2 jets.
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(c) Ratio of top=total for events with 3 jets.
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(d) Ratio of top=total for events with 4 jets.

Figure 6.7: Fit result for a samplewith integrated luminosity of 500 pb� 1, where IP3D+SV1
is usedas b-tagger. All results correspond with the expected values,except for a small o�set
in the �t of etop

l . The correct valuesfor the ratio �ts are depicted by dotted lines.
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6.2 Systematic uncertain ties

In this section we discussthe systematic uncertainties present in our analysis. The best per-
forming b-tagger is usedin order to get a good estimate of the sizeof the uncertainties.

6.2.1 The exp ected fraction of b-jets

In Section6.1.3we explained the Ri bJet
nj fractions and showed their valuesin top samplesfrom

di�eren t MC generators.For a study of the systematic uncertainty due to variations in these
valueswe have chosento apply the fractions obtained from the AcerMC sampleon a 500pb� 1

samplecontaining tt̄ events from MC@NLO, and vice-versa.

True #top/ #total Fitted #top/ #total Fitted #top/ #total
Ri bJet

nj from AcerMC Ri bJet
nj from MC@NLO

2 jet sample 0.17 0:17� 0:005 0:17� 0:005
3 jet sample 0.50 0:50� 0:01 0:51� 0:01
4 jet sample 0.70 0:71� 0:02 0:70� 0:02

Table 6.6: The �tted #top/ #total ratios with the Ri bJet
nj fractions from two di�eren t tt̄ samples

applied on a samplecontaining tt̄ events from MC@NLO.

True #top/ #total Fitted #top/ #total Fitted #top/ #total
Ri bJet

nj from AcerMC Ri bJet
nj from MC@NLO

2 jet sample 0.17 0:17� 0:005 0:17� 0:005
3 jet sample 0.52 0:53� 0:01 0:54� 0:01
4 jet sample 0.74 0:75� 0:02 0:75� 0:02

Table 6.7: The �tted #top/ #total ratios with the Ri bJet
nj fractions from two di�eren t tt̄ samples

applied on a samplecontaining tt̄ events from AcerMC.

The results are summarized in Table 6.6 and 6.7, where we observe that the e�ect is
minimal: within each table the di�erences betweenAcerMC and MC@NLO are not more than
1% in the three- and four-jet samples.No e�ect is visible for the results in the two-jet sample.
The di�erences between the two tables listed are another systematic e�ect, which is discussed
in Section 6.2.3.

The results for the �tted valuesof the b-tagging e�ciencies eb and etop
l show no systematic

e�ect and are in agreement with the results stated in section 6.1.5.
We note that the systematic uncertainty due to variations in valuesof the Ri bJet

nj fractions
does not have to be identical when a di�eren t b-tagging algorithm is used. Yet we will use
theseresults when applying the JetProb algorithm, for the simple reasonthat a similar study
to obtain the uncertainty with the JetProb b-tagger remains inconclusive. The performanceof
JetProb is worseand the small uncertainty is not measurable.
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6.2.2 Energy scale variations

We have studied independently two energy scalessubject to mis-calibration: the Jet Energy
Scale (JES) and the =ET scale. The two are however correlated. If for example we select an
event with only one jet, with the direction of the =ET opposite to the jet direction, and the jet
energy is measuredwith an o�set of +10%, the missing transverseenergy is also measured
with an o�set of approximately +10%. The correlation is not exactly 100%,as there are some
out-of-cluster e�ects, seeSection4.5.1, but to �rst approximation the correlation is very high.

In our studies of the JES we have adjusted the jet energieswith +10% and -10%, while
at the sametime adjusting the =ET such that the vectorial sum of all jets+ =ET stays constant.
These steps are of coursetaken before the event selection. In our studies of the =ET scalewe
only adjust the =ET , again with +10% and -10%. 6) The changeshave no e�ect on the stabilit y
of the �ts. Although the Ri bJet

nj fractions usedare slightly o� in the mis-calibrated samples,see
Table 6.1, we know from Section 6.2.1 that this e�ect is negligible.

In Table 6.8 we state the e�ect of JES o�sets on the �tted #tops and #W, in Table 6.9
the results are listed with =ET scaleo�sets. For clarit y: with a JES = 1.1 we mean that the jet
energieshave beenscaledup. As the selectionof jets stays at pT > 40 GeV, this results in more
jets passing the cut. A similar reasoninggoes for =ET scale= 1.1, etc... As the energy scale
o�sets alter the absolutenumber of events selected,the tables list the absolutenumber of tops
and W �tted; the total number of events is of coursethe sum of both. The changescompared
to the �tted number of events in Table 6.4 are given in percentages. The �tted number of
events agreewell with the true valuesof the selectedevents in each channel.

Fitted #tops Fitted #W Fitted #tops Fitted #W
(JES = 1.1) (JES = 1.1) (JES = 0.9) (JES = 0.9)

2 jet sample 14:1(� 4:3%) 83:8(+ 18:1%) 15:3(+ 3:6%) 58:9(� 17:0%)
3 jet sample 13:8(+ 10:1%) 14:9(+ 24:2%) 10:9(� 12:7%) 8:93(� 25:7%)
4 jet sample 6:45(+ 25:0%) 2:76(+ 25:6%) 3:96(� 23:2%) 1:54(� 30:0%)

Table6.8:Resultsfor the �tted #tops and #W (� 103) with jet energyover-calibrated (JES=1.1)
and under-calibrated (JES=0.9). The changescomparedto the �tted number of events in Table
6.4 are given in percentages.

Fitted #tops Fitted #W Fitted #tops Fitted #W
( =ET scale= 1.1) ( =ET scale= 1.1) ( =ET scale= 0.9) ( =ET scale= 0.9)

2 jet sample 15:0(+ 1:4%) 73:0(+ 2:8%) 14:4(� 2:1%) 68:1(� 4:1%)
3 jet sample 12:8(+ 1:9%) 12:3(+ 2:0%) 12:1(� 3:0%) 11:6(� 3:0%)
4 jet sample 5:32(+ 3:0%) 2:22(+ 1:0%) 5:12(� 1:0%) 2:09(� 5:1%)

Table 6.9: Results for the �tted #tops and #W (� 103) with =ET over-calibrated ( =ET scale=1.1)
and under-calibrated ( =ET scale=0.9).

6)This is in fact an overestimation, as the =ET scale is correlated to the JES.



6.2. Systematic uncertain ties 155

In Table 6.10 the results are listed for the b-tagging e�ciencies with JES- and =ET scale
o�sets. Although the absolutenumber of events selectedshowed large changeswith the energy
scaleo�sets, the e�ciencies are almost not a�ected. Within the statistical uncertainties the
results correspond with those in Table 6.5.

True e�ciency Fitted e�ciency True e�ciency Fitted e�ciency
(JES = 1.1) (JES = 1.1) (JES = 0.9) (JES = 0.9)

eb 0:626� 0:002 0:627� 0:011 0:635� 0:003 0:626� 0:013

etop
l 0:052� 0:001 0:039� 0:004 0:056� 0:002 0:040� 0:005

eW
l 0:026� 0:0003 - 0:028� 0:0004 -

True e�ciency Fitted e�ciency True e�ciency Fitted e�ciency
( =ET scale= 1.1) ( =ET scale= 1.1) ( =ET scale= 0.9) ( =ET scale= 0.9)

eb 0:630� 0:003 0:637� 0:011 0:629� 0:003 0:635� 0:011

etop
l 0:053� 0:001 0:037� 0:004 0:054� 0:001 0:038� 0:004

eW
l 0:027� 0:0004 - 0:027� 0:0004 -

Table 6.10:Results for the b-tagging e�ciencies with jet energyover-calibrated (JES=1.1) and
under-calibrated (JES=0.9), and with =ET over-calibrated ( =ET scale=1.1) and under-calibrated
( =ET scale=0.9).

6.2.3 The exp ected total number of events

In Table 6.4 results are given with the tt̄ events generatedby MC@NLO. The changewhich
occurs in the number of tt̄ events selectedwhen an AcerMC sampleis used,is shown in Table
6.11. In fact it is not the di�erence in generatorswhich results in the discrepancies,it is the
showering procedure after the generation which is the cause:the same e�ect was measured
in [93]. For more details we refer to [122], with the comment that this work was performed on
MC samplesgeneratedin an earlier version of Athena (version 12). Similar studies on newer
MC samplesare in progress.For the �nal measurement of the number of top and the number
of W events in Section 6.4.3 we will use the averageof the measurements in Table 6.11, and
assignhalf of the di�erences as systematic uncertainties.

The uncertainty expected on the total number of events also depends on the uncertainty
on the measurement of the luminosity. In [29] it is explained that the luminosity initially can
be measuredto an accuracyof � 20%, which ultimately should improve to � 5%.

AcerMC MC@NLO

2 jet sample 11:8 12:0
3 jet sample 12:2 11:0
4 jet sample 6:08 4:81

Table 6.11: The number of tt̄ events (� 103) selectedfrom an AcerMC and from a MC@NLO
sample,both normalized to an integrated luminosity of 500 pb� 1.
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6.2.4 Discussion

We have studied most of the systematic uncertainties important for our analysis. One un-
certainty we could not quantify: the uncertainty on the expected number of W+jets events,
which has beencalculated so far only by looking at Alpgen samples.Unfortunately we do not
have immediate accessto enoughevents from other generatorsto check systematic e�ects on
W+jets events, but the e�ect could be as high as 50% on the expected number of events in
the four-jet sample,see[116]. The uncertainty on the expected number of single top events is
also not accounted for, although its low value comparedto the expected number of t t̄ events
makesthis uncertainty lessimportant.

With a good overview of the performanceof the analysis we now �rst show how it can be
applied to measurethe crosssectionsfor t t̄ , single top and W+jets in a sample with known
sub-samples,yet unknown crosssections. In Section 6.4 we contin ue with a small sample of
50 pb� 1 and we implement the systematic uncertainties.

6.3 Analysis of a `blind' mixed sample

As to check that the analysispresented doesnot run into problems if for example the yield of
the W+jets events is varied without changing the t t̄ normalization, we apply the analysis to
a `blind' mixed sample.

This Mixed samplewasgeneratedinto a Egamma-,Muon- and a Jet-stream for the ATLAS
collaboration, seealso2.6.3. In this sectiononly the Muon-stream is used,i.e. events triggered
by the muon trigger. The samplehasan integrated luminosity of 146pb � 1. Beforestarting the
exercise,the list of sub-samplesin the mix is:

� tt̄ generatedwith AcerMC, in combination with the Pythia showering algorithm.

� W+jets generatedwith Alpgen, with betweentwo and �v e additional partons.

� Single top generatedwith AcerMC; only the Wt- and t-channel.

This resembles closely the samplesmentioned in Section 6.1.2, except that no W+ bb̄ is
used.We have applied our analysis to this Mixed sample,as if it were the real unknown data
from ATLAS. To make a sensiblecomparison with MC-results, we cannot compare these to
the results in the previous sections,as thesedid contain the W+ bb̄ . We therefore have rerun
the analysison a new MC-sample, with the samesub-samplesaspresent in the Mixed sample.
Throughout the rest of this section we refer to this sampleas the MC08 sample.As a test, we
do compare the results on MC08 containing tt̄ from MC@NLO, and on MC08 containing tt̄
from AcerMC.

6.3.1 Mixed sample results

Figure 6.8 shows the �t results of the analysison the Mixed muon-streamusing the IP3D+SV1
b-tagger and using the Ri bJet

nj fractions from MC@NLO in the maximization of the likelihood
functions. As in Fig. 6.7(a) the etop

l has a visible o�set. From the discussionon the results in
Section6.1.5we concludethat this is no reasonfor concernand that the measured#top/ #total
ratios are unbiased.

Measuring the ratios again at a weight of 4.0, we obtain for the number of tops and the
number of W's the results aslisted in Table 6.12.Performing the samestepson MC08, with the
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Total # events Fitted #tops Fitted #W

2 jet sample 17:2 2:49� 0:17 14:7� 0:17
3 jet sample 4:78 2:32� 0:12 2:46� 0:12
4 jet sample 1:52 1:07� 0:08 0:46� 0:08

TOT AL 23:5 5:87� 0:22 17:6� 0:22

Table 6.12:The results (� 103) for the �tted #tops and #W on the selectedevents in the Mixed
samplemuon-stream.The Ri bJet

nj fractions from MC@NLO are usedin the likelihood functions.

Total # events Fitted #tops Fitted #W

2 jet sample 15:0 2:53� 0:08 12:4� 0:08
3 jet sample 4:23 2:14� 0:04 2:10� 0:04
4 jet sample 1:28 0:90� 0:03 0:39� 0:03

TOT AL 20:5 5:57� 0:09 14:9� 0:09

Table 6.13: The results (� 103) for the �tted #tops and #W on MC08, containing t t̄ generated
by MC@NLO. Thesevaluesare obtained by using all available events and scaling the samples
to 146pb� 1; the statistical uncertainties are thus smaller comparedto thosein Table 6.12.The
Ri bJet

nj fractions from MC@NLO are usedin the likelihood functions.

tt̄ events generatedby MC@NLO, the results in Table 6.13 are obtained. For an extraction
of the crosssection of the W+jets we can now simply comparethe total number of measured
W events in the Mixed sampleto the number of W events in MC08, resulting in

s W
Mix =

(1:76� 0:02) � 104

1:49� 104 � s W
MC = (1:18� 0:02) � s W

MC (6.8)

For the calculation of the crosssectionsof the t t̄ and of the single top events we use the
measurements of the �tted number of tops in the two- and three-jet samples.De�ning the
factors

ftt̄ = s tt̄
Mix=s tt̄

MC

fsT = s singleTop
Mix =s singleTop

MC (6.9)

we can solve thesetwo factors from the two equations

ftt̄ (N
tops
MC;2j � NsingleTops

2j ) + fsT(Ntops
MC;2j � Ntt̄

2j ) = Ntops
Mix;2j (6.10)

ftt̄ (N
tops
MC;3j � NsingleTops

3j ) + fsT(Ntops
MC;2j � Ntt̄

2j ) = Ntops
Mix;3j : (6.11)

The variables Ntops
Mix;XX are the �tted number of tops in the Mixed sample, in the two- or three

jet sample.Ntt̄
XX is the true number of tt̄ in MC08 (the sameholds for NsingleTops

XX ), while Ntops
MC;XX

is the �tte d number of tops in MC08. Although no bias is measuredin the �tted ratios so far,
this setup ensuresthat any possiblebias is accounted for when measuring on real data. The
end result is:

s tt̄
Mix = (1:24� 0:13) � s tt̄

MC

s singleTops
Mix = (0:00� 0:60) � s singleTops

MC : (6.12)



158 Chapter 6. Top quark and W boson pro duction cross section measuremen t

IP3D+SV1 weight
-4 -2 0 2 4 6 8 10 12 14

ef
fic

ie
nc

y 
(b

 je
ts

)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

IP3D+SV1 weight
-4 -2 0 2 4 6 8 10 12 14

ef
f. 

(li
gh

t j
et

s 
to

p 
sa

m
pl

e)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

(a) Left: results for eb. Right: results for etop
l . The distribution with error-bars is the �t result, the distribution

without is the true e�ciency when using tt̄ events generated by MC@NLO.
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(b) Ratio of top=total for events with 2 jets.
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(c) Ratio of top=total for events with 3 jets.
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(d) Ratio of top=total for events with 4 jets.

Figure 6.8: Fit results for the Mixed sample(muon stream) with L = 146pb� 1. The IP3D+SV1
is usedas b-tagger, and the Ri bJet

nj fractions are extracted from the MC@NLO sample.
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Total # events Fitted #tops Fitted #W

2 jet sample 14:9 2:52� 0:08 12:4� 0:08
3 jet sample 4:42 2:37� 0:04 2:06� 0:04
4 jet sample 1:49 1:10� 0:03 0:39� 0:03

TOT AL 20:8 5:99� 0:10 14:8� 0:10

Table 6.14: The results (� 103) for the �tted #tops and #W on MC08, containing t t̄ generated
by AcerMC. These values are obtained by using all available events and scaling the samples
to 146 pb� 1; the statistical uncertainties are thus negligible compared to those in Table 6.12.
The Ri bJet

nj fractions from MC@NLO are usedin the likelihood functions.

For a determination of the crosssectionsin the Mixed samplewe do not have to take into
account any of the systematic uncertainties mentioned in Section 6.2, as we have used the
samesub-samplesin the Mixed sampleand in MC08, except for the t t̄ events: we usedthe tt̄
from MC@NLO instead of the tt̄ from AcerMC.

If we apply the analysis on MC08 with tt̄ events from AcerMC, while keeping the Ri bJet
nj

fractions from the MC@NLO sample,we can immediately compare the new results (summa-
rized in Table 6.14) with Table 6.12. The end result is

s W
Mix = (1:19� 0:02) � s W

MC

s tt̄
Mix = (1:00� 0:10) � s tt̄

MC

s singleTops
Mix = (0:90� 0:47) � s singleTops

MC : (6.13)

The b-tagging e�ciencies

The �t results for the b-tagging e�ciencies in Fig. 6.8 are as expected: the eb is �tted as
0:63� 0:02 and correspondswith the true value of 0.63obtained from MC@NLO t t̄ events, see
Table 6.5. The etop

l is �tted as0:02� 0:01 and is lower than the true value of 0.05obtained from
MC@NLO tt̄ events. This last discrepancyis not the result of using di�eren t MC generators,
but a bias we observed earlier.

6.3.2 Discussion

To emphasizethe importance of accurate MC predictions, we performed the analysis with
MC@NLO tt̄ events and with Alpgen tt̄ events. The results in eq. (6.12) and eq. (6.13) show
a large di�erence, in e�ect resulting in a signi�cant systematic uncertainty in the analysis. In
the next section we will quantify this more accurately.

The correct valuesfor the crosssectionsin this `blind' samplestudy are obtained with the
Alpgen sample, that is the values in eq. (6.13). The study shows that a variation of the cross
sectionscan be measured;the W crosssection is measuredwith the highest accuracy.
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6.4 Early data analysis

In this section we study the possibleresults on a �rst data sampleof 50 pb� 1. For clarit y, the
selectionof events with electrons is again applied and the W+ bb̄ sample is again included in
our MC set of samples.

JetProb is the recommendedb-tagger for �rst data. It is a much simpler and more ro-
bust algorithm, with the drawback that its performanceis worse compared to a (calibrated)
IP3D+SV1, seeFig. 4.12. We observe this again in Fig. 6.9 which shows the results of the
analysisperformed on a sampleof 500 pb� 1. On the horizontal axis � log10P is plotted, where
P is the probabilit y output of the b-tagger. The probabilit y range is chosen such that the
sameeb range is covered as was the casewith the IP3D+SV1 b-tagger. Compared to Fig. 6.7
where the latter is used, the results are worse: the e�ciencies show more 
uctuation and the
distributions for the ratios have lessclear plateaus.

Looking at the results for the four-jet events, which have the largest uncertainties, we
conclude that with the JetProb b-tagger the best weight to use is in the range � 0:4� 0:7.
Within the given �t uncertainties the results are in agreement with the expected valuesfrom
Table 6.4 (depicted with the dotted lines); only the results in the four jet sample in Fig.
6.9(d) are more than `1-sigma'o�. Figure 6.10depicts the results on a sampleof no more than
50 pb� 1. Theseresults do show a correct �t for the ratio in the four jet sample.

6.4.1 Excluding the four-jet sample

In Fig. 6.9(d) the results in the four jet sample show a more than `1 sigma' o�set compared
with the expected value from Table 6.4, and in Fig. 6.10(d) the results in the four jet sample
show a large uncertainty; it is worth checking whether the measurements in the four jet sample
improve the analysis, or worse,whether the measurements do not bias the results in the two
and three jet sample.As the latter are more important, the analysiscan be repeatedexcluding
the measurements on the four jet sample. This implies only �v e measurements are used in
the likelihood discussedin Section 6.1.1 to solve four unknowns: the two e�ciencies, and the
number of top events in the two- and three jet samples.

We performedsuch an analysison a 50 pb� 1 sampleand the conclusionis that no di�erence
is visible with the previous results; using larger samplesor the IP3D+SV1 b-tagger doesnot
alter this conclusion.The three extra measurements in the four jet samplethus give too little
information to in
uence the �t results in the two and three jet sample, yet can be used to
estimate the number of tops and W's in the four jet sample.
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(a) Left: results for eb. Right: results for etop
l . The distribution with error-bars is the �t result, the distribution

without is the true e�ciency for the used sample.
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(b) Ratio of top=total for events with 2 jets.
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(c) Ratio of top=total for events with 3 jets.
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(d) Ratio of top=total for events with 4 jets.

Figure 6.9: Fit result for a samplewith L = 500 pb� 1. JetProb is usedas b-tagger. Compared
to the results in Fig. 6.7 with IP3D+SV1 as b-tagger, these results show more 
uctuations.
Also, the �tted ratios show larger deviations from the true values (from Table 6.4), depicted
by the dotted lines.
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(a) Left: results for eb. Right: results for etop
l . The distribution with error-bars is the �t result, the distribution

without is the true e�ciency for the used sample.
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(d) Ratio of top=total for events with 4 jets.

Figure 6.10: Fit result for a samplewith integrated luminosity of 50 pb� 1. JetProb is usedas
b-tagger. The correct valuesfor the ratio �ts are depicted by dotted lines.
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6.4.2 Uncertain t y on the b-tagging e�ciency on W+jets

Before extracting the crosssectionsfrom the results on the 50 pb� 1 sample, the uncertainty
on the b-tagging e�ciency on W+jets still has to be taken into account. In Section 6.1.4 an
upper and lower limit on eW

l was estimated by taking into account the di�erence betweenthe
W- and Z+jets crosssections,plus the statistical 
uctuations expected from a 50 pb� 1 sample
of Z+jets events. The results for the upper and lower limits were shown in Fig. 6.6.

Repeating the analysis on a �rst data sampleof 50 pb� 1 with theseextreme distributions
for eW

l the �t results at a JetProb weight of 0.5 in Table 6.15 are obtained. We observe
that comparedto the `nominal' results in the distributions in Fig. 6.10 a too low value for eW

l
increasesthe �tted number of top events, while at the sametime decreasesthe eb and increases
the etop

l . A too high value for eW
l has the opposite e�ect.

We conclude that the uncertainty on eW
l results in errors on the �tted #top/ #total with

sizesof 9%, 12%and 13%,respectively for the two, three and four jet sample.For the b-tagging
e�ciencies the systematic uncertainty is � 0:05 for eb

l and � 0:01 for etop
l .

With lower limit eW
l With correct eW

l With upper limit eW
l

Fitted #top/ #total:
2 jet sample 0:25� 0:13 0:17� 0:10 0:09� 0:05
3 jet sample 0:55� 0:20 0:44� 0:18 0:32� 0:15
4 jet sample 0:84� 0:16 0:71� 0:24 0:59� 0:21

Fitted e�ciencies:

eb (true = 0.36) 0:30� 0:15 0:36� 0:15 0:40� 0:15

etop
l (true = 0.07) 0:07� 0:10 0:06� 0:06 0:05� 0:06

Table 6.15: The �t results from the analyseswith di�eren t distributions of the e�ciency eW
l

on a sampleof 50 pb� 1, at a JetProb weight of 0.5.

6.4.3 Measuremen t of the cross sections

In Section6.3 the crosssection for W+jets, single tops and t t̄ is calculated with the useof six
values: the measurednumber of top events in the two- and three jet sample, Ntop

2j and Ntop
3j ,

plus the total number of W events measured,NW. Theseare comparedwith the three expected
valuesNtop

MC;2j , Ntop
MC;2j and NW

MC from a MC sample.

From Section6.2.3 we concludethat the measurements for Ntop
MC;2j and Ntop

MC;3j can be made
to respectively 1% and 5%. To stay on the safeside, we also assumean uncertainty of 5% on
NW

MC. Adding the uncertainties on the lepton trigger and reconstruction7) , we summarize the
uncertainty on the MC predictions as in Table 6.16. As for the results obtained from the �ts,
Table 6.17 givesan overview of the uncertainties measured,and their uncorrelated total sum
per variable. The uncertainty on the luminosity is listed with its lower and upper limit.

With the maximum uncertainties on NW
MC and NW in Table 6.17we concludethat the cross

section for the W+jets can be measuredup to 32% with �rst data. The total crosssection for

7) In Section 4.6.1 we stated these uncertainties, which were gained from studies performed on a sample of
100 pb� 1 14 TeV collisions. As we study the performance on a smaller sample at lower center-of-mass energy,
these quoted uncertainties are not entirely correct. Yet these uncertainties are almost negligible compared to
the total; we will therefore leave them unchanged.
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Parton showering Trigger E�ciency Lepton reconstruction TOT AL

NW
MC 5% 1% 1% 5.2%

Ntop
MC;2j 1% 1% 1% 1.7%

Ntop
MC;3j 5% 1% 1% 5.2%

Table 6.16: Uncertainties on the three predictions from MC samplesfor the number of top
events in the two- and three jet sample,and for the total number of W events.

Luminosity JES =ET scale Ri bJet
nj eW

l Statistical TOT AL

NW 5-20% 19% 3:3% 1% 9:7% 11.5% 25-32%

Ntop
2j 5-20% 4% 2:1% � 53% 59% 80-82%

Ntop
3j 5-20% 13% 3:0% 2% 24% 36% 46-50%

Table 6.17:Uncertainties on the three measurements for the number of top events in the two-
and three jet sample,and for the total number of W events.

top quark pairs plus single tops can be measuredto 50% combining the results in the two and
three jet sample; if we were to follow similar stepsas taken in Section 6.3 to obtain the cross
sectionsin eq.(6.13) for the individual channels, the uncertainties on the crosssectionsfor t t̄
and for single top would be 110%and 580%respectively.

6.4.4 Conclusion

We have shown that for a �rst data sample of 50 pb� 1 a measurement up to 32% accuracy
can be made for the W+jets background cross section to the top channels in the lower jet
multiplicities. An individual cross section measurement for the top quark pair and for the
single top events results in large uncertainties, respectively 110%and 580%,yet a total cross
section for the top quark pair plus single top events can be determined up to 50% accuracy.

Comparedto a dedicatedW or top crosssectionanalysisthe advantage is that the presented
analysis is independent of the b-tagging e�ciency , which is in fact determined simultaneously
with the cross sections. The JetProb e�ciency eb on b-jets is measured with a statistical
uncertainty of � 0:15 and a systematic uncertainty of � 0:05, both of which are correlated to
the uncertainties on the crosssection measurements.

The uncertainty on the measurement of the b-tagging e�ciency on W+jets events was
estimated from the higher expected value for the crosssection ratio of Z+ bb̄ to Z+jets com-
pared to that of W+ bb̄ to W+jets. If the �rst ratio is truly higher, we can expect a positive
o�set in the measurement of the e�ciency eW

l , biasing our end results. Further research using
simulated Z+ bb̄ events is neededto investigate the exact o�set and to explore possibilities to
compensate for the bias. The sameconclusion can be drawn on the subject of QCD events.
With only a small fraction of bb̄ in QCD events, we expect these events to be W+jets like.
Using simulated multi-jet events the expected number of QCD events passing the selection
requirements, and their e�ect on the analysispresented, should be investigated.
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6.5 The e�ect of supersymmetry on the top =W ratio

In this section we study the e�ect of the presenceof supersymmetric particles on the analysis
set up in this chapter. As in section5.9 we study the SU3 (bulk) and SU4 (low mass)models.

6.5.1 Event selection

We �rst study the e�ect of the presenceof SU4 with the standard event selection listed in
Section6.1.2.We then perform the analysiswith higher requirements on the =ET and transverse
momentum of the jets as to increasethe signal to background ratio, where the signal in this
caseis the events with supersymmetric particles. We havenot performedany research to de�ne
the best requirements, yet basedon the work done in [60] we have chosenfor:

� Missing transverseenergy =ET > 100 GeV.

� Exactly oneisolated lepton, be it electron or muon, with pT > 20 GeV. At the sametime,
the Event Filter trigger EF e25i medium1 must have passedif the lepton is an electron,
or the trigger EF mu20 must have passedif it is a muon.

� At least one jet with pT > 100 GeV. Any additional jet must have pT > 50 GeV.

With these new criteria we analyze the e�ect of two supersymmetric models. The samples
analyzedare reconstructed with a center-of-massenergyof 10 TeV and are the SU3 and SU4
samplesgeneratedwith Isajet [118] plus HERWIG, seeSection 4.2. We note that for the SU4
sample we only had accessto a sample corresponding to 169 pb� 1 and we normalized the
results in this section to 500 pb� 1.

6.5.2 Results

The requirements mentioned aboveon the missingtransverseenergyand the jet pT could a�ect
the results of the �t procedureand introducebiasesin the events selected.Before including the
supersymmetric channelswe checked the results of the scanprocedureon the Standard Model
events with theserequirements. The �t results are still correct: the distributions for the �tted
number of top events are 
at and at the correct values.Also the �tted e�ciencies correspond
to the `true' values.

The SU4model is oneof the modelswith the lowestmassesfor the supersymmetric particles
and its crosssection is relatively high: 402 pb [60]. Table 6.18 lists the results for the �tted
number of top and W events using the standard selectionrequirements from Section 6.1.2 on
a sampleof 500pb� 1 including the SU4 supersymmetric events. The columnsto the left in the
Table list the number of events for each channel passingthe selection;the number of events for
the Standard Model channelsare the sameas in Table 6.4. The values for the �tted number
of tops and number of W's are extracted from the results in Fig. 6.11 at a IP3D+SV1 weight
of 4.0.

Within the statistical uncertainty the measurednumber of W events corresponds to the
actual number of W events present; only in the two jet sample is the measurednumber of W
events slightly too high. The measurednumber of tops actually equals the sum of top and
supersymmetry events. In Section 6.4.2 a too high number of W's was correlated with a too
high �t result for eb. This is not the casehere: the �tted b-tagging e�ciency eb is too low.
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With the 
at distributions for the ratios in Fig. 6.11and the e�ciencies having only a small
o�set from the true distributions we can concludethat the SU4 events resemble the top events
in their b-jet contents. This is as we might expect from the phenomenologyof SU4 events,
see[124]:

� 63% of the SU4 events produced contain at least one gluino. The gluino is dominantly
decaying to the third generation eqq, with

{ eg ! eb1b (branching ratio = 47%),

{ eg ! et1t (branching ratio = 42%),

{ eg ! eb2b (branching ratio = 4%).

The squarkseb1 and eb2 decay to et1W with a probabilit y of about 50%.The lightest scalar
top et1 is only 30 GeV heavier than its Standard Model partner (met1 = 206 GeV) and
decays to �nal states similar to those of the top quark:

et1 ! ec �
1 b (branching ratio = 100%). The ec �

1 decays through a virtual W� and a ec 0
1 .

� 11% of the SU4 events produced in the hard scattering result in a scalar top pair et1et1.

All in all, a large fraction of SU4 events (53%) is characterized by a decay through at least
two (virtual) W-bosonsand two b-quarks, with as result a t t̄ -like �nal state.

In Table 6.19 we summarize the results after the selection requirements mentioned in
Section6.5.1.The results for all �v e distributions are shown in Fig. 6.12.We can almost draw
the sameconclusion as before: for the three- and four-jet samplesthe measurednumber of
W events is correct and all supersymmetry events are measuredas top events. In the two-jet
samplethe number of W's is too high however.

Repeating the last analysis with the high energetic requirements on a sample containing
SU3 instead of SU4 we obtain the results from Table 6.20 and Fig. 6.13. Thesemeasurements
are inconclusive: the small amount of supersymmetry events doesnot make it possibleto see
any signi�cant e�ect on the results.

6.5.3 Conclusion

Combining the results of this section with those of Section 5.9 from the previous chapter we
can conclude that the SU4 events resemble the top events in their b-jet contents, while at
the sametime they do not satisfy a complete semi-leptonic t t̄ hypothesis. In the analysis in
Section 5.9 on SU3 events an excessof events was visible after the tight selectioncuts. With
the low jet multiplicit y demandedin this section the excessis not clear.

With the large parameter spaceavailable, supersymmetric modelswith other b-jet contents
than thosein the SU3 and SU4 modelsanalyzedin this sectionare possible;we cannot assume
that all modelswill be easily identi�ed astt̄ like, aswasthe casefor the SU4model, or W+jets
like. We can only concludethat if supersymmetry exists,with someluck, the b-tagging analysis
presented in this chapter might give a hint of the composition of the supersymmetric events.
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tt̄ + W+jets SU4 Fitted Fitted
single tops (incl bb̄ ) #top #W

2 jet sample 14:9 70:7 3:98 18:4� 0:45 71:3� 0:45
3 jet sample 12:3 12:3 4:74 17:3� 0:30 12:0� 0:30
4 jet sample 5:23 2:23 4:05 9:20� 0:23 2:30� 0:23

Table 6.18: Results for the �tted number of top and W events (� 103) using the standard
selectionrequirements from Section6.1.2on a sampleof 500pb� 1 including the supersymmetric
SU4model. To the left the number of events are listed for the di�eren t samplespresent. Within
the statistical uncertainty the �tted number of W events corresponds to the actual number of
W events present; the �tted number of tops equalsthe sum of top and supersymmetry events.

tt̄ + W+jets SU4 Fitted Fitted
single tops (incl bb̄ ) #top #W

2 jet sample 1:60 4:43 3:21 4:16� 0:23 5:08� 0:23
3 jet sample 1:23 1:19 3:11 4:31� 0:22 1:22� 0:22
4 jet sample 0:47 0:21 1:86 2:23� 0:13 0:31� 0:13

Table 6.19: Results (� 103) using the supersymmetry selection requirements on a sample of
500pb� 1 including SU4 events. Almost the sameconclusioncan be drawn as in Table 6.18: the
�tted number of W events is correct in the three- and four-jet sampleand all supersymmetry
events are measuredas top events. Yet in the two-jet samplethe �tted number of W events is
too high.

tt̄ + W+jets SU3 Fitted Fitted
single tops (incl bb̄ ) #top #W

2 jet sample 1:60 4:43 0:21 1:62� 0:12 4:62� 0:12
3 jet sample 1:23 1:19 0:27 1:40� 0:09 1:29� 0:09
4 jet sample 0:47 0:21 0:20 0:57� 0:05 0:31� 0:05

Table 6.20: Results (� 103) using the supersymmetry selection requirements on a sample of
500pb� 1 including SU3events. Comparedto the results with SU4 events, it is unclear whether
the supersymmetry events are �tted astop or asW events. The small amount of supersymmetry
events doesnot make it possibleto seeany signi�cant e�ect on the results.
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(a) Left: results for eb. Right: results for etop
l . The distribution with error-bars is the �t result, the distribution

without is the true e�ciency when using tt̄ events generated by MC@NLO.
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(b) Ratio of top=total for events with 2 jets.
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(c) Ratio of top=total for events with 3 jets.
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(d) Ratio of top=total for events with 4 jets.

Figure 6.11:Fit result for a samplecontaining the supersymmetry events SU4,with luminosity
of 500 pb� 1. The standard event selectionsfrom Section 6.1.2 are used, while IP3D+SV1 is
usedas b-tagger.
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(a) Left: results for eb. Right: results for etop
l . The distribution with error-bars is the �t result, the distribution

without is the true e�ciency when using tt̄ events generated by MC@NLO.
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(d) Ratio of top=total for events with 4 jets.

Figure 6.12:Fit result for a samplecontaining the supersymmetry events SU4,with luminosity
of 500 pb� 1. The supersymmetry requirements mentioned in Section 6.5.1 are used, while
IP3D+SV1 is used as b-tagger. The Ri bJet

nj fractions are extracted from the MC@NLO tt̄
events, after the event selection.
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(a) Left: results for eb. Right: results for etop
l . The distribution with error-bars is the �t result, the distribution

without is the true e�ciency when using tt̄ events generated by MC@NLO.
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(d) Ratio of top=total for events with 4 jets.

Figure 6.13:Fit result for a samplecontaining the supersymmetry events SU3,with luminosity
of 500 pb� 1. The susy requirements mentioned in Section 6.5.1 are used,while IP3D+SV1 is
usedas b-tagger. The Ri bJet

nj fractions are extracted from the MC@NLO tt̄ events, after the
event selection.



App endix A

Lik eliho od functions

In Section 6.1.1 the likelihood functions used in the analysis for the top quark pair and W
bosonproduction crosssection measurements are discussedby going into detail on the func-
tions for the expected number of tagged jets in the two-jet sample.This appendix states the
functions neededfor the three- and four-jet samples.The complete de�nition for the negative
log-likelihood (NLL) to be minimized is:

� lnL = � lnÕ
x;n

P(Nx tag;meas
nj ;Nx tag

nj ) � � lnÕ
x;n

e� Nx tag
nj

�
Nx tag

nj

� Nx tag;meas
nj

Nx tag;meas
nj !

; (A.1)

whereP(Nx tag;meas
nj ;Nx tag

nj ) is the PoissonLikelihood of measuringNx tag;meas
nj , that is the number

of events with x jets b-tagged in the n-jet sample,when Nx tag
nj events are expected.

The functions N1tag
2j and N2tag

2j have beengiven in Section 6.1.1. For the expected number
of events with one, two or three jets tagged in the three-jet samplewe have

N1tag
3j = eW

1 NW
3j + etop

1 Ntop
3j (A.2)

N2tag
3j = eW

2 NW
3j + etop

2 Ntop
3j (A.3)
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For the expectednumber of events with one, two or three jets taggedin the four-jet sample
we have

N1tag
4j = eW

1 NW
4j + etop

1 Ntop
4j (A.11)

N2tag
4j = eW

2 NW
4j + etop

2 Ntop
4j (A.12)

N3tag
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3 NW
4j + etop

3 Ntop
4j (A.13)

eW
1 = 4eW

l (1� eW
l )3 (A.14)
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Summary

At the CERN laboratory, located on the border betweenFrance and Switzerland, the LHC is
soon to becomeoperational. This accelerator will be the largest and most energetic hadron
collider ever constructed. In an underground circular tunnel it will collide protons on protons
at a maximum center-of-massenergyof 14 TeV. Detectors at four di�eren t locations will study
the collisions, which are also known as\events". One of the two generalpurposedetectors is
the ATLAS experiment.

The purposeof the ATLAS detector is, among other things, to search for particles with
massesup to several TeV. The greatest expectations lie in the discovery of the Higgs boson,
the last of the fundamental particles in the Standard Model to remain undiscovered. Also, in
di�eren t theorized extensionsof the Standard Model new particles are predicted which might
be produced at the LHC. The searches for these particles are far from easy: in the collisions
they are swamped by the production of `uninteresting' low massparticles. Furthermore, even
before the searchescan begin, the detector has to be commissionedand calibrated.

This thesis covers three subjects: the commissioningof the Inner Detector of ATLAS, a
calibration schemefor the energy scalesof the detector and �nally an experimental setup for
the measurement of the rate of production of W bosonsand top quarks in �rst data.

First, the �nal steps of the installation and commissioningof the ATLAS detector are de-
scribed. The data collected during the cosmic ray runs in the fall of 2008 have been used to
study the performanceof the SCT detector, the secondmost inner sub-detector in ATLAS.
The SCT hasbeenshown to perform in agreement with the designspeci�cations. Extra atten-
tion is given to the commissioningof the evaporative cooling system of the SCT, which is to
keepthe temperature of the sensorsat around -7� C. The systemalso cools the pixel detector,
the most inner sub-detector in ATLAS, to around 0� C. Several problems occurred during the
installation and commissioning of the system, notably with the heaters responsible for the
evaporation of the remaining cooling 
uid in the last stepsof the cooling cycle. The problems
are solved partly by adjusting the controls and partly by redesigningthe cooling system.

As a secondsubject, an analysisis presented for the energyscalecalibration of the detector,
�ne-tuned for the study of the top quark. The top quark is the heaviest of all six quarks known
in the Standard Model and its large massgivesit a special role in the interaction betweenthe
Standard Model particles. Also the properties of undiscovered particles predicted by (yet)
unproven theories such as supersymmetry are dependent on the top quark mass.

Using a kinematic �t with constraints for a semi-leptonic top quark pair decay, the jet
energyscaleand the missing transverseenergyscaleare determined on events simulated with
Monte Carlo generators.A samplewith integrated luminosity of L = 160 pb � 1 at a center-of-
massenergyof 14 TeV is usedto show the feasibility of this procedurefor �rst data calibration.
Scanningover large rangesof the energy scales,with o�sets up to 20%, it is shown that the
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two correlated energy scalescan be determined independently: �rst the jet energy scale by
minimization of the c 2 function and subsequently the missing transverseenergyscaleby using
asestimator the transversemomentum di�erence betweenthe two top quarks,asreconstructed
with the kinematic �t.

Finally, an analysis is described to measurethe rate of production of top quarks and W
bosonsin proton-proton collisionswith ATLAS. The signal of a W bosonproduction event can
resemble the signal of a top quark pair event; for the study of the latter, W bosonproduction
thus constitute a background channel. A secondbackground channel to top quark pair events
is single top quark production. A �rst step in the identi�cation of these backgrounds is the
determination of their rate of production.

Events with between two and four jets are studied; jets are the observable objects in the
ATLAS detector originating from either quarks or gluons. Using b-tagging algorithms, i.e.
special reconstruction tools for the identi�cation of b-quarks, the number of jets tagged as
originating from a b-quark is measuredas a function of the total number of jets in the event.
A likelihood method is applied to �t the composition of a sampleof top quark and W boson
events. The method is shown not only to be independent of the cuts applied in the b-tagging
algorithm, but also to be able to determine its e�ciency on data. Applying the JetProb b-
tagging algorithm on a simulated sample of events with integrated luminosity of 50 pb � 1 at
a center-of-massenergy of 10 TeV, the W boson production rate can be measured,together
with the combined production rate of the single and pair produced top quark events.

With both of these analysesthe impact of supersymmetric events as predicted by two
models is studied. The kinematic �t is shown to possibly result in information on the mass
scale of the supersymmetric events. The likelihood method is shown to be sensitive to the
b-quark content in one of the supersymmetric models.



Samenvatting

Op het CERN laboratorium te Gen�eve zal binnenkort de LHC in gebruik genomenworden.
Deze deeltjesversneller zal de meesteenergetische hadron botsingen opleveren ooit door de
mens tot stand gebracht. Gebouwd in een tunnel onder de grens van Frankrijk en Zwitser-
land zal de versnellerprotonen met elkaar laten botsenbij eenmaximum zwaartepuntsenergie
van 14 TeV. Op vier verschillende locaties zullen de botsingen worden waargenomendoor
experimenten; �e�en van de vier is de ATLAS detector.

De detector heeft onder andere als doel het zoeken naar tot nu toe niet-waargenomen
deeltjes.Het Higgs deeltje is eenzeerbegeerde:het is het laatste niet-waargenomendeeltje in
het Standaard Model, de theorie die tot op de dag van vandaag het beste de fundamentele
deeltjes en hun interacties beschrijft. Andere gezochte deeltjes zijn de voorspelde deeltjes in
nieuwe theorie•en. Het Standaard Model kent namelijk verschillende uitbreidingen: nieuwe,
onbewezen theorie•en die oplossingenbieden voor de verschillende problemen die nog open
staan in de deeltjesfysica.Een mogelijkheid om dezetheorie•en te toetsenis te zoeken naar het
bestaanvan voorspelde deeltjesmet de ATLAS detector.

De ingebruikname van de ATLAS detector is eenuiterst minutieus proces.De eerstetwee
onderwerpen van dit proefschrift betre�en twee stappen in dit proces:het gereedmaken van
de Inner Detector, de sub-detector van ATLAS het dichtst op de botsingen, en het kalibreren
van de energieschalen voor de reconstructie van de botsingen. Het derde onderwerp van dit
proefschrift is een analyseom de doorsnedete meten van W bosonenen van top quarks met
de eersteverzamelingaan botsingen.

Voor het eersteonderwerp, het gereedmaken van de Inner Detector, zijn de data gebruikt
uit de herfst van 2008. In dezeperiode werden de kosmische stralen die doordringen tot het
experiment waargenomen.Met dezedata is de werking van de SCT, de op-�e�en-na binnenste
sub-detectorvan de Inner Detector, bestudeerd.Uit de studie blijkt dat de SCT volgensspeci-
�caties functioneert. In de studie is extra aandacht besteedaan de werking van het koelsysteem
van de SCT. Gedurendede installatie en de ingebruiknametraden verschillende problemenop,
met name met de elementen die in de laatste fase van het koelen de overblijv ende vloeistof
dienente verdampen.De problemenzijn opgelost,deelsdoor herontwerp endeelsdoor controle-
parametersaan te passen.

Het tweedeonderwerp, de kalibratie van de energieschalen, betreft eenspeci�eke kalibratie
van de detector voor de waarneming van top quarks. De top quark is het zwaarste van alle
quarks in het Standaard Model. Dezegrote massaheeft invloed op de interacties tussen alle
deeltjes in het Standaard Model en op de eigenschappen van voorspelde deeltjes in nieuwe
theorie•en, zoalsde theorie van supersymmetrie.

Gebruikmakend van gesimuleerdebotsingen bij eenzwaartepuntsenergievan 14 TeV wor-
den de schalen van de jet energieen van de ongedetecteerdetransversaleenergiegekalibreerd
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met eenkinematische �t voor semi-leptonisch verval van top quark paren. De studie toont dat
met eenverzamelinggesimuleerdebotsingen met ge•�ntegreerdeluminositeit van L = 160 pb� 1

de twee gecorreleerdeschalen onafhankelijk gekalibreerd kunnen worden: eerst de jet energie
schaal door minimalisatie van de c 2 functie en vervolgens de ongedetecteerdetransversale
energieschaal met behulp van het transversalemomentum verschil tussen de twee gerecon-
strueerdetop quarks.

Als laatste onderwerp van het proefschrift wordt eenanalysegepresenteerd voor de meting
van de doorsnedevan W bosonenen top quark paren.Het signaalwaargenomenmet de ATLAS
detector van een W boson kan op dat van een top quark paar lijk en. Wanneer het laatste
bestudeerdwordt, dan zal de achtergrond die de W bosonenvormen ge•�denti�ceerd moeten
worden. Een eerstestap in dit procesis de bepaling van diens doorsnede.

Voor deze studie worden botsingen gebruikt met twee, drie of vier jets; een jet is het
waarneembareobject ontstaan uit eenquark of eengluon. Met behulp van b-algoritmesspeciaal
bedoeld voor de identi�catie van jets ontstaan uit b-quarks, zogenaamdeb-jets, wordt het
aantal ge•�denti�ceerde b-jets als functie van het aantal jets in eenbotsing bepaald.Vervolgens
wordt via een `likelihood methode' de meest waarschijnlijk e samenstellingvan top quarks en
W bosonenbepaald. De analyse is onafhankelijk van de snedegebruikt in de b-algoritme en
tegelijkertijd geschikt om de e�ci •entie van de identi�catie te bepalen. De studie toont dat
op een verzameling gesimuleerde botsingen met ge•�ntegreerdeluminositeit van L = 50 pb� 1,
bij eenzwaartepuntsenergievan 10 TeV, de doorsnedevan het W bosonbepaald kan worden
tegelijkertijd met die van top quarks, geproduceerd in paren of individueel.

Zowel de functionering van de kalibratie analyseals die van de laatste analysezijn getoetst
op de aanwezigheid van deeltjes voorspeld door twee verschillende supersymmetrische theo-
rie•en. De kinematische �t kan mogelijkerwijs informatie opleverenover de massa-schaal van de
supersymmetrische botsingen. In de studie van de doorsnedevan W bosonenen top quarks is
de meting gevoelig voor de b-quarks in �e�en van de tweesupersymmetrische modellen.
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