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Introduction

The Large Hadron Collider (LHC) at CERN in Geneva, Switzerland, will provide the
research field of high-energy physics with an overwhelming amount of new data on the
structure of matter. The accelerator supersedes earlier accelerators in all kinds of proper-
ties. The machine and its experiments owe their existence largely to the successful results
obtained with their predecessors. Results from previous collider experiments have firmly
established many aspects of the Standard Model, but have not managed to complete
the puzzle entirely.

One of the main goals set for the LHC and its experiments is the completion of the
search for the Higgs boson. The Higgs boson was already postulated in 1964 [1, 2, 3, 4, 5],
but is experimentally still an awkwardly missing particle. Its existence would confirm
the spontaneously broken symmetry of the electroweak interactions, leading to massive
W+, W−, and Z bosons [6, 7, 8]. Those gauge bosons were predicted in 1968, when the
rôle of the Higgs boson was fully recognised, and first observed by the UA1 and UA2
experiments at the Spp̄S in 1983 [9, 10]. Another key player in the Standard Model is
the top quark, which is the sixth quark and has an abnormal large mass compared to
the other quarks. Due to this large mass, the top quark was not discovered before 1995
[11, 12]. The quark was already postulated together with its counter part, the bottom
quark, back in 1973 [13]. Both the W± boson mass and the top quark mass give hints on
the mass of the Higgs boson. However, so far, the Tevatron has not been able to identify
any sign from the Higgs boson. At the LHC the phase space for the production of known
(and unknown) particles is orders of magnitude larger. This opens up the possibility to
study those particles and their interactions in far greater detail than before. That gives
confidence in the LHC potential for interesting ‘new’ physics.

Goals

The work of this thesis was initially driven by a search for the Higgs boson in association
with a top quark pair, tt̄H . In that perspective, a measurement of particular interest is
the determination of extra jets in conjunction with a top quark pair: radiating top quarks.
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Introduction

This type of events is a major background to tt̄H and thus needs to be understood in
detail. The measurement is also interesting by itself, because it provides a test of QCD
at the top quark mass scale. Therefore a part of this thesis is devoted to study this topic
using simulated data, notably Chapter 4 and 6. The former concentrates on separating
signal from background. The latter concentrates on the uncertainties in jet multiplicity
predictions for tt̄ events.

A goal on its own, but closely related to the previous subject, is the preparation of a tt̄
cross section measurement in Chapter 5. The measurement is designed for early collision
data with ATLAS at a centre-of-mass energy of 14 TeV. The work, based on simulated
data, investigates what limits the accuracy during initial running. In this measurement,
the predicted number of additional jets in tt̄ events is an important uncertainty too.

The delay in the LHC start-up has prevented shifting the attention to collision data.
Instead, available Monte Carlo techniques for the prediction of multi-jet events have
been studied in more depth. This has resulted in a comparison between event generators
for W± boson, Z boson, and jet spectra in W + jets and Z + jets events (Chapter 7).
The cross sections of W + jets and Z + jets production are relatively large compared to
tt̄ production. Therefore, these processes will rapidly provide a wealth of information
which can be used to compare and tune various event generators at an early stage. This
is useful, since W + jets and Z + jets are both prominent backgrounds in tt̄ (and tt̄H)
studies.

Summarising, in the context of top quark physics, the work in this thesis converges
backward in time. It starts with a glance on tt̄H production – potentially a few years of
data-taking away from now, and one of the most challenging channels to search for the
Higgs boson. Then it moves on to a nearby in time tt̄ cross section measurement – at
the doorstep of unexplored territory. And it ends with a study on the production of W±

and Z bosons – well-known ‘candles’ in particle physics to date, and recently observed
in ATLAS [14].

Outline

Chapter 1 starts with an overview of top quark physics at the LHC. After a brief
introduction to the LHC, the production of top quarks and its properties are discussed.
This is followed by a few outstanding issues which are expected to be uncovered at the
LHC.

Chapter 2 is an extensive review of Monte Carlo generators. A good understanding
of the strengths and weaknesses of these tools is essential. This is the case especially in
searches for ‘new’ physics in multi-jet events.

The ATLAS detector is outlined in Chapter 3. The design and performance of the
detector are treated with emphasis on jet reconstruction, the key ingredient for top
quark studies.

The first analysis chapter is Chapter 4. It starts with the investigation ofW + jets, tt̄,
and tt̄H production in proton-proton collisions. Characteristic differences in observables
between the production processes can be used to enhance the separation of signal and
background in the experiment. The study has a mainly instructive character. It bridges

2
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the gap between phenomenology and its experimental observables.
In Chapter 5 an early tt̄ cross section measurement scenario is presented. The mea-

surement aims at a ‘re-establishment’ of the top quark. Since the measurement needs
full detector capabilities, it can also be used in the commissioning phase as a benchmark
for the performance of the ATLAS detector.

Predictions for the jet multiplicity in tt̄ events are made in Chapter 6. For the first
time, these predictions are compared between various state of the art event generators,
specifically for the ATLAS experiment. The comparison includes an evaluation of the
impact of the uncertainty in the jet multiplicity on the tt̄ cross section measurement.

The last analysis chapter, Chapter 7, focusses on W± and Z boson production with
additional jets. In this chapter a comparison is made between event generator predictions
for W + jets and Z + jets. An alternative approach for the prediction of these kind
of multi-jet events, based on dipole radiation, is thereby introduced in the ATLAS
environment. Distinctive features, which should be observable relatively early in ATLAS,
are pointed out. Furthermore, the uncertainty in the predicted amount of background
for a tt̄ cross section measurement is discussed.

In March 2010 the LHC started operation at
√
s = 7 TeV. In Chapter 8 the first

W± and Z bosons recorded by ATLAS are shown. These events mark the beginning of
the physics programme for the ATLAS experiment.

Amsterdam, June 2010.
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1
Top quark physics

1.1 Physics at the LHC

In March 2010 the Large Hadron Collider (LHC) at CERN in Geneva, Switzerland,
accelerated proton beams to 3.5 TeV for the first time. Since then the machine is pro-
viding proton-proton collisions at a centre-of-mass energy

√
s = 7 TeV. During the year

2010, the luminosity will be gradually increased to L = 1032 cm−2 s−1 with 50 ns bunch
spacing. According to the latest estimates [15], this first long run will provide the two
largest LHC experiments (ATLAS and CMS) with a dataset of collisions until the end
of 2011 with an integrated luminosity of

∫
Ldt ∼ 1 fb−1. Only after an additional main-

tenance shutdown, operation at the designed centre-of-mass energy
√
s = 14 TeV will

be possible. The luminosity will then be further increased in the following years: first up
to a ‘low’ luminosity of L = 1033 cm−2 s−1 with a 25 ns bunch spacing, and eventually
towards the maximum ‘high’ luminosity of L = 1034 cm−2 s−1. At this luminosity, data
will be recorded at a rate of 80–120 fb−1 per year [16].
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Chapter 1. Top quark physics

The LHC is operated at a larger centre-of-mass energy and will provide more luminos-
ity than the Tevatron accelerator at Fermilab in Chicago, USA. The Tevatron, a proton-
antiproton collider, is currently operating at a centre-of-mass energy

√
s = 1.96 TeV with

a luminosity of L = 1032 cm−2 s−1. Since 2001, it has supplied the CDF and DØ exper-
iments with 8 fb−1 integrated luminosity of data [18]. The shutdown of the Tevatron is
planned for 2011.

Due to the large centre-of-mass energy at the LHC, the colliding protons will be
probed deeper and more phase space will be available for the production of particles.
In general this leads to larger cross sections than at the Tevatron. In Figure 1.2 cross
sections for various processes are shown as function of

√
s. Numerical values for the cross

sections at the LHC and the Tevatron are given in Table 1.1 for comparison.

Process Cross section (in pb)

Tevatron LHC

σbb̄ 9.1×107 6.3×108

σW+ 1.2×104 1.1×105

σW− 1.2×104 8.4×104

σZ 7.3×103 6.0×104

σtt̄ 6.8×100 9.0×102

σH120
7.1×10−1 3.8×101

Table 1.1: Cross sections (in pb) for various processes calculated at NLO with MCFM
[20] for Tevatron (pp̄ at

√
s = 1.96 TeV) and LHC (pp at

√
s = 14 TeV).

The MSTW2008nlo PDF [21] was used with αs(M
2
Z) = 0.120. The energy

scale Q2 of each process was set equal to mass of the heavy final state particle
produced in the process.

First it should be noted that there is a difference in the amount of (anti-)quarks
involved in pp collisions with respect to pp̄. In the former case, the only source for
antiquarks are the sea quarks, whereas in the latter case, the valence quarks are the
main source. The cross sections for processes that depend strongly on quark-antiquark
annihilation, such as W± boson production, therefore display discontinuities when ex-
trapolated from Tevatron to LHC in Figure 1.2. The difference is also apparent in the
ratio of the W+ and W− boson cross sections in Table 1.1. At the Tevatron the ratio
is one since in pp̄ there is an equal amount of positively charged quarks (u, d̄) and neg-
atively charged quarks (ū, d). At the LHC this ratio is not one since there are more
positively charged quarks (u) than negatively charged quarks (d). Hence there are more
W+ than W− bosons produced at the LHC.

The rise and fall in cross sections can be understood by considering momentum
fractions. The momentum fraction x is the fraction of a protons momentum carried by
a parton. This parton can be a valence quark, a sea quark, or a gluon inside the proton.

1
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1.1. Physics at the LHC
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When two incoming partons interact in the hard scattering of a proton collision their
momentum fractions can be written in the simple partonic picture as [22]:

x1 =
M√
s
e+y

x2 =
M√
s
e−y

(

with y =
1

2
ln

E + pz
E − pz

)

(1.1)

where M is the total invariant mass produced in the hard scattering, E the energy of
M , pz the momentum component of M along the beam axis and y the rapidity of M

7
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Chapter 1. Top quark physics

in the lab frame. The production of massive particles, like for example a top quark pair
at threshold with Mtt̄ = 2 × 175 = 350 GeV and pz = 0, requires smaller momentum
fractions at the LHC (x1, x2 ≃ 0.025) than at the Tevatron (x1, x2 ≃ 0.2). Figure 1.3
shows the distributions of partons inside a proton as function of momentum fraction
x and the energy scale Q2 at which the proton is probed. For smaller x values at the
same Q2 scale, the parton density increases, especially the gluon density. Hence the cross
sections, which depend directly on the parton densities, increase with smaller x values.
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Figure 1.3: Parton distribution function MSTW2008lo [21] of the proton for two dif-
ferent Q2 scales.

The production cross sections for jets with a minimum transverse energy ET that
is a fixed fraction of the centre-of-mass

√
s (eg. ET >

√
s/20) fall with

√
s. For this

type of production cross sections, the momentum fractions involved at the Tevatron and
LHC are of equal size (x1, x2 > ET/

√
s = 1/20). Because the parton densities remain

the same in this case (except for the density of valence quarks), the overall cross section
depends mainly1 on the partonic cross section of the hard scattering process, which
behaves in turn like ∼ 1/E2

T : it is harder to produce high-ET jets [23]. As a result, the
total production cross section falls with

√
s.

Another feature, which can also be derived from Eq.(1.1), is that particles produced
at the LHC will, on average, have a larger Lorentz boost than at the Tevatron. For ex-
ample: with a centre-of-mass energy

√
s of 1.96 TeV at the Tevatron, centrally produced

top quarks at threshold implies x1 = x2 ≈ 0.18 while y = 0 and M = 2mt. At the LHC
however, top quarks produced with x1 = 0.18 at threshold corresponds to y ≈ 2 and
x2 ≈ 0.0034 while

√
s is now 14 TeV and M is still 2mt.

1There is still a Q2 dependence of the PDF’s.
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1.2. Understanding the top quark

The increase in luminosity and the enhancement of cross sections will lead to a larger
number of events at the LHC. Top quarks, for example, will be produced abundantly:
up to 9 million pairs per year, assuming running at a centre-of-mass energy of 14 TeV
and a luminosity of 1033 cm−2 s−1 [24]. At these event rates the statistical uncertainties
in many top quark measurements will be significantly smaller than at the Tevatron. The
LHC will therefore allow to study the production mechanisms of such massive particles
in much greater detail. With this greater sensitivity, the search for new phenomena with
small cross sections can be pursued further.

1.2 Understanding the top quark

The top (t) quark was first observed by both the CDF and DØ collaborations at the
Tevatron in 1995 [11, 12]. The signal manifested itself as an excess of events in the
reconstructed mass distribution above the W + jets background. Due to its large mass
of almost 175 GeV it was the last quark to be discovered: earlier colliders did not have
enough energy to produce it. Although the top quark mass is surprisingly large compared
to the other quark masses, the existence of the top quark itself was not a surprise. In
fact it was already expected since the discovery of the bottom quark in 1977 [25] which
confirmed the existence of a third generation of quarks. This third generation of quarks
was proposed earlier in 1973 by Kobayashi and Maskawa to explain CP violation in the
Standard Model [13].

The top quark is a spin-1
2
particle. Like the other up-type quarks, the up quark (u)

and the charm quark (c), it has electric charge Q = +2
3
e. The left-handed state of the top

quark has weak isospin I3 = +1
2
and forms a weak isospin doublet with the left-handed

state of the bottom (b) quark (I3 = −1
2
):

(
t
b

)

L

The bottom quark and the top quark form together the third, heaviest, generation of
quarks. Besides weak isospin and electric charge, a top quark carries colour charge and
therefore interacts strongly.

Top quarks are produced at hadron colliders in two ways: either via strong interac-
tions (pair production) or via electroweak interactions (single top production). While
top quark pair production was first observed in 1995, single top production has only
been observed very recently (2009) by the CDF and DØ collaborations [26, 27]. The
reason for this is that the background for single top production is larger than the back-
ground for top pair production. It is therefore more difficult to distinguish the single top
production signal from other collisions.

1.2.1 Mass

The present world average of all top quark mass measurements is largely dominated
by results from direct measurements of the CDF and DØ collaborations and yields

9
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Chapter 1. Top quark physics

mt = 173.1 ± 1.3 GeV [28]. Often, the measured value mt is referred to as the top
quark pole mass. This definition of the top quark mass has an intrinsic ambiguity of
O(ΛQCD) ≈ 200 MeV due to QCD corrections which are not calculable perturbatively
[29]. A more precise definition ismt(mt), the short-distance MS mass evaluated at the top
mass scale. This definition is also used for light quarks. The value of mt(mt) is ∼ 10 GeV
lower than mt [30]. Although the experimentally extracted values are related to the pole
mass by default, the choice of a particular mass definition remains an interesting topic
of discussion [31, 32].

1.2.2 Decay

The top quark decays to a W± boson and a b quark [33]. The decay width of the top
quark, calculated at Born level and neglecting the mass of the b quark, is given by [34]:

Γ(t → Wb) =
GFm

3
t

8π
√
2
|Vtb|2

(

1− M2
W

m2
t

)2(

1 + 2
M2

W

m2
t

)

with the Fermi coupling constant GF = 1.16637 × 10−5 GeV−2, the W± boson mass
MW = 80.398 GeV, the top massmt = 171 GeV and the CKM element |Vtb| ≈ 0.999 [33].
For these values the width at leading order is Γt = 1.43 GeV. Effects due to higher
order QCD and electroweak corrections plus the finite width of MW and mb 6= 0 have
been investigated. The QCD corrections are dominant and lead to a value of Γt =
1.28 GeV [34]. The decay width has not been measured yet because at hadron colliders
the experimental resolution is limited due to the usage of jets in the top quark event
reconstruction. A measurement of the width might be possible by performing a threshold
scan at a future lepton collider.

The lifetime of the top quark (τt ≃ 1/Γt ≈ 5× 10−25 s) is shorter than the hadroni-
sation time (τhad ≃ 1/ΛQCD ≈ 3× 10−24 s). Therefore the top quark does not form any
bound states. As a consequence, it is possible to measure top quark polarisation, spin
correlations, and W± boson helicity states by studying various angular distributions of
the decay products. Measuring the W± boson helicity states allows to test the structure
of weak interactions. Since positive helicity states are not involved in weak interactions
and angular momentum is required to be conserved, the helicity λW of the W± boson in
t → Wb decays is expected to be λW = −1 (transversely polarised) in 30% of the cases
and λW = 0 (longitudinally polarised) in 70% of the cases [35].

The subsequent decays of the W± bosons in tt̄ → W+bW−b̄ is used for the classifica-
tion of top pair decay channels. The W± boson decays ∼ 1/3rd of the cases leptonically
(W± → ℓ±ν̄ℓ with ℓ = e, µ, and τ) and ∼ 2/3rd of the cases hadronically (W± → qq̄′

with q = u, d, s, c, and b) [36]. Therefore, the top pairs decay 4/9th of the cases ‘fully
hadronic’, 4/9th ‘semi-leptonic’, and 1/9th ‘dileptonic’, as illustrated in Figure 1.4.
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1.2. Understanding the top quark

Figure 1.4: Decay modes of top quark pairs in tt̄ → W+W−bb̄. Figure taken from [37].

1.2.3 Pair production

The cross section for top quark pair production in hadronic collisions can be written in
the following factorised form [36, 38]:

σh1h2→tt̄(p1, p2) =
∑

i,j

∫ 1

0

dx1

∫ 1

0

dx2fh1/i

(
x1, µ

2
f

)
fh2/j

(
x2, µ

2
f

)

× σ̂ij→tt̄

(

mt, x1p1, x2p2, αs(µ
2
r),

Q2

µ2
r

,
Q2

µ2
f

)

+O
((

ΛQCD

Q

)p)
(1.2)

A schematic representation of this equation is given in Figure 1.5. h1 and h2 are the
incoming hadrons (protons at the LHC) with momenta p1 and p2 respectively. The
partonic cross section of the hard scattering σ̂ij→tt̄ describes the actual production of
top quarks with mass mt at energy scale Q2 from the partons i and j with momenta
x1p1 and x2p2. The partons i and j are gluons, valence quarks, or sea quarks.

The partonic cross section is convoluted with the parton distribution functions
(PDF’s) fi(x1) and fj(x2). The PDF’s, shown before in Figure 1.3, parametrise the
probability of having parton i and j from hadron h1 and h2 with momentum fraction x1

and x2 respectively in the hard scattering. The scales µ2
r and µ2

f are the renormalisation
and factorisation scales. The former indicates the scale at which αs is evaluated, the
latter indicates the scale at which the PDF’s are evaluated. The term O((ΛQCD/Q)p)
denotes non-perturbative contributions.

11

1



Chapter 1. Top quark physics

h1

h2

x1p1

x2p2
t

t̄

fi(x1)

fj(x2)

σ̂ij→tt̄

Figure 1.5: Schematic representation of a hadron collision: partons i and j with mo-
mentum fractions x1 and x2 coming from the colliding protons h1 and h2

respectively create a top quark pair in the hard scattering σ̂ij→tt̄.

The renormalisation and factorisation scale are often chosen µ2
r = µ2

f = m2
t while

for top quark production typically Q2 ∼ m2
t . In that case αs(m

2
t ) ≪ 1 and the partonic

cross section σ̂ can be calculated using perturbation theory:

σ̂ = α2
s

n∑

m=0

c(m)αm
s (1.3)

where c(m) are functions of the kinematic variables and αs the expansion parameter. By
choosing µ2

r and µ2
f of the order O(Q2) large logarithmic terms of the form logn(Q2/µ2)

due to scale differences are prevented from showing up in the calculations which could
spoil the perturbation series. All non-perturbative effects which happen at scales below
µ2
r and µ2

f are absorbed in αs and the PDF’s. The values of αs and the PDF’s are
determined from experiment and can be extrapolated to any desired µ2

r and µ2
f scale

using the renormalisation equations [39] and DGLAP evolution equations [40, 41, 42, 43]
respectively. Note that, although the partonic cross section, the PDF’s, and the strong
coupling constant depend on the renormalisation and factorisation scales, the hadronic
cross section σh1h2→tt̄ itself should not because it is an observable quantity (and the two
scales are not physical).

At leading order (LO) the partonic cross section for tt̄ production is of order O(α2
s).

The subprocesses that contribute to the cross section at this level are represented by
the Feynman diagrams in Figure 1.6. In Table 1.2 the cross sections and the relative
contributions from the initial states qq̄, qg (and q̄g), and gg are given. Top quark pairs
are only produced via quark-antiquark annihilation and gluon fusion at LO. At the
Tevatron qq̄ annihilation is the main contribution (∼ 92 %), while at the LHC gg fusion
is the dominant source (∼ 87 %). This difference arises from the distinct initial states
(pp̄ versus pp) and the strongly enhanced gluon density inside the proton for the small
momentum fractions x involved at the LHC.
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q̄

q

t̄

t

g

(a)

g

g

t̄

t

g g

g

t̄

t

g

g

t̄

t

(b)

Figure 1.6: Feynman diagrams contributing at leading order O(α2
s) to the tt̄ production

cross section: (a) quark annihilation and (b) gluon fusion.

O(αs) σtt̄ (pb) qq̄ qg gg

Tevatron
LO 6.78 91.6 % – 8.4 %

NLO 6.85 87.3 % -1.1 % 13.8 %

LHC
LO 692 13.4 % – 86.6 %

NLO 903 9.7 % 1.1 % 89.2 %

Table 1.2: LO and NLO cross sections for tt̄ production at the Tevatron (pp̄ at√
s = 1.96 TeV) and the LHC (pp at

√
s = 14 TeV). The contributions from

qq̄, qg (and q̄g) and gg are shown separately. MCFM was used for the calcu-
lations with the MSTW2008(n)lo PDF’s and a top mass of mt = 172.5 GeV.

At next-to-leading order (NLO) new subprocesses such as flavour excitation and
gluon splitting start contributing to the cross section. As shown in Figure 1.7(a), tt̄
pairs can now also be generated from qg and q̄g initial states via these subprocesses.
The contributions from qg initial states are however small ∼ 1% (Table 1.2). The neg-
ative value for the qg contribution at the Tevatron is due to the fact that part of this
contribution is already included in the qq̄ initial state state where one of the quarks
originates from a g → qq̄ splitting process in the PDF by virtue of factorisation [44].
Besides the new subprocesses, also higher order corrections to the LO subprocesses, like
gluon emission and virtual loops, are introduced at O(α3

s). The change of the NLO cross
section with respect to the LO cross section is often indicated by a K-factor, defined
as K = σNLO/σLO. Values reported in literature [34, 45] are K ≈ 1.5 for the LHC and
K ≈ 1.25 for the Tevatron2. The relative contributions to the cross section from the
various initial states slightly change at NLO. At the Tevatron gg contributions increase
a bit, thereby reducing the main qq̄ contribution to 87%. At the LHC, the same happens,
resulting in a somewhat larger dominant gg source of 89%.

2The ratios of the LO and NLO cross sections in Table 1.2 do not give the same K-factor, because
for the LO cross section calculation a LO PDF was used: K ′ = (PDFNLO × σ̂NLO)/(PDFLO × σ̂LO).
For the determination of the K-factor in the references a NLO PDF was used in that case:
K = (PDFNLO × σ̂NLO/PDFNLO × σ̂LO) [44].
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q

g

q

t

t̄

g

g

g

t

t̄

g

g
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t
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Figure 1.7: Feynman diagrams contributing at next-to-leading-order O(α3
s) to the tt̄

production cross section: (a) flavour excitation (b) gluon splitting (c) gluon
emission and (d) virtual loops.

It is instructive to rewrite the hadronic cross section of Eq.(1.2) in the following form
[46]:

σh1h2→tt̄ =
∑

i,j=q,q̄,g

∫ shad

smin=(2mt)2
dŝLij(ŝ, shad, µ

2
f)× σ̂ij→tt̄(ŝ, m

2
t , µ

2
f , µ

2
r)

with
√
shad the collider centre-of-mass energy and

√
ŝ the partonic centre-of-mass energy.

The parton luminosity Lij is defined as:

Lij(ŝ, shad, µ
2
f) =

1

shad

∫ shad

ŝ

ds

s
fh1/i

(

µ2
f ,

s

shad

)

fh2/j

(

µ2
f ,
ŝ

s

)

with fh1/i and fh2/j the PDF’s. In Figure 1.8 and 1.9 it is shown graphically how the par-
ton luminosities Lij (top plot), partonic cross sections σ̂ij→tt̄ (middle plot) and hadronic
cross sections σtt̄ (lower plot) behave as function of the partonic centre-of-mass energy√
ŝ. Also shown are the uncertainties in the parton luminosities (∆Lqq̄, ∆Lqg and ∆Lgg)

due to the PDF’s uncertainties (smaller top plots) and the resulting total uncertainty
on the hadronic cross section (lowest plot).

The difference between the Tevatron and the LHC is mainly in the parton luminosi-
ties. Note that for the LHC the qg luminosity is higher than the gg luminosity. The qg
contribution is however not dominant because the partonic cross section is of O(α3

s).
The dashed line indicates at which value of

√
ŝ95% the cross section is 95% saturated.

At the Tevatron this is
√
ŝ95% ≈ 600 GeV, while for the LHC

√
ŝ95% ≈ 1 TeV. At the

Tevatron, top pairs are thus produced closer to the threshold
√
ŝ = 2mt.

Next-to-next-to-leading order (NNLO) calculations of the tt̄ cross section do not
exist. However, several approximations to NNLO have been made by resumming large
logarithmic terms in the NLO calculation due to soft gluon radiation at production
threshold ŝ = 4m2

t [48, 46, 49, 45, 50]. The resulting approximate NNLO cross sections
are larger in size and less sensitive for the factorisation and renormalisation scale µ2

f and
µ2
r than the NLO calculation. This can be seen in Figure 1.10, where the error bands due

to the PDF uncertainty and scale variation are smaller for the NNLO approximation
than for the NLO fixed order calculation.
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Figure 1.8: The parton luminosity Lij with the individual PDF uncertainties (upper
plot) and the parton cross sections σ̂ij→tt̄ at NLO in QCD (third plot from

below) as a function of the partonic centre-of-mass energy
√
ŝ. The lower

plot scans the total cross section σtt̄ as a function of
√
ŝ for the Tevatron

(pp̄ at
√
s = 1.96 TeV) with mt = 171 GeV, µ = mt and the CTEQ6.5

PDF set [47]. The dashed line indicates the value of
√
ŝ95% for which the

cross section is saturated to 95%. Figure taken from [46].
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dŝ

ŝ∫
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Figure 1.9: The parton luminosity Lij with the individual PDF uncertainties (upper
plot) and the parton cross sections σ̂ij→tt̄ at NLO in QCD (third plot from

below) as a function of the partonic centre-of-mass energy
√
ŝ. The lower

plot scans the total cross section σtt̄ as a function of
√
ŝ for the LHC (pp

at
√
s = 14 TeV) with mt = 171 GeV, µ = mt and the CTEQ6.5 PDF

set [47]. The dashed line indicates the value of
√
ŝ95% for which the cross

section is saturated to 95%. Figure taken from [46].
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1.2. Understanding the top quark

The most recent cross section prediction for the Tevatron and the LHC is from [30]:

Tevatron σ(pp̄ → tt̄) = 7.34 +0.24
−0.38 (scale)

+0.41
−0.41 (PDF) pb at

√
s = 1.96 TeV

LHC σ(pp → tt̄) = 874 +9
−33 (scale) +28

−28 (PDF) pb at
√
s = 14 TeV

For this prediction the CTEQ6.6 PDF set was used and a top (pole) mass of mt =
173 GeV. The scale and PDF uncertainties3 are comparable in size. A further reduction
of the errors not only requires higher order corrections but also an improvement of the
PDF accuracy.
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0

5
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σ 
[p

b]

NLO

NNLOapprox

σ(pp- -> tt-) [pb] @ Tevatron CTEQ6.6
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σ 
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b]

NLO
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σ(pp -> tt-) [pb] @ LHC, CTEQ6.6

Figure 1.10: The NLO and approximate NNLO QCD prediction for the tt̄ total cross
section at (a) Tevatron (pp̄ at

√
s = 1.96 TeV) and (b) the LHC (pp at√

s = 14 TeV). The bands denote the total uncertainty from PDF and
scale variations for the MRST06nnlo set. Figures taken from [51].

The CDF and DØ experiments have measured the tt̄ cross section at
√
s = 1.96 TeV.

The latest combined results for summer 2009 are [52, 53]:

CDF σ(pp̄ → tt̄) = 7.50+0.48
−0.48 pb using L = 4.6 fb−1, mt = 172.5 GeV

DØ σ(pp̄ → tt̄) = 8.18+0.98
−0.87 pb using L = 1.0 fb−1, mt = 170 GeV

The statistical uncertainty of the CDF measurement (0.31 pb) is of similar size as
the total systematic uncertainty (0.34 pb). The values are smaller than the systematic
(+0.78
−0.69 pb) and statistical (+0.47

−0.46 pb) uncertainties of the DØ measurement, which is a
consequence of the fact that CDF used a more than four times larger dataset than DØ.
Theory and experiment seem to be in very good agreement. While error bars are of the
same order for theory and experiment, it will be challenging to improve in precision on
both.

In Table 1.3 the tt̄ production cross section has been calculated for various centre-
of-mass energies at the LHC. Since the first long data taking run in 2010–2011 will be

3The scales µr and µf were varied independently from each other as suggested by Ref.[45]. Therefore
the estimated scale uncertainty is expected to be more reliable than an earlier calculation in Ref.[46]
where the scales were fixed with respect to each other as µr = µf = µ with µ ∈ [mt/2, 2mt].

17

1



Chapter 1. Top quark physics

at
√
s = 7 TeV, the expected tt̄ production cross section is roughly 1/6th of the cross

section at the full design centre-of-mass energy
√
s = 14 TeV. At the centre-of-mass

√
s σtt̄ qq̄ qg gg

7 TeV 162 pb 17.8% -0.6% 82.8%

10 TeV 408 pb 12.8% 0.4% 86.8%

14 TeV 903 pb 9.7% 1.1% 89.2%

Table 1.3: NLO cross section predictions for different centre-of-mass energies at the
LHC. The calculations were done with MCFM using the MSTW2008nlo
PDF set with mt = 172.5 GeV. The centre-of-mass energy will be 7 TeV for
data taking in the 2010–2011 run.

energy of 14 TeV, both the ATLAS and the CMS experiment expect to measure the tt̄
cross section with an accuracy of ∼ 10 % [54, 55]. Assuming an integrated luminosity of
10 fb−1 the systematic uncertainties and the uncertainty in the luminosity determination
will be dominating the errors of the cross section measurements.

1.2.4 Single top production

Single top quarks are produced at LO via three distinct channels: s-channel, t-channel,
and Wt-channel. The Feynman diagrams associated with these channels are shown in
Figure 1.11. Single top production is interesting because it offers the opportunity to di-
rectly measure the CKM matrix element |Vtb| and because it is an important background
to Higgs searches such as the WH production signal.

q̄

q′

b̄

t

W+ q′

b

W−

q

t

b

g

W−

t

b

g

W−

t

(a) (b) (c)

Figure 1.11: Feynman diagrams representing single top production at LO via (a) the
s-channel (b) the t-channel and (c) the Wt-channel.

The t-channel is the dominant contribution to the single top cross section. NLO
corrections to this channel have been studied [56] and the NLO cross section is known
in fully differential form, like for the s-channel [57]. The Wt-channel contribution is
small at the Tevatron but not at the LHC. For this channel NLO corrections have been
determined too [58, 59].
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For the Tevatron (pp̄ at
√
s = 1.96 TeV), the latest approximations of the NNNLO

cross sections have been calculated using the MRST2004nlo PDF’s [60] with a top mass
mt = 171.4± 2.1 GeV [61]:

t-channel σ(pp̄ → tq, t̄q̄) = 1.15± 0.07 pb

s-channel σ(pp̄ → tb̄, t̄b) = 0.54± 0.05 pb

Wt-channel σ(pp̄ → tW−, t̄W+) = 0.14± 0.03 pb

The quoted uncertainties include the uncertainties in scale, PDF and top mass.
The CDF and DØ experiments measured the combined cross sections of the t-channel

and s-channel for single top and anti-top production [26, 27]:

CDF σ(pp̄ → tb+X, tqb+X) = 2.3 +0.6
−0.5 pb using L = 3.2 fb−1, mt = 175 GeV

DØ σ(pp̄ → tb+X, tqb+X) = 3.94 ±0.88 pb using L = 2.3 fb−1, mt = 170 GeV

From this cross section measurement CDF extracted a value |Vtb| of 0.91 ±0.11 (stat +
syst) ±0.07 (theory) with a limit |Vtb| > 0.71 at 95% C.L. DØ set a slightly higher limit
of |Vtb| > 0.78 at 95% C.L. Hence the measurements are in agreement with the Standard
Model predictions.

Approximate NNLO cross sections for the LHC (pp at
√
s = 14 TeV) have also been

determined [62]. The situation here is a bit more complicated. Soft gluon corrections
in the t-channel do not give a good approximation and therefore the accuracy does
not go beyond NLO for this channel. Unlike at the Tevatron, the Wt-channel is more
important at the LHC than the s-channel. However, at NLO the Wt-channel diagrams
interfere with the decay of the top quark in the LO tt̄ production diagrams. By using
proper selection cuts to distinguish between final states, it is possible to isolate the two
processes and their interference can be neglected [63]. Predictions for the single top cross
section using the MRST2004nlo PDF’s [60] with a top mass mt = 171.4± 2.1 GeV are
[62]:

t-channel
σ(pp → tq) = 150 ± 6 pb
σ(pp → t̄q̄) = 94 ± 4 pb

s-channel
σ(pp → tb̄) = 7.80 +

−
0.70
0.60 pb

σ(pp → t̄b) = 4.35 ± 0.26 pb

Wt-channel
σ(pp → tW−) = 34.5 ± 4.8 pb
σ(pp → t̄W+) = 34.5 ± 4.8 pb

1.3 Top quarks at the LHC

1.3.1 Parton distribution functions

The large centre-of-mass energy at the LHC will disclose proton-proton interactions with
smaller momentum fractions x and at larger energy scales Q2 than before. In Figure 1.12
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the ranges in x and Q2 covered by the LHC are compared to the ranges covered by
the Tevatron, HERA4, and fixed target experiments. These latter three have provided
measurements of the gluon and quark densities inside the proton. The measurements
constrain the PDF’s in the x and Q2 region accessible at these colliders. Also shown
in Figure 1.12 are the rapidity ranges y which can be reached by various masses M
produced at the LHC.
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Figure 1.12: Ranges of the energy scale Q2 and momentum fraction x at the LHC
compared to fixed target, HERA, and Tevatron experiments. The dotted
lines indicate the rapidity y for a massive system M produced with a
certain momentum fraction x. Figure (modified) taken from [64].

At the beginning of the LHC, a large range of x and Q2 values for the PDF’s will be
unexplored territory. The well understood processes of W± and Z boson production will
act as reference processes in the calibration of the PDF’s5. The CTEQ collaboration has

4HERA (Hadron Elektron Ring Anlage) was an e±p collider at DESY in Hamburg, Germany. Until
June 2007 electron and positrons were accelerated up to 27.6 GeV and collided head-on with protons
of 920 GeV.

5Note that due to its forward acceptance (1.9 < η < 4.9) especially the spectrometer of the LHCb
experiment is suitable for studying Drell-Yan processes at these x and Q2 ranges [65].
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1.3. Top quarks at the LHC

suggested that tt̄ production can also contribute here [66]. W± and Z boson production
depend mainly on the quark-antiquark initial state and hence on the quark densities.
On the other hand, tt̄ production predominantly takes place via gluon fusion and thus
depends mainly on the gluon distribution. This leads to an anti-correlation between the
tt̄ cross section and the W± and Z boson cross sections. This anti-correlation might help
constrain the PDF’s further. At the same time it would reduce uncertainties in single
top and Higgs production cross sections which in turn are correlated with the tt̄ cross
section.

The DGLAP equations are used to evolve PDF’s from a scale Q2
0 to a higher scale

Q2. At the LHC, the equations may however not be adequate at small x values. Large
logarithms of the type log(1/x) then need to be resummed. Various equations have been
constructed to handle this: BFKL (Balitsky-Fadin-Kuraev-Lipatov) [67, 68, 69], CCFM
(Catani-Ciafaloni-Fiorani-Marchesini) [70, 71, 72] and LDC (Linked Dipole Chain) [73,
74]. As these methods predict a steeper rise of the proton’s gluon density towards lower
x values than DGLAP evolution, the typical small-x behaviour could be detected at
the LHC by observing enhancement of dijet production with large rapidity gaps [75].
Although momentum fractions for tt̄ production are too large to affect it directly, the
large W + jets background could also be sensitive to small-x effects [76, 77].

1.3.2 Top quark mass and the Higgs boson

A precise measurement of the top mass does not only improve the cross section deter-
mination it also helps to constrain the Higgs boson mass. The mass of the W± and Z
bosons depend on the top quark mass mt and the Higgs boson mass mH via radiative
corrections ∆r [78]:

M2
W =

πα√
2GF

· (1 + ∆r/2)

sin2 θW

(
with: sin2 θW ≡ 1−M2

W/M2
Z

)

The electromagnetic coupling constant α, the Fermi constant GF , and the weak mixing
angle have been measured with great precision [33]. Important contributions to the ra-
diative corrections are shown in Figure 1.13. The dependence of the radiative corrections

W W

t

b̄

Z Z

t

t̄
W, Z

H

W,Z

H

Figure 1.13: Radiative corrections to MW and MZ from the top quark and Higgs boson.

on the top quark mass is quadratic ∼ m2
t , the dependence on the Higgs boson mass is

logarithmic ∼ ln (m2
H). The electroweak precision data together with the measurements

of MW and mt from LEP, SLD, and the Tevatron constrain the Higgs boson mass.
The direct and indirect measurements of MW and mt and the latest fit to electroweak
precision data are shown in Figure 1.14.
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Figure 1.14: Left: direct (dotted ellipse) and indirect (solid ellipse) measurements of
MW and mt at 68% C.L. together with isolines indicating possible Higgs
boson masses (dark shaded area). Right: the ‘blueband’ plot showing the
indirect determination of the Higgs boson mass from all electroweak preci-
sion data together with the excluded region (at 95% C.L.) of Higgs boson
masses from direct searches by LEP (light shaded area). The preferred
Higgs boson mass is mH = 87+35

−26 GeV. Figures taken from [79].

Direct searches at LEP exclude a Standard Model Higgs boson mass below 114.4 GeV
at 95% C.L. [80]. The mass range 162–166 GeV has been excluded recently at 95% C.L.
by the Tevatron experiments [81]. The fit to electroweak precision data in the right
plot suggests a Standard Model Higgs boson mass of mH = 87+35

−26 GeV (68% C.L.
corresponding to ∆χ2 = 1). The upper mass limit derived from this fit is 157 GeV at
95% C.L. (corresponding to ∆χ2 = 2.7). If the limit of mH & 114 GeV from LEP is
included, the upper limit rises to 186 GeV. Including low Q2 data from the NuTeV
collaboration affects these results only slightly. Although this fit does not prove the
existence of a Higgs boson, it shows that there is limited range of possible Higgs boson
masses at which a Higgs boson could be discovered consistent with the Standard Model.

At the LHC it will be possible to search for the Higgs boson over a large range
of possible masses mH . However, measuring the top quark mass to complement the
electroweak precision data will still be useful to check the consistency with the Standard
Model. But with an expected resolution of ∆mt ∼ 1 GeV it will be challenging for
ATLAS to improve in precision with respect to the Tevatron experiments [54].

1.3.3 Non-Standard Model top decays and tt̄ resonances

As mentioned in Section 1.2.2 top quarks decay predominantly via t → W+b. However
the value |Vtb| = 0.999133+0.000044

−0.000043 [33] leaves some room for the CKM suppressed modes
t → W+s and t → W+d which have CKM elements values of |Vts| = 0.0407±0.0010 and
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1.3. Top quarks at the LHC

|Vtd| = 0.00874+0.00026
−0.00037 respectively [33]. With the large number of top events expected

at the LHC, there will be top quarks decaying via the latter two modes. Deviations from
these branching ratios could indicate processes beyond the Standard Model. For example,
the top quark might decay via a charged Higgs boson: t → H+b, or, another scenario,
the top quark decays via a flavour changing neutral current (FCNC) like t → Zq with
q = d, s.

The polarisation of theW boson in top decays can be used to test the V −A structure
of the electroweak interaction. Since only left handed particles interact weakly, the W
boson is polarised. This results in a characteristic distribution of the angle cos θ∗ between
the b quark and the lepton from the decay in the rest frame of the W boson. Anomalous
couplings due to interactions with eg. a V + A structure could alter this distribution.

Although the top quark has an electric charge of Q = +2
3
e according to the Standard

Model, it might turn out that its charge is actually Q = −4
3
e. The top quark would then

decay via t → W−b. Measurements of DØ and CDF [82, 83] indicate however that an
exotic top quark is not very likely (excluded with 92% C.L.).

The production of tt̄ could be enhanced due to a heavy resonance like gg → φ → tt̄.
The heavy resonance would interfere with normal tt̄ production and lead to a visible
distortion in the differential cross section dσ/dMtt̄ [84]. The spin of this heavy resonance
can be deduced from the spin correlation of the tt̄ pair.

1.3.4 Pair production with additional jets

Top pair production with additional jets are important to understand in great detail
because these events may conceal yet unobserved processes with similar event topology.
Associated Higgs production with top quarks is such a process, shown in Figure 1.15.
This process is interesting because it offers the possibility to observe the Higgs boson
and to simultaneously measure the top Yukawa coupling. The top Yukawa coupling yt
indicates the strength of the coupling of the Higgs boson to the top quark and is given
by:

yt =
mt

√
2

v
≈ 1

with v the vacuum expectation value of 246 GeV. Since the top quark mass mt is
approximately 175 GeV, the coupling is close to unity. Masses of the other fermions are
substantially smaller than the top quark mass and therefore the Higgs boson coupling
is strongest to the top quark.

Unfortunately, the predicted cross section for tt̄H at NLO is only 700 fb and the
branching ratio H → bb̄ is 0.68 for a Higgs boson mass of 120 GeV [85, 86]. Thus
the cross section is more than three orders of magnitudes lower than the NLO tt̄ cross
section. Hence, to be able to distinguish the tt̄H signal from the tt̄ background one needs
to understand the production of additional jets (tt̄jj), and specifically additional jets
containing b-quarks (tt̄bb̄), extremely well. Uncertainties in the cross section predictions
for these latter processes should be smaller than the cross section for tt̄H .

As was discussed in Section 1.3.4, the tt̄ cross section is known at NLO in analytical
form [87] and approximations of the NNLO accuracy have been made [45, 46, 50]. In ad-
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Figure 1.15: Two Feynman diagrams exemplifying the similarity of the tt̄bb̄ and tt̄H
topologies.

dition, the tt̄ + jet cross section is calculated at NLO level [88] and two loop corrections
are numerically determined for tt̄ production in the quark–antiquark channel [89]. With
the substantial progress made [90], the determination of the top quark production cross
section at NNLO seems to become within reach soon. Recently, NLO predictions for the
tt̄bb̄ cross section [91, 92] have shown that the scale uncertainties are much reduced. The
large K-factor of 1.8 and its strong dependence on cuts used in the calculation indicate
however that further NNLO corrections might be desired here too.
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2
Monte Carlo generators

Monte Carlo (MC) generators are invaluable tools for comparing theoretical predictions
and experimental data. An MC generator uses random numbers to generate distributions
(cross section generators) or even complete events (event generators) following rules
dictated by a physics model. A multitude of generators exists that differ in purpose,
implementation of physics models, and accuracy. In this chapter, the main aspects of the
event generators used throughout this thesis will be discussed. Important differences in
implementations between these generators will be pointed out. Special attention is given
to the relatively recent developments to improve the description of processes with multi-
jet final states. Many searches for ‘new’ physics signals rely on accurate MC predictions
for multi-jet background. When comparing experimental data with such predictions,
understanding the strengths and weaknesses of these MC techniques will be essential.

2.1 Generator overview

In Figure 2.1 a schematic representation is given of tt̄H+X production in a pp collision.
The simulation of such an event by an MC generator consists of the following stages:
a hard scatter, initial and final state radiation, hadronisation and decay, and finally
the so-called underlying event. If the energy scales are well separated these various
subprocesses can be regarded as independent, a property of QCD described by the
factorisation theorem (see Section 1.2.3).

General purpose and specialised generators

Three ‘general purpose’ generators are available to perform the complete simulation
chain. Two of them, the Fortran versions of Pythia [94] and Herwig [95], are widely
used within the ATLAS collaboration. The third, Sherpa [93], is like the C++ version of
Herwig, being integrated and validated in the ATLAS software framework (Athena).

More specialised generators can be interfaced with these general purpose generators
to replace or improve a part of the simulation chain. For example, one could use another
matrix element generator like Alpgen [96] to extend the number of processes that can
be generated. Or, as is often done for ATLAS MC samples, interface with Photos [97]
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HS
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UE

Decay

Hadronisation

PDF

Figure 2.1: Illustration of tt̄H +X production in a pp collision. The ellipses indicate
the various stages of a hadronic event handled by an MC generator: the
hard scattering (HS) involving partons from the incoming protons (PDF),
initial state radiation (ISR), final state radiation (FSR), hadronisation and
decay of particles and the underlying event (UE). Figure (modified) taken
from [93].

and Tauola [98] for a more accurate description of QED radiation and tau lepton decay.
For a complete list of generators used in this thesis, see Appendix A.

The various stages of event simulation will be discussed now in the following subsec-
tions.
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2.1. Generator overview

2.1.1 Hard scattering

The hard scattering is the core process of the hadronic collision. It describes how the
incoming partons from the colliding protons interact with each other and produce new
partons. The process takes place at the largest energy scale (Q2), which corresponds
to the shortest distance. Often the mass or transverse mass1 of the particles produced
in the hard scattering is taken as the Q2 scale. At this scale the coupling constant is
small (αs ≪ 1) and therefore the matrix elements can be calculated perturbatively using
Feynman diagrams. Parton level configurations (the momenta of incoming and outgoing
partons) are generated by sampling the kinematic phase space of the partons. Each
configuration has a weight associated to it determined by the matrix element together
with the phase space measure, and the PDF’s. Using an unweighting procedure events
of unit weight can be produced with the probability equal to the cross section.

Colour flow

For further treatment in the parton shower and hadronisation stage, a colour configu-
ration has to be assigned to the incoming and outgoing partons. Some processes allow
for multiple colour flows through different Feynman diagrams. In that case, the inter-
ferences between these diagrams contribute to the cross section at order O(1/N2

c ) with
Nc = 3. There is some ambiguity in the selection of a specific colour configuration for
these interference terms. Pythia, Herwig, and Alpgen have different solutions to
deal with this problem [94, 99, 100]. These methods differ at the order 1/N2

c .

Matrix element generators

Matrix element generators are, unlike Pythia and Herwig, dedicated to the genera-
tion of (more complicated) parton level configurations. In ATLAS, Alpgen is used for
processes with multiple final state partons such as W + jets, Z + jets, and tt̄ + n-jets.
These multi-parton processes are calculated at tree level and thus do not contain virtual
corrections. When interfacing Alpgen with a parton shower special care has to be taken
to deal with multiple partons in the final state, see Section 2.2.3. Spin correlations are
also taken into account in Alpgen by handling the decay of particles such as top quarks
and W -bosons.

In MadGraph/MadEvent [101] the calculation of matrix element amplitudes for
any Standard Model process and for some models beyond the Standard Model is auto-
mated. It has a web interface to generate events and it writes out parton level configu-
ration in a common ‘Les Houches’ format [102]. These files can be then fed through any
showering program for further simulation. Although only used for W + jets and Z + jets
production in Chapter 7, it is more flexible in the choice of processes than Alpgen. This
flexibility is however at the cost of efficiency in speed, becauseMadGraph/MadEvent
does not use Berends-Giele recursion relations [103] like Alpgen.

By including both real and virtual corrections, the MC@NLO generator [104] can
give predictions with an accuracy up to NLO for certain processes. Also for this gen-

1transverse mass squared defined as: m2
T = m2 + p2T
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erator, the interface with parton showering is highly non-trivial (Section 2.2.2). The
MC@NLO generator is the default generator in ATLAS for studying tt̄ events.

Finally, the AcerMC [105] generator has been optimised for simulating Standard
Model processes at the LHC using matrix elements fromMadGraph with LO accuracy.
In ATLAS it is used with Pythia’s parton shower for single top and tt̄bb̄ production,
and as an alternative for tt̄.

2.1.2 Parton showers

The incoming and outgoing partons of the hard scattering are coloured objects and hence
radiate gluons2. These gluons can, in turn, split further into gluons and quark-antiquark
pairs and so forth. This radiation is important for additional jet production in an event.
In MC generators the radiation is simulated by a parton shower or cascade. The parton
shower treats emissions at energy scales starting from the hard interaction down to the
hadronisation scale where perturbation theory breaks down.

Conventional parton showers

The radiation is a higher order correction to the matrix element of the LO hard process.
Inclusion however of emissions like q → qg in a matrix element calculation leads to
divergences when the emitted gluon becomes soft (Eg ↓ 0) or collinear (θqg ↓ 0). Instead,
the parton showers of Pythia, Herwig, and Sherpa use DGLAP splitting functions
[40, 41, 42, 43] with Sudakov form factors [106] to obtain an approximation of the
radiation in this region. In this type of parton shower there is a somewhat artificial
distinction between showering of incoming partons and showering of outgoing partons,
in the sense that in general such a distinction can not be given a gauge-invariant meaning.
The former is called initial state radiation (ISR), the latter final state radiation (FSR).
Both cases are shown in Figure 2.1.

Final state radiation

In the case of FSR, the probability for a parton a to split into partons b and c with
momentum fraction z and (z − 1) respectively, is given in the collinear limit by:

dPa→bc(Q
2
max, Q

2) =
dQ2

Q2

∑

b,c

∫ zmax

zmin

dz
αs(Q

2, z)

2π
Pa→bc(z)dz ×

exp

[

−
∫ Q2

max

Q2

dQ′2

Q′2

∑

b,c

∫ zmax

zmin

dz′
αs(Q

′2, z′)

2π
Pa→bc(z

′)dz′

]

︸ ︷︷ ︸

Sudakov form factor

(2.1)

with Pa→bc(z) the DGLAP splitting functions and Q2 the evolution variable with dimen-
sion mass squared. The exponentional term is the Sudakov form factor ∆(Q2

max, Q
2). It

2in addition, quarks can radiate photons as they are electrically charged particles.
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corresponds to the probability of not having a parton branching between the Q2
max and a

lower momentum scale Q2, otherwise parton a would not exist anymore at Q2. This in-
terpretation, resembling evolution in time, requires the evolution variable to be ordered,
eg. Q2

max > Q2
1 > . . . > Q2

cut.

Ordering variable

The most intuitive choice is to associate Q2 with the virtuality of a parton. Pythia’s
old default was therefore Q2 = m2. The current default has changed to the pT of the
parton Q2 = p2T ≈ z(1 − z)m2 [107]. This choice allows for the treatment of parton
shower and multiple interactions at the same time and it is more suitable for application
with CKKW(-L) (Section 2.2.3). Sherpa applies the same ordering as Pythia. Instead,
Herwig uses angular ordering Q2 = m2(1− cos θ) ≈ m2/(2z(1− z)). This means that
emissions at wide angles take place first, and subsequent emissions are done at smaller
angles. This mimics colour coherence of soft gluon emissions in a natural way. Colour
coherence leads to suppression of radiation in certain regions of phase space and has
been observed at LEP and the Tevatron [108]. In Pythia angular ordering is forced by
using a veto on the emission angle. However, because a first (soft) emission at a small
angle prevents a later (hard) emission at a wider angle, the parton shower of Herwig
suffers from dead regions. This is solved by matrix element corrections (Section 2.2.1).

The starting point Q2
max of the shower is supposed to match with the hard scattering

scale Q2 to prevent double and under counting. A cut-off Q2
cut of the order Λ2

QCD ∼
1 GeV2 is introduced to stop emissions when they are no longer resolvable. The scales
Q2

max and Q2
cut are therefore parameters of the showering algorithms which influence the

amount of radiation3. Below the cut-off scale the parton shower approach is not reliable
anymore and a hadronisation model is needed to describe the non-perturbative physics.

Splitting functions

The splitting functions of Eq.2.1 and shown in Figure 2.2 are the same as the ones used
in DGLAP evolution of the PDF’s. There are three possible QCD splitting functions at
leading order:

Pg→gg = 3
(1− z(1− z))2

z(1 − z)

Pg→qq̄ =
nf

2
(z2 + (1− z)2)

Pq→qg =
4

3

1 + z2

1− z

with nf the number of flavours and z and (1 − z) the momentum fractions carried by
the two outgoing partons. Note that there are also two QED splittings Pq→qγ and Pℓ→ℓγ

which are analogous to Pq→qg (but with a different factor for the charge).

3Note: the no-emission probability of the Sudakov form factor can be interpreted as a resummation
of the virtual corrections and non-resolvable emissions Q2 < Q2

cut
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Pg→gg Pg→qq̄ Pq→qg

Figure 2.2: The DGLAP splitting kernels.

The soft divergences for z = 0 and z = 1 in the splitting functions are protected
by the lower cut-off Q2

cut in the ordering variable Q2, such that zmin = z(Q2
cut) > 0 and

zmax = 1 − zmin. Herwig uses slightly modified splitting functions for heavy quarks
which cause depletion of soft gluon radiation within angles smaller than mQ/EQ along
the direction of the emitting heavy quark. This effect is known as the ‘dead cone’.

Initial state radiation

Initial state radiation is done backwards in evolution variable Q2. The Sudakov form
factor ∆(Q2

max, Q
2) in Pythia and Sherpa is slightly modified and includes now the

ratio of PDF’s:

∆(Q2
max, Q

2) = exp

[

−
∑

a,c

∫ Q2
max

Q2

dQ′2

Q′2

∫ z+

z−

αs(Q
′2, z′)

2π
Pa→bc(z

′)
fb(x/z

′, Q′2)

z′fa(x,Q′2)
dz′

]

(2.2)

The ratio takes into account the probability that the incoming parton, which is fixed by
the hard scattering at a scale Q2

max, could have originated from partons present in the
hadron at a lower scale Q2 with momentum fraction x/z′. In Herwig the ratio is not
explicitly part of the Sudakov form factor, but it is taken into account in the Sudakov
reweighting [36].

Colour dipole model

An alternative parton shower model, based on radiation from colour dipoles [109, 110], is
provided by Ariadne [111]. In this model partons are not emitted from a single parton
(1 → 2), but from a dipole formed by two colour connected partons (2 → 3). This is
illustrated in Figure 2.3. The corresponding splitting functions are given by [110]:

Dqq̄ =
4

3

x2
1 + x2

3

(1− x1)(1− x3)
(2.3)

Dgg =
3

2

x3
1 + x3

3

(1− x1)(1− x3)
(2.4)

Dqg =
3

2

x2
1 + x3

3

(1− x1)(1− x3)
(2.5)

where xi are the final state energy fractions 2Ei/
√
Sdip in the dipoles centre-of-mass

system, with Ei the energy of the emitting parton and Sdip the total invariant mass of
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the dipole system. The term x3 corresponds to a gluon and the term x2 corresponds
to a (anti)quark. The splitting functions reduce to the DGLAP splitting functions in
the soft and collinear limit, when x1 → 1 and x3 ≈ 1 − z (and vice versa), with z
the momentum fraction of the emitted parton. In the case of e+e− → qq̄g the splitting
function Dqq̄ is even exactly the same as the tree-level matrix element. For the g → qq̄
splitting there is however no analogue in the dipole model. The splitting is added as
a process which, after the first gluon emission, competes with the possibility to emit
another gluon, according to the DGLAP splitting function. Both dipoles connected to
the primary gluon contribute to the probability of such splitting, as for a subsequent
gluon emission.

q1

q̄3

g2

g1

g3

g2

q1

g3

g2

Figure 2.3: Schematic representation of a dipole emission. A gluon g2 is emitted from
a qq̄ (left), gg (middle) and qg (right) dipole. The gluon in its turn forms
two new dipoles with the emitting partons.

Final state radiation is treated in Ariadne similar to other parton showers, cf. ac-
cording to Eq.(2.1), using p2T ordering with the appropriate dipole splitting functions.
Initial state radiation does not exist in this model. Instead, initial dipoles are formed
between the two proton beam remnants. The beam remnants are treated as extended
sources of which only part of the energy is available to the dipole emission. The lim-
itation in available phase space is accounted for by introducing suppression functions
of which the exact form depends on the type of initial emission. This is equivalent to
the suppression by the ratio of PDF’s in Eq.(2.2). At small x, the maximum allowed
scale for the emission W ≈ Q2/x is larger than the scale Q2 for conventional parton
showers. Besides, the emissions ordered in p2T are not ordered in rapidity and the other
way around. These features cause a higher forward jet rate and resemble the BFKL
behaviour explained in Section 1.3.1. The transverse momentum of the initial emission
is balanced by the particles in the hard scattering, which is, in the case of W + jets
production, the W boson [112].

Remarks on dipole model

Because the q → qg splittings relevant for gluon initiated processes are absent and
g → qq̄ splittings are accounted for by using the conventional DGLAP splitting func-
tions, ISR does not seem to fit in the dipole cascade completely naturally. However, the
dipole approach has some attractive features. Colour coherence effects are included by
construction and intermediate states between dipole emissions are well-defined4 (with

4This is actually a prerequisite for the CKKW-L method outlined in Section 2.2.3.
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parton masses kept on-shell). The latter is not the case for virtually and angular or-
dered showers. There the virtual mass of a parton changes after a subsequent branching
and momentum reshuffling between partons is needed for energy and momentum con-
servation. The newer pT ordered parton showers implemented in Pythia and Sherpa
now borrow some features from the dipole model to properly account for momentum
recoils due to emissions. Finally it should be noted both HERA and LEP data were very
succesfully described by Ariadne [113, 114].

Accuracy

The accuracy of all the parton showers (in hadronic collisions) discussed above is formally
leading log (LL), αn

s log
2n, with splitting functions of O(αs). However with additional

corrections like accounting for the running of αs(Q
2), imposing angular ordering to

mimic colour coherence, and requiring momentum conservation, the shower algorithms
include some significant NLL features.

2.1.3 Hadronisation and decay

Hadronisation, also referred to as fragmentation, is a non-perturbative process which
describes the formation of colourless hadrons from coloured partons after parton show-
ering. Unstable hadrons in turn decay into stable particles which can finally be observed.
The two steps are depicted in Figure 2.1.

There are two hadronisation models available for event generators: string fragmen-
tation and cluster fragmentation. The former is implemented in Pythia, the latter in
Herwig and Sherpa.

String fragmentation

In string fragmentation the colour field between partons is represented by strings. Typi-
cally, at each end of a string is the (anti)quark of a quark-antiquark pair. Gluons are in
between these two quarks and cause kinks in the strings. The kinks influence the angular
distribution of the hadrons formed later on. The potential energy of a string grows when
partons move further away from each other. This leads ultimately to the break up of
the string, thereby creating new qq̄ pairs. Hadrons are formed from the existing partons
and the newly created quarks.

Cluster fragmentation

The cluster fragmentation is based on preconfinement: colour-anticolour quark pairs
end up close to each other in phase space. Gluons which remain after the parton shower
at Q2

cut are split nonperturbatively into quark-antiquark pairs and allow neighbouring
quarks to combine into colour singlet clusters. The clusters are massive and each cluster
decays into a pair of hadrons isotropically in the rest frame of the cluster. The hadron
type is determined by the available phase space. If the cluster is too light, it will decay
into the lightest pair of hadrons and exchange momentum with a neighbouring cluster
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inside the jet. On the other hand, if the mass of a cluster is above a certain ‘fission’
threshold it decays into lighter clusters first.

Differences between string and cluster fragmentation have not been investigated in
this thesis. It has been assumed that differences have minor impact on the predictions for
the production rate and direction of central hard jets as these are mainly determined by
the hard scattering and parton shower. This is however not necessarily true for studies
involving the structure of jets. The hadronisation process alters the content and the
shape of jets, which might affect the detection and reconstruction efficiencies in the
simulation.

Decay

For both models the decay of the newly produced hadrons is done according to experi-
mental data as much as possible. As still much information is lacking, assumptions are
sometimes made for certain decay properties like branching ratios or simply not treated,
such as angular distributions due to polarisation.

Particles with a laboratory frame lifetime of about 30 picoseconds (cτ ≈ 10 mm) or
more are considered stable in ATLAS. Hence these include typically electrons, muons,
photons, charged pions, protons, neutrons, neutrinos, and strange flavoured hadronsK±,
K0

S, Λ, Σ
−, Σ+, Ξ−, Ξ0, and Ω−.

2.1.4 Underlying event

Besides the partons involved in the hard scattering, other partons in the proton rem-
nants also interact since they are coloured. These interactions are collectively called the
underlying event and are labelled “UE” in Figure 2.1. Although the underlying event
occurs mainly at low transverse momentum it can affect events with many high-pT jets
in the final state.

In this thesis, Pythia and Jimmy [115] are used for the modelling of the underlying
event. Both models use the idea that the 2 → 2 QCD process is dominating the underly-
ing event because it is the lowest order process in αs. Moreover, the cross section for this
process is large for low-pT scatterings as it behaves like ∼ 1/p4T . Since parton densities
in the protons are rather high for large centre-of-mass energies, multiple interactions are
possible which depend on the transverse momentum and the impact parameter, a mea-
sure of the overlap of the incoming protons. The different scatters for a specific impact
parameter are regarded as independent scatters obeying Poisson statistics. Pythia’s
model is more sophisticated compared to Jimmy. For example, it takes into account the
flavour structure of previous interactions in the underlying event by adjusting the PDF’s
and it has the option to interleave multiple interactions with initial state radiation using
a common p2T ordering variable [107].

Jimmy only provides a description of the underlying event. For the hard scatter-
ing, parton showering, and hadronisation it relies on Herwig. Because Herwig’s own
(rudimentary) underlying event model does not include multiple interactions, the two
are generally used in conjunction with each other.
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Predictions

Both Pythia and Jimmy have been tuned to Tevatron data [116, 117]. Predictions for
the LHC using these tunings, however, are quite different for the two programs, as is
illustrated in Figure 2.4. This reflects the fact that aspects of the underlying event are
not yet entirely understood, such as the energy evolution of the underlying event model
— in contrast with parton splitting whose energy evolution is understood, and that the
underlying event models are incomplete5. In any case, further tuning of the parameters
using LHC data will be needed to acquire a realistic description of the underlying event.
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Figure 2.4: LHC predictions and CDF data of the average particle multiplicity 〈Nchg〉
in jet events as function of leading jet pT . Charged particles have
pT > 0.5 GeV and |η| < 1 and are in the transverse region (in azimuthal
angle φ) of the leading jet. The particle multiplicity in this region is a mea-
sure of the amount of activity due to the underlying event. Figure taken
from [119].

In Chapter 7 the impact of multiple interactions to the jet multiplicity in W + jets
as background to tt̄ production will be assessed.

5For example: much effort is currently being done to model colour reconnection and rescattering in
Pythia [32, 118]. Colour reconnection means that partons from the underlying event can interact with
partons from the hard scattering due to their colour charges. Rescattering refers to the possibility of a
parton interacting multiple times in a hard scattering.
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2.2 Combining partons showers with matrix elements

Matrix elements give a good description of wide angle, high-pT emissions of partons. At
the same time, parton showers are a good approximation for emissions towards the soft
and collinear limit. A number of techniques now exist to use the best of both worlds and
improve on the accuracy of conventional ME+PS generators. In the following sections
an overview of these techniques will be presented. Various methods to merge matrix
elements with parton showering will be discussed in more depth.

2.2.1 Matrix element correction for the parton shower

Significant improvements in the W and Z/γ∗ boson pT distributions are obtained when
applying a matrix element correction to the parton shower. This is shown in Figure 2.5.
At leading order the production of a boson is a 2 → 1 process. The transverse momentum
of the boson has to come mainly from the recoil against a parton generated by the
parton shower in the initial state. The parton shower model does not reliably predict
the emission of high-pT partons. In this region, the matrix element for boson production
plus the emission of one hard parton (2 → 2) is more accurate. A matrix element
correction to the parton shower thus means that the parton shower is modified in such a
way that its prediction for the hardest emission corresponds to what the (2 → 2) matrix
element would have predicted.

Figure 2.5: Comparison of Herwig predictions for the transverse momentum distribu-
tion of the Z/γ∗ boson compared to CDF data. The dotted line corresponds
to the prediction without matrix element correction, while the solid and
dashed lines include matrix element corrections. The latter also has an
additional intrinsic pT of 1 GeV. Figure taken from [120].
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In Pythia the matrix element correction for gauge boson production in two steps
[121]. First, the parton shower is allowed to cover the full phase space up to the centre-
of-mass energy s instead of the hard scattering scale M2

W or M2
Z , since a hard parton

can be emitted before the boson production at a higher scale. Second, the splitting
probability for the first emission is reweighted in the parton shower, thereby giving the
same result for the hardest emission as the 2 → 2 matrix element would have done.

Herwig uses an angular ordered parton shower. This means that the first emission
is not always the hardest emission. The matrix element correction is therefore applied
slightly differently [122, 120]. Below the scale M2

W or M2
Z the splitting probability of the

parton shower for the hardest emission is reweighted as is done for Pythia. Above this
scale, the exact matrix element for one additional parton is used.

The matrix element corrections are suitable for gauge boson production with one
additional hard emission. A more generalised procedure for this and other processes
with multiple emissions will be discussed in Section 2.2.3.

2.2.2 Matching the parton shower with NLO matrix elements

Using NLO matrix elements instead of LO has several advantages. The inclusion of
real and virtual corrections gives a better description of the emission of an additional
parton, a considerably smaller sensitivity to the renormalisation and factorisation scales
µ2
R and µ2

F , and thus a more precise normalisation. To deal with emissions in the soft
and collinear regions and to define exclusive final states6 which can be passed on to
a hadronisation model, a parton shower is still needed. However, the complication of
possible double counting arises: emissions are accounted for in some regions of phase
space by both matrix elements and parton shower. The principle of double counting is
shown in Figure 2.6 for the process gg → tt̄+X .

double counting

Figure 2.6: Illustration of double counting between the third and fourth diagram.

The first diagram represents the LO process gg → tt̄ at O(α2
s), defined by the matrix

element, with an additional softer gluon from the parton shower. The second and third
diagram refer to the virtual and real corrections at NLO O(α3

s). Again, additional softer
gluons could arise from the parton showering. However, when such an additional gluon is
not soft, like in the most right diagram, the same state as the third diagram is generated.
Hence in that case there is double counting between the real emission from the NLO

6Here ‘exclusive’ means final states with a fixed number of additional partons, as opposed to ‘inclu-
sive’ which means final states with any number of additional partons.
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matrix element (2 → 3) and the emission from the parton shower with the LO matrix
element (2 → 2). Note that double counting can occur in the final state as well as in the
initial state.

MC@NLO

In Ref.[104] a method was derived to match the NLO matrix element with parton show-
ering without double counting. The result is called MC@NLO and has been extended
to include heavy flavour production as well [123]. The method is based on a modified
subtraction scheme, which can be represented in a simplified form [104]:

(
dσ

dO

)

msub

=

∫ 1

0

dx

[

IMC(O, xM(x))
a [R(x)− BQ(x)]

x

+ IMC(O, 1)

(

B + aV +
aB [Q(x)− 1]

x

)] (2.6)

Where O is the observable of interest. x is the energy fraction of the parton radiated
off, which is limited by a maximum xM(x) ≤ xM(0) = 1 . IMC(O, xM(x)) refers to the
distribution in the observable O as obtained by running the MC starting from a given
energy xM with a N + 1 body final state. Similarly IMC(O, 1) refers to the distribution
starting from a N body final state. B, V and R(x) correspond to the born level, virtual,
and real emission contributions respectively with a the coupling constant. Note that the
former two belong to the N body final states, whereas the latter to an N + 1 body. In
the soft limit the real contribution reduces to lim

x→0
R(x) = B. Finally, Q(x) is a splitting

probability function and is part of the Sudakov form factor in the MC:

∆(x1, x2) = exp

[

−a

∫ x2

x1

dx
Q(x)

x

]

with 0 ≤ Q(x) ≤ 1 and lim
x→0

Q(x) = 1. The reason for the presence of the Q(x) terms is

twofold: on one hand they prevent divergences due to the 1/x terms when x ↓ 0 and on
the other hand they prevent double counting. The terms depend on the shower imple-
mentation and are therefore MC generator specific. Although MC@NLO is interfaced
with Herwig, it is possible to use the MC@NLO method with Pythia [124].

The event generation occurs in a few steps. First a random x is picked with 0 ≤ x ≤ 1.
Then the event weight is determined for the N +1 body state IMC(O, xM(x)). Similarly,
the weight for the counter event IMC(O, 1) is evaluated. Because the two terms on the
right hand side of Eq.(2.6) are finite for every x, the events can be unweighted. However,
the weights are not positive definitive. Hence after unweighting events have either weight
+1 or −1. The resulting distributions have NLO accuracy for inclusive variables and
follows the leading log behaviour of the MC for small x with a smooth transition in
between.
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POWHEG

Another method providing NLO accuracy interfaced with a parton shower is Powheg
[125]. The basic principle behind Powheg (a Positive Weight Hardest Emission Gen-
erator) is similar to the matrix element corrections in Section 2.2.1:

dσ = dΦB

(

B(ΦB) +
{

V (ΦB) +

∫

R(ΦB,Φr)dΦr

})[

∆t0 +∆t
R(Φ)

B(ΦB)
dΦr

]

The cross section includes the born level B(ΦB), virtual V (ΦB) and real R(ΦB,Φr) con-
tributions giving the NLO normalisation. The hardest emission is reweighted according
to the matrix element. The modified Sudakov form factors defined as

∆t = exp

[

−
∫

θ(tr − t)
R(ΦB,Φr)

B(ΦB)
dΦr

]

represent the no-emission as well as, implicitly, the emission probability. Note that to-
gether these two probabilities are 1. Event weights in Powheg are all positive. For the
angular ordered shower in Herwig the first emission is not always the hardest emis-
sion. A truncated shower is needed in this case to correctly implement soft wide angle
radiation between the hard scale and the hardest emission.

A comparison for heavy quark production has been made between MC@NLO and
Powheg [126]. For tt̄ production results agree very well7. For bb̄ production, where
the higher order processes flavour excitation and gluon splitting are more important,
significant differences become visible between the two approaches. It is suggested [126]
that perturbative corrections, beyond the NLO accuracy of the two methods, are likely
non-negligible for bb̄ production.

Although foreseen in the near future, an implementation of the Powheg method
was not available yet in the ATLAS software framework at the time of writing this
thesis.

2.2.3 Merging the parton shower with tree-level matrix ele-
ments

Matching NLOmatrix elements with parton showers gives an improved description of the
first emission. But for the second and subsequent softer emissions this matching method
still relies on the parton shower. To enhance the predictions for multiple hard emissions,
required for estimation of events with many additional jets, alternative techniques have
been devised: CKKW [127], CKKW-L [128], MLM matching [100], and Pseudo-Shower
[129]. Note that these are no longer NLO.

General concept

The techniques are all based on the same idea: the phase space for emissions is divided
into a region handled by matrix elements, thereby including interference effects, and

7Except for a dip in the rapidity distribution of the hardest extra jet. This feature will be discussed
briefly in Section 2.2.4.
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a region handled by the parton shower. The former region corresponds to hard and
wide-angle emissions, the latter to the region for emissions in the soft and collinear
limit.

In Figure 2.7 an illustration is given of how the phase space could be divided by using
a cone of size ∆RMS around the emitting parton. The separation of phase space is needed
to prevent double counting as shown in Figure 2.8. Ideally, the resulting kinematical
distributions do not depend on this (unphysical) merging scale. To achieve a smooth
interpolation, the transition from matrix element to parton shower is done by reweighting
the emissions in the matrix element region with Sudakov form factors and the running
coupling constants evaluated at the emission scales, like in the parton shower region.
This results in exclusive final states suitable for further hadronisation.

In the following paragraphs MLM matching, CKKW and CKKW-L and their dif-
ferences in phase space division and reweighting techniques will be explained in more
detail.

∆η

∆φ

z

ME emission

∆RMS

∆η

∆φ

z

PS emission

∆RMS

Figure 2.7: Illustration of dividing the phase space into a region for emissions described
by the matrix element (left) and a region for emissions described by the
parton shower (right). In this example, the phase space is divided by a cone
with size ∆RMS =

√

(∆η)2 + (∆φ)2.

MLM matching

MLM matching8 [130, 100] is the simplest of the three merging techniques. Instead of
reweighting explicitly with Sudakov form factors it uses a veto on events which contain
emissions from the parton shower in the region already covered by the matrix element.
Tree level matrix elements are provided by Alpgen for various Standard Model pro-

8MLM: named after M.L. Mangano
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n=0 n=1 n=2 double counting

Figure 2.8: Tree level matrix elements merged with parton shower for the gg → tt̄
process. In the left diagram a collinear gluon is emitted by the parton shower
in addition to the tree level tt̄+0p matrix element. In the second diagram
a soft gluon is emitted by the parton shower in addition to the hard parton
from the tree level tt̄+1p matrix element. The two right diagrams illustrate
double counting: the configuration of a hard parton emitted by the parton
shower in addition to the hard parton from the tree level tt̄+1p matrix
element is the same as the tt̄+2p matrix element.

cesses with up to six final state partons and parton showering is done by either Pythia
or Herwig.

In the first step, parton level configurations are generated with constraints on the
transverse momenta pT,i and pseudo-rapidities ηi of the partons i and on the distance
∆Rij between the partons i and j. The scales at which the PDF’s and coupling constants
are evaluated are typically set equal to the mass or transverse mass of the particles
produced in the hard scattering: µ2

F = µ2
R =

∑

i[m
2
i + (pT,i)

2]. A configuration is chosen
according to the relative size of the cross section for each final state multiplicity n =
0 . . .N . Then a kT -algorithm [131] is run over the selected parton level configuration to
find the kT scales at which two partons merge into one. The kT scales are defined as:

dij = min(p2T,i, p
2
T,j)∆R2

ij with: ∆R2
ij = (yi − yj)

2 + (φi − φj)
2

diB = p2T,i
(2.7)

with dij the kT scale of two partons i and j and diB of parton i and a beam. Repeating
this until no further merging is possible, gives a reconstructed branching history as
illustrated in Figure 2.9. This history is required to be consistent with the colour flow of
the parton level configuration. The kT scale of each branching is then used to reweight
the coupling constant αs, which was initially evaluated at a fixed scale µ2

R:

w =
n∏

i

αs(d
2
i )

αs(µ2
R)

Then the parton shower is run with default settings, starting from the scale of the hard
scattering down to the shower cut-off. A cone algorithm9 is used to find jets (called
‘clusters’ throughout the matching procedure) in the showered event with a minimum
transverse energy ET,clus and cone size Rclus. Beginning with the hardest parton, for each

9In the case of MadGraph/MadEvent a kT -algorithm is used.
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parton a cluster is sought within a distance ∆R < 1.5 × Rclus. If such cluster is found
it is assumed to originate from the parton and it is not used further for matching with
other partons. For configurations with parton multiplicity n < N the event matches
and is accepted when all clusters are associated with a parton and when the number of
clusters Nclus is equal to the parton multiplicity n. In that case n = Nclus and the event
belongs to the exclusive sample Sn,excl. For the highest parton multiplicity configuration,
n = N , the number of clusters Nclus is allowed to be larger than N . These events with
N ≤ Nclus end up in an inclusive sample SN,incl. The exclusive samples Sn,excl and the
highest multiplicity inclusive sample SN,incl should be added up to give the total inclusive
sample Sincl = S0,excl + S1,excl + . . .+ SN,incl.

W−d1

d3

d2

dini, q1

dini, q̄1

dini, g1

d4

dini, q̄2

dini, q2

d5

dini, g2

Figure 2.9: Example of the clustering of a W + jets event. The values of the kT -
parameter at the nodes are such that dini < d5 < d4 < d3 < d2 < d1.
The parton showers of the incoming quark q1 and antiquark q̄1 start at the
scale d1 at which they annihilated. The parton showers of the quarks q2
and q̄2 start at the scale d4 at which the virtual gluon they came from was
produced, assuming that this gluon is softer than the gluon, g1. The parton
shower of the gluon g2 starts at the scale d2, and the shower of gluon g1
starts at the scale d3 at which the gluon which branched to produce it was
produced. Figure taken from [129].

Note that the cone algorithm used for finding clusters merely divides the phase
space for emissions between matrix element and parton shower. Modifying the matching
parameters should not alter the distributions of physical observables obtained from an
MLM matched sample Sincl. It only changes the relative contribution of the individual
samples Sn,excl and SN,incl to the total sample Sincl. For the same reason, the choice of a
jet algorithm in a physics analysis is independent of the choice for the cone algorithm
in MLM matching.

In the ATLAS software framework, MLM matching is implemented for Alpgen
with the Herwig parton shower. The method is used for simulation of the W + jets
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and Z + jets processes. In this thesis the method has also been used for tt̄ + n-jets
production. An implementation of MLM matching with the pT -ordered parton shower
of Pythia was not developed yet by the ATLAS collaboration.

CKKW

The CKKW prescription10 [127, 132] is implemented in Sherpa. CKKW differs from
MLM matching in the way the reweighting with Sudakov form factors is done. CKKW
uses analytically calculated Sudakov form factors with next-to-leading-log (NLL) accu-
racy. Parton level configurations are generated like in the case of MLM matching. The
PDF’s and the coupling constant are evaluated at the merging scale dini, which is lower
than the (transverse) mass scale used in MLM matching. Again a kT -algorithm is used
to obtain an evolution tree which gives the kT scales of the parton branchings with
d1 > d2 > . . . > dini. The definition of ∆R2

ij in Eq.(2.7) is slightly different for CKKW:

∆R2
ij =

2 [cosh(yi − yj)− cos(φi − φj)]

D2

With parameter D ∼ 1. The di scales are used to reweight events with the coupling
constants evaluated at the emission scales:

w =
n∏

i

αs(d
2
i )

αs(d2ini)

Reweighting with the Sudakov form factors is done in the following way. Internal lines
are reweighted with:

w = ∆(d2i , d
2
ini)/∆(d2j , d

2
ini)

which corresponds to the probability of no resolvable branching at dini between two
branching scales di and dj with di > dj. External lines are reweighted with:

w = ∆(d2i , d
2
ini)

corresponding to no resolvable branching at dini below the scale di. After reconstructing
the emission scales, the parton shower is run. The shower starts at the scale of the last
branching of each final state parton and goes down to the cut-off scale of the parton
shower. Events with parton shower emissions above the merging scale dini are rejected.
For events with the highest parton multiplicity, n = N , the scale dN is used instead of
dini.

Recently further improvements to the CKKWmethod have been proposed [133]. The
main modifications are the introduction of truncated showers to deal better with the
ordering of emissions and the usage of a slightly different jet algorithm. The modifications
will be implemented in a future release of Sherpa.

10CKKW: Catani-Krauss-Kuhn-Webber
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CKKW-L

CKKW-L11 is based on CKKW, but there are two important differences. Where CKKW
uses the kT -algorithm for reconstruction of the shower history and analytical Sudakov
form factors for the reweighting, CKKW-L relies completely on the parton shower itself
to reconstruct a history and calculate the accompanying Sudakov form factors. In prin-
ciple, CKKW-L works with any parton shower that has well-defined intermediate states.
Currently, a CKKW-L implementation for hadronic collisions is only available for the
W + jets process with Ariadne’s dipole cascade [128] using MadGraph/MadEvent
for matrix element generation.

Parton level configurations are produced at an initial scale Q2
0 like in the case of

CKKW. Then a shower history, generated by the dipole cascade itself, is selected which
corresponds to the parton level configuration. The shower history contains intermediate
states S0, . . . , Sn and accompanying emission scales p2T,1 > . . . > p2T,n. Reweighting is
now a bit more involved. First, events are reweighted with the ratio of PDF’s to have the
same starting point as the S0 state would have had as it was generated by the matrix
element at m2

W :

w0 =
x′
+fq(x

′
+, m

2
W ) · x′

−fq̄(x
′
−, m

2
W )

x+fi(x+, Q2
0) · x−fj(x−, Q2

0)

Then, for each dipole splitting another reweighting with PDF’s is done:

w1 =
n∏

i=1

RPDF
i

The exact form of the ratio RPDF
i depends on the type of dipole splitting [128]. In

conventional parton showers this reweighting corresponds to the PDF ratio in Eq.(2.2)
and cancels eventually with w0. The coupling constants are reweighted for each scale
like CKKW:

w2 =
n∏

i

αs(p
2
T,i)

αs(Q
2
0)

The reweighting with Sudakov form factors, eventually, is achieved via a veto algorithm.
The Sudakov form factor ∆Si

(p2T,i, p
2
T,i+1) corresponds to the probability of not having

emissions from a state Si between the scales p2T,i and p2T,i+1. The veto algorithm repro-
duces these probabilities for all intermediate states by performing trial emissions with
the dipole cascade, starting from a state Si at scale p2T,i, and rejecting the event if the
trial emission is above the scale p2T,i+1. For the initial state S0 the starting scale of the
cascade is p2T,max = W 2/4, where W is the total invariant mass of the hadronic collision,
which is a larger initial scale than for conventional parton showers. For the final state Sn

with n < N events are accepted as long as one of the parton parton pairs is not above
the merging scale Q2

MS, while for n = N all events are accepted. Finally, the parton
shower is allowed to continue until the shower cut-off p2T,cut is reached.

There are a few issues associated with the CKKW-L implementation in Ariadne’s
dipole cascade. First, the initial state q → qg splitting, with g the incoming gluon

11CKKW-L: variation on CKKW introduced by Lönnblad
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for the hard scattering, is missing. Although not essential for W + jets production, for
other processes, such as tt̄ + n-jets it might be a serious deficit. Secondly, the events
are weighted. Although it should in principle be possible to generate events with unit
weight, an unweighting procedure has not been implemented yet. Ariadne’s CKKW-L
method is not incorporated yet in the ATLAS software framework.

2.2.4 Comparisons

The performances of various implementations of the three merging techniques have been
extensively compared for e+e− → qq̄g at LEP [129, 134] and for production of W + jets
at the Tevatron and LHC [129, 135]. The results for e+e− → qq̄g using ME+PS merging
should be equal to the matrix element correction method explained in Section 2.2.1.
For the e+e− case it was shown that problems arise when applying MLM matching and
the CKKW method with parton showers using ordering variables other than transverse
momentum. In that case it is possible that unordered emissions happen, numerical values
of αs used in reweighting deviate from the parton shower, and discontinuities at the
merging scale appear in kinematical distributions. The CKKW-L method performs best
in that case.

Hadroproduction of W + jets

Results for hadroproduction of W + jets are in good agreement with each other. Fig-
ure 2.10 shows the cross section predictions, together with the uncertainty ranges, for
W + jets production by various methods. The cross sections correspond to the inclusive
production rates per jet multiplicity (ie. ≥ Njets) and are normalised to the average value
of the different methods. The main uncertainties originate from the choice of the scale
in αs and the merging scale.
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Figure 2.10: Comparison of the W + jets cross section predictions and uncertainty
ranges at (a) the Tevatron and (b) the LHC between various implementa-
tions of ME+PS merging. Normalised to the average cross section value
of the implementations per jet multiplicity bin. Figures taken from [135].
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2.2. Combining partons showers with matrix elements

At the Tevatron, results are in good agreement. At the LHC, Ariadne seems to
predict a systematically higher cross section. The explanation for this is that Ariadne’s
dipole cascade is not purely based on DGLAP evolution.

Top quark pair production

Comparisons for jet spectra in tt̄ production using parton showers with and without
MLM matching have also been made [136]. It was shown that uncertainties due to the
ordering variable used in the shower and the starting scale of the shower reduce signif-
icantly when applying MLM matching. This indicates that the techniques mentioned
above enhance the predictability of parton showers.

The MLM method in Alpgen has also been compared for tt̄ production with the
NLO accuracy of MC@NLO. Although most distributions show good agreement, the
most notable difference is in the jet multiplicity. This is shown in Figure 2.11. Again,
variance between the two approaches becomes more visible at the LHC, where the avail-
able phase space for hard parton emissions is much increased.

(a) (b)

Figure 2.11: Comparison between MC@NLO and Alpgen of the predictions for the num-
ber of additional jets in tt̄ production at (a) the Tevatron and (b) the
LHC. Alpgen distributions are generated from an inclusive sample (S1)
using matrix elements for tt̄ + 0 and 1 additional parton. Figures taken
from [137].

Another difference is visible in Figure 2.12, in the rapidity distributions of the hardest
additional jet y1. Where MC@NLO predicts a dip around y1 = 0, Alpgen peaks at
this value. This dip is not expected from the NLO calculation for tt̄ + 1 additional hard
parton [88]. In Ref.[138] it is demonstrated that the dip is likely caused by a mismatch,
beyond NLO, in MC@NLO’s treatment of emissions inside and outside the phase space
region accessible to the parton shower of Herwig. The Powheg method generates the
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hardest emission completely independently of the parton shower and does not predict a
similar rapidity dip [139].

(a) (b)

Figure 2.12: Comparison between MC@NLO and Alpgen of the predictions for the ra-
pidity distribution of the first additional jet in tt̄ production at (a) the
Tevatron and (b) the LHC. Figures taken from [137].

Data

Finally, the true test for the methods discussed in this chapter is experimental data.
A first comparison was made by DØ [140] and is shown in Figure 2.13. DØ measured
the ratio of the Z/γ∗+ ≥ n jet production cross sections to the total inclusive Z/γ∗

cross section in pp̄ collisions at
√
s = 1.96 TeV with a dataset of 0.4 fb−1 integrated

luminosity. Only events were selected in which the Z/γ∗ decays to e+e−. In Figure 2.13
data is compared with three different predictions. The first, mcfm [20], is a cross section
generator which calculated the Z+1 jet and Z+2 jets cross sections with NLO accuracy.
The second, ME+PS, is a variation on the CKKW prescription of Section 2.2.3 to
merge matrix elements with partons showering [129]. MadGraph/MadEvent was
used for generating the matrix elements and Pythia for the parton showering. The
third prediction is done with Pythia using the matrix element corrections outlined in
Section 2.2.1.

The agreement between the prediction obtained with the ME+PS method and data
is very good, while the Pythia prediction underestimates the ratio for higher jet mul-
tiplicities, and the mcfm prediction, although very good, is limited to a jet multiplicity
of two.

In more recent and detailed studies by DØ [141, 142, 143] and CDF [144, 145], also
the transverse momentum and angular distributions of jets measured in Z + jets and
W + jets events are compared with Monte Carlo predictions. It was found that Pythia
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Figure 2.13: Ratios of the Z/γ∗+ ≥ n jet cross sections to the total inclusive Z/γ∗ cross
section versus jet multiplicity. The uncertainties on the data (dark cir-
cles) include the combined statistical and systematic uncertainties added
in quadrature. The dashed line represents predictions of LO Matrix El-
ement (ME) calculations using Pythia for parton showering (PS) and
hadronisation, normalized to the measured Z/γ∗+ ≥ 1 jet cross-section
ratio. The dotted line represents the predictions of Pythia normalized to
the measured Z/γ∗+ ≥ 1 jet cross-section ratio. The two open diamonds
represent predictions from MCFM. Figure taken from [140].

and Herwig do not describe the distributions of jets well12. Predictions made with
various ME+PS methods, give good results for the shape of the jet spectra. However, the
predicted productions rates are systematically above or below the measured rates, with
large uncertainties due to the renormalisation scale. In all cases, the NLO predictions
by mcfm give the best agreement with data for both the shape and normalisation of
the leading and subleading jet distributions. Figure 2.14 demonstrates this.

2.3 Conclusions

As explained in the previous sections, various techniques exist for merging matrix el-
ements and parton showers. The most important feature of these techniques is an im-
proved predictability of the parton shower for production of multi-jet events. Predictions
for the Tevatron are in good agreement with data. Extrapolation to the LHC and com-
parison with other techniques show that the merging techniques are essential tools to
study multi-jet events. The current implementations only work with tree-level matrix
elements, ie. using loopless multi-leg Feynman diagrams. One step further, to one loop
matrix elements merging with parton shower, has been explored for e+e− → hadrons
events [146]. Work is ongoing to extend similar methods for hadronic collisions [147].
Again, the advantage would be a reduced scale sensitivity, leading to a better normal-
isation and, depending on the kinematical variable, NLO accuracy as in the case of
MC@NLO but now for multiple emissions.

12except for the leading jet when using the pT -ordered parton showering of Pythia.
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Figure 2.14: (a) The measured distribution of 1
σZ/γ∗

× dσ
dpT (jet)

for the leading jet in

Z/γ∗ + jet+X events, compared to the predictions of MCFM NLO. The
ratios of data and theory predictions to MCFM NLO are shown (b) for
perturbative QCD predictions corrected to the particle level, (c) for three
parton-shower event generator models, and (d) for two event generators
matching matrix elements to a parton shower. The scale uncertainties
were evaluated by varying the factorisation and renormalisation scales by
a factor of two. Figure taken from [142].

In this thesis a comparison of Alpgen and MC@NLO was performed for the tt̄
process at the LHC around the same time as Ref.[137]. The analysis in Chapter 6
however was performed in the ATLAS environment, including detector simulation and
offline reconstruction software. The result was used for a determination of the expected
systematic uncertainty due to the usage of Monte Carlo simulation in a tt̄ + n-jets cross
section measurement.

The difference in W + jets production rate predictions for the LHC by Ariadne
compared to other generators is striking. W + jets is one of the main backgrounds to a
tt̄ + n-jets cross section measurement and good understanding of this process is therefore
needed. An implementation of Ariadne using the CKKW-L method did not exist
yet in the ATLAS software framework. This was the reason to develop an interface
for Ariadne with the framework. The results obtained using this interface have been
studied and compared with the established generators in the ATLAS collaboration,
Alpgen (MLM matching) and Pythia. This work is presented in Chapter 7.
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3
Detection of top quarks in ATLAS

The ATLAS detector (A Toroidal LHC ApparatuS) has been designed [148] and built
[149] to exploit the rich physics potential provided by the LHC. This potential ranges
from more precise measurements of the Standard Model parameters to the search for
new physics phenomena. The detection of top quark events will play a prominent rôle,
not only in understanding physics, but also in understanding the detector: the complex
event topology requires the full detector capabilities. In this chapter first an overview
of the ATLAS detector and its expected performance will be given. In the second part
of the chapter, jet reconstruction, a key element in the detection of top quark events, is
treated.

Figure 3.1: Cut-away view of the ATLAS detector.
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Chapter 3. Detection of top quarks in ATLAS

3.1 The ATLAS detector

The ATLAS detector, shown in Figure 3.1, has a length of 44 meters, a diameter of
25 meters and an overall weight of approximately 7,000 tonnes. It is located 92 meters
under the ground at Point 1 of the LHC ring. The detector acquired its name ‘A Large
Toroidal LHC ApparatuS’ due to the magnet system. It consists of four large supercon-
ducting magnets: a solenoid, a barrel toroid and two end-cap toroids. The major detector
components are the inner detector, the calorimeters, and the muon spectrometer. The
installation of the detector parts started in 2003 and was fully completed in 2008.

The main design criteria of the ATLAS detector were:� Efficient tracking at high luminosity for high-pT lepton momentum measurements,
electron and photon identification, τ -lepton and heavy-flavour identification;� Good electromagnetic calorimetry for electron and photon identification and mea-
surements, complemented by full-coverage hadronic calorimetry for accurate jet
and missing transverse energy measurements;� High-precision muon momentum measurements with the capability to guarantee
accurate measurements at the highest luminosity using the muon spectrometer
alone;� Efficient triggering with low pT -thresholds on electrons, photons, muons, and τ -
leptons, thereby providing high data-taking efficiencies for most physics processes
of interest at the LHC.� Large acceptance in pseudorapidity with almost full azimuthal coverage for all of
the major detector systems;

These general requirements cover the needs for top quark physics. The reconstruction
of top quark events typically involves isolated leptons, (b quark) jets, and missing trans-
verse energy due to neutrinos escaping undetected. The performance goals set for each
subsystem to obtain accurate measurements of these objects are given Table 3.1.

3.1.1 Inner detector

The inner detector records tracks of charged particles with a transverse momentum above
a threshold of approximately 0.1 GeV and within a pseudo-rapidity range of |η| < 2.5.
The charge and transverse momentum of a particle can be determined from the bending
of its track in the 2 Tesla axial magnetic field provided by the solenoid surrounding the
inner detector. With the vertexing layer (the tracking layer closest to the interaction
point) the inner detector can be used to measure the position of the primary vertex
and identify secondary vertices with high accuracy. The latter is needed for tagging jets
originating from b and c quarks and τ leptons. For top quark physics, ‘b-tagging’ of jets
is a powerful tool to suppress background since top quarks nearly always decay to b
quarks. Finally, the inner detector is also capable of separating electrons from pions up
to |η| = 2.0.
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3.1. The ATLAS detector

Detector Required resolution ηηη coverage

component Measurement Trigger

Tracking σpT /pT = 0.05% × pT ⊕ 1% ±2.5 –

EM calorimetry σE /E = 10% /
√
E ⊕ 0.7% ±3.2 ±2.5

Hadronic calorimetry

barrel and end-cap σE /E = 50% /
√
E ⊕ 3% ±3.2 ±3.2

forward σE /E = 100% /
√
E ⊕ 10% 3.1 < |η| < 4.9 3.1 < |η| < 4.9

Muon spectrometer σpT /pT = 10% at pT = 1 TeV ±2.7 ±2.4

Table 3.1: General performance goals of the ATLAS detector [149]. Note that, for high-
pT muons, the muon-spectrometer performance is independent of the inner-
detector system. The units for E and pT are in GeV.

Layout

The layout of the inner detector is illustrated in Figure 3.2. The precision tracking
detectors using pixels and silicon micro-strips (SCT) cover the region |η| < 2.5. In the
barrel region, they are arranged on concentric cylinders around the beam axis while in
the end-cap regions they are located on disks perpendicular to the beam axis. All pixel
layers are segmented in R − φ and z with typically three pixel layers crossed by each
track. For the SCT, eight strip layers are crossed by each track, resulting in four space
points.

Figure 3.2: Cut-away view of the ATLAS inner detector.

The transition radiation tracker (TRT) measures tracks up to |η| = 2.0. In addition,
the TRT enhances the electron identification capabilities by the detection of transition-
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radiation photons in the xenon-based gas mixture of the drift (straw) tubes. The intrinsic
accuracy on the measured drift radii is ∼ 130 µm per straw. In the barrel region, the
straws are parallel to the beam axis with their wires divided into two halves at η = 0
to reduce the occupancy per readout channel. In the end-cap region, the straws are
arranged radially in wheels. The straw hits at the outer radius contribute significantly to
the momentum measurement, since the measured track length is extended considerably.

Tracking performance

A measure of the tracking performance is the resolution of track parameters. Two im-
portant track parameters, especially for b-tagging, are the transverse and longitudinal
impact parameters, d0 and z0 respectively. The two impact parameters are the minimum
transverse and longitudinal distance of an extrapolated track to the primary vertex.
Therefore, they allow to discriminate against primary and secondary tracks.

In Figure 3.3 the expected resolutions of the two impact parameters are shown as
function of the track pT for different pseudo-rapidity ranges. The resolutions are esti-
mated by matching reconstructed tracks with Monte Carlo tracks in simulated tt̄ events
for two b-tagging algorithms. At low transverse momentum the resolution is dominated
by multiple scattering, whereas at high transverse momentum the resolution is limited
by the intrinsic accuracy of the inner detector. For larger pseudo-rapidities, the amount
of inner detector material traversed by a charged particle increases, resulting in a de-
graded resolution. For a central track with pT = 5 GeV, which is typical for b-tagging,
the transverse impact parameter resolution is about 35 µm.
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Figure 3.3: Expected track impact parameter resolution versus track pT , for several bins
in the track pseudo-rapidity. First plot is for transverse impact parameter
d0, second for longitudinal impact parameter z0.

Vertexing performance

Identification of b quark jets relies on the properties of the production and weak decay
of B hadrons. The most important one is the relatively large lifetime of about 1.5 ps
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(cτ ≈ 450 µm). In addition, B hadrons are formed from b quarks via rather hard
fragmentation: B hadrons typically retain ∼ 70% of the original b quark momentum.
The resulting B hadron flight path 〈 l 〉 = βγcτ therefore leads to a signature with one or
more1 displaced secondary vertices. For example, B hadrons inside a jet with transverse
momentum of 50 GeV, travel on average about 3 mm in the transverse plane before
decaying.

Figure 3.4 shows the resolution achieved on the inclusively reconstructed B hadron
decay vertex with respect to the true B hadron position in simulated tt̄ events. A core
can be seen, corresponding to the cases where most of the reconstructed tracks really
stem from the B hadron vertex, approaching the intrinsic resolution of the vertex recon-
struction, while a very large tail to higher flight lengths can be observed, due to tracks
coming from the decay of the charmed hadron of the b → c hadron cascade.
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Figure 3.4: Residuals of the reconstructed three dimensional (left) and transverse
(right) flight length of the inclusive secondary vertex with respect to the
true B hadron position for two vertexing algorithms.

3.1.2 Calorimeters

The calorimeters, presented in Figure 3.5, are sampling calorimeters covering the range
|η| < 4.9. The electromagnetic (EM) calorimeter has a fine granularity (depending on η
but typically ∆η×∆φ ≈ 0.025×0.025) in the pseudo-rapidity region matched to the inner
detector and is suited for pecision measurements of electrons and photons. The hadronic
calorimeter has a coarser granularity (typically ∆η×∆φ ≈ 0.1×0.1), which is sufficient
to satisfy the physics requirements for jet reconstruction and 6ET measurements. The
total thickness of the electromagnetic calorimeter in the barrel (end-cap) region is more

1due to the subsequent decay of a charmed hadron
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than 22 (24) radiation lengths. The total thickness of the hadronic calorimeter in the
barrel region (end-cap) is more than 9.7 (10) interactions lengths. These depths provide
a good containment of electromagnetic and hadronic showers and limit punch-through
into the muon system.

Figure 3.5: Cut-away view of the ATLAS calorimeter system.

Layout

The EM calorimeter is divided into a barrel part (|η| < 1.475) and two end-cap compo-
nents (1.35 < |η| < 3.2). It is a lead–Liquid Argon (LAr) detector with accordion-shaped
copper electrodes and lead absorber plates over its full coverage. The accordion geom-
etry provides complete φ symmetry without azimuthal cracks. In the region |η| < 1.8,
a presampler detector is used to correct for energy lost by electrons and photons before
reaching the calorimeter.

The hadronic calorimeter consists of a tile calorimeter, two hadronic end-caps calo-
rimeters (HEC), and two forward calorimeters (FCal). The tile calorimeter covers the
region |η| < 1.0 and its two extended barrels the range 0.8 < |η| < 1.7. Steel is used
as the absorber and scintillating tiles as the active material. The two HECs extend
from |η| = 1.5 to 3.2, thereby overlapping slightly with the tile calorimeter and the
FCals. In the HECs, copper plates are interleaved with LAr gaps, providing the active
media. Finally, the two FCals covers the range 3.1 < |η| < 4.9. They both consist of
three modules: the first, made of copper, is optimised for electromagnetic measurements,
while the other two, made of tungsten, measure predominantly the energy of hadronic
interactions. The sensitive medium is LAr. The FCals are very important to guarantee
that particles do not escape at very large η thereby significantly degrading the 6ET

resolution.

3

54



3.1. The ATLAS detector

Electromagnetic performance

Expectations for the performance of the electromagnetic calorimeter have been based on
detailed simulation studies. One of these studies is on the energy resolution as a function
of energy, shown in Figure 3.6, for electrons for three values of |η|. The results include
the expected electronic noise contribution of 190 MeV (240 MeV) for electrons in the
barrel (end-cap) region. At larger η-values, the resolution is degraded with respect to
the one at the more central value of η. Fits to the energy resolution yield stochastic
terms of respectively 10.0, 15.1, and 14.5%

√
GeV. The η-region between 1.37 and 1.52

is in general not used for precision measurements with electrons because the energy
resolution is significantly reduced in this region. It corresponds to the difficult transition
region between the barrel and end-cap cryostats.
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Figure 3.7 shows in more detail the overall reconstruction and identification efficien-
cies for three sets of electron cuts: the ET dependence of the efficiencies is shown for
single electrons of fixed ET as well as for physics processes containing isolated electrons
from cascade decays of supersymmetric particles to illustrate the rather stable behaviour
of the cuts when moving from the ideal case of single particles to a busy environment
with many additional jets in the event. The somewhat worse efficiency observed in com-
plex events is attributed to the fraction of cases when the electron candidate is close to
or even within a high-pT jet. The overall efficiency of the cuts remains stable for even
higher electron energies (the efficiency of the tight isolation cuts is 68% for electrons of
ET = 500 GeV).
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Hadronic performance

The reconstruction and calibration of jets from calorimeter signals is discussed in detail
in Section 3.2. One of the prerequisites for a good jet reconstruction performance is
signal linearity. The signal linearity for calorimeter jets is expressed by the ratio of the
reconstructed jet energy and the matched Monte Carlo truth jet energy, Ejet/Etruth, in
simulated di-jet events. Figure 3.8 shows for two different regions in |η|, that the signal
linearity for jets, made from calorimeter towers signals within a cone of ∆R = 0.7, is
reasonable over the whole energy range after global calibration is applied. Figure 3.8
also shows the deviations from signal linearity expected for jets reconstructed at the
electromagnetic energy scale, i.e. without any hadronic calibration applied. In this case,
the reconstructed jet signals correspond to only ∼65% (at the lowest energies) to ∼80%
(at the highest energies) of the true jet energy.
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The fractional energy resolution for the same jets, again after global calibration, is
shown as a function of Etruth and for two different η-regions in Figure 3.9. In addition,
the resolution for a smaller cone size ∆R = 0.4 is shown. The curves show the results
of a three-parameter fit to the energy resolution function:

σ

E
=

√

a2

E
+

b2

E2
+ c2 (3.1)

For central jets in the region 0.2 < |η| < 0.4, the stochastic term is a ≈ 60%
√
GeV,

while the high-energy limit of the resolution, expressed by the constant term, is c ≈ 3%
with the current global calibration. One important contribution to the η-dependence of
the jet energy resolution is the noise, which varies quite rapidly due to the increasing
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readout-cell size and the change in calorimeter technology in the hadronic calorimeters
from the low-noise tile calorimeter to the (higher-noise) LAr calorimeter with increasing
η. The noise term b in the energy resolution function is found to increase from 0.5 GeV
to 1.5 GeV when going from the barrel to the end-cap η-region shown in Figure 3.9.

6ET performance

Although missing transverse energy is an important quantity for background suppres-
sion, it is also a very sensitive and complex quantity. For a good 6ET determination a
great understanding of the detector response and reconstructed objects is needed. A
measure of the 6ET performance is the linearity of response. In Figure 3.10 the expected
6ET linearity of response as function of true 6ET is shown for a number of simulated
processes of interest. The evolution of the linearity of response is illustrated for each of
the major steps in the 6ET reconstruction: the uncalibrated 6ET at the electromagnetic
scale, the reconstructed 6ET based on globally calibrated cell energies and reconstructed
muons, the reconstructed 6ET including in addition the cryostat correction and finally
the refined 6ET calibration. After the last step, the linearity for all processes is within
1%.
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The 6ET resolution σ is shown in Figure 3.11. The simple fit function σ = a ·
√∑

ET

shows that the resolution follows an approximate stochastic behaviour over a wide range
of values of the total transverse energy deposited in the calorimeters

∑
ET . The fit yields

values between 0.53 and 0.57 for the parameter a, for various processes with
∑

ET
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values between 20 and 2000 GeV. For low values of
∑

ET the contribution from noise is
important and for very high values of

∑
ET the constant term in the energy resolution

dominates, analog to the b and c terms in Eq.(3.1). In these regions departures from the
stochastic behaviour are thus expected and observed.

3.1.3 Muon spectrometer

The only charged particles that (are supposed to) pass through the calorimeter are
muons. High-pT muons are often a signature of interesting physics events, such as W →
µν decays in tt̄ or maybe even H → ZZ(∗) → 4µ. In the muon spectrometer, muons with
momenta ranging from approximately 3 GeV (the minimum due to energy loss in the
calorimeters) to 3 TeV can be identified and measured in a pseudo-rapidity range up to
2.7 using a toroidal magnetic field. Muon measurements are a combination of accurate
measurements in the muon spectrometer and in the inner detector. The inner detector
provides the best measurements of tracks at low to intermediate momenta while the
muon spectrometer performs better above ∼ 30 GeV. Note that measurements from
the muon spectrometer at low momenta are still required to identify the inner detector
tracks as muons.

Layout

The conceptual layout of the muon spectrometer is shown in Figure 3.12. Over the range
|η| < 1.4, magnetic bending is provided by the large barrel toroid. For 1.6 < |η| < 2.7,
muon tracks are bent by two smaller end-cap magnets inserted into both ends of the
barrel toroid. Over 1.4 < |η| < 1.6, usually referred to as the transition region, magnetic
deflection is provided by a combination of barrel and end-cap fields.

Figure 3.12: Cut-away view of the ATLAS muon system.
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Over most of the η-range, a precision measurement of the track coordinates in the
principal bending direction of the magnetic field is provided by monitored drift tubes
(MDT’s). In the barrel region, tracks are measured in chambers arranged in three cylin-
drical layers around the beam axis. In the transition and end-cap regions, the chambers
are installed in planes perpendicular to the beam, also in three layers. In the innermost
plane, at 2 < |η| < 2.7, cathode strip chambers (CSC’s) with higher granularity are used
to withstand the demanding rate and background conditions.

The muon trigger system covers the pseudorapidity range |η| < 2.4. Resistive plate
chambers (RPC’s) are used in the barrel (|η| < 1.05) and thin gap chambers (TGC’s) in
the end-cap regions (1.05 < |η| < 2.7). The trigger chambers for the muon spectrometer
serve a threefold purpose: provide bunch-crossing identification, provide well-defined
pT thresholds, and measure the muon coordinate in the direction orthogonal to that
determined by the precision-tracking chambers.

Muon performance

The performance of muon reconstruction depends on both the muon spectrometer and
inner detector. This can be seen in, for example, the expected resolution and efficiency
which have been determined from simulation. Figure 3.13 shows the stand-alone (muon
spectrometer solely) and combined momentum (muon spectrometer and inner detector
track) resolutions as function of pT for |η| < 1.1. The stand-alone resolution displays
its characteristic behaviour with optimal resolution at ∼ 100 GeV. At lower transverse
momenta, the stand-alone resolution is dominated by fluctuations in the energy loss
in the calorimeters, whereas at higher transverse momentum, it is dominated by the
intrinsic MDT tube accuracy, assumed to be 80 µm in the case of a calibrated and
aligned detector. At low transverse momenta, the combined resolution reflects directly
the dominant performance of the inner detector, which is itself limited by multiple
scattering for transverse momenta below ∼ 10 GeV.

In Figure 3.14 the expected single muon reconstruction efficiency is shown as function
of |η| for muons with pT = 100 GeV. The efficiency is defined as the fraction of simulated
muons which are reconstructed within a cone of size ∆R = 0.2 of the initial muon. The
results are shown for three tracking reconstruction strategies: stand-alone, combined, and
segment tag (inner detector track with a muon spectrometer segment). The efficiency
for stand-alone tracks drops to very low values in the region with η ∼ 0 because of the
large gap for cabling to the solenoid, calorimeter and inner detector. In this region there
are very few muon stations. The stand-alone efficiency also drops substantially close to
η = 1.2, which corresponds to a region in the barrel/end-cap transition region where
several stations are missing. The efficiency for combining stand-alone muon tracks with
the inner detector is very high in the central region, starts to drop for |η| > 2.0 and
decreases rapidly to 0 for |η| > 2.4. The segment tags contribute only to a limited extent
to the overall efficiency for 1.4 < |η| < 2.0 for muons with high pT . For lower pT the
contribution is however substantial.
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3.1.4 Trigger system

With bunch crossings at 40 MHz and approximately 23 collisions per bunch crossing,
the event rate is too high to store and analyse all the raw detector data, which is roughly
1.5 MB per event. Therefore ATLAS has a trigger system with three distinct levels to
reduce the data rate to ∼ 300 MB/s: L1, L2, and the event filter (EF). Each trigger level
refines the decisions made at the previous level and, where necessary, applies additional
selection criteria.

L1

The L1 trigger searches for high transverse-momentum muons, electrons, photons, jets,
and τ -leptons decaying into hadrons, as well as large missing and total transverse en-
ergy. Information from the muon trigger chambers and all calorimeters (with reduced-
granularity) are processed by the central trigger processor, which implements a trigger
‘menu’ made up of combinations of trigger selections. In each event, the L1 trigger de-
fines one or more Regions-of-Interest (RoI’s), i.e. the geographical coordinates in η and
φ, of those regions within the detector where its selection process has identified inter-
esting features. L1 trigger decisions are made in less than 2.5 µs, reducing the rate to
about 75 kHz.

L2

The L2 selection is seeded by the RoI information provided by the L1 trigger. L2 selec-
tions use, at full granularity and precision, all available detector data within the RoI’s
(approximately 2% of the total event data). The L2 menus are designed to reduce the
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trigger rate to approximately 3.5 kHz, with an event processing time of about 40 ms,
averaged over all events.

EF

The final stage of the event selection is carried out by the event filter, which reduces
the event rate to roughly 200 Hz. Its selections are implemented using offline analysis
procedures within an average event processing time of the order of four seconds.

3.2 Jet reconstruction

Jet reconstruction is essential for the detection of top quarks. The precise properties of
jets, like shape, size, and contents, depend on the algorithm used for jet finding. Ideally,
the reconstructed jets exactly correspond to final state partons of the hard interaction.
Although jets are typically boosted in the same direction as the partons they originate
from, jets consist of different types of particles which do not necessarily all produce
measurable signals in the calorimeters. Several calibration steps are thus needed to
properly reconstruct jets from the calorimeter signals.

In ATLAS the jet reconstruction sequence is implemented as shown in Figure 3.15.
The implementation allows for the use of a variety of jet clustering algorithms using as
input any reconstruction object having a four-momentum representation. In the follow-
ing sections three aspects of jet reconstruction in ATLAS will be discussed: input to jet
reconstruction, jet clustering algorithms, and jet calibration.

3.2.1 Input to jet reconstruction

The typical inputs for jet finding are calorimeter signals for ‘reconstructed’ or ‘calorime-
ter’ jets, and stable particles from the Monte Carlo generator for ‘truth particle’ jets. For
the reconstruction of calorimeter jets, two different types of calorimeter signals can be
used: towers and topological clusters . Truth particle jets are only available in simulated
data and are very useful for comparison with reconstructed jets to determine the impact
of detector acceptance and resolution on jet reconstruction performance. Although less
common, it is also possible to use charged inner detector tracks for reconstructed jets
and Monte Carlo final state partons for truth particle jets.

Calorimeter towers

Towers are formed by collecting calorimeter cells into bins of a regular ∆η × ∆φ =
0.1 × 0.1 grid and, depending on their location, summing up their signals or a fraction
of their signal, corresponding to the overlap area fraction between the tower bin and the
cell in ∆η and ∆φ. This summing stage is non-discriminatory, meaning all calorimeter
cells are used in the towers. Towers with negative signals are dominated by noise, and
cannot directly be used in jet finding because they do not have valid physical four-
vectors. Instead, they are recombined with nearby positive signal towers in order to
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Figure 3.15: Schematic view on the reconstruction sequences for jets from calorime-
ter towers (left), uncalibrated (center) and calibrated (right) topological
calorimeter cell clusters in ATLAS. The reconstruction (software) do-
mains are also indicated.
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compensate with positive noise. The resulting towers have a net signal which is positive
and can be used by the jet finders. Since the noisy cells still contribute to the jets, this
approach can be understood as an overall noise cancellation rather than suppression.

Calorimeter tower signals were until recently the default input for jet finding in
ATLAS. For consistency, only tower signals have therefore been used in this thesis for
jet reconstruction.

Topological clusters

Topological clusters are currently the default input for the reconstruction of transverse
missing energy and jets respectively. Topological cell clusters represent an attempt to
reconstruct energy depositions in the calorimeter in three directions. Direct nearest,
secondary nearest, and further outlying neighbouring cells are collected around seed
cells using thresholds of |Ecell|/σcell > 4, 2, and 0 respectively for the significant absolute
signal above the total noise (electronics plus pile-up). If a resulting cluster contains
multiple local signal maxima, it is split into smaller clusters.

Contrary to the signal tower formation, topological cell clustering includes actual
noise suppression, meaning that cells with no signal at all are most likely not included
in the cluster. This results in substantially less noise and less cells in cluster jets than
in tower jets. A comparison of the jet reconstruction performance between the two
calorimeter input signals in Section 3.2.4 will show that differences for high-pT jets are
rather small. It is therefore expected that the choice of input signal will not significantly
affect the analyses in this thesis.

Truth particles

Truth particle jets are formed by applying a jet algorithm to all stable particles (neutral
and charged) in the final state within |η| < 5. A particle is defined stable when it
has a lifetime in the laboratory frame of more than 3.3 × 10−12 s, or equivalently, a
decay length of more than 10 mm. The particles can emerge from the hadronisation of
a hard-scattered parton, from initial- and final-state radiation, and from the underlying
multiple interactions in the event. The kinematic properties of these particles are taken
at their generation vertex, before any interaction with the detector and its magnetic
field. Neutrinos and muons generated in the collision are excluded from these truth jets,
as they have their own observables, i.e missing transverse momentum for neutrinos and
explicitly reconstructed tracks for muons.

3.2.2 Jet clustering algorithms

The actual reconstruction of jets from a collection of input-objects (either calorimeter
signals or MC truth particles) is carried out by a jet clustering algorithm. During this
research the two default algorithms in ATLAS were a seeded fixed cone algorithm and a
successive recombination algorithm. Both algorithms are used in two different configura-
tions, shown in Table 3.2, one producing narrow jets for e.g. W -mass spectroscopy in tt̄
events or events containing large multiplicities of jets as in supersymmetric models, and
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the other producing wider jets for e.g. QCD studies of di-jet and multi-jet final states
at luminosities below 1033cm−2s−1.

Algorithm Main parameter Application

Seeded fixed cone
(seed pT > 1 GeV)

Rcone = 0.4 W± → jj in tt̄, SUSY

Rcone = 0.7 inclusive jet cross-section, Z ′ → jj

kT
R = 0.4 W± → jj in tt̄, SUSY

R = 0.6 inclusive jet cross-section, Z ′ → jj

Table 3.2: Default jet finder configurations used in ATLAS.

Seeded fixed cone algorithm

The iterative seeded fixed cone jet finder works as follows. First, all input (calorimeter
signals or MC truth particles) is ordered in decreasing order in transverse momentum
pT . If the object with the highest pT is above the seed threshold, all objects within a
cone in pseudorapidity η and azimuth φ with ∆R =

√

∆η2 +∆φ2 < Rcone (Rcone is the
fixed cone radius) are combined with the seed. A new direction is calculated from the
four-momenta inside the initial cone and a new cone is centered around it. Objects are
then (re-)collected in this new cone, and again the direction is updated. This process
continues until the direction of the cone does not change anymore after recombination,
at which point the cone is considered stable and is called a jet. At this point the next
seed is taken from the input list and a new cone jet is formed with the same iterative
procedure. This continues until no more seeds are available. The jets found this way can
share constituents, and signal objects contributing to the cone at some iteration maybe
lost again due to the recalculation of the direction at a later iteration.

Because soft particles might change the jet configuration, this algorithm is not in-
frared safe. This can be (at least) partly recovered by introducing a split and merge
step after the jet formation is done. Jets which share constituents with more than a
certain fraction fsm of the pT of the less energetic jet are merged, while they are split
if the amount of shared pT is below fsm, with fsm = 0.5 in ATLAS. Other important
parameters of the ATLAS cone jet finder are a seed threshold of pT > 1 GeV, and a
narrow (Rcone = 0.4) and a wide cone jet (Rcone = 0.7) option.

From a theoretical standpoint this particular cone jet finder is by design only mean-
ingful to leading order for inclusive jet cross-section measurements and final states like
W/Z+1 jet (with the W/Z decaying leptonically). It is not meaningful at any order for
3-jet final states, W/Z+2 jets, and for the measurement of the dijet invariant mass in
2 jets+X final states.

Although using this algorithm might be problematic for comparison with theoretical
predictions, this is not the case for comparison between simulated data and collision
data in the same experimental environment. The reason for this is that by using the
same jet algorithm for the reconstruction of simulated data and collision data, effects
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from the jet algorithm are included in both cases. Therefore, unless stated otherwise,
the fixed cone jet algorithm with Rcone = 0.4 is the default jet algorithm used in this
thesis, conform the default choice of ATLAS for top quark physics at the time. The cone
algorithm is also used for the high-level trigger, because this particular implementation
is fast.

kT algorithm

The kT algorithm is an implementation of a sequential recombination jet finder in AT-
LAS. The algorithm analyses for all pairs of input objects i and j (partons, particles,
reconstructed detector objects with four-momentum representation) a distance measure,
defined as:

dij = min(p2T,i, p
2
T,j)

∆R2
ij

R2
= min(p2T,i, p

2
T,j)

∆η2ij +∆φ2
ij

R2
(3.2)

where R is a free parameter which controls the size of jets. Besides the dij, also the
distance of each object i relative to the beam, given by diB = p2T,i, is determined. The
next step is finding the minimum dmin of all dij and diB. If dmin = dij, the corresponding
objects i and j are combined into a new object k according to their four momenta.
Both objects i and j are removed from the list, and the new object k is added to it. If
dmin = diB, the object i is considered to be a jet by itself and removed from the list.
This procedure is repeated for the resulting new sets of dij and diB until all objects are
removed from the list. This means that all original input objects end up to be either
part of a jet or to be jets by themselves.

The idea behind this algorithm is that the distance measure in Eq.(3.2) corresponds
to the squared inverse of the splitting probability for one parton k to go into two, i
and j, in the limit where either i or j is soft and they are collinear to each other [150].
Because of this close relation to the structure of QCD divergences, this algorithm is also
used to determine the various emission scales when merging the parton showering with
matrix elements as described in Section 2.2.3.

Contrary to the cone algorithm described earlier, there are no constituents shared
between jets. Furthermore, the procedure is infrared and collinear safe because it does
not use seeds. On the other hand, disadvantages of this algorithm are that it is computa-
tionally slower and that the shape of jets is irregular. As a result of the latter, corrections
for detector effects are more complicated than for the cone algorithm. In ATLAS, the
default configurations are R = 0.4, for narrow, and R = 0.6, for wide jets.

Alternative jet finders

In 2009, the SISCone [151] and anti-kT [152] algorithms have been introduced in ATLAS
as alternative cone and sequential recombination algorithm respectively. In contrast with
the ATLAS seeded fixed cone jet finder, SISCone (Seedless Infra-red Safe Cone) is a
collinear and infrared safe algorithm. This is achieved by starting with all stable cones
rather than with seeds to find hard stable cones. This final set of hard stable cones is
then unaffected by the presence of soft particles. A downside over this jet finder however
is that it is rather slow [153].
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The anti-kT algorithm clusters objects according to Eq.(3.2) with p−2
T instead of p2T ,

which means that it clusters the other way round compared to the kT algorithm: softer
objects will be merged with harder objects in order of their closeness in ∆R and the
circular jet boundary is unaffected by soft radiation.

Although at the time of writing an extensive performance study was still ongoing
[154], preliminary results [155, 156] indicate that, compared to other jet finders, the anti-
kT algorithm has an outstanding performance in events with busy multijet topologies
and will most likely be the future default jet algorithm. In Section 3.2.4 differences in
the performance of the jet algorithms mentioned above will be demonstrated.

3.2.3 Jet calibration

The ultimate goal, reconstruction of jets at the parton level, requires that all jet energy
is identified and that any possible difference between observed energy and true energy
as a consequence of the detector acceptance, jet algorithm, and physical processes, is
accounted for.

As shown in the left plot of Figure 3.16, according to simulation, the fraction of the
total jet energy carried by the different particle types in a jet is basically independent
of energy2. About 25% of the energy is carried by photons (mainly from π0 decays)
and therefore, 25% of the energy deposits in the calorimeters comes directly from pure
electromagnetic showers. The right plot shows the average fractional energy observed
in the different calorimeter samplings with respect to the true jet energy in the central
calorimeter regions (|η| < 0.7). The observed energy corresponds to the electromagnetic
component hadronic shower and without additional calibration it is therefore at the so-
called ‘electromagnetic scale’. Most of the energy (about 2/3rd of the observed ‘jet EM
energy’) is measured by the electromagnetic calorimeter.
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Figure 3.16: Left: fractional energy carried by different particle types as function of jet
energy. Right: fraction of true energy observed in the different calorimeter
samplings for a jet in the central (|η| < 0.7) calorimeter region as function
of its true energy.

2This is a result of the fact that fragmentation functions are independent of jet energy.
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The total observed jet energy differs significantly from the true jet energy. The large
discrepancy is due to the following detector effects:� the response to hadrons is lower than to electrons and photons, and is non-linear

with hadron energy;� the presence of dead material and cracks in the calorimeters;� tracks bending in and out the jet cone due to the solenoidal magnetic field;� neutrinos from the decay of particles inside a jet can not be detected at all.

There are two strategies in ATLAS to correct for these detector effects. The first
method is ‘H1 calibration’, and second method ‘local calibration’. H1 calibration is ap-
plied after the jet finding stage (sequence I and II in Figure 3.15), while local calibration
is applied before the jet finding stage (sequence III). Because the latter method is rela-
tively new and not yet performing as well as the former, it is currently not extensively
used in ATLAS. Therefore, only H1 calibrated jets are used in this thesis.

H1 calibration

The longstanding calibration scheme for calorimeter jets in ATLAS is based on cell
signal weighting. It can be applied to both tower and cluster jets.The basic idea behind
this approach is that low signal densities in calorimeter cells indicate a hadronic signal
and thus need a signal weight for compensation of the order of the electron/pion signal
ratio e/π, while high signal densities are more likely generated by purely electromagnetic
showers and therefore do not need additional signal weighting.

Each cell i in the jet is weighted by a function depending on the cell location ~Xi and
the cell signal density ρi = Ei/Vi, with Ei being the electromagnetic energy signal of the
cell, and Vi being the volume of the cell. The weighting factor w ≈ 1.0 for high density
signals and rising up to w ≈ 1.5, the typical e/π for the ATLAS calorimeters, with
decreasing cell signal densities. The weighting functions are universal in that they do
not depend on any jet feature or variable. The calibrated jet four-momentum (Ejet, ~pjet)
is then recalculated from the weighted cell signals, which are treated as massless four-
momenta (Ei, ~pi) with fixed directions:

(
Ejet

~pjet

)

=

Ncells∑

i

wi(ρi, ~Xi)

(
Ei

~pi

)

The signal weighting functions have been determined by comparing reconstructed
calorimeter tower jet energies with matching Monte Carlo truth particle jet energies in
fully simulated QCD dijet events, using seeded fixed cone jets (Rcone = 0.7).

Residual non-linearities (as function of pT ) and non-uniformities (as function of η)
are corrected by an additional calibration function parametrised in both variables. These
corrections have also been calculated for other standard jet finding configurations and
calorimeter signals. The calibration has been determined using the ideal, non-distorted
detector geometries. After these energy scale corrections, jets are calibrated to the par-
ticle level.
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In-situ calibration

Further refinement of the jet energy scale to the parton level can not be achieved in a
generic way. This step has to be performed in the context of a specific physics process
or analysis, because physics effects such as such as clustering, fragmentation, initial and
final state radiation, underlying event and pile-up (multiple proton-proton interactions)
need to be taken into account. Typical processes for this in-situ calibration are di-jet,
γ + jet, Z + jet, and W → jj decays in tt̄ events. This topic is however beyond the
scope of this thesis.

3.2.4 Jet reconstruction performance

The jet reconstruction performance depends on all the three aspects of jet reconstruction
discussed above: signal inputs, clustering algorithms, and calibrations. In this section
two of dependencies are highlighted. First, it will be shown how the choice of calorimeter
signal as input to jets affects the performance. Then, it will be demonstrated how the
choice of jet algorithm affects the performance.

Towers versus clusters

The efficiencies and purities are shown for cone tower and cone cluster jets in VBF
produced H → τ+τ− as function of pT and y in Figures 3.17 and 3.18. For this process
the Higgs mass is assumed to be 120 GeV and the τ only decays leptonically. The
jets were reconstructed with R = 0.7 and were matched for the efficiency and purity
determination with the truth particles using a matching radius ∆Rm = 0.5. These
results show that for pT > 40 GeV, the performance of the tower and cluster jets are
very similar. For lower values of pT , however, the cluster jets are found with both higher
efficiency and purity than tower jets.
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Figure 3.17: Efficiency (left) and purity (right) of jet reconstruction in VBF-produced
Higgs-boson events as a function of pT of the truth particle jet for cone
tower and cone cluster jets with ∆R = 0.7.

For jets reconstructed with pT > 10 GeV, the fake rates in the central region are
quite high, ranging from 30% for cluster jets to 45% for tower jets as can be seen in
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3.2. Jet reconstruction

Figure 3.18. In the forward regions, the jet-tagging efficiencies are close to 90% for cluster
jets while they are only around 50% for tower jets with, however, significantly higher
fake rates of ∼ 10% for the cluster jets. These results are clearly also quite sensitive to
pile-up, so it is important to stress here that the numbers above apply only for initial
data-taking at luminosities between 1031 cm−2 s−1 and 1033 cm−2 s−1.
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Figure 3.18: Efficiency (left) and purity (right) of jet reconstruction in VBF-produced
Higgs-boson events as a function of the rapidity y of the truth particle jet
for pjetT > 10 GeV and pjetT > 20 GeV and for cone tower and cone cluster
jets with ∆R = 0.7.

ATLAS cone and kT versus SISCone and anti-kT algorithms

The performance of the two (former) default ATLAS algorithms, fixed-cone jet finder
and kT , have been compared with the new algorithms, SISCone and anti-kT , in the busy
event topology of the supersymmetric benchmark process called “SU4”. The signatures
of this process are very similar to that of tt̄ production [157]. The jet reconstruction
efficiency and purity as a function of jet pT for all four algorithms is shown in Figure 3.19.
The efficiency and purity are determined by matching reconstructed jets with truth jets
that are within a distance R = 0.2.

Both higher efficiencies and purities are obtained for the sequential recombination
algorithms and especially for the anti-kT algorithm. The same conclusion is also obtained
using towers as inputs to the jet algorithms and also using wider jets. Although not
shown here, also studies on the influence of pile-up on the jet performance indicate that
the anti-kT algorithm is the most stable performing algorithm.

For the results in this thesis, quantitatively significant changes are expected when
switching to another jet algorithm because of the substantial differences in reconstruction
efficiency and purity. However, qualitatively, these changes will be of minor importance
as they do not directly affect the systematic uncertainties, such as the modelling of the
underlying physics.
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Figure 3.19: Jet efficiency (left) and jet purity (right) as a function of the true jet
pT using topological clusters jet as input for different jet algorithms with
R = 0.4 and for |η| < 2.5 and pT > 20 GeV in events where supersym-
metric particles are produced according to the SU4 model.

3.3 The typical tt̄ event

Figure 3.20 shows an event display of a simulated semi-leptonic tt̄ event in the ATLAS
detector. The tt̄ pair is produced in a proton-proton collision at a centre-of-mass energy
of 10 TeV. The anti-top quark decays leptonically via a W− boson into a muon and a
neutrino, the top quark decays hadronically via a W+ boson into jets, resulting in the
characteristic signatures: a single isolated lepton, a large amount of missing transverse
energy, and multiple high-pT jets of which two identified as coming from b quarks.3
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3.3. The typical tt̄ event

Figure 3.20: Event display of a simulated semi-leptonic tt̄ event in the ATLAS detec-
tor. The event display shows (a) a fish-eye projection along the beam axis, (b) a side
projection of the ρ− φ plane (with ρ =

√

x2 + y2), and (c) a lego plot of reconstructed
objects in the η − φ plane. The fish-eye projection and the side projection show the re-
constructed inner detector tracks, energy depositions in the calorimeter cells, and the
muon track including the hits in the MDT stations. The magenta dashed line indicates
the φ-direction of the missing transverse energy. In the lego plot the amount of energy
deposited in the η − φ plane is shown. The gray circles around the energy depositions
indicated in yellow represent the five reconstructed jets with pT above 20 GeV. The ad-
ditional blue circles around two gray circles mean that those jets are identified as jets
coming from b quarks. The highest tower in red represents the 27 GeV muon. The ma-
genta dashed line is the projection of the missing transverse energy in η − φ plane. The
amount of missing transverse energy is 59 GeV.

(a) (c)

(b)
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4
Production of W + jets, tt̄, and tt̄H

The production of W + jets, tt̄, and tt̄H in hadronic collisions have similar event topolo-
gies due to the appearance of a W± boson and jets in the decay chain of a top quark.
W + jets production has the largest cross section of the three processes and is the main
background to tt̄ signals, while tt̄ production, in turn, is the dominant background for
tt̄H searches. To gain more insight in the production of W + jets, tt̄, and tt̄H , the mo-
mentum fractions, x1 and x2, of the two partons interacting in the hard scattering of
the proton-proton collision have been studied for the three processes. The goal of this
study is to investigate whether the reconstruction of these momentum fractions can be
used as a tool to discriminate between W + jets, tt̄, and tt̄H production.

4.1 Momentum fractions

Momentum fractions were already introduced in Chapter 1, Eq.(1.1). They relate the
amount of energy in the hard scattering

√
ŝ to the total centre-of-mass energy

√
s in the

pp collision:

ŝ = x1x2s with x1x2 =
M2

inv

s

where Minv is the total invariant mass of the particles produced in the hard scattering.
Hence for each final state a unique minimum amount of energy is required, otherwise
the production is kinematically not allowed. For example, to create two top quarks of
175 GeV, a minimum invariant mass of 350 GeV is needed. With

√
s = 14 TeV at the

LHC, this implies that x1x2 ≥ 6.25 × 10−4 for tt̄ production (assuming a pure 2 → 2
hard process).

The characteristic momentum fraction distributions for W + jets, tt̄, and tt̄H pro-
duction are studied throughout this chapter at leading order with the Pythia v6.415
Monte Carlo generator using the CTEQ6.1L PDF. The cross sections, calculated with
Pythia, are given in Table 4.1. The W + jets cross section is approximated by the
W + g/q hard process1. The values of the momentum fractions x1 and x2 used in the

1This corresponds to Pythia’s process switch MSEL=14: the tree-level matrix element is used, which
should give a better description of the high-pT region than the lowest order matrix element for W±

boson production.
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PDF evaluation are considered as the reference values.

Process σLOσLOσLO

W + q/g 344 nb

tt̄ 498 pb

tt̄H 521 fb

Table 4.1: Cross sections calculated at leading order with Pythia.

The typical momentum fraction distributions of the three processes are shown in
Figure 4.1. Both the x1, x2- and x1x2-distributions show that there is a clear separation
in the regions populated by the different type of events. Note however that the histograms
are normalised to unity and that the overlap of the distributions is thus larger than the
figures suggest. The distributions show that indeed the boundaries are given by the
minimum required x1x2 ≥ Minv/

√
s, corresponding to -4.5 for W + jets, -3.2 for tt̄, and

-2.9 for tt̄H events on the logarithmic scale. The upper limit is given by x1x2 = 1. The
x1, x2-distribution is symmetrical as expected from pp collisions.
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Figure 4.1: Distributions of (a) the momentum fractions x1 and x2 separately and (b)
the combined momentum fraction x1x2 for the W + jets, tt̄, and tt̄H pro-
duction processes. The distributions are normalised to unity.

Figure 4.1(b) shows that the tails of the distributions are larger at higher x1x2 values
than at lower values. This is due to the fact that only on the right side of the peak phase
space is available for increased momentum of the outgoing particles and production of
additional (hard) partons. The left side is limited by the threshold for particle production
at rest.
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4.2. Reconstruction of x1 and x2

4.2 Reconstruction of x1 and x2

In order to measure x1 and x2, the original particles produced in the hard interaction
need to be reconstructed. In theory, this can be done by adding up all four momenta
of the particles’ decay products. Experimentally this can only be done by using recon-
structed jets, leptons, and missing transverse energy 6ET . Before doing so, an intermedi-
ate step is made. There is namely one particular problem that arises when large 6ET is
involved caused by a neutrino (from W → ℓνℓ decay): the longitudinal component of the
neutrino momentum can not be reconstructed unambiguously. Whether this imposes a
problem on the reconstruction of x1 and x2 will be studied first.

4.2.1 Neutrino momentum

In Figure 4.2 again the momentum fraction distributions of W + jets, tt̄, and tt̄H events
are compared with each other. This time, x1 and x2 are reconstructed by adding up
all the four-vectors of the decay products in the Monte Carlo truth information, and
using Eq.(1.1). The W± boson in W + jets is forced to decay leptonically, while in tt̄
and tt̄H one of the W± bosons decays leptonically and the other hadronically. In the
case of W + jets, reconstruction is done with the lepton, neutrino, and accompanying
parton which recoiled against the W± boson (and eventually forms a jet). The tt̄ pair is
reconstructed from the b, b̄, q, q′, ℓ, and νℓ. The tt̄H system is reconstructed like tt̄ plus
two b-quarks from the Higgs decay. To mimic the loss of information on the longitudinal
component of the neutrino momentum, pνz is set equal to zero and the energy is corrected
accordingly.

As can be seen by comparing Figure 4.2 with Figure 4.1, for W + jets events the
impact of the missing neutrino pz is large. Small values of x1 and x2 are not reconstructed
properly resulting in a curved x1, x2-distribution. The combined x1x2-distribution shows
a smearing with respect to the originally generated distribution. Although also for tt̄ and
tt̄H events a smearing of the orignal distributions is visible, the distributions seem to
suffer less from the absence of pz(ν) than in the W + jets case. Between the distributions
of the three processes there is still a clear separation visible.

Two effects are playing a rôle in the fact that the reconstruction of W + jets events
suffers more from lacking the information on the neutrino pz than tt̄ and tt̄H . First
of all, in the tt̄ and tt̄H case the total momentum of the system is carried by 6 and 8
particles respectively. The effect of missing longitudinal neutrino momentum is therefore
less than for the W + jets case, where the total system’s momentum is divided over only
4 particles. Secondly, neutrinos in W + jets events cover a larger pseudo-rapidity range.
This can be seen in Figure 4.3 where the pseudo-rapidity η of neutrinos from W decay
in the three processes is compared.

4.2.2 Jets and acceptance

The next two steps towards a more realistic reconstruction of the hard scattering are (i)
using jets instead of decay particles from the Monte Carlo truth information, and (ii)
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Figure 4.2: Reconstructed distributions of (a) the momentum fractions x1 and x2 sepa-
rately and (b) the combined momentum fraction x1x2 for the (semi-)lepton-
ically decaying W + jets, tt̄, and tt̄H processes. The longitudinal component
of the neutrino momentum was set to zero in the reconstruction. The dis-
tributions are normalised to unity.
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Figure 4.3: Pseudo-rapidity distributions of neutrinos from W -decay in W + jets, tt̄,
and tt̄H events. The distributions are normalised to unity.

including detector acceptance. The jets are ATLAS cone 0.4 truth jets. The lepton and
missing energy (neutrino momentum without longitudinal component) are still taken
from the Monte Carlo truth list. The detector acceptance limits the range of measurable
transverse momentum and rapidity of a lepton, jet, and 6ET . To estimate this effect on
the reconstruction of x1 and x2 some basic acceptance cuts are applied to the physics
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4.2. Reconstruction of x1 and x2

objects used in the reconstruction. These cuts are summarised in Table 4.2. Figure 4.4
shows the x1x2-distributions for the three processes when performing the reconstruction
with jets with and without including the acceptance cuts.

|η|max pT,min

e, µ, τ 2.5 20 GeV

jet 2.5 20 GeV

6ET – 20 GeV

Table 4.2: Cuts applied to objects to mimic detector acceptance effects.
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Figure 4.4: Reconstructed distributions of the combined momentum fractions x1x2 us-
ing jets (a) without detector acceptance cuts and (b) with detector accep-
tance cuts for the (semi)leptonically decaying W + jets, tt̄, and tt̄H pro-
cesses. The distributions are normalised to unity.

When comparing Figure 4.4(a) with Figure 4.2 the diffusive effect of the reconstruc-
tion with jets on the distributions becomes clear. The x1x2-distributions is flatter and
more smeared. Although the loss in accuracy due to the usage of jets is experimen-
tally unavoidable, the exact amount will depend on the choice of jet algorithm and its
parameters. This is outside the scope of this study.

Another typical feature visible in the figure is that the reconstructed distribution is
shifted towards a larger x1x2 value. This is caused by the fact that the jets originate
not only from the hard interaction, but also from initial state radiation and multiple
interactions.

Figure 4.4(a) also demonstrates that the overlap of the distributions increased sig-
nificantly. This means that distinguishing between the processes becomes more difficult
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when reconstructing the particles created in the hard scattering using jets. Note again
that the histograms are normalised to unity. Using absolute normalisation (Table 4.1),
the W + jets distribution is almost three orders of magnitude larger than the tt̄ distri-
bution. This is demonstrated in Figure 4.5.

Comparing Figure 4.4(a) with Figure 4.4(b) shows that only part of the x1 and
x2 phase space is reconstructed. The shapes of the peaks in the distributions of all
three processes are sharper and narrower. Although at first maybe counter intuitive,
this suggests that the acceptance cuts improve the reconstruction. The most probable
reason for this is that the softer jets (mainly from radiation and multiple interactions) are
discarded. Therefore a ‘cleaner’ event is reconstructed. The peaks of the reconstructed
distributions are very similar to the originally generated ones in Figure 4.1. The broader
tails indicate the degradation in the resolution due to the usage of jets.

4.2.3 Jet multiplicity

In the previous paragraph it was shown that – when looking at the normalised distribu-
tions – a clear separation between W± boson and top quark events is possible using x1

and x2. This changes drastically when increasing the minimum required jet multiplicity
in events from zero up to four to select more top-like events, as shown in Figure 4.6.
The histogram points out that W± boson events with increasing jet multiplicity popu-
late the same region as top events. Events with at least four jets peak around a value
10 log(x1x2) ≈ −3, close to the value where tt̄ events would peak. Thus requiring a
minimum jet multiplicity gives indeed a bias to more top-like events. Since typical top
event selection criteria include jet multiplicity to discriminate between processes, this
indicates that not much can be gained by using an additional cuts on x1 and x2.

)2.x
1

log(x10

-8 -7 -6 -5 -4 -3 -2 -1 0

   
[p

b/
0.

2]
2x 1

/d
x

σd

-210

-110

1

10

210

310

410

510

610

)2.x
1

log(x10

-8 -7 -6 -5 -4 -3 -2 -1 0

   
[p

b/
0.

2]
2x 1

/d
x

σd

-210

-110

1

10

210

310

410

510

610
W+jets  

tt
H tt

with cuts
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sections of Table 4.1 (in pb).
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4.2.4 Hadronic W± boson events

In the case of hadronically decaying W± bosons, reconstruction of x1 and x2 does not
suffer from the missing longitudinal neutrino momentum. In principle, x1 and x2 could be
completely reconstructed using jets. In figure 4.7 both x1, x2- and x1x2-distributions are
reconstructed for fully hadronic W + jets, tt̄, and tt̄H events. For the jets, a minimum
transverse momentum of pT > 20 GeV and maximum pseudo-rapidity of |η| < 2.5 was
required.

)
1

log(x10

-5 -4.5 -4 -3.5 -3 -2.5 -2 -1.5 -1 -0.5 0

) 2
lo

g(
x

10

-5.0

-4.5

-4.0

-3.5

-3.0

-2.5

-2.0

-1.5

-1.0

-0.5

0.0
W+jets   

 tt
Htt

)2.x
1

log(x10

-8 -7 -6 -5 -4 -3 -2 -1 0
0.00

0.02

0.04

0.06

0.08

0.10

0.12

)2.x
1

log(x10

-8 -7 -6 -5 -4 -3 -2 -1 0
0.00

0.02

0.04

0.06

0.08

0.10

0.12
W+jets    

  tt

H tt

(a) (b)

Figure 4.7: Reconstructed distributions of (a) the momentum fractions x1 and x2 sepa-
rately and (b) the combined momentum fraction x1x2 for the fully hadronic
W + jets, tt̄, and tt̄H processes. Basis acceptance cuts are applied. The
distributions are normalised to unity.

First of all, the distributions are better reconstructed and more separated than in
the case of leptonic W± boson decay. In the x1, x2-distributions there is no deformation
present on the edges of the distributions like in the leptonic case. The reconstructed
distribution of W + jets events shows a double peak: the principal at the expected pro-
duction threshold (10 log(x1x2) ≈ −4.5) and second broader peak around −7. The latter
is an effect of the limited detector acceptance: these events only contain a single jet that
passed the selection criteria, hence the x1 and x2 that are reconstructed correspond to
the invariant mass of a jet (typically 1−10 GeV) and not to the mass of the W± boson.

In Figure 4.8(a), x1x2 is reconstructed as function of the jet multiplicity for hadronic
W + jets events. In this case, the required minimum jet multiplicity ranges from two
to six jets. Again, like for leptonic decaying W± bosons, the higher the jet multiplicity,
the higher the reconstructed value of x1x2. Fully hadronic decaying tt̄ events produce
typically six or more jets. Unfortunately, the x1x2-distribution for W + jets with at least
six jets peaks at the same value where the tt̄ distribution is expected to peak (−3.2).

A close up of the peak region is shown in Figure 4.8(b). Only W , tt̄ and tt̄H events
with at least six jets are shown. Although the distributions peak at slightly different
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Figure 4.8: Reconstructed x1x2-distribution of (a) 100.000 hadronically decaying W+
jet events with different jet multiplicity requirements: from 2 up to 6 jets,
and (b) W + jets, tt̄, and tt̄H events with at least six jets. Distributions
are normalised to unity.

values with respect to each other, a separation for event selection seems not achievable.

4.3 Conclusions

It has been shown that in principle reconstruction of the momentum fractions x1 and
x2 of the incoming partons can be used for event selection. However, one should expect
the accuracy to which x1 and x2 can be reconstructed to be limited due the detector
acceptance and offline reconstruction (eg. jets). In the case of leptonic W± boson decay,
the reconstruction is strongly affected by the lack of information on the longitudinal
component of 6ET . Other, not detector related factors, such as initial state radiation,
underlying events, and pile up2, cause further degradation of the separating power of
a cut on x1x2. The complexity of x1 and x2 reconstruction with respect to detector
response and the presence of other adequate selection criteria, like jet multiplicity, make
a ‘x1x2-cut’ less favourable. For this reason, theoretical uncertainties from parton density
functions and higher order QCD corrections have not been further investigated.

2not studied in this chapter
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5
Cross section at

√
s = 14 TeV

In this chapter, a study of the top quark pair production cross section with the ATLAS
detector in the commissioning phase is presented. The proposed measurement aims at
a ‘rediscovery’ of the top quark, using a small amount of early collision data containing
semi-leptonic tt̄. Since it was not expected that the b-tagging performance would be
sufficiently known at this stage, b-tagging is not used in the analysis. The work is based
on previous studies [158, 159] and is part of a larger effort of the ATLAS collaboration
to document physics analyses and detector performance studies using simulated data
[157], referred to as Computing System Commissioning (CSC).

Although the initial running of the LHC is actually at a centre-of-mass energy of
7 TeV, for this Monte Carlo study the assumption was 14 TeV. As a benchmark, the
integrated luminosities of the simulated data samples are taken to be 100 pb−1 (equiva-
lent to roughly ten days of data taking at a luminosity of 1032 cm−2s−1). For a realistic
simulation of the full detector response, a modified detector geometry is used with re-
spect to the ‘as-built’ geometry1. The reconstruction is performed with release 12 of the
ATLAS software framework.

First, the event topology of tt̄ will be studied in Section 5.1. In Section 5.2 the physics
objects, which are the building blocks of the top cross section measurement, will be
introduced. In Section 5.3 the criteria and efficiencies to select events with semi-leptonic
tt̄ candidates will be given. The reconstruction of top quarks from the selected events
is explained in Section 5.4. The actual tt̄ cross section extraction using a maximum
likelihood fit is performed in Section 5.5. In Section 5.6, the systematic uncertainties
associated with this method are mentioned and, finally, discussion on the measurement
results takes place in Section 5.7.

1In particular, misalignments are introduced for the inner detector and extra material is added in
the inner detector and in front of the calorimeters. In addition, distorted magnetic field configurations
are introduced, where the symmetry axis of the field does not coincide with the beam axis.
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5.1 Event topology

The decay of a top quark pair can be classified according to the subsequent decay of
the two W± bosons in ‘fully hadronic’ (4/9th), ‘semi-leptonic’ (4/9th), and ‘di-leptonic’
(1/9th). The fully hadronic decay results typically in six or more jets of which on average
two b-jets. Semi-leptonic decay is illustrated in Figure 5.1 and gives at least four jets of
which two b-jets, an isolated lepton, and missing transverse energy due to an escaping
neutrino. The di-leptonic decay leads to two b-jets, possibly with additional light jets,
two isolated and oppositely charged leptons, and missing transverse energy.

t

t̄
b

b̄

W−

W+

νℓ → 6ET ℓ+

q̄′q

jet

jet

jet jet

Figure 5.1: Event topology of semi-leptonically decaying top quark pair: tt̄ → bℓ+νℓb̄qq̄
′.

The typical signatures of these kind of events are four jets of which two
b-quark jets, missing transverse energy from the neutrino, and a single
isolated lepton.

Signal

Because the total cross section for QCD multi-jet production, O(55 mb), is many orders
of magnitude larger than for tt̄ production, O(900 pb), the fully hadronic tt̄ signal is
practically indistinguishable from this background. The semi- and di-leptonic channels
benefit from the presence of isolated leptons and a considerable amount of missing
transverse energy. The semi-leptonic channel has two advantages with respect to the
di-leptonic channel. First, only one (high-pT ) neutrino appears in semi-leptonic tt̄ decay
and therefore it is possible to kinematically reconstruct the individual top quarks in
an event. And second, the semi-leptonic tt̄ branching ratio is four times larger, hence a
greater amount of events will decay via this channel.

It should be noted however that τ leptons fromW → τντ decay (1/3rd of the leptonic
W boson decays) do not always produce clear signals in the detector like electrons and
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muons do. The reason for this is that, with an average lifetime of 290.6 ± 1.0 fs (cτ ≈
87 µm), τ leptons decay before they reach the detector. This decay is mainly hadronically
and, without explicit τ -identification, the τ channel is therefore not considered as part
of the semi-leptonic tt̄ signal in this analysis. Indirectly, the τ lepton still contributes to
the semi-leptonic tt̄ signal, since in 17.85 ± 0.05% of the cases it decays to an electron
and in 17.36± 0.05% of the cases to a muon [33].

Background

Without using b-tagging capability, the main background to the semi-leptonic tt̄ signal
is W boson production in association with extra jets from gluon radiation (W + jets).
As shown in Figure 5.2, the W + 4 jets process, with the W boson decaying leptonically,
has the same event topology as semi-leptonic tt̄ and is therefore called irreducible. The
cross section for this process2 is O(250 pb) and is thus comparable in size with that of
the tt̄ cross section.

q

q̄′ W+

jet

jet

jet

jet νℓ → 6ET

ℓ+
q

q̄′ g

jet

jet

jet

jet

no jet → fake ℓ, 6ET

Figure 5.2: Examples of irreducible background to the semi-leptonic tt̄ signal: W + jets
(left) and QCD multi-jet (right)

Although QCD multi-jet events do not contain leptons and neutrinos in the hard
scattering, they still contribute to the background of the semi-leptonic tt̄ analysis. For
example, as shown in the right illustration of Figure 5.2, a jet might be misidentified as
an electron. This misidentification results in a ‘fake’ lepton and possibly also in missing
transverse energy, giving the same signature as semi-leptonic tt̄. The probability of this
misidentification is small, but the cross section for QCD multi-jet production is large.
Careful evaluation of this background using simulation, including full detector response,
is however problematic due to the limitation in computing resources.

Estimating QCD multi-jet background

In the absence of a sample of Monte Carlo simulated QCD multi-jet events including full
detector response simulation, the rate of extra electrons and muons has been determined

2The cross section forW (→ e, µ)+ 4 jets is calculated withAlpgen at tree level and depends heavily
on the scale choice (here: µ2

F = µ2
R = m2

W+
∑

jets p
2
T ) and the jet definition (here: pT > 20 GeV, |η| < 2.5

and ∆R = 0.4).
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from simulated tt̄ events as function of jet multiplicity, jet transverse momentum, and
jet pseudo-rapidity [160]. It was found that the overall rate of extra electrons is roughly
22 · 10−5 per jet and the overall rate of extra muons is roughly 70 · 10−5 per jet in
semi-leptonic tt̄ events. The main sources for extra electrons are non-prompt electrons
from hadronic decays inside b-jets and fake electrons from misidentified hadrons inside
light jets. Extra muons are mainly non-prompt muons originating from hadronic decays
inside b-jets. Extrapolation to the QCD di-jet topology and comparison with simulated
events indicates this method is promising for a data-driven QCD multi-jet estimation3.
Together with the conservative estimate for the amount of background to the tt̄ signal
in Section 5.6.7 it is assumed that this background is small.

5.2 Object definitions

The physics objects of interest for the selection and reconstruction of semi-leptonic tt̄
events are electrons, muons, jets, and missing transverse energy. The more complex
objects, b-jets and τ -leptons, are disregarded since heavy flavour tagging is not used in
the analysis.

Electrons

Electrons are identified and reconstructed by the egamma algorithm in the calorimeter
and inner detector with the following criteria: the pT > 20 GeV and |η| < 2.5. Electrons
in the crack region 1.37 < |η| < 1.52 of the electromagnetic calorimeter are left out.
Hits in the transition radiation tracker are not mandatory and there is no requirement
on E/p for these ‘medium’ electrons (isEM=0x3FF). Isolation is required by setting a
limit on the allowed maximum transverse energy in a cone of size R = 0.20 around the
electron: ET,∆R=0.20 < 6.0 GeV.

Muons

Muons are identified and reconstructed in the muon spectrometer and inner detector
with the STACO algorithm and have a pT > 20 GeV and |η| < 2.5. Like electrons, the
muons should fulfill the isolation requirement of ET,∆R=0.20 < 6.0 GeV. To reduce the
number of falsely identified muons an additional cut bestMatch==1 is set, which ensures
that a muon track is a combination of an inner detector track and a muon spectrometer
track.

Jets

Jets are reconstructed with the ATLAS cone algorithm, using cone size R = 0.4, and
calibrated with the H1 method. The seeds for the algorithm used are cell-based towers
from the calorimeter. Jets are required to have pT > 20 GeV and |η| < 2.5. Furthermore,

3The overall expected rate for QCD di-jets is 45 · 10−5 (10 · 10−5) per jet for additional electrons
(muons), but the trigger and bb̄ + n-jets are not taken into account here.
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jets that have a ‘good’ electron (as defined above) in the vicinity ∆Rj−e < 0.2 are
removed, because the jet is most likely misreconstructed. For jets with a ‘good’ muon
close to it, this so-called ‘overlap removal’ is not done. Note that in this case, there is a
probability that non-prompt muons originating from decay inside b-jets are reconstructed
as isolated muons.

Missing transverse energy

The missing transverse energy 6ET is determined from three components: the sum of
transverse energy deposited in the topological cluster cells of the calorimeter, the cor-
rection for energy loss in the cryostat4, and the contribution from muons. It includes
refined calibration via the association of calorimeter cells with identified high-pT objects
(electrons, photons, muons, and jets).

5.3 Event selection

The selection of semi-leptonic tt̄ candidates from collision data will be carried out in
two steps. First the trigger system selects events with an isolated lepton from raw data.
Events that pass this trigger requirements are processed by offline reconstruction. Then,
a set of criteria, based on the offline reconstructed physics objects is applied to these
events.

Because the isolated lepton in semi-leptonic tt̄ used for triggering and event selection
is either an electron or a muon, the signal is divided into an ‘electron’ channel and a
‘muon’ channel, referred to as tt̄(e) and tt̄(µ) respectively. The two channels are combined
at a later stage to reduce the statistical uncertainty on the cross section measurement.

5.3.1 Trigger

For completeness, a brief description of the triggers involved in the tt̄ analysis is given
here. The trigger selecting electron candidate events is called e25i and the trigger se-
lecting muon candidate events is called mu20i. The electron trigger requires an isolated
electron with a transverse energy of at least 22.5 GeV, whereas the muon trigger requires
a muon with a transverse momentum of more than 20 GeV. For the muon trigger, the
isolation requirement is not yet implemented.

5.3.2 Preselection

The default ‘commissioning analysis’ cuts for semi-leptonic tt̄ are:� exactly one lepton (either electron or muon)� 6ET > 20 GeV

4The cryostat is located between the LAr barrel electromagnetic calorimeter and the tile barrel
hadronic calorimeter and is about half an interaction length where hadronic showers can lose energy.
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with the lepton, 6ET , and jets as defined in Section 5.2.

5.3.3 Selection efficiencies

In Table 5.1 the selection and trigger efficiencies have been determined for semi-leptonic
tt̄ in the electron and muon channel from simulated events. The list of all Monte Carlo
samples used can be found in Appendix A.2. The efficiency for each requirement is
defined as the ratio of the number of events that pass the requirement versus the total
number of events in that decay channel. The decay channel is determined from the Monte
Carlo truth list. Each channel contains approximately 110k events, corresponding to an
integrated luminosity of 1 fb−1. The statistical uncertainties5 on the efficiencies are
therefore below 0.2%.

sample ℓisoℓisoℓiso 6ET6ET6ET 4j20 3j40 sel trig total

tt̄(e) 52.0% 91.0% 70.7% 61.9% 22.1% 52.9% 18.2%

tt̄(µ) 68.7% 91.6% 65.5% 57.3% 29.8% 59.9% 23.6%

Table 5.1: Selection and trigger efficiencies for tt̄(e) and tt̄(µ) events.

The label “ℓiso” refers to the selection efficiency of an isolated electron (muon) in the
electron (muon) channel.“ 6ET”corresponds to the missing transverse energy requirement,
and“4j20”and“3j40” to the four and three jet requirements, respectively. The combined
preselection efficiency is given by “sel” and the trigger efficiency by “trig”. The total
combined efficiency is given in the last column “total”.

The difference in lepton selection efficiencies ℓiso indicate that the reconstruction effi-
ciency for muons is significantly larger than for electrons. At the same time, the efficien-
cies for the two jet selection criteria are higher in the electron channel than in the muon
channel. This implies that the electrons which are missed in the electron reconstruction
end up as reconstructed jets, thereby passing more easily the jet criteria. The small
difference between 6ET efficiencies shows that the 6ET reconstruction performs stable and
is not very sensitive to these misidentifications of electrons. The combined selection ef-
ficiencies of 22.1% and 29.8% are considerably lower than the individual efficiencies and
this indicates that the four offline criteria are almost completely uncorrelated (in the
fully uncorrelated case they would be 20.7% and 23.6% respectively). Like for the lepton
requirement, the muon trigger efficiency is with 59.9% higher than the electron trigger
efficiency of 52.9%. The main reasons for this are the difference in the pT -thresholds
of 20 GeV versus 22.5 GeV respectively and the higher efficiency plateau of the muon
trigger at large pT . Although the lepton trigger efficiencies are supposed to be highly

5Approximating the uncertainty with ∆ǫsel =
√

ǫsel · (1− ǫsel)/Ntot and ǫsel = Nsel/Ntot.

5

86



5.4. Top reconstruction

correlated with the offline lepton reconstruction efficiencies, due to the differences in
the pT thresholds and the acceptances of the triggers and the offline reconstruction,
the combined selection efficiencies are with 18.2% and 23.6% a few percent lower than
without the trigger requirements.

5.4 Top reconstruction

There are several strategies to test whether the events that passed the trigger and
preselection criteria for semi-leptonic tt̄ candidates, do indeed contain top quarks. This
measurement attempts to reconstruct for each event the ‘hadronic’ top quark of the
tt̄ pair. The hadronic top is the top quark that decays into three jets. As shown in
Figure 5.1 with t → bqq̄′, one jet stems from the b-quark and the other two jets from the
hadronically decaying W boson. Thus, by combining the four-momenta of these three
jets, the original hadronic top quark four-momentum could in principle be obtained, and
the invariant three-jet mass Mjjj should yield the hadronic top quark mass mt.

However, experimentally it is not a priori clear which three jets belong to the hadronic
top in an event. Furthermore, additional jets may be formed due to gluon radiation, and
very boosted top quarks might cause jets to merge with each other, altering the jet
multiplicity of the event. To overcome this problem, without the help of b-tagging, the
three jets that are taken to be from the hadronic top quark, are those jets that give the
maximum transverse momentum for their combined four-momentum vector.

The main idea behind this three-jet selection is that jets from top decays are, on
average, boosted in the same direction as the top quark they originate from. Since the
leptonic top quark is produced back-to-back in the transverse plane with the hadronic
top, it is most likely that the jet from the leptonic top will not maximise the transverse
momentum when combined with two jets of the hadronic top. Also additional jets from
radiation will only maximise the transverse momentum of a three-jet combination if it is
boosted in the same direction as the hadronic top. However, this additional radiation is
mainly soft and collinear, and it is therefore expected that the approach to reconstruct
the hadronic top remains valid. To test this hypothesis with simulated tt̄ events, the
combined four-momentum of the selected three-jet combination has been compared with
the hadronic top quark using Monte Carlo truth. It turns out that in 25.3 ± 0.3% of
the cases this approach picks a three-jet combination which is within ∆R < 0.2 of
the top quark, and is therefore considered the correct combination. Since the average
jet multiplicity in semi-leptonic tt̄ events is almost five jets, this is always better than
trying to randomly pick the correct three-jet combination.

5.4.1 Hadronic top quark mass

In Figure 5.3 the invariant three-jet mass Mjjj is shown for the selected tt̄ candidate
events in both the electron and muon channel. A distinction is made between three
contributions: the signal from correct three-jet combinations, combinatorial background
from incorrect three-jet combinations, and background from processes other than semi-
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leptonic tt̄.
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Figure 5.3: Invariant three-jet mass Mjjj for selected tt̄ candidate events in the (a)
electron channel and (b) muon channel.

Except for the normalisation, the distributions for both channels are alike. The signal
manifestly peaks above the background at 160–170 GeV. This mass range is slightly
below the input mass of 175 GeV, which could indicate a suboptimal jet energy scale
calibration (a distorted detector geometry was used in the detector response simulation).
The shape of the combinatorial background and background from other processes are
very similar with respect to each other. The distributions increase rapidly from 50–
150 GeV and decrease smoothly from 170 GeV onwards, with long tails towards high
masses.

W± boson mass constraint

Two of the three jets in a hadronic top decay come from a W± boson. This characteristic
is used to purify a sample of semi-leptonic tt̄ candidates. Out of the three possible di-
jet combinations which can be made from the three-jet combination with the largest
transverse momentum, at least one is required to have an invariant mass close to the
W± boson mass: |Mjj −MW | < 10 GeV.

In Figure 5.4 the distribution of di-jet invariant masses Mjj is shown for signal (light
shaded) and background events (dark shaded) that passed the trigger and preselection
criteria. The dashed lines indicate the limits of the W± boson mass constraint. Note
that each events contributes three entries to the histogram, since there are three di-jet
permutations per event. This results in a large combinatorial background. TheW± boson
mass peak is therefore not as pronounced as the hadronic top quark mass.

As shown in Figure 5.5, the invariant three-jet mass Mjjj distribution for tt̄ candidate
events after applying the MW -constraint is more pronounced. The peak is sharper and
the background is much reduced.

In Table 5.2 the expected number of events that will pass the trigger and preselection
criteria, together with the expected number of events that satisfy the W± boson mass
constraint in addition are given. The tt̄ signal is split up into the three decay channels,
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Figure 5.4: Invariant di-jet mass Mjj for selected tt̄ candidate events in the (a) electron
channel and (b) muon channel. Each event results in three entries.
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Figure 5.5: Invariant three-jet mass Mjjj of selected tt̄ candidate events passing the
MW -constraint in the (a) electron channel and (b) muon channel.

and the semi-leptonic decay is further subdivided per lepton flavour. The single top
events comprises the s, t, and Wt production channel. Of the processes containing a
single W± or Z boson in association with jets, only the signal from leptonically decaying
bosons is taken into account. In the diboson processes at least one boson of the two
bosons decays leptonically.

The events with label ‘Signal’ are the tt̄(e) events for the electron channel and tt̄(µ)
events for the muon channel. The signal events are subdivided in ‘Peak’ and ‘Combina-
torial’ events. The former corresponds to events with the correct three-jet combination,
the latter with the wrong combination. The rest of the events, including tt̄ decaying
otherwise than the channel of interest, is considered as ‘Background’.

The amount of events in the muon channel is larger than in the electron channel.
This is mainly caused by the fact that both the muon trigger efficiency and the muon
reconstruction efficiency are higher than for electrons. However, it should also be noted
that there is no overlap removal performed between muons and jets, like is done between
electrons and jets. This leads to larger selection efficiencies in the muon channel espe-
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process electron channel muon channel

trig. & presel. MW -constr. trig. & presel. MW -constr.

tt̄(e) 2185.0 1102.9 7.2 3.8

tt̄(µ) 2.7 1.1 2833.1 1435.2

tt̄(τ) 167.1 86.2 242.3 118.0

tt̄(ℓ+ℓ−) 268.0 87.8 344.4 119.4

tt̄(jets) 10.2 3.1 40.4 22.5

single t 183.3 72.9 229.6 87.1

W + jets 741.8 238.6 1040.8 317.7

Wbb̄+ jets 45.5 15.1 58.9 17.2

Z + jets 113.2 34.2 78.6 24.0

W+W− 7.3 3.7 8.6 4.3

WZ 4.1 1.6 5.5 2.2

ZZ 0.7 0.2 0.4 0.2

Signal 2185.0 1102.9 2833.1 1435.2

– Peak 551.2 389.2 717.4 510.8

– Combinatorial 1633.8 713.7 2115.8 924.4

Background 1543.9 544.3 2056.8 716.4

S/B 1.4 2.0 1.4 2.0

Table 5.2: Expected number of events passing the trigger and preselection criteria and
the MW -constraint for various processes and an integrated luminosity of
100 pb−1.

cially for events with b-jets, where muons are produced inside a jet via b-quark decay.
The difference of factor four between the tt̄(jets) contribution to the muon channel and
to the electron channel illustrates this.

In any case, for both channels the largest background comes from W + jets and di-
leptonic tt̄. The reason for the latter background to pass the selection criteria is that
often one of the two leptons is outside the detector acceptance and is not reconstructed.
This is also the case for Z + jets. Single top, in particular produced via the Wt channel,
and tt̄(τ) do contain a hadronic top and will form part of the hadronic top signal. The
diboson processes do not contribute significantly due to their small cross sections.

The reduction in the number of events that pass the selection after the additional
MW -constraint depends on the presence of a hadronic top quark in the event. Back-
ground from W + jets, Z + jets, and tt̄(ℓ+ℓ−) is reduced to roughly 1/3rd, while signal
from semi-leptonic tt̄, tt̄(jets), and single top are only reduced by a factor 1/2. The
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MW -constraint increases the signal over background ratio S/B from 1.4 to 2.0 for both
the electron and muon channel.

5.5 Cross section determination

The tt̄ cross section σ(tt̄) is measured by counting the number of events in the peak of
the invariant three-jet mass distribution Npeak and using:

σ(tt̄)×Br(tt̄ → bb̄qq̄′ℓν̄ℓ) =
1

fℓ
· Npeak
∫
Ldt (5.1)

The number of events in the peak are obtained by performing a maximum likelihood
fit with a combination of a Gaussian and a 4th order Chebyshev polynomial to the
Mjjj-distribution. The former describes the hadronic top mass signal and the latter both
combinatorial background and background from other processes, as illustrated in Fig-
ure 5.6. Note that the experimental resolution is much larger than the 2.1 GeV width of
the top quark mass [33], hence a Gaussian distribution should be suitable for describing
the measured shape of the top quark mass peak. The fraction fℓ relates the number
of events in the peak with the tt̄ cross section. It corrects for the detector acceptance,
the trigger and selection efficiencies, plus the hadronic top quark reconstruction effi-
ciency. The value of fℓ is determined for both the electron (fe) and the muon channel
(fµ) from Monte Carlo simulation as will be explained in the following section. Finally,
Br(tt̄ → bb̄qq̄′ℓν) is the semi-leptonic tt̄ branching ratio, and

∫
Ldt is the integrated
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Figure 5.6: (a) Example of a likelihood fit to the Mjjj-distribution using simulated muon
channel data equivalent to 100 pb−1 and (b) expected significance of the
likelihood fit as function of the luminosity assuming the nominal and twice
the nominal amount of background.
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Determination of fℓ

The fraction fℓ in Eq.(5.1) is determined by taking the ratio of the number of signal tt̄
events (Npeak) and the total number of semi-leptonic tt̄ events. But, instead of extracting
Npeak only once by using a maximum likelihood fit to theMjjj-distribution from simulated
events, the procedure is repeated 100,000 times with so-called pseudo experiments. Each
such experiment represents a measurement of the Mjjj-distribution based on ‘data’ with
an integrated luminosity equivalent to 100 pb−1. The data in this case consists of data
points from the original full Monte Carlo simulated sample, to which Poisson fluctuations
are introduced corresponding to the statistical uncertainty on 100 pb−1 of data. In each
pseudo experiment a binned maximum likelihood fit is performed to theMjjj-distribution
according to:

− lnL = − ln

Nevts∏

i=1

P
(
Mjjj; (µ, σ)

︸ ︷︷ ︸

Gaussian

, (c0, c1, c2, c3, c4)
︸ ︷︷ ︸

Chebyshev

, Nsig, Nbkg

)
(5.2)

The parameters of the fit are the mean and the width of the Gaussian distribution
(signal), the four constants of the Chebyshev polynomial (background), and the nor-
malisation of these two probability density functions giving the number of signal and
background events respectively.

Assuming a tt̄ production cross section of 833 pb and a branching ratio of 10.8%
for leptonic W boson decay, the total number of expected tt̄(e) and tt̄(µ) events in
a sample of 100 pb−1 integrated luminosity is approximately 12k events each6. The
number of events in the Mjjj-peak expected in the electron channel is 317 ± 56 events.
This corresponds to a fraction fe of 2.6 ± 0.5%. For the muon channel, the expected
number of events in the peak is 494 ± 68 events, corresponding to a fraction fµ of
4.1± 0.6%. The quoted errors on the expected number of events and efficiencies include
both statistical and systematic uncertainties associated with the fit. Fit uncertainties
will be discussed further in Section 5.6.5.

5.6 Statistical and systematic uncertainties

In Table 5.3 the statistical and systematic uncertainties on the cross section measurement
are given for both channels.

5.6.1 Luminosity

The luminosity of the LHC will be determined independently from this measurement.
The uncertainty on the luminosity measurement affects the cross section measurement
directly since Npeak ∝ L in Eq.(5.1).

At the LHC start-up only a rough measurement of the machine parameters will be
available. The expected uncertainty on the luminosity during this phase will be of the

6The normalisation depends on the cross section, the crucial quantity is therefore the fraction fℓ.
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Channel
Source electron muon

Statistical 10.5 8.0
Luminosity 5.0 5.0
Pile-up 0.0 0.0
PDFs 2.5 2.2
Lepton ID efficiency 1.0 1.0
Lepton trigger efficiency 1.0 1.0
Jet Energy Scale (5%) 2.3 0.9
ISR/FSR 8.9 8.9
Shape of fit function 14.0 10.4
50% more W + jets 1.0 0.6
20% more W + jets 0.3 0.3

Table 5.3: Uncertainties on the cross-section measurement (in %).

order of 20–30%. A better determination of the beam profiles using specials runs of the
machine will ultimately lead to a systematic uncertainty of the order of 3–5%.

Effects from pile-up (multiple hard scatterings per bunch crossing) are assumed to
be negligible in the initial phase of the LHC running at low luminosity and the pile-up
effects are therefore not investigated in this analysis.

5.6.2 Parton density functions

The parton distribution functions (PDF’s) used in the simulation7 have systematic un-
certainties in their parametrisations. These uncertainties enter in the tt̄ cross section
measurement via the factorisation principle in Eq.(1.2). The PDF uncertainties have
been determined for the tt̄ signal using fast detector simulation with (and without)
selection cuts applied.

The PDF set CTEQ6M provides NLO accuracy and allows to estimate the PDF uncer-
tainty via 40 ‘error’ sets. Each error set corresponds to either an upward variation, S+

i ,
or a downward variation, S−

i , of one of the 20 parameters, i, with respect to its central
value (by an amount of ∆χ2 = 100). In order to reduce the computational time, the tt̄
signal has not been resimulated for each set. Instead, events have been generated once
(with the central set) and reweighted for each error set on an event basis according to:

w±
evt,i =

S±
i (x1, Q

2) · S±
i (x2, Q

2)

S0(x1, Q2) · S0(x2, Q2)

where S0 is the central PDF set, S±
i one of the forty error sets, and x1, x2, and Q2 the

momentum fractions and energy scale of the event. The systematic uncertainty on the

7CTEQ6M for the tt̄ signal (MC@NLO) and CTEQ6L1 for all background processes.
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cross section measurement arising from the PDF uncertainty is then defined as:

∆σ =
1

2

√
√
√
√

20∑

i=1

[
σ(S+

i )− σ(S−
i )
]2

and is estimated to be 2.5% for the tt̄(e) signal and 2.2% for the tt̄(µ) signal. A sim-
ilar study using the MRST2001 PDF sets indicates an uncertainty of 1.0% and 0.8%
respectively. The uncertainty is less than for the CTEQ PDF due to the smaller variation
(∆χ2 = 50) on the 15 parameters used for the error estimation in the MRST sets. The
difference between the central values of the two different PDF sets with respect to the
default CTEQ PDF indicates an uncertainty due to the PDF modelling of 2.1% and 1.8%
respectively.

Note that there are some subtle issues with the reweighting procedure. First of all,
the procedure is an approximation because it does not take into account the modifica-
tion of the Sudakov form factors in the parton shower and the impact on the underlying
event which both depend on the PDF (Chapter 2). Secondly, factorisation and renor-
malisation scale dependencies have not been included. And last, the PDF uncertainties
on background estimation from other processes have not been investigated. These is-
sues have been partly addressed in an earlier study on PDF uncertainties [161], however
without taking into account the tt̄ selection criteria. The selection criteria are known to
reduce the PDF uncertainties [162].

5.6.3 Lepton identification and trigger efficiencies

The lepton identification and trigger efficiencies for electrons and muons will be deter-
mined from collision data with Z boson events. For an integrated luminosity of 100 pb−1,
the uncertainties on the lepton identification and trigger efficiencies are expected to be
less than 1%.

5.6.4 Initial and final state radiation

Because tt̄ candidate events are selected by requiring a minimum number of jets, the
selection efficiency depends on the jet multiplicity in an event. The jet multiplicity in its
turn depends on the amount of radiation in an event. The uncertainty on initial and final
state radiation predictions from the Monte Carlo generator translates therefore directly
into an uncertainty on the selection efficiency. To assess the systematic uncertainty from
this source on the cross section measurement, the AcerMC generator was used together
with the parton showering from Pythia. The parameters for initial state radiation and
final state radiation have each been varied with a factor 1

2
to 2. The uncertainty is

determined to be 8.9% for both electron and muon channel.

This way of estimating the uncertainty is however rather conservative. As discussed
in Chapter 2, more accurate Monte Carlo techniques are available to estimate the jet
multiplicity in tt̄ events. Besides, the uncertainty on the jet multiplicity also affects the
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hadronic top reconstruction efficiency, which is not included here. In the next chapter,
this systematic uncertainty is therefore investigated in more depth.

5.6.5 Fit uncertainties

The uncertainties associated with the fitting procedure concern two sources. On one
hand, the amount of signal and background events and thus the normalisation of the
fit functions may vary. On the other hand, the shape of the invariant three-jet mass
distribution may change due the fluctuation of data points. The former is considered
the statistical uncertainty, whereas the latter is regarded the systematic uncertainty due
to the shape of the fit function used.

To estimate the sensitivity of the likelihood fit to the two types of uncertainties,
the Mjjj distribution is fitted in 100,000 pseudo experiments of each 100 pb−1 using all
8 parameters in Eq.(5.2) as free parameters. The spread in the number of fitted signal
events gives the combined statistical and systematic uncertainty of 17.5% and 13.1%
on the fractions fe and fµ for the tt̄(e) and tt̄(µ) signals respectively. Then, the fits
are repeated, but now with the 6 parameters describing the shapes of the Gaussian
(µ and σ) and the Chebyshev polynomial (c0, c1, c2, c3, and c4) fixed to the values
obtained from fitting to the original full Monte Carlo sample. Hence, in this second
round of pseudo experiments only Nsig and Nbkg are free fit parameters. Now only
the statistical uncertainty follows from the width of the distribution of fitted signal
events. The statistical uncertainty is determined to be 10.5% for the electron channel
and 8.0% for the muon channel. The systematic uncertainty is then finally derived from
the combined uncertainty by subtracting the statistical uncertainty (quadratically) and
yields 14.0% (electron) and 10.4% (muon).

5.6.6 Jet energy scale

As discussed in Section 3.2.3, most likely the jet energy scale is not immediately optimal
in the commissioning phase. The jet energy scale affects the jet selection efficiencies,
because it influences the transverse momenta of jets, and is therefore a source of the
systematic uncertainty on the cross section measurement. To see how much impact
an offset in the jet energy scale has on the measurement, the transverse momenta (and
energy) of all the jets present in signal and background simulation have been varied with
−5%, −2%, +2% and +5%. The changes in event selection efficiency ǫsel, the hadronic
top reconstruction efficiency ǫrec, and the combined efficiency ǫtot due to an increase or
decrease in jet energy scale have been determined. The numbers are given in Table 5.4.

Not surprisingly, the results are similar for both lepton channels, and they are visu-
alised in Figure 5.7 for the electron channel. An increase (decrease) in jet energy scale
leads to an increase (decrease) in selection efficiencies, because more (less) jets pass the
two jet criteria. The hadronic top reconstruction efficiency however has the opposite
behaviour: it decreases with increasing jet energy scale and the other way round. The
reason is, that with a larger jet energy scale, more jets pass the selection criteria, and
therefore also the number of possible three-jet combinations. The net result is that the
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∆JES electron channel muon channel
(%) ǫsel ǫrec ǫtot ǫsel ǫrec ǫtot

−5.0 16.8 18.6 3.1 21.7 18.8 4.1
−2.0 17.6 18.1 3.2 22.8 18.6 4.2
0.0 18.2 17.8 3.3 23.6 18.0 4.3

+2.0 18.8 17.4 3.3 24.3 17.5 4.3
+5.0 19.6 16.6 3.3 25.3 16.4 4.1

Table 5.4: Change in the selection efficiency ǫsel, the reconstruction efficiency ǫrec, and
the combined efficiency ǫtot (in %) for the tt̄ signal in the two lepton channels
due to an increase or decrease in jet energy scale (JES).

combined efficiency (ǫtot = ǫsel × ǫrec) is not as sensitive to the jet energy scale uncer-
tainty as the two efficiencies separately. The systematic jet energy scale uncertainty is
estimated to be 2.3% for the electron channel and 0.9% for the muon channel. These
numbers are consistent with each other within their statistical uncertainties (which are
rather large due to the limited amount of Monte Carlo statistics).
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Figure 5.7: Change in the selection efficiency ǫsel, the reconstruction efficiency ǫrec,
and the combined efficiency ǫtot for the tt̄(e) signal due to an increase or
decrease in jet energy scale (JES).

× =

There are a few comments to be made to this observation. The W boson mass
constraint |Mjj−MW | < 10 GeV is kept fixed at MW while varying the jet energy scale.
From Figure 5.4 it can be understood that a shift of the W boson mass peak in the Mjj

distribution due to jet energy scale variation, leads to a loss of signal yield. In practice,
the central value of the window will be adjusted to the W boson mass peak in the
Mjj distribution from data. Furthermore, in the jet energy scale variation, the effect on
the reconstruction of transverse missing energy, the 6ET -scale, has not been taken into
account8.

8Note that the relation between jet energy scale and 6ET scale is not trivial: 6ET and jets are recon-
structed from different calorimeter input signals (topological cell clusters and towers), there are several
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5.6.7 Amount of background

Monte Carlo predictions for the various backgrounds to the tt̄ signal from processes
with multiple hard jets in the final state have large uncertainties. Varying the matching
parameters alone already indicates an uncertainty of order 50% on the W + jets con-
tribution in Alpgen [159]. Furthermore, in the absence of a proper estimate of QCD
multi-jet background one should reckon that the total amount of background to the tt̄
signal could differ substantially from what is expected.

The systematic uncertainty on the cross section measurement due to a possible back-
ground underestimation has been studied. The likelihood fit was carried out using back-
ground from non-tt̄ processes and tt̄ combinatorics increased by 20% and 50%. Because
the combinatorial tt̄ background, the largest background to the tt̄ signal, also increases,
this is a safe estimate for to the uncertainties on the contributions from various multi-jet
backgrounds as long as the Mjjj-distributions of these sources have a similar shape. As
a matter of fact, more combinatorial tt̄ background with respect to the tt̄ signal would
indicate a larger than expected average jet multiplicity.

The cross section measurement turns out to be quite insensitive to the background
normalisation. An increase of the background of 20% leads to a change in the cross
section of only of 0.3% in either lepton channel, while an increase of 50% results in a
1.1% (electron) and 0.8% (muon) larger cross section. The increase indirectly results in
a somewhat larger statistical uncertainty, leading to a deterioration of the signal over
background ratio S/B.

5.7 Results and conclusions

In this chapter, a maximum likelihood fit is presented to measure the semi-leptonic
top quark pair production cross section. The most important uncertainties have been
identified and addressed. By combining the results from the electron channel and muon
channel, a higher accuracy is obtained than individually. The uncertainty on the cross
section measurement using a data sample of 100 pb−1 is estimated to be:

∆σ/σ = ± 7% (stat) ± 15% (syst) ± 3% (pdf) ± 5% (lumi) (5.3)

With only a small amount of data9, the statistical uncertainty is already less than
the systematic uncertainty. The dominant sources for the systematic uncertainty are
the shape of the fit function and the expected jet multiplicities in events (this will be
investigated in more depth in the next chapter). The likelihood fit is however very robust
against uncertainties in the amount of background events and jet energy scale variations.
The total uncertainty on the cross section is almost 18% and the method does not rely
on b-tagging.

calibration steps, and there is a event topology dependence which obscure the relation (Section 3.1.2).
9At design luminosity L = 1034 cm−2s−1, O(100 fb−1) of data per year is expected at the LHC.
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‘Cut & Count’ method

Another approach to measure the tt̄ production cross section is the ‘cut & count’ method.
The cross section is extracted by counting the numbers of events that pass the selection
criteria and subtracting the number of expected (non-tt̄) background events predicted
by Monte Carlo simulation:

σ(tt̄) =
Nobs −Nbkg
∫
Ldt× ǫsel

(5.4)

with ǫsel the selection efficiency for tt̄ events. The accuracy that can be achieved with
100 pb−1 of data is estimated to be:

∆σ/σ = ± 3% (stat) ± 16% (syst) ± 3% (pdf) ± 5% (lumi) (5.5)

The statistical uncertainty is smaller than for the fit method, because in this method
all tt̄ events are considered as signal, while for the fit method only the correctly recon-
structed tt̄ events in the invariant three-jet mass peak (Npeak) are considered as signal.
Hence, although both methods start with the same sample of selected events, the cut &
count method determines the cross section eventually with a larger amount of tt̄ events.

The overall systematic uncertainty is at the same level as the for the fit method.
However, the individual components contribute differently. The cut & count method
does not depend on a Monte Carlo prediction for the shape of the Mjjj-distribution (the
largest uncertainty for the fit method). Here, the largest uncertainties come from the jet
energy scale (9.7% for a 5% variation), the prediction of the background normalisation
Nbkg (9.5% for 50% more background), and the expected amount of initial and final
state radiation (8.9%). These uncertainties directly affect the event selection efficiency
ǫsel and thus the cross section.

Because the cut & count method and the likelihood fit methods have different domi-
nant systematic uncertainties, they are complementary to each other. This is very valu-
able for cross checking results obtained from collision data.
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6
Top quark pairs with additional jets

In this chapter a study on Monte Carlo simulated tt̄ + n-jets events is presented. The aim
of the study is (i) to understand the effect of tt̄ analysis cuts on signal and background
processes, (ii) to estimate the expected jet multiplicity for the ATLAS experiment, and
(iii) to compare results between the different Monte Carlo generators MC@NLO, Ac-
erMC, and Alpgen. The three generators use different techniques (explained in Chap-
ter 2) and therefore differences in the jet distributions are expected. The comparison
mayb be used to estimate the systematic uncertainty due to the Monte Carlo generator
in the tt̄ cross section determination as explained in Chapter 5.

6.1 Event selection

The same event selection criteria are used as in Section 5.3 of Chapter 5. First the effect
of these criteria on QCD multi-jet background is estimated, and then the effect of adding
b-tagging to the requirements is investigated.

6.1.1 QCD multi-jet background

To study QCD multi-jet background, samples are generated with Alpgen and Her-
wig/Jimmy. Compared to tt̄, the cross section for this QCD multi-jet sample is very
large: 18.9 µb. The total sample contains 1.67 million unscaled events1. The production
of such large samples with full detector response simulation is problematic due to the
required computing resources. Therefore the detector simulation is based on ATLFAST.
Since the trigger information is absent in the simulation, the trigger efficiencies are as-
sumed to be 100%. The relatively low number of events compared to the cross section
means that also the integrated luminosity of the sample is low:

∫
Ldt = Nevt/σ ranges

from 0.5 to 9.1 pb−1 for the subsamples. Because all numbers are eventually scaled to
100 pb−1 in the analysis, the statistical uncertainties are large.

In Figure 6.1 the transverse momentum distributions of electrons, muons, and jets
and the 6ET distribution are shown before event selection. In all plots the vertical dashed

1The total sample consists of four subsamples with different parton multiplicities weighted by the
individual luminosities of the samples according to the MLM matching procedure, see Appendix A.
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lines with the arrows on top indicate the cuts applied during event selection in the
analysis. The selection of the transverse momentum of the electrons and muons remove
many events. Most electrons and muons in QCD multi-jet events are relatively soft as
can be seen from the rapidly decreasing number of leptons with increasing transverse
momentum. The 6ET distribution shows a similar behaviour. It falls off steeply.
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Figure 6.1: The pT distribution of (a) electrons, (b) muons, and (c) jets in QCD multi-
jet events, and (d) the 6ET distribution before event selection. Normalised
to 100 pb−1.

The jet transverse momentum distribution exhibits a remarkable dip around 27 GeV
and a peak at 40 GeV. These features are due to Alpgen’s MLM matching procedure.
The minimum transverse momentum of partons generated with Alpgen in the hard
subprocess is 40 GeV, while softer partons are generated only via the parton shower
of Herwig. Effectively, this is a generator cut and results in a QCD multi-jet sample
which gives only valid predictions for events with at least two jets, both with a minimum
transverse momentum of approximately 40 GeV.

The number of events that pass the selection criteria are given in Table 6.1. For the
tt̄(e) and tt̄(µ) these numbers are in agreement with the efficiencies (without trigger
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requirement) given in Table 5.1 in Chapter 5. The numbers differ slightly from the ones
mentioned in Table 5.2 because in this chapter a branching ratio of 1/9th was used for
W → ℓνℓ decay instead of the 10.8% in Chapter 5.

sample initial ℓℓℓiso 6ET6ET6ET 4j20 3j40 selected

tt̄(e) 12,334 6,411 11,227 8,723 7,639 2,722

QCD 1.89× 109 128× 103 71× 106 72× 106 46× 106 2× 103

tt̄(µ) 12,341 8,477 11,301 8,079 7,066 3,677

QCD 1.89× 109 14× 103 71× 106 72× 106 46× 106 44

Table 6.1: Number of events that pass the separate cuts in the electron channel (top)
and muon channel (bottom). Normalised to 100 pb−1.

Only a small fraction of the QCD multi-jet background passes all selection criteria.
Most of the events are rejected by the isolated lepton requirement. Remember that the
statistical uncertainties on these numbers are considerable due the limited amount of
Monte Carlo events in combination with the large event weights. A discrepancy in the
amount of QCD background in the electron channel with respect to the muon channel
is however expected because the electron reconstruction efficiency is not included in the
fast detector simulation [163]. Note that the number of events that pass the two different
jet selection criteria are biased towards higher values due to the generator level cut.

6.1.2 Including b-tagging

Only a fraction of the background from W + jets and QCD multi-jet contains jets orig-
inating from b quarks2. On the other hand, each tt̄ event typically has two such b-jets.
The identification of these b-jets, called b-tagging, should therefore improve the tt̄ purity.
In this section the effect of b-tagging on the event selection is investigated.

Two distinct b-tagging requirements are considered here: at least one jet with a b-tag
and at least two jets with a b-tag. A jet is b-tagged if it is a ‘good’ jet with a b-tag weight
above 7.05. The b-tag weight is determined from a combination of the impact parameter
and the secondary vertex tagger (IP3D+SV1). The former gives a weight according to the
longitudinal and transverse distance of tracks inside a jet to the primary vertex, while
the latter gives a weight according to the invariant mass, energy fraction, and number of
two-track vertices of all tracks which could indicate a secondary vertex. The value of the
weight (7.05) is the one agreed on in the ATLAS top quark physics working group [164]
and corresponds to an average b-tagging efficiency of 60% for b-jets with a transverse
momentum larger than 30 GeV, and a rejection factor for light jets of 154.

2From Table A.4 of Appendix A: the cross section for (filtered) W + jets events is ∼900 pb, while
for Wbb̄+ jets this is ∼20 pb. Furthermore, the (light) jet cross section is O(mb) while the bb̄ cross
section is O(µb).
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Note that the QCD multi-jet samples only describe the production of ‘light’ jets
(from u, d, s, and c quarks and gluons) in the hard scattering, not the production of
bb̄ + n-jets. In addition, the b-tagging implemented in fast detector simulation differs
from full detector simulation: the b-tagging efficiency is a fixed parameter (at 60%) and
is independent of the jet kinematics.

In Figure 6.2 the number of jets with a b-tag in the events that passed the event
selection is shown. It demonstrates that, although requiring at least one or two jets with
a b-tag will result in less signal events, the purity will indeed improve.
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Figure 6.2: Number of jets with a b-tag after the event selection in the electron channel
(left) and muon channel (right). Normalised to 100 pb−1.

Selection efficiency

The number of events that pass the different b-tagging requirements are given in Ta-
ble 6.2. As expected, the additional b-tagging reduces contribution from background to
the selection significantly, especially from non-tt̄. The largest contribution left is from
dileptonic decaying tt̄. Reason is the presence of large missing transverse energy, a lep-
ton, and two b-jets. Since exactly one isolated lepton is required and di-leptonic tt̄ has
typically two leptons, this means that often one of the two leptons is not isolated or is
outside the detector acceptance. Furthermore, although in this channel almost always
two b-jets from the decay of top quarks are present, the fraction of events passing the
b-tagging cut is lower than for fully hadronic and semi-leptonic tt̄. A part of the expla-
nation for this lies in the fact that dileptonic tt̄ events contain less jets per event which
can be mistagged.

The selection efficiencies for the two different b-tagging requirements individually (ǫ1b
and ǫ2b), and the effect of the two b-tagging requirements in combination with the other
analysis cuts on the overall selection efficiency ǫsel, are given in Table 6.3. Note that the
individual selection efficiencies for the other analysis cuts and the trigger requirements
remain the same as in Table 5.1.
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initial selected initial selected initial selected

sample ≥ 0 btag eee µµµ ≥ 1 btag eee µµµ ≥ 2 btag eee µµµ

tt̄(e) 12,334 2,248 7 8,896 1,800 5 2,968 722 1

tt̄(µ) 12,341 3 2,915 8,942 2 2,338 2,985 0 950

tt̄(τ) 12,411 172 249 9,016 135 200 3,046 54 79

tt̄(ℓ+ℓ−) 9,190 276 354 6,487 219 287 2,018 85 113

tt̄(jets) 37,022 11 42 27,302 6 32 9,803 0 13

single top 11,130 183 230 6,190 129 164 1,045 45 54

W + jets 91,157 742 1,041 4,773 70 100 146 5 4

Z + jets 64,131 113 79 1,243 10 7 17 0 0

Wbb̄ + jets 5,119 46 59 2,517 36 44 550 14 14

WW 3,847 7 9 138 1 1 3 0 0

WZ 1,474 4 5 151 1 1 25 0 0

ZZ 271 1 0 52 0 0 11 0 0

QCD 1.89 · 109 2 · 103 44 79 · 106 2 · 103 22 2.6 · 106 0 11

Signal – 2,248 2,915 – 1,800 2,338 – 722 950

Background – 1,557 2,075 – 609 842 – 203 279

S/B – 1.4 1.4 – 3.0 2.8 – 3.6 3.4

S/Bincl. QCD – 0.6 1.4 – 0.7 2.7 – 3.6 3.3

Table 6.2: Number of events passing the analysis cuts, including the trigger require-
ment, with and without additional b-tagging in the electron and muon chan-
nel. Normalised to 100 pb−1.

The efficiencies to select events with b-tagged jets are nearly equal for tt̄(e) and tt̄(µ).
When requiring at least one jet that is b-tagged, the overall efficiency decreases with
∼ 20% (compare Table 5.1). Though it drops almost with a factor three when demanding
at least two jets that are b-tagged instead of one. From the selection efficiencies ǫ1b and
ǫ2b a rough estimate of the average b-tagging efficiency (ǫtag) can be obtained. Since
for tt̄ events with two taggable b-jets the one or more b-tag selection efficiency ǫ1b is
approximately 1− ǫ2no-tag = 1− (1− ǫtag)

2 and the two or more b-tag selection efficiency
ǫ2b is approximately ǫ2tag, it follows that the b-tagging efficiency is almost 50%. This is
lower than the 60% b-tagging efficiency quoted earlier because a minimum transverse
momentum for b-jets of 20 GeV was required instead of 30 GeV.
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≥1 btag ≥ 2 btag

sample ǫǫǫ1b ǫǫǫsel ǫǫǫ2b ǫǫǫsel

tt̄(e) 72.1 14.6 24.1 5.9

tt̄(µ) 72.5 18.9 24.2 7.7

Table 6.3: The selection efficiencies (in %) of the two b-tag requirements and their
corresponding overall selection efficiencies for the tt̄(e) and tt̄(µ) channel.

Selection purity

The purity of the sample with tt̄ candidates satisfying the selection and trigger require-
ments is calculated for the electron and muon channel in Table 6.4. The purity P is
defined as:

P ≡ Nsig

Nsig +Nbkg
(6.1)

where Nsig is the number of signal tt̄ events and Nbkg the number of background events.
Background from QCD multi-jet is disregarded because the uncertainty on the number
of events remaining after event selection is too large to give sensible predictions. The
numbers in each column indicate the purity of the sample after event selection for the
three different scenarios: without b-tagging, with at least one jet that is b-tagged, and
with at least two jets that are b-tagged. Note that it is only meaningful to quote the
purities after all selection cuts since the various background samples contain generator
level cuts.

sample PPP
≥ 0 btag ≥ 1 btag ≥ 2 btag

tt̄(e) 59.6 75.4 78.8

tt̄(µ) 58.9 74.2 77.9

Table 6.4: Purity (in %) of the tt̄(e) and tt̄(µ) signal in the electron channel and muon
channel respectively after event selection.

6.2 Jet multiplicity

The characteristic jet multiplicity of semi-leptonic tt̄ events and background after event
selection, with and without using b-tagging, is determined. Then, a comparison is made
between predictions with full and fast detector response simulation. Finally, results from
three generators (MC@NLO, AcerMC, and Alpgen) are compared.
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6.2. Jet multiplicity

6.2.1 Jet spectrum

The predicted number of events in the electron and muon channel per jet multiplicity is
given in Table 6.5. The negative numbers in the Njet = 11 and 12 bins are a consequence
of the usage of positive and negative event weights in MC@NLO in combination with
statistical fluctuations due to the limited available amount of simulated events. It indi-
cates that the expected number of events in these bins are close to zero. In Figure 6.3
the expected jet multiplicity spectra are shown for the electron and muon channel after
the tt̄ analysis cuts without b-tagging, at least one jet with b-tag, and at least two jets
with a b-tag.

electron channel

NNN jet ≥ 0 btag ≥ 1 btag ≥ 2 btag

tt̄(e)tt̄(e)tt̄(e) bkg tt̄(e)tt̄(e)tt̄(e) bkg tt̄(e)tt̄(e)tt̄(e) bkg

4 1,002.1 932.4 796.9 340.2 305.2 104.0
5 768.6 433.7 616.7 174.8 250.7 62.8
6 340.1 139.0 274.6 61.9 115.4 23.6
7 107.3 40.7 86.5 24.2 38.9 10.2
8 25.0 8.4 21.1 4.7 8.9 1.4
9 4.6 1.7 4.3 1.6 2.5 0.6
10 1.1 0.7 0.6 0.5 0.2 0.0
11 -0.6 0.0 -0.3 0.1 0.0 0.1
12 -0.2 0.1 -0.2 0.1 0.0 0.0

sum 2,248.0 1,556.8 1,800.2 608.6 721.8 202.7

muon channel

NNN jet ≥ 0 btag ≥ 1 btag ≥ 2 btag

tt̄(µ)tt̄(µ)tt̄(µ) bkg tt̄(µ)tt̄(µ)tt̄(µ) bkg tt̄(µ)tt̄(µ)tt̄(µ) bkg

4 1,267.4 1,176.2 995.2 421.7 386.3 134.9
5 998.7 599.3 812.6 267.1 336.2 84.5
6 457.3 217.6 369.8 105.9 158.0 42.1
7 146.0 62.4 121.6 36.4 53.5 13.7
8 34.9 14.7 29.0 8.1 11.3 2.8
9 7.8 3.0 6.6 1.6 3.4 0.6
10 2.3 1.6 2.7 0.8 1.3 0.2
11 0.5 0.1 0.1 0.1 0.0 0.0
12 0.1 0.0 0.1 0.0 0.1 0.0

sum 2,914.7 2,075.0 2,337.7 841.8 950.0 278.9

Table 6.5: Expected number of events in the electron channel (top) and muon chan-
nel (bottom) for each jet multiplicity after event selection. Normalised to
100 pb−1 of data.
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Figure 6.3: Expected jet multiplicity distribution after event selection without b-tagging
(top), at least on b-tagged jet (middle), and at least two b-tagged jets (bot-
tom), for the the electron channel (left) and the muon channel (right) with
100 pb−1 of data.
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6.2. Jet multiplicity

6.2.2 Fast versus full simulation

The results in the previous section are obtained with full detector simulation. The com-
parison between the three event generators in the next section is however performed
with fast detector response simulation. To gain insight in the differences between fast
and full simulation, the predictions of MC@NLO for the jet multiplicity using both
types of detector simulation are compared first. The results are shown in Figure 6.4.
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Figure 6.4: Predicted number of (a) tt̄(e) events and (b) tt̄(µ) events per jet multiplicity
compared between fast and full simulation. Normalised to 100 pb−1 data.

The normalisations of the jet multiplicity distributions differ considerably between
the fast and full simulation predictions, especially in the electron channel. The shapes of
the distributions are identical though. This can be seen from Table 6.6, where the fraction
of events per jet multiplicity is given. In both types of simulation the predicted fractions
for the electron and muon channels are consistent with each other. For either lepton
channel, the event fractions of fast simulation tend towards a higher jet multiplicity
than those of full simulation, although the trend is similar.

NNN jet tt̄(e)tt̄(e)tt̄(e) tt̄(µ)tt̄(µ)tt̄(µ)

full fast full fast

4 44.6 ± 0.4 42.9± 0.3 43.5± 0.3 42.9 ± 0.3
5 34.2 ± 0.3 33.9± 0.3 34.3± 0.3 33.7 ± 0.3
6 15.1 ± 0.3 15.8± 0.2 15.7± 0.2 16.2 ± 0.2
7 4.8± 0.2 5.6± 0.1 5.0± 0.1 5.3 ± 0.1
8 1.1± 0.1 1.5± 0.1 1.2± 0.1 1.4 ± 0.1

≥ 9 < 0.3 < 0.4 < 0.4 < 0.5

Table 6.6: Predicted fractions (in %) of tt̄ signal events per jet multiplicity in the elec-
tron and muon channel using fast and full simulation.
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The discrepancies in the predictions arise from the following differences between the
two types of simulation. In fast simulation the trigger is absent and the detector geometry
is not described with great precision. Particles are reconstructed from the Monte Carlo
truth list and not from simulated detector signals as in full simulation. Besides, the
interactions of particles with detector material are not fully taken into account. This
leads to an overestimation of the reconstruction efficiencies and, eventually, the selection
efficiencies. In Section 6.3 the selection efficiencies will be further. Finally, the cone
algorithm used for jet reconstruction in fast simulation is also different from the one in
full simulation: the split and merge step is not included in the former case (Section 3.2.2).

6.2.3 Event generator comparison

In Figure 6.5 the predictions for the jet multiplicity in tt̄ events after event selection
are compared between MC@NLO, Alpgen, and AcerMC. All three predictions are
based on fast detector simulation.
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Figure 6.5: Comparison of the jet multiplicity in (a) tt̄(e) events and (b) tt̄(µ) events
after event selection as predicted by MC@NLO, Alpgen, and AcerMC. Nor-
malised to 100 pb−1.

The spectra in the two lepton channels show a similar behaviour: AcerMC predicts
more events to pass the event selection (overall larger number of events) and the spectra
from MC@NLO and Alpgen cross over at Njet = 5. MC@NLO predicts more 4-jet
events while Alpgen expects more events with higher jet multiplicity. This behaviour
can also be seen in Table 6.7 where the fraction of events per jet multiplicity is given.

The absolute differences between the fractions predicted by each generator are not
very large. Especially the numbers of AcerMC and Alpgen are close to each other.
Both expect less 4-jet events than MC@NLO and more higher jet multiplicity events.
The agreement is remarkable, since the two generators are quite different. Differences
with MC@NLO are larger than the statistical errors and might be significant.
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NNN jet tt̄(e)tt̄(e)tt̄(e) tt̄(µ)tt̄(µ)tt̄(µ)

4 42.9 38.4 38.0 ± 0.4 42.9 38.7 39.9 ± 0.4
5 33.9 32.1 33.5 ± 0.4 33.7 32.5 33.8 ± 0.4
6 15.8 17.9 18.1 ± 0.3 16.2 17.7 16.7 ± 0.3
7 5.6 7.5 7.0 ± 0.2 5.3 7.2 6.9 ± 0.2
8 1.5 2.7 2.4 ± 0.1 1.4 2.7 2.0 ± 0.1

≥ 9 < 0.4 < 1.4 < 1.1 95% < 0.5 < 1.3 < 0.9 95%

Table 6.7: Predicted fractions of tt̄ events (in %) per jet multiplicity for the electron
channel (left) and muon channel (right) using three different event genera-
tors.

6.3 tt̄ cross section measurement

In the previous section it was pointed out that there are small differences in the jet
spectra predicted by the three event generators. In this section the effect on the tt̄ cross
section measurement, presented in Chapter 5, will be studied.

6.3.1 Event selection

In Table 6.8 the selection efficiencies for the tt̄ analysis cuts are given for the electron
and muon channel. The numbers for the electron channel are very similar to those for
the muon channel. (The numbers for full simulation are slightly different, especially for
the single isolated lepton requirement, compared Table 5.1). Between the three event
generators there are small differences. The values of the selection efficiencies for the two
separate jet requirements (4j20 and 3j40) are higher for both Alpgen and AcerMC
compared to MC@NLO. This is purely due to the difference in jet spectrum. As was
seen in the previous section: Alpgen and AcerMC predict a larger fraction of high
jet multiplicity events. These events are exactly the events that pass the two distinct
jet requirements more easily, leading to the higher overall selection efficiency. These
differences are larger than the statistical uncertainties, and the same for both channels.
The efficiencies of the single isolated lepton and 6ET cuts are similar, as expected.

6.3.2 Mass reconstruction

In the tt̄ analysis, the hadronic top mass is reconstructed by selecting from all jets in an
event the three-jet combination which has the highest vector summed pT . In addition,
the invariant mass Mjj of at least one di-jet combination from these three jets is required
to be within 10 GeV of the W boson mass MW . Figure 6.6 shows the invariant three-jet
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tt̄(e)







tt̄(µ)







Generator ℓℓℓiso 6ET6ET6ET 4j20 3j40 sel stat

MC@NLO 66.6 90.8 64.2 56.3 27.4 ± 0.1

Alpgen 67.4 91.0 67.2 58.5 29.3 ± 0.2

AcerMC 67.4 90.8 68.1 59.5 30.5 ± 0.2

MC@NLO 66.8 90.9 65.7 57.6 27.7 ± 0.1

Alpgen 66.2 91.3 68.2 59.3 28.9 ± 0.2

AcerMC 67.4 91.7 68.8 60.8 30.4 ± 0.2

Table 6.8: Selection efficiencies (in %) for tt̄ events in the electron channel (top) and
muon channel (bottom) predicted by the three event generators.

mass distribution, Mjjj, of all events that satisfy this MW constraint.
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Figure 6.6: Invariant mass distribution of the three-jet combinations which have at
least one di-jet Mjj close to MW in tt̄ events that passed the selection cuts
in the (a) electron channel and (b) muon channel. Normalised to 100 pb−1.

The distributions have similar features. The correctly reconstructed tt̄ events are dis-
tributed like a Gaussian around a mass of 165 GeV. The peak is on top of the combinato-
rial background. However, the combinatorial background in the AcerMC distribution
is overall larger than for MC@NLO, while the peak is smaller. This can be observed
best in the ratio plots below the Mjjj-distributions, which indicate the relative difference
for AcerMC and Alpgen with respect to MC@NLO. The Alpgen distributions are
in both the electron and muon channel overall higher than MC@NLO predictions.

The subtle differences are also reflected quantitatively in the selection, reconstruc-
tion, and combined efficiency in Table 6.9. The reconstruction efficiency is measured by
determining from Monte Carlo truth information how often a three-jet combination is
within ∆R < 0.2 of the four-vector of the top quark. The combined efficiency is the
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product of the selection and reconstruction efficiencies.

tt̄(e)







tt̄(µ)







Generator ǫǫǫsel ǫǫǫreco ǫǫǫcomb

MC@NLO

– full sim. 18.2 ± 0.1 17.8 ± 0.3 3.3 ± 0.1

– fast sim. 27.4 ± 0.1 19.1 ± 0.2 5.2 ± 0.1

Alpgen 29.3 ± 0.2 19.8 ± 0.3 5.8 ± 0.1

AcerMC 30.5 ± 0.2 18.2 ± 0.3 5.6 ± 0.1

MC@NLO

– full sim. 23.6 ± 0.1 18.0 ± 0.2 4.3 ± 0.1

– fast sim. 27.7 ± 0.1 19.3 ± 0.2 5.4 ± 0.1

Alpgen 28.9 ± 0.2 19.4 ± 0.3 5.6 ± 0.1

AcerMC 30.4 ± 0.2 17.5 ± 0.3 5.3 ± 0.1

Table 6.9: The selection, reconstruction, and combined efficiencies (in %) for tt̄ events
in the electron channel (top) and muon channel (bottom) as predicted by
the three generators using fast simulation. For comparison the values from
MC@NLO with full simulation are also given. Normalised to 100 pb−1.

The selection and combined efficiencies for Alpgen are higher than for MC@NLO.
The reconstruction efficiency is more or less the same within errors. This explains the
overall larger number of events in the Alpgen distributions in the two Mjjj plots. Re-
markable is that the combined efficiencies of AcerMC and MC@NLO are equal, while
the selection and reconstruction efficiencies differ significantly. Hence AcerMC predicts
a larger combinatorial background and a relatively lower number of correctly recon-
structed events, though the absolute number of reconstructed events is equal. Note that
this compensation between the selection and reconstruction efficiency was also observed
for jet energy scale variations discussed in Section 5.6.6: with a larger jet multiplicity it
is more difficult to trace back the three (or more) jets associated with the hadronic top
quark.

AcerMC relies on the parton showering of Pythia, thus the predicted amount of
jet activity depends strongly on the initial state and final state radiation parameters of
Pythia. The effect of varying these parameters, as is done to estimate the systematic
uncertainty for the top cross section measurement in Chapter 5, is studied in more detail
in Appendix B.2.

In Table 6.10 the selection efficiencies, reconstruction efficiencies, and combined ef-
ficiencies are specified per jet multiplicity bin as predicted by the three generators for
semi-leptonic tt̄(e) and tt̄(µ) events together. The electron channel and muon channel
have been combined to reduce the statistical uncertainties on the calculated efficiencies.
Note that the total selection, reconstruction, and combined efficiencies (Table 6.9) follow
from the sum of these individual efficiencies over all jet multiplicity bins, weighted with
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NNN jet Generator ǫǫǫsel ǫǫǫreco ǫǫǫcomb

4

MC@NLO 38.2 ± 0.2 23.4± 0.3 8.9± 0.4

Alpgen 37.7 ± 0.2 25.3± 0.3 9.5± 0.4

AcerMC 39.4 ± 0.3 22.5± 0.4 8.9± 0.5

5

MC@NLO 45.3 ± 0.2 17.4± 0.3 7.9± 0.5

Alpgen 45.3 ± 0.3 18.5± 0.3 8.4± 0.5

AcerMC 47.0 ± 0.3 17.3± 0.4 8.1± 0.6

6

MC@NLO 48.3 ± 0.4 14.6± 0.4 7.1± 0.7

Alpgen 49.3 ± 0.4 14.9± 0.4 7.3± 0.7

AcerMC 49.9 ± 0.5 13.1± 0.4 6.5± 0.9

Table 6.10: Comparison of the predicted selection efficiencies, reconstruction efficien-
cies, and combined efficiencies (in %) per jet multiplicity bin for semi-
leptonic tt̄(e) and tt̄(µ) events with four, five, or six jets.

the fraction of events in each jet multiplicity bin. Hence, differences between the genera-
tor predictions in Table 6.9 arise from both differences in the expected jet multiplicities
and, if any, differences in the expected efficiencies per jet multiplicity bin.

As can be seen from Table 6.10, also for the individual jet multiplicities AcerMC
tends to predict larger selection efficiencies and lower reconstruction efficiencies than
MC@NLO and Alpgen. This is remarkable, since it could indicate, for example, that
in four-jet events, the extra jet activity in AcerMC compensates for the loss of a jet
from the decay of the hadronic top quark due to the acceptance cuts. Although the
correct three-jet combination can not be found in that case for the hadronic top mass
reconstruction, the event still passes the event selection criteria.

For all three event generators, the decrease in reconstruction efficiency is less with
increasing jet multiplicity than one would naively expect when three jets where picked
randomly in the event. Because in that case the chance of picking the correct three jets
from the hadronic top in a four, five, or six jet event is 25%, 10%, and 6% respectively.

6.4 Conclusions and discussion

The selection of semi-leptonic tt̄ candidates in the tt̄(e) and tt̄(µ) channel has been
investigated. Although only a rough estimate of the QCD multi-jet background could
be included, it was shown that only a small part of this background remains after event
selection. Furthermore, it was demonstrated that including b-tagging requirements to
the selection criteria, results in a significant purification of the tt̄ signal.

In addition, the jet multiplicity spectra for tt̄ candidates after event selection have
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been determined. Two variations using b-tagging requirements are thereby also consid-
ered. Comparison between three different event generators (MC@NLO, Alpgen, and
AcerMC) shows that Alpgen and AcerMC predict slightly higher jet multiplicities
per event than MC@NLO, resulting in higher estimates for the selection efficiencies.

How this higher jet multiplicity affects the expected results for the tt̄ cross section
measurement, depends on the event generator: predictions for the reconstruction efficien-
cies by Alpgen and MC@NLO give equal values within statistical errors. This results
in a 10% (5%) higher combined efficiency (selection and reconstruction) in the electron
(muon) channel than MC@NLO according to Alpgen. On the other hand, the recon-
struction efficiencies predicted by AcerMC are lower than for MC@NLO. These lower
reconstruction efficiencies compensate the larger selection efficiencies expected by Ac-
erMC. In the end, the combined efficiencies for AcerMC are close (within statistical
errors) to the predictions by MC@NLO for both the electron and muon channels.

The differences in the predicted selection, reconstruction, and combined efficiencies
give an indication of the systematic uncertainty on the tt̄ cross section measurement
associated with the Monte Carlo generators.
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7
W± and Z boson production

In hadronic collisions, the production of a W± boson in conjunction with jets, W + jets,
is very similar to the production of a Z boson with additional jets, Z + jets. The amount
ofW + jets events can therefore be predicted from collision data by counting the number
of Z + jets events, and using the ratio of the W± and Z boson production cross sections
determined from Monte Carlo simulation. These cross sections and their ratio are subject
to uncertainties due to the modelling of the W + jets and Z + jets processes in the
event generator. In this chapter a comparison is made of the predictions for W + jets
and Z + jets production in pp collisions at a centre-of-mass energy

√
s of 10 TeV in

ATLAS between Alpgen, Ariadne, and Pythia. The comparison is eventually used
to evaluate the systematic uncertainty on the W + jets background estimate for a tt̄
cross section measurement. Since this study is done for a centre-of-mass energy of 10 TeV
(the energy expected at the time of this study), the results in this chapter can not be
compared with the results from previous chapters.

7.1 Comparison

Alpgen [96] is the default generator in ATLAS used for W + jets and Z + jets studies.
Alpgen combines matrix element predictions for the hard scattering with the parton
showering of Herwig [95] for additional radiation via MLMmatching [130], and relies on
Jimmy [115] for underlying event simulation. Ariadne [111] is an implementation of the
colour dipole model describing radiation from pairs of colour connected partons involved
in the hard scattering process. Specifically for the W + jets and Z + jets processes it
has the option to apply the CKKW-L method [128] to merge predictions from matrix
element calculations with the dipole cascade. Parton level configurations are provided
to this end by an external matrix element generator (MadGraph [101] in this case).
The subsequent dipole cascade is performed by Ariadne, and further hadronisation
and decay are handled by Pythia [94]. On its own, Pythia only incorporates a matrix
element correction for the first (hardest) emission of the pT -ordered parton showering
in W + jets and Z + jets production. It is used in the following comparisons to study
differences in parton showering and underlying event modelling. In all three cases, the
generators are used in combination with the CTEQ6L1 [165] parton distribution functions.
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Merging scales

Event generation is carried out in Alpgen with the tree level matrix elements for W±

and Z boson production with zero up to five additional partons in the final state. The
so-called merging scales, the boundaries of the phase space described by these matrix
elements for parton emissions, are defined as follows1:� ET,clus > 20 GeV, the minimum transverse energy of an emitted parton;� ∆Rjj,clus > 0.7, the minimum distance between two emitted partons;� ηclus < 6.0, the maximum pseudo-rapidity of an emitted parton.

Emissions outside this region are covered by the parton shower.
For the CKKW-L procedure in Ariadne the same merging scales are used as for

MLM matching with Alpgen. Because generation of the W + 5 jets and Z + 5 jets
processes with MadGraph/MadEvent are computationally too intensive for the pur-
pose of this study, merging is achieved using tree-level matrix elements with up to four
final state partons. To assess the impact of the higher parton multiplicities on the pre-
dictions, the maximum number of final state partons used in the matrix elements are
varied in both Alpgen and Ariadne. In addition, merging with Ariadne is also per-
formed with an alternative set of merging scales (ET,clus > 30 GeV, ∆Rjj,clus > 0.4, and
ηclus < 2.5).

Multiple interactions

In Section 7.6 and onwards, the contribution from the underlying event to the jet spectra,
as predicted by Jimmy (in combination with Alpgen) and Pythia (stand-alone and
in combination with Ariadne), are also taken into account. For Alpgen, Pythia, and
Jimmy the default ATLAS parameter settings (MC08) are used. For Ariadne no such
ATLAS tunings exist yet. Furthermore, Ariadne only functions with the ‘old’ multiple
interactions model of Pythia. Pythia stand-alone uses the ‘new’ multiple interactions
model which is interleaved with the pT -ordered parton shower (Section 2.1.4).

7.2 Cross sections

W + jets

The predicted cross section for W + jets in pp collisions at a centre-of-mass energy
√
s of

10 TeV, obtained with the three generators, are given in Table 7.1. The W+ (and W−)
bosons are forced to decay to a µ+ (µ−) and a νµ (ν̄µ). No jet algorithm was applied,
hence the cross section on each row corresponds to a partonic cross section and the total
cross section in the bottom row corresponds to the inclusive cross section. The subscript
of each cross section label denotes the maximum number of final state partons that are

1For a more detailed description of the MLM and CKKW-L procedures see Section 2.2.3 in Chapter 2.
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7.2. Cross sections

included in the matrix element calculation. The cross section σ0 is thus derived from the
leading order matrix element only. The cross sections σ1, σ3, σ4, and σ5 include the real
contributions from higher order diagrams with up to one, three, four, and five additional
partons in the final state respectively2. These contributions are reweighted according to
the MLM (Alpgen) and CKKW-L prescription (Ariadne) using the merging scales:
pT = 20 GeV, ∆Rjj = 0.7, and η = 6.0. For the cross section prediction σ†

3 from
Ariadne, matrix elements with a maximum of three final state partons were used with
merging scales pT = 30 GeV, ∆Rjj = 0.4, and η = 2.5.

Pythia Alpgen Ariadne

Process σ0 σ0 σ1 σ3 σ5 σ0 σ†
3 σ4

W + 0p 11,898 12,475 10,142 10,142 10,126 12,478 10,487 8,189

W + 1p 2,736 2,109 2,156 1,659 3,037

W + 2p 670 682 266 1,208

W + 3p 259 202 37 330

W + 4p 56 82

W + 5p 16

Total 11,898 12,475 12,879 13,181 13,237 12,478 12,448 12,962

Table 7.1: Cross sections (in pb) for W± → µ±νµ + jets in pp collisions at√
s =10 TeV.

The total cross section calculated by Pythia is smaller than those calculated by
Alpgen and Ariadne. This is mainly caused by the difference of 10.8% versus 11.1%
(1/9th) in branching ratio Br(W → µνµ). Note that comparison of the individual par-
tonic cross sections is only fair if the same matching cuts are used. For example, the
differences in the cross sections of the various subprocesses in Ariadne’s σ†

3 and σ4 are
due to the fact that different merging scales were used. It is remarkable though that,
when comparing σ4 with σ3 and σ5, Ariadne predicts a relatively larger contribution
to the total cross section from the higher parton multiplicities than Alpgen does with
similar matching cuts. This corresponds to what was already observed in Figure 2.10 of
Chapter 2 for pp collisions at a centre-of-mass energy

√
s of 14 TeV. Finally, the sum of

all cross sections are all within 6% of each other and the predictions are thus consistent
with each other.

Z + jets

The predicted cross sections for Z + jets in pp collisions at a centre-of-mass energy
√
s of

10 TeV, with Z → µ+µ− and 60 < Mµ+µ− < 200 GeV, are given in Table 7.2. As for the

2Although the cross section σ2 has not been calculated explicitly, contributions from the tree-level
matrix elements with two final state partons are included in cross section calculation of σ3, σ4, and σ5.
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W + jets case, the cross section σ0 is obtained from just the leading order matrix element,
while the σ3, σ4, and σ5 cross sections include contributions from matrix elements with up
to 3, 4, and 5 additional final state partons, respectively, using either MLM or CKKW-L
merging. The σ†

3 prediction is made with Ariadne using the alternative set of matching
cuts. Again, all cross sections are within 6% of each other and Ariadne predicts on
average a higher parton multiplicity than Alpgen.

Pythia Alpgen Ariadne

Process σ0 σ0 σ3 σ5 σ0 σ†
3 σ4

Z + 0p 1,138 1,143 902 900 1,131 939 736

Z + 1p 208 205 162 289

Z + 2p 69 69 26 114

Z + 3p 27 22 4 29

Z + 4p 6 8

Z + 5p 2

Total 1,138 1,143 1,206 1,204 1,131 1,131 1,176

Table 7.2: Cross sections (in pb) for Z → µ+µ−+ jets in pp collisions at
√
s =10 TeV.

7.3 W± and Z boson spectra

The predicted transverse momentum distributions for the W± and Z boson are shown
in Figure 7.1 and Figure 7.2 respectively. The transverse momenta of the simulated W±

and Z bosons are taken directly from the Monte Carlo truth information. The histograms
are normalised to unity and, for clarity, smooth curves interpolating between histogram
bins are used. The wiggles in the curves at large transverse momentum are caused by
fluctuations in the number of events between neighbouring bins and indicate statistical
uncertainties. The smaller inset in each histogram shows the low transverse momentum
region of the W± and Z boson in more detail.

First of all, the leading order prediction for the W± boson from Alpgen (‘Alp-
gen LO’) clearly shows that, without any matrix element correction or MLM matching
applied, Herwig’s parton shower does not describe the tail of the transverse momen-
tum distribution well. In Figure 2.5 the same phenomenon was already demonstrated
for Pythia’s parton shower without correction.

Secondly, for both the W± and Z boson, the three Ariadne distributions predict
harder spectra than the other generator configurations. The fact that the two predictions
in which CKKW-L is applied (‘Ariadne 0123p’ and ‘01234p’) are slightly lower than
the ‘default’ prediction (which only includes a matrix element correction for the first
emission), is an indication that the uncorrected dipole cascade overestimates the amount
of radiation at large transverse momenta.
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Figure 7.1: Predicted transverse momentum distributions for W± bosons.
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Figure 7.2: Predicted transverse momentum distributions for Z bosons.

Subtle differences are also discernible between the Alpgen distributions for the
W± boson, ‘Alpgen 01p’ and ‘Alpgen 0123p’. As opposed to the Ariadne distributions,
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Chapter 7. W± and Z boson production

here the inclusion of matrix elements with more final state partons leads to a slightly
harder spectrum. This implies an underestimation of the W± boson spectrum at large
transverse momentum by the parton shower. Comparison between ‘Alpgen 0123p’ and
‘Alpgen 012345p’ distributions for the Z boson shows no further improvement.

It is also remarkable that the ‘Pythia’ and ‘Alpgen 01p’ predictions are in almost
complete agreement with each other, because they are obtained via different techniques.
Finally, although the inclusion of matrix elements with higher parton multiplicities leads
to more similar distributions at large transverse momenta, distinct features remain vis-
ible between the distributions.

The predicted rapidity distributions for theW± and Z boson are shown in Figure 7.3.
The histograms are normalised to unity. All generators prediction are in good agreement
and show that the Z boson is produced more centrally than the W±.
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Figure 7.3: Predicted rapidity distributions of (a) W± bosons and (b) Z bosons.

7.4 Jet spectra

To study jet spectra in W + jets and Z + jets events, jets are reconstructed from Monte
Carlo truth particles, after hadronisation, with the ATLAS cone algorithm as decribed
in Section 3.2 of Chapter 3 using a cone size Rcone of 0.4, a minimum seed pT of 2 GeV,
and |η| < 5. The transverse momentum distributions of the leading and subleading
jets in W + jets production are shown in Figure 7.4. The distributions are normalised
corresponding to the cross sections in Table 7.1. Results for Z + jets are very similar
and have therefore been omitted.

All predictions by Ariadne for the leading jet result in a harder transverse momen-
tum distribution and a larger overall number of leading jets than predictions by Alpgen
and Pythia. In the tail at large transverse momentum, the differences between Ari-
adne and Alpgen become smaller again, like in the W± boson transverse momentum
distribution in Figure 7.1. Differences between the ‘Alpgen 01p’ and ‘Alpgen 0123p’
distributions on the other hand are more pronounced in this region.
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Figure 7.4: Comparison between event generators of the predictions for the transverse
momentum distributions of (a) the leading jet and (b) the subleading jet in
W + jets events.

The subleading jet distributions display more discrepancies. Below approximately
70 GeV, the ‘Ariadne 01234p’ predicts considerably more jets than the rest, including
‘Ariadne default’ and ‘Ariadne 0123p’, while above this ∼70 GeV the ‘Ariadne 01234p’
and ‘Alpgen 0123p’ are in agreement with each other. It is important to note that only
‘Ariadne 0123p’ was generated with the merging scale η set to 2.5. For ‘Ariadne 01234p’
and the other Alpgen predictions 5.0 was used. This indicates that a large fraction of
the subleading jets are emitted in the region |η| > 2.5 according to the ‘Ariadne 01234p’
distribution.

In Figure 7.5 the pseudo-rapidity distributions for the leading and the subleading jet
are shown. The jets are required to have a minimum transverse momentum of 20 GeV.
The results from the event generator for the leading jet are consistent with each other.
Ariadne predicts an overall larger amount of jets. Differences between the ‘Alpgen LO’
and ‘Alpgen 01p’ distribution demonstrates that without matrix element correction, the
parton shower underestimates the jet production rate in the central rapidity region.

Between the predicted distributions for the subleading jet, important differences are
again visible. Although the ‘Ariadne 01234p’ prediction suffers a bit from statistical
fluctuations, it clearly gives a broader pseudo-rapidity spectrum than the rest. This
characteristic feature is attributed to the inclusion of small-x effects3 in the dipole cas-
cade, as explained earlier in Section 2.1.2 of Chapter 2. The ‘Ariadne default’ and ‘0123p’
distributions are also broad but not as flat, since they do not include the matrix ele-
ment predictions for radiation of multiple partons in the region |η| > 2.5. A significant
difference is also visible between the ‘Alpgen 01p’ and ‘Alpgen 0123p’ distributions in
the central pseudo-rapidity region.

In Figure 7.6 the expected jet multiplicity in W + jets events is shown. Jets are
required to have a minimum transverse momentum of 20 GeV and an absolute pseudo-

3Referring to small momentum fractions, with x ∝ M/
√
s.
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Figure 7.5: Comparison between event generators of the predictions for the pseudo-
rapidity distributions of (a) the leading jet and (b) the subleading jet
in W + jets events. The minimum transverse momentum of the jets is
20 GeV.

rapidity within either 5.0 or 2.5. The former corresponds to the maximum acceptance in
pseudo-rapidity of the ATLAS detector for jets, and the latter corresponds to the maxi-
mum pseudo-rapidity cut used for jets in the tt̄ cross section measurement of Chapter 5.
Only predictions including matrix elements for the highest available parton multiplicity
are shown.
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Figure 7.6: Comparison between the event generators of the jet multiplicity in W + jets
events for jets with a transverse momentum of at least 20 GeV and an
absolute pseudo-rapidity within (a) 5.0 and (b) 2.5.

Overall, Ariadne predicts the largest jet production rate in W + jets events. This
is due to the relative large contributions expected from 1-jet and 2-jet events with a
W± boson. The same was observed before in Table 7.1 for the cross sections at parton
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level. When considering only events with more central jets (|η| < 2.5) however, Alpgen
predicts larger fractions of high jet multiplicity events than Ariadne. This is remark-
able, because for Alpgen matrix elements with up to three final state partons were
used, while for Ariadne matrix elements with up to four final state partons were used.
Omitting matrix elements with multiple final state partons leads in general to an un-
derestimation of jet production rates, as was shown by comparing the ‘Alpgen 01p’ and
‘Alpgen 0123p’ distributions in Figure 7.4 and Figure 7.5. One would therefore expect
Alpgen to estimate a lower jet production rate than Ariadne in this case. Apparently,
Ariadne’s dipole cascade tends to enhance the jet production rate towards the forward
direction instead.

7.5 Ratio of W + jets and Z + jets events

A prediction for the amount of W±(→ µ±νµ) boson events in a sample of collision data
can be attained by counting the number of Z(→ µ+µ−) boson events in that sample
and using the ratio of expected W±(→ µ±νµ) and Z(→ µ+µ−) boson events determined
from Monte Carlo simulation. When taking into account the jet multiplicity i of the
event: [

NW
i

]

Exp.

=

[

NW
i

NZ
i

]

MC

×
[

NZ
i

]

Data

The advantage of this method is that detection of Z(→ µ+µ−) events is relatively
straightforward compared to W±(→ µ±νµ) events, because Z bosons do not suffer from
large transverse missing energy. In addition, uncertainties due to the luminosity deter-
mination and parton distribution functions cancel when taking the W± and Z boson
event ratio.

In Figure 7.7 the ratio of W±(→ µ±νµ) and Z(→ µ+µ−) boson events is given as
function of the jet multiplicity. The first plot shows the predictions for the ratio when
considering all reconstructed jets, and the second plot shows the predictions for the
ratio when considering jets with a minimum transverse momentum of 20 GeV and a
maximum pseudo-rapidity of 2.5. In all events the W± and Z bosons decay into muons,
with an additional requirement for the Z boson events of 60 < Mµ+µ− < 200 GeV.
Only predictions including matrix elements for the highest available parton multiplicity
are shown for Alpgen, while for Ariadne also predictions are shown without using
CKKW-L.

All four predictions indicate that the production of W±(→ µ±νµ) boson events is an
order of magnitude larger than the production of Z(→ µ+µ−) boson events. However,
there is a difference of order O(∼ 10%) between the two predicted ratios by Pythia and
Alpgen on one side, and the two predicted ratios by Ariadne on the other side. With-
out additional requirements on the reconstructed jets, both Ariadne predictions are in
good agreement with each other, like the Alpgen and Pythia predictions. This sug-
gests that the differences between the expected ratios are mainly due to differences in the
parton showers. When requiring more central, harder jets, differences between Alpgen
and Ariadne become smaller, while differences between Pythia and Alpgen become
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Figure 7.7: Ratio of W±(→ µ±νµ) and Z(→ µ+µ−) boson events per jet multiplicity
for (a) all reconstructed jets and (b) jets with pT > 20 GeV and |η| < 2.5.

larger. This is expected since Pythia only incorporates a matrix element correction for
the first emission, while the other generators include contributions from higher order
corrections. The same holds for the Ariadne predictions. Without CKKW-L applied,
larger ratios are expected.

In Table 7.1 and 7.2 the partonic cross sections were calculated for W±(→ µ±νµ)
and Z(→ µ+µ−) boson production with Alpgen and Ariadne. In Table 7.3 the ratios
of these cross sections are given as function of the number of final state partons together
with the total inclusive ratios. It is not fair to directly compare these numbers with
those presented in Figure 7.7, because the kinematical cuts on the partons in the cross
section calculations differ from the jet level cuts. However, the values show a similar
trend at parton level: Ariadne predicts larger cross section ratios for higher parton
multiplicities than Alpgen. Irrespectively of the parton multiplicity, both generators
expect in total a factor ∼11 more W + jets events than Z + jets events.

Alpgen Ariadne

NpNpNp σW
3 /σZ

3σW
3 /σZ

3σW
3 /σZ

3 σW
5 /σZ

5σW
5 /σZ

5σW
5 /σZ

5 σ†W
3 /σ†Z

3σ†W
3 /σ†Z

3σ†W
3 /σ†Z

3 σW
4 /σZ

4σW
4 /σZ

4σW
4 /σZ

4

0 11.2 11.2 11.2 11.1

1 10.2 10.5 10.2 10.5

2 9.7 9.8 10.1 10.6

3 9.4 9.3 9.3 11.3

4 – 9.1 – 10.4

5 – 9.6 – –

incl. 10.9 11.0 11.0 10.9

Table 7.3: Ratio of the partonic cross sections for W±(→ µ±νµ) and Z(→ µ+µ−) boson
production as predicted by Alpgen and Ariadne. Values are given as function
of the number of final state partons Np. On the last row follows the ratio of
the inclusive cross sections.
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7.6 Underlying event

The jet multiplicity of an event will be dominated by the hard scattering in a pp collision
when one requires fairly hard, central jets such as for the tt̄ cross section measurement.
However, the underlying event also contributes to the jet multiplicity. To study the
underlying event, W± → µ±νµ and Z± → µ+µ− events have been simulated with and
without multiple interactions according to Jimmy (for Alpgen) and Pythia (for Ari-
adne and stand-alone).

In Figure 7.8, 7.9, and 7.10, the transverse momentum and pseudo-rapidity dis-
tributions for jets in W± → µ±νµ events are shown as predicted by Alpgen/Jimmy,
Ariadne/Pythia, and stand-alone Pythia respectively. ForAlpgen, MLM matching
is used to include matrix elements with up to three additional partons. For Ariadne
the CKKW-L method is applied to include matrix elements with up to four additional
partons. Below the distributions the relative difference between the prediction with and
without multiple interactions taken into account is indicated.

All three multiple interactions models predict a significant amount of additional jet
activity due to multiple interactions. The largest impact is expected by Jimmy. As
can be seen from Figure 7.8, jets from the underlying event contribute mainly at low
transverse momentum, but they reach up to transverse momenta as high as 40 GeV.
The pseudo-rapidity distributions show an increase of factor three to four in the amount
of jets over the full range. In the very forward direction, for jet pseudo-rapidities above
2.5, the increase is highest.

The transverse momentum distributions in Figure 7.9 show that the ‘old’ multiple
interactions model of Pythia only contributes considerably for jets below ∼20 GeV.
The amount of jets almost doubles, but as opposed to Jimmy, this increase is fairly
uniform in pseudo-rapidity. Since a tuned set of parameters for the multiple interactions
model of Pythia does not exist for usage with Ariadne, the results should only be
taken as a rough estimate. For more accurate predictions, further investigations are
required. This is however outside the scope of this study.

The ‘new’ multiple interactions model in stand-alone Pythia gives transverse mo-
mentum and pseudo-rapidity distributions for jets (Figure 7.10) which are similar to
that of Jimmy. Comparing the relative difference between the distributions with and
without multiple interactions shows that the overall increase in jet activity due to the
underlying event is not as large as for Jimmy though. Especially the enhancement in
the forward pseudo-rapidity region is less pronounced.

In Figure 7.11 the expected fraction of W± → µ±νµ events is shown per jet multiplic-
ity of the event. Unlike Figure 7.6, effects from multiple interactions are included. Jets
are again required to have a minimum transverse momentum of 20 GeV and an absolute
pseudo-rapidity within either 5.0 or 2.5. This time also predictions from Alpgen with
matrix elements for up to five final state partons (‘Alpgen 012345p’) are shown4.

Comparing Figure 7.11 with Figure 7.6 points out that the predictions most sensitive
to multiple interactions are those for events with high jet multiplicity. Ariadne still
predicts the largest fraction of 1-jet events, but Alpgen now expects a considerably

4This sample is used by convention for analyses at
√
s = 10 TeV within the ATLAS collaboration.
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Figure 7.8: Predicted (a) pT and (b) η distributions for jets in W± → µ±νµ events by
Alpgen with and without Jimmy’s multiple interaction model.
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Figure 7.9: Predicted (a) pT and (b) η distributions for jets in W± → µ±νµ events by
Ariadne with and without Pythia’s old multiple interactions model.
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Figure 7.10: Predicted (a) pT and (b) η distributions for jets in W± → µ±νµ events by
Pythia with and without Pythia’s new multiple interactions model.
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7.6. Underlying event
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Figure 7.11: Predicted fraction of W± → µ±νµ events per jet multiplicity in the event
for jets with a minimum transverse momentum of 20 GeV and (a)
|η| < 5.0 and (b) |η| < 2.5. The predictions include effects from mul-
tiple interactions.

larger amount of high jet multiplicity events than Ariadne. Also for Pythia a similar
change in jet multiplicity spectrum is observable due to multiple interactions. In par-
ticular for jets with a maximum pseudo-rapidity of 2.5, the fraction of high multiplicity
events increases such that it is comparable is size to that of Ariadne. Finally, differ-
ences between the two predictions with Alpgen are subtle. They illustrate once more
that the inclusion of matrix elements with higher final state parton multiplicities leads
to harder jet spectra. But for jets with a minimum transverse momentum of 20 GeV,
this effect is less prominent than the extra jet activity due to the underlying event.
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Figure 7.12: Ratio of W± → µ±νµ and Z± → µ+µ− events per jet multiplicity for (a)
all reconstructed jets and (b) for jets with pT > 20 GeV and |η| < 2.5.
The predictions include simulation of multiple interactions.
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Chapter 7. W± and Z boson production

Figure 7.12 shows the ratio of W± and Z boson events as function of the jet multi-
plicity, like in Figure 7.7. In this case, effects from multiple interactions also taken into
account via the different models. Without any jet cuts applied, differences among the
predicted ratios are strongly reduced with respect to what was observed in Figure 7.7.
When requiring more central, harder jets, the impact of the multiple interactions dimin-
ishes again.

7.7 Background from W + jets in tt̄ event selection

Differences in the predicted jet spectra for W + jets events will result in varying pre-
dictions for the amount of W + jets background for a tt̄ analysis. To investigate the
magnitude of these variations for the top cross section measurement of Chapter 5, a
comparison is made between the predictions of the three even generators Pythia, Alp-
gen, and Ariadne. Since the focus of this study in on jet multiplicity, only the two
distinct jet requirements of the tt̄ cross section measurement are applied:� at least 4 jets with pT > 20 GeV and |η| < 2.5� at least 3 jets with pT > 40 GeV and |η| < 2.5

The jets are reconstructed with the cone algorithm using fast detector response sim-
ulation (ATLFAST). The single isolated lepton and the missing transverse energy re-
quirements are dropped in order to keep a reasonable amount of events left over after
event selection. This omission should not bias the results, because the selection criteria
are almost completely uncorrelated5. Besides, for this study only W± → µ±νµ events
are considered. Because the results in this section are obtained for pp collisions at a
centre-of-mass energy

√
s of 10 TeV instead of 14 TeV, the numbers are not directly

comparable to those in Chapter 5.
In Table 7.4 the expected event selection efficiencies for the individual (ǫ4j20 and ǫ3j40)

and combined jet requirements (ǫsel) are given. The most right column shows the event
selection efficiency when also including the MW -constraint (ǫ∆MW

), an event is then
required to contain at least one di-jet combination with invariant mass within 10 GeV
of the W boson mass. The table shows the predictions without and with simulation of
multiple interactions.

The efficiencies are all below 0.3% and thus most of the W + jets events are re-
jected by the tt̄ selection criteria. However, predicted efficiencies differ up to a factor
five between the three event generators. Alpgen predicts significantly higher selection
efficiencies, both with and without multiple interactions. The multiple interactions sim-
ulated with Jimmy for Alpgen, have the largest impact on the selection efficiencies.
For Pythia the inclusion of multiple interactions does not considerably change results.
Ariadne’s estimates are fairly compatible with each other. However, the fact that the

5Differences in predicted pT spectra for the W boson, observed in Figure 7.4, imply also differences
the pT spectra of its decay products, the muon and muon neutrino (and thus 6ET ) in this case. These
differences appear for the leptons however above 30 GeV, well above the minimum required lepton pT
and 6ET .
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7.7. Background from W + jets in tt̄ event selection

Generator ǫǫǫ4j20 ǫǫǫ3j40 ǫǫǫsel ǫ∆MW
ǫ∆MWǫ∆MW

w
/o

M
.I
.

Pythia – 0.070 ± 0.006 0.065 ± 0.006 0.029 ± 0.004 0.012 ± 0.003

Ariadne – 0.092 ± 0.003 0.088 ± 0.003 0.040 ± 0.002 0.011 ± 0.001

Ariadne 3p 0.085 ± 0.003 0.089 ± 0.003 0.033 ± 0.002 0.011 ± 0.001

Ariadne 4p 0.095 ± 0.002 0.105 ± 0.002 0.040 ± 0.002 0.013 ± 0.001

Alpgen 3p 0.173 ± 0.001 0.189 ± 0.001 0.083 ± 0.001 0.026 ± 0.001

w
it
h
M
.I
.

Pythia – 0.084 ± 0.006 0.068 ± 0.006 0.025 ± 0.004 0.012 ± 0.003

Ariadne – 0.057 ± 0.002 0.058 ± 0.002 0.026 ± 0.001 0.007 ± 0.001

Ariadne 3p 0.076 ± 0.006 0.081 ± 0.002 0.027 ± 0.001 0.009 ± 0.001

Ariadne 4p 0.088 ± 0.001 0.101 ± 0.002 0.034 ± 0.001 0.011 ± 0.001

Alpgen 3p 0.239 ± 0.004 0.217 ± 0.003 0.101 ± 0.002 0.033 ± 0.001

Alpgen 5p 0.283 ± 0.001 0.237 ± 0.001 0.119 ± 0.001 0.040 ± 0.001

Table 7.4: Predicted selection efficiencies (in %) for W± → µ±νµ events without (top)
and with (bottom) taking into account multiple interactions.

efficiencies seem to decrease, instead of increase, when taking into account multiple inter-
actions, is curious and requires further investigation. In any case, the inclusion of matrix
elements for multiple final state partons enhances the efficiencies for both Ariadne and
Alpgen, as expected.

In Figure 7.13 the invariant mass distribution, Mjjj, is shown of the three-jet combi-
nation with the highest vector-summed transverse momentum for W + jets events that
passed the selection criteria. This distribution is used in the tt̄ cross section measure-
ment to extract the tt̄ signal. As described in more detail in Section 5.5 of Chapter 5, the
hadronic top quark mass is fit by a Gaussian, while a Chebyshev polynomial is fit to the
background, including the W + jets contribution. Due to the limited amount of events
in the simulated samples available after event selection, the distributions are shown only
for Ariadne and Alpgen with matrix element matching for up to three and four final
state partons respectively. The predictions are shown with and without including mul-
tiple interactions. For the latter case, there is also the large ‘Alpgen 012345p’ sample
available. The distributions are displayed on a logarithmic scale and normalised to unity
in order to compare the shapes. There are no significant deviations observable between
the distributions.

Finally, Figure 7.14 shows the same distributions as in Figure 7.13, though on a
linear scale and normalised according to the predicted cross sections (Table 7.1) and
selection efficiencies (Table 7.4). The distributions demonstrate that Alpgen predicts
significantly more W± → µ±νµ events passing the event selection. Without taking into
account the multiple interactions, the ratio between Alpgen and Ariadne is roughly a
factor two over the full Mjjj range shown. With multiple interactions taken into account,
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Figure 7.13: Comparison between Alpgen and Ariadne of the predicted invariant three-
jet mass distribution Mjjj for W± → µ±νµ events after tt̄ event selection
(a) without and (b) with multiple interactions included. Normalised to
unity.

the ratios of both Alpgen predictions with respect to Ariadne fluctuate between a
factor four at low values of Mjjj down to approximately two at high values of Mjjj, where
the errors bars indicate large uncertainties.
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Figure 7.14: Comparison between Alpgen and Ariadne of the predicted invariant three-
jet mass distribution Mjjj for W± → µ±νµ events after tt̄ event selection
(a) without and (b) with multiple interactions included. Normalised to the
cross sections. The ratios indicate the differences with respect to Ariadne.

Note that the ‘Cut & Count’ method (Section 5.7) relies on the predicted amount
of background for the cross section measurement: the number of background events
is subtracted from the number of observed events. Hence, the factor ∼ 4 difference
between the predictions indicates a large uncertainty on this measurement coming from
the W + jets background normalisation.
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7.8. Conclusions & Discussion

7.8 Conclusions & Discussion

Predictions for W + jets and Z + jets production in pp collisions at centre-of-mass en-
ergy of 10 TeV in ATLAS have been compared between the event generators Pythia,
Alpgen, and Ariadne. The most remarkable feature of Ariadne’s dipole cascade is
that it predicts larger cross sections for higher jet multiplicities and significantly larger
jet activity in the forward regions (|η| > 2.5). Simulation of multiple interactions and
comparison between Pythia’s ‘old’ and ‘new’ model, and Jimmy’s model indicates that
a substantial contribution from the underlying event to the jet spectra can be expected,
especially from Jimmy. Jets originating from the underlying event reach transverse mo-
menta up to 40 GeV.

In addition, Monte Carlo predictions for the ratio of W± and Z boson events have
been compared for W± and Z bosons decaying into muons. This ratio can be used
to estimate the amount W + jets events directly from data using Z + jets events. It
has been shown that for higher jet multiplicities, Ariadne predicts a larger ratio than
Pythia and Alpgen, while the total inclusive ratios are equal with a value of ∼11.
When considering jets with a minimum transverse momentum of 20 GeV and a pseudo-
rapidity within 2.5 the uncertainties in this ratio due to the underlying event reduce.

In the perspective of a tt̄ cross section measurement, Alpgen predicts the largest
amount of background from W + jets events. The difference with other generators is
enhanced when including the underlying event simulation from Jimmy. These differences
are larger than the differences due to a variation in the number of final state partons used
in the matrix element calculation by the event generator. The predicted shapes of the
invariant three-jet mass distributions, eventually used for top quark signal extraction,
are in agreement with each other. This is reassuring, despite the factor four difference
in predicted amount of background, because the largest uncertainty for the top cross
section measurement in Chapter 5 is not the normalisation but the shape of the invariant
three-jet mass distribution. For the ‘Cut & Count’ method, however, this is a significant
uncertainty.
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8
Outlook

Since the first pp collissions at a centre-of-mass energy of 7 TeV on March 30th 2010, three
months ago from this writing, ATLAS has recorded data with an integrated luminosity of
approximately 31 nb−1 (93% of the total amount of collision data provided by the LHC).
The detector status, shown in Table 8.1, is excellent. More than 97% of all subdetector
parts are operational and further improvement is foreseen after a future maintenance.

Subdetector Number of Operational

Channels Fraction

Pixels 80 M 97.4 %

SCT Silicon Strips 6.3 M 99.2 %

TRT Transition Radiation Tracker 350 k 98.0 %

LAr EM Calorimeter 170 k 98.5 %

Tile calorimeter 9800 97.3 %

Hadronic endcap LAr calorimeter 5600 99.9 %

Forward LAr calorimeter 3500 100.0 %

LVL1 Calo trigger 7160 99.9 %

LVL1 Muon RPC trigger 370 k 99.5 %

LVL1 Muon TGC trigger 320 k 100.0 %

MDT Muon Drift Tubes 350 k 99.7 %

CSC Cathode Strip Chambers 31 k 98.5 %

RPC Barrel Muon Chambers 370 k 97.0 %

TGC Endcap Muon Chambers 320 k 98.6 %

Table 8.1: ATLAS detector status in June 2010. Numbers taken from [166].
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Observation of W± and Z boson events

The successful start of the first, long, data-taking period, has given the ATLAS collab-
oration the opportunity to make the first observations of W± and Z bosons events in
pp collisions at a centre-of-mass energy of 7 TeV [14]. Figure 8.1 shows an event display
of a candidate W− → µ−ν decay with three jets and Figure 8.2 shows an event display
of a candidate Z → µ+µ− decay.

Figure 8.1: A candidate W− → µ−ν decay, collected on 16 May 2010. The left part
of the figure is a three-dimensional cut-away view of the ATLAS detector
and the right figure is a projection along the beam axis. The two thin red
lines indicate two muon tracks, together with the locations of the the muon
spectrometer hits. All other thin lines are tracks of other particles in the
inner detector. The three red cones represent the three jets. The large yel-
low arrow point in the direction of the missing transverse energy and the
smaller yellow bars correspond to the amount of energy deposited in the

calorimeters. Event properties: pµ
−

T = 22 GeV, ηµ
−

= 2.0, 6ET = 51 GeV,
MT = 61 GeV. Three jets (anti-kT algorithm, R = 0.4) with jet ET above
15 GeV; the highest-ET jet contains a muon candidate. Figure taken from
[167].
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Figure 8.2: Candidate Z → µ+µ− decay, collected on 10 May 2010. The left part of the
figure is a projection along the beam axis and the right part of the figure
is a three-dimensional cut-away view of the ATLAS detector. The two thin
red lines in indicate the tracks together with the muon spectrometer hits of
the two muons from the Z decay. All other thin lines are tracks of other

particles in the inner detector. Event properties: pµ
+

T = 45 GeV, ηµ
+

= 2.2,

pµ
−

T = 27 GeV, ηµ
−

= 0.7, Mµ+µ− = 87 GeV. Figure taken from [167].

Finally...

The first observation of a tt̄ event is expected any time soon now: top quark physics has
started for the ATLAS experiment.
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A
List of MC generators and samples

A.1 Monte Carlo generators

Table A.1 lists all the Monte Carlo generators used throughout this thesis and their
purpose. In case there are two version numbers mentioned, the first number refers to
the version used for

√
s = 14 TeV studies in Chapter 5 and 6 (Athena release 12), and

the second number to the version used for
√
s = 10 TeV studies in Chapter 7 (Athena

release 14). Otherwise, the same version is used in either case.

Generator Version(s) Purpose

Herwig 6.510 General

Jimmy 4.0Atlas 4.31 Underlying event

Pythia 6.403 6.418 General

MC@NLO 3.1 3.31 NLO ME

Alpgen 2.06fix 2.13 ME, MLM

AcerMC 3.2 3.5 ME

Photos 2.15 QED corrections

Tauola 2.7 τ decays

Ariadne CVS Dipole cascade, CKKW-L

MadGraph 4.4.19 ME

mcfm 5.5 NLO cross sections

Table A.1: List Monte Carlo generators used in this thesis.

A.2 Samples for
√
s = 14 TeV

In Table A.2 the Monte Carlo samples are listed for the
√
s = 14 TeV analyses in

Chapter 5 and 6. The samples are generated in Athena release 12. The reconstruction
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Appendix A. List of MC generators and samples

of physics objects is carried out with both full and fast detector response simulation.

tt̄
trig1_misal1_mc12.005200.T1_McAtNlo_Jimmy.recon.AOD.v12000601_tid005997

trig1_misal1_mc12.005204.TTbar_FullHad_McAtNlo_Jimmy.recon.AOD.v12000601_tid006015

trig1_misal1_mc12.005205.AcerMCttbar.recon.AOD.v12000601_tid006085

trig1_misal1_mc12.006250.AcerMCttbar.recon.AOD.v12000605_tid013579

trig1_misal1_mc12.006251.AcerMCttbar.recon.AOD.v12000605_tid013580

single t
trig1_misal1_mc12.005500.AcerMC_Wt.recon.AOD.v12000601_tid006192

trig1_misal1_mc12.005500.AcerMC_Wt.recon.AOD.v12000601_tid006958

trig1_misal1_mc12.005501.AcerMC_schan.recon.AOD.v12000601_tid006193

trig1_misal1_mc12.005501.AcerMC_schan.recon.AOD.v12000601_tid006959

trig1_misal1_mc12.005502.AcerMC_tchan.recon.AOD.v12000601_tid006194

trig1_misal1_mc12.005502.AcerMC_tchan.recon.AOD.v12000601_tid006960

W + jets
trig1_misal1_mc12.008240.AlpgenJimmyWenuNp2_pt20_filt3jet.recon.AOD.v12000601_tid006551

trig1_misal1_mc12.008241.AlpgenJimmyWenuNp3_pt20_filt3jet.recon.AOD.v12000601_tid006552

trig1_misal1_mc12.008242.AlpgenJimmyWenuNp4_pt20_filt3jet.recon.AOD.v12000601_tid006553

trig1_misal1_mc12.008243.AlpgenJimmyWenuNp5_pt20_filt3jet.recon.AOD.v12000601_tid006554

trig1_misal1_mc12.008244.AlpgenJimmyWmunuNp2_pt20_filt3jet.recon.AOD.v12000601_tid006555

trig1_misal1_mc12.008245.AlpgenJimmyWmunuNp3_pt20_filt3jet.recon.AOD.v12000601_tid006556

trig1_misal1_mc12.008246.AlpgenJimmyWmunuNp4_pt20_filt3jet.recon.AOD.v12000601_tid006557

trig1_misal1_mc12.008247.AlpgenJimmyWmunuNp5_pt20_filt3jet.recon.AOD.v12000601_tid006558

trig1_misal1_mc12.008248.AlpgenJimmyWtaunuNp2_pt20_filt3jet.recon.AOD.v12000601_tid006559

trig1_misal1_mc12.008249.AlpgenJimmyWtaunuNp3_pt20_filt3jet.recon.AOD.v12000601_tid006560

trig1_misal1_mc12.008250.AlpgenJimmyWtaunuNp4_pt20_filt3jet.recon.AOD.v12000601_tid006561

trig1_misal1_mc12.008251.AlpgenJimmyWtaunuNp5_pt20_filt3jet.recon.AOD.v12000601_tid006562

Z + jets
trig1_misal1_mc12.008131.AlpgenJimmyZeeNp1LooseCut.recon.AOD.v12000601_tid006603

trig1_misal1_mc12.008132.AlpgenJimmyZeeNp2LooseCut.recon.AOD.v12000601_tid006604

trig1_misal1_mc12.008133.AlpgenJimmyZeeNp3LooseCut.recon.AOD.v12000601_tid006605

trig1_misal1_mc12.008134.AlpgenJimmyZeeNp4LooseCut.recon.AOD.v12000601_tid006606

trig1_misal1_mc12.008135.AlpgenJimmyZeeNp5LooseCut.recon.AOD.v12000601_tid006607

trig1_misal1_mc12.008143.AlpgenJimmyZmumuNp1LooseCut.recon.AOD.v12000601_tid006615

trig1_misal1_mc12.008144.AlpgenJimmyZmumuNp2LooseCut.recon.AOD.v12000601_tid006616

trig1_misal1_mc12.008145.AlpgenJimmyZmumuNp3LooseCut.recon.AOD.v12000601_tid006617

trig1_misal1_mc12.008146.AlpgenJimmyZmumuNp4LooseCut.recon.AOD.v12000601_tid006618

trig1_misal1_mc12.008147.AlpgenJimmyZmumuNp5LooseCut.recon.AOD.v12000601_tid006619

trig1_misal1_mc12.008154.AlpgenJimmyZtautauNp0LooseCut.recon.AOD.v12000601_tid006626

trig1_misal1_mc12.008155.AlpgenJimmyZtautauNp1LooseCut.recon.AOD.v12000601_tid006627

trig1_misal1_mc12.008156.AlpgenJimmyZtautauNp2LooseCut.recon.AOD.v12000601_tid006628

trig1_misal1_mc12.008157.AlpgenJimmyZtautauNp3LooseCut.recon.AOD.v12000601_tid006629

trig1_misal1_mc12.008158.AlpgenJimmyZtautauNp4LooseCut.recon.AOD.v12000601_tid006630

trig1_misal1_mc12.008159.AlpgenJimmyZtautauNp5LooseCut.recon.AOD.v12000601_tid006631

Wbb̄+ jets
trig1_misal1_mc12.006280.AlpgenJimmyWbbNp0.recon.AOD.v12000605_tid015406

trig1_misal1_mc12.006281.AlpgenJimmyWbbNp1.recon.AOD.v12000605_tid015409

trig1_misal1_mc12.006282.AlpgenJimmyWbbNp2.recon.AOD.v12000605_tid015410

trig1_misal1_mc12.006283.AlpgenJimmyWbbNp3.recon.AOD.v12000605_tid015411

W+W−, W±Z, ZZ
trig1_misal1_csc11.005985.WW_Herwig.recon.AOD.v12000601_tid006070

trig1_misal1_csc11.005986.ZZ_Herwig.recon.AOD.v12000601_tid006068

trig1_misal1_csc11.005987.WZ_Herwig.recon.AOD.v12000601_tid006069

Table A.2: List of Monte Carlo samples for
√
s = 14 TeV used in Chapter 5 and 6.
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A.2. Samples for
√
s = 14 TeV

In Table A.3 the Monte Carlo samples are listed for the
√
s = 14 TeV analysis in

Chapter 6. The samples are generated in Athena release 12. The reconstruction of
physics objects is carried out with fast detector response simulation only.

tt̄
mc12.006264.AlpgenJimmyToplnqqNp0_pt20.atlfast.AOD.v12000604_tid011720

mc12.006265.AlpgenJimmyToplnqqNp1_pt20.atlfast.AOD.v12000604_tid013315

mc12.006266.AlpgenJimmyToplnqqNp2_pt20.atlfast.AOD.v12000604_tid013316

mc12.006267.AlpgenJimmyToplnqqNp3_pt20.atlfast.AOD.v12000604_tid013317

QCD multi-jet
susywg.m2jckkw_PT40_Alpgen_Jimmy_noEF.atlfast.AOD.v12064

susywg.m3jckkw_PT40_Alpgen_Jimmy_noEF.atlfast.AOD.v12064

susywg.m4jckkw_PT40_Alpgen_Jimmy_noEF.atlfast.AOD.v12064

susywg.m5jckkw_PT40_Alpgen_Jimmy_noEF.atlfast.AOD.v12064

Table A.3: List of Monte Carlo samples for
√
s = 14 TeV used in Chapter 6.

Cross sections

The cross sections andK-factors used for the Monte Carlo samples listed in Table A.2 are
given in Table A.4. The cross sections are valid for

√
s = 14 TeV and include branching

ratios and filter efficiencies for the requirements mentioned in the last column.

Process σσσ (pb) K-factor Requirements

tt̄:

- semi- and di-leptonic 450.0 – ≥ 1 lepton

- fully hadronic 380.0 – no lepton

single top:

- W±t 26.7 – one W± → ℓ±νℓ, one W± → jj

- s-channel 3.3 – W± → ℓ±νℓ

- t-channel 81.3 – W± → ℓ±νℓ

W±(→ ℓ±νℓ)+ jets 912.0 1.15 ≥ 3 jets: pT > 30 GeV, |η| < 5.0

Z(→ ℓ+ℓ−)+ jets 896.1 1.15 ≥ 2 e, µ: pT > 10 GeV, |η| < 2.7

≥ 1 jet: pT > 20 GeV, |η| < 5.0

W±bb̄+ jets 19.9 2.57 W± → ℓ±νℓ

W+W− 24.5 1.57 ≥ 1 e, µ: pT > 10 GeV, |η| < 2.8

W±Z 7.8 1.89 ≥ 1 e, µ: pT > 10 GeV, |η| < 2.8

ZZ 2.1 1.29 ≥ 1 e, µ: pT > 10 GeV, |η| < 2.8

Table A.4: Cross sections and K-factors used for the samples in Table A.2.
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Appendix A. List of MC generators and samples

The cross sections for the Monte Carlo samples listed in Table A.3 are given in
Table A.5 and A.6. The cross sections are obtained with Alpgen using MLM matching
and are valid for

√
s = 14 TeV. For tt̄ an additional K-factor of 2.02 was applied.

process sample σσσgen × ǫǫǫmlm = σσσmlm

tt̄ + 0p 006264 197.61 0.263 51.97 pb
tt̄ + 1p 006265 250.83 0.240 60.20 pb
tt̄ + 2p 006266 186.65 0.217 40.50 pb
tt̄ + 3p 006267 103.17 0.298 30.74 pb

tt̄ total 183.42 pb

Table A.5: Cross sections and MLM matching efficiencies for semi-leptonic tt̄.

partons σσσ LLL
2 17,778,800 pb 0.051 pb−1

3 969,300 pb 0.48 pb−1

4 108,204 pb 1.6 pb−1

5+ 14,040 pb 9.1 pb−1

total 18,870,344 pb

Table A.6: Cross sections and luminosities of QCD multi-jet samples.

A.3 Samples for
√
s = 10 TeV

In Table A.7 the Monte Carlo samples are listed for the
√
s = 10 TeV analysis in

Chapter 7. The samples are generated in Athena release 14. The reconstruction of
physics objects is carried out with both full and fast detector response simulation.

W + jets
mc08.107690.AlpgenJimmyWmunuNp0_pt20.recon.AOD.e368_a68

mc08.107691.AlpgenJimmyWmunuNp1_pt20.recon.AOD.e368_a68

mc08.107692.AlpgenJimmyWmunuNp2_pt20.recon.AOD.e368_a68

mc08.107693.AlpgenJimmyWmunuNp3_pt20.recon.AOD.e368_a68

mc08.107694.AlpgenJimmyWmunuNp4_pt20.recon.AOD.e368_a68

mc08.107695.AlpgenJimmyWmunuNp5_pt20.recon.AOD.e368_a68

Z + jets
mc08.107660.AlpgenJimmyZmumuNp0_pt20.recon.AOD.e376_a68

mc08.107661.AlpgenJimmyZmumuNp1_pt20.recon.AOD.e376_a68

mc08.107662.AlpgenJimmyZmumuNp2_pt20.recon.AOD.e376_a68

mc08.107663.AlpgenJimmyZmumuNp3_pt20.recon.AOD.e376_a68

mc08.107664.AlpgenJimmyZmumuNp4_pt20.recon.AOD.e376_a68

mc08.107665.AlpgenJimmyZmumuNp5_pt20.recon.AOD.e376_a68

Table A.7: List of Monte Carlo samples for
√
s = 10 TeV used in Chapter 7.
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B
Generator comparison

B.1 MC@NLO, Alpgen, and AcerMC

The following figures show comparisons betweenMC@NLO,Alpgen, andAcerMC of
the transverse momentum distributions of top quarks, tt̄ pairs, and jets in semi-leptonic
tt̄ events at

√
s = 14 TeV. All distributions are normalised to unity.
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Figure B.1: Transverse momentum of the top quarks.
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Figure B.2: Transverse momentum of the top quark pair.
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Figure B.3: Jet spectrum and transverse momentum of all jets (pT > 7 GeV, |η| <5.0).
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Figure B.4: Transverse momentum of the leading and subleading jet.
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Figure B.5: Transverse momentum of the first and second extra jet (not from top de-
cay).
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B.2. AcerMC/Pythia: ISR and FSR variation
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Figure B.6: Pseudo-rapidity of the first and second extra jet (not from top decay).

B.2 AcerMC/Pythia: ISR and FSR variation

Three different AcerMC/Pythia samples are available for the simulation of tt̄ events
with full detector simulation (Appendix A). The samples have different settings for the
initial state radiation and final state radiation parameters:� ‘005205’ with the default ATLAS settings;� ‘006250’ with enhanced ISR and reduced FSR;� ‘006251’ with reduced ISR and enhanced FSR.

The variation in ISR and FSR parameters leads to either a higher (006250) or a lower
(006251) reconstructed hadronic top mass. The impact on the selection, reconstruction,
and combined efficiency for the tt̄ cross section measurement in Chapter 5 is demon-
strated in Table B.1. Note the opposite effects on the selection and reconstruction effi-
ciencies, which diminish the effect on the combined efficiency. This is similar to what is
observed when varying the jet energy scale (Section 5.6.5).

sample muon channel electron channel

ǫǫǫsel ǫǫǫrec ǫǫǫcomb ǫǫǫsel ǫǫǫrec ǫǫǫcomb

005205 24.67 16.65 4.11 19.16 16.22 3.11

006250 27.45 15.86 4.36 21.27 15.75 3.35

006251 22.45 18.58 4.17 17.61 18.39 3.24

Table B.1: The selection, reconstruction, and combined efficiencies (in %) for tt̄ events
in the electron and muon channel for various ISR/FSR settings in AcerMC.
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[74] H. Kharraziha and L. Lönnblad, The Linked Dipole Chain Monte Carlo, JHEP
9803 (1998) 006, arXiv:hep-ph/9709424.

[75] L.H. Orr and W.J. Stirling, BFKL Physics in Dijet Production at the LHC, Phys.
Lett. B 436(3) (1998) 372, arXiv:hep-ph/9806371v1.

[76] C. Buttar et al., Les Houches Physics at TeV Colliders 2005, Standard Model and
Higgs working group: Summary report, arXiv:hep-ph/0604120v1.

[77] J.R. Andersen, V. Del Duca, F. Maltoni, and W.J. Stirling, W Boson Production
with Associated Jets at Large Rapidities, JHEP 0105 (2001) 048, arXiv:hep-

ph/0105146v1.

[78] A. Sirlin, Radiative corrections in the SU(2) × U(1) theory: A simple renormal-
ization framework, Phys. Rev. D 22 (1980) 971.

[79] http://lepewwg.web.cern.ch/LEPEWWG/

[80] G. Abbiendi et al., Search for the Standard Model Higgs boson at LEP, Phys.
Lett. B 565 (2003) 61, arXiv:hep-ex/0306033v1.

[81] CDF and DØ collaborations, Combination of Tevatron searches for the standard
model Higgs boson in the W+W− decay mode, Phys. Rev. Lett. 104 (2010) 061802,
arXiv:1001.4162v3 [hep-ex].

[82] V.M. Abazov et al., Experimental Discrimination between Charge 2e/3 Top Quark
and Charge 4e/3 Exotic Quark Production Scenarios, Phys. Rev. Lett. 98 (2007)
041801, arXiv:hep-ex/0608044v2.

[83] The CDF Collaboration, First CDF Measurement of the Top Quark Charge using
the Top Decay Products, 2007, CDF note 8967.

[84] R. Frederix and F. Maltoni, Top pair invariant mass distribution: a window on
new physics, JHEP 0901 (2009) 047, arXiv:0712.2355v3 [hep-ph].
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Summary

This thesis describes the preparatory studies carried out in the light of a top quark cross
section measurement and a future tt̄H search with the ATLAS experiment. It starts with
an overview of top quark physics, Monte Carlo generators, and the ATLAS experiment.
The analysis work described in subsequent chapters (except for the last), is based on
Monte Carlo simulation of proton-proton collisions at a centre-of-mass energy

√
s of

14 TeV.
First, a comparison is made of the properties between the tt̄H production signal and

its two dominant backgrounds from tt̄ and W + jets. For this purpose, the fractions of
the protons’ momenta carried by the interacting particles are studied. It is found that,
although these momentum fractions help distinguish between the three processes, it does
not give a satisfactory level of improvement for event selection with respect the more
conventional jet selection criteria.

Secondly, a measurement of the top quark pair production rate is presented. It can
be performed with a relatively small amount of collision data at an early stage. The cross
section is extracted from tt̄ pairs decaying semi-leptonically with either an electron or
a muon. A special feature of this measurement is that it does not rely on tagging jets
from b-quarks. It was expected that this more advanced tool would only be available at
a later stage, after extensive calibration with collision data. For an integrated luminosity
of 100 pb−1 the precision of the measurement is estimated to be:

∆σ/σ = ± 7% (stat) ± 15% (syst) ± 3% (pdf) ± 5% (lumi)

where the dominant systematic uncertainty is the shape of the fit function used to
extract the tt̄ signal.

Another large uncertainty in this measurement, which is also of importance for tt̄H
searches, is the amount of radiation from the top quarks. Different state-of-the-art Monte
Carlo techniques are compared to assess this uncertainty. The accuracy of the methods
correspond to leading order (AcerMC), next-to-leading order (MC@NLO), and tree-
level matrix elements matched with the parton shower (Alpgen). It is shown that there

157



Summary

are significant differences in the predictions for the kinematical jet distributions that
affect the jet multiplicity of an event. This leads to a 10% (5%) systematic uncertainty
in muon (electron) channel of the tt̄ cross section measurement.

Collisions involving a W± or Z boson may look similar to those with tt̄(H) and
therefore form a background. Predictions for the production of W± and Z bosons at a
centre-of-mass energy

√
s of 10 TeV are made using a Monte Carlo simulation based on

radiation from dipole antennae (Ariadne). Unlike conventional parton shower genera-
tors, radiation is considered to originate from two particles with opposite (colour-)charge
instead of a single splitting particle. Although the approach predicts significant more
radiation in the forward direction of the detector, the total amount of background for
the top quark measurement is predicted to be 50%− 75% less than with Alpgen. It is
shown that this is partly attributable to differences in the parton showering and partly
due to differences in the underlying event modelling. Another remarkable feature is the
prediction of a 10% larger W± to Z boson cross section ratio for events with high jet
multiplicities.
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Samenvatting

In maart 2010 werden in de LHC1, de deeltjesversneller met een omtrek van 27 km bij het
CERN in Genève (Zwitserland), de eerste protonen op elkaar gebotst met een hogere
energie dan ooit te voren. Deze botsingen zullen het vakgebied van de hoge-energie
fysica een enorme hoeveelheid nieuwe gegevens opleveren over de elementaire deeltjes.
De elementaire deeltjes, waaruit alle materie bestaat, en hun onderlinge wisselwerkingen
worden beschreven door het Standaard Model. Dit model is echter nog niet voltooid.
Het feit dat een van de elementaire deeltjes, het top-quark, een significant grotere massa
heeft dan de andere deeltjes, is bijvoorbeeld opmerkelijk. Maar ook het Higgs-boson,
het deeltje dat het sleutelfiguur lijkt te zijn in de verklaring voor de massa’s van de
elementaire deeltjes, is nog niet waargenomen.

Een van de mogelijkheden om het Higgs-boson te ontdekken, en meer van zijn eigen-
schappen te leren, is het waarnemen van tt̄H productie: een top-quarkpaar in com-
binatie met een Higgs-boson. Er wordt namelijk verondersteld dat de grootte van de
top-quarkmassa gerelateerd is aan de bindingssterkte met het Higgs-boson. Dit is een
grote uitdaging en vereist dat er gedurende een aatal jaren proton-proton botsingen wor-
den verzameld, om onderscheid te kunnen maken tussen het signaal en top-quarks die
andere deeltjes dan Higgs-bosonen afstralen. Het ATLAS experiment is ontworpen om
naar het Higgs-boson te zoeken en om top-quarkproductie nauwkeurig te bestuderen.

Dit proefschrift begint met een overzicht van top-quarkfysica, Monte Carlo gener-
atoren (simulatieprogramma’s) en het ATLAS experiment. Daarna worden de studies
beschreven die zijn uitgevoerd ter voorbereiding van een top-quarkmeting met het AT-
LAS experiment. Het analysewerk is gebaseerd op Monte Carlo simulatie van proton-
proton botsingen.

Eerst is er een vergelijking gemaakt van de productie-eigenschappen tussen het tt̄H
signaal en botsingen die een vergelijkbaar signaal in de detector veroorzaken. Hierbij
is gekeken naar de fracties van de protonenergie die de subatomaire deeltjes hebben
tijdens de interacties. Het is gebleken dat hoewel deze energiefracties gebruikt kunnen

1Large Hadron Collider
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worden om processes van elkaar te onderscheiden, dit geen significante verbetering geeft
ten opzichte van bestaande selectiemethoden.

Vervolgens wordt een meting van de kans dat een top-quarkpaar wordt gevormd bij
een proton-proton botsing gepresenteerd. Deze meting kan al in een vroeg stadium met
relatief weinig botsingsgegevens worden uitgevoerd. De precisie waarmee de kans kan
worden gemeten is geschat op ±17.5%. Specifiek voor deze meting is dat er geen ge-
bruik wordt gemaakt van zogenaamde ‘b-tagging’ algoritmes. Zulke algoritmes proberen
het verval van relatief langlevende deeltjes, zoals in top-quarkverval, te traceren. Het
b-taggen kan dus helpen bij het selecteren van botsingen met top-quarks. Deze gea-
vanceerde technieken zijn pas na uitgebreide kalibratie met botsingsgegevens beschik-
baar.

Een grote bijdrage aan de totale meetfout, die ook van belang is voor de observatie
van tt̄H productie, is de interpretatie van de hoeveelheid straling van de top-quarks.
Verschillende moderne simulatietechnieken zijn daarom vergeleken om deze onzekerheid
te bepalen. De technieken zijn allen gebaseerd op storingsrekening, maar hebben uiteen-
lopende manieren om met hogere orde correcties om te gaan. De voorspellingen voor de
hoeveelheid straling blijken significant van elkaar af te wijken. Het gevolg hiervan is een
bijdrage van 5 à 10% aan de onzekerheid in de productiemeting van top-quarkparen.

Botsingen met W± en Z bosonen kunnen veel lijken op die met tt̄(H) en moeten
daarom als achtergrond worden beschouwd. Aan de hand van een alternatieve beschrijv-
ing voor straling zijn er voorspellingen gedaan voor de productie vanW± and Z bosonen.
Deze alternatieve methode veronderstelt dat straling voortkomt uit twee deeltjes met
tegenovergestelde (kleur)ladingen in plaats van één deeltje dat zich opsplitst. Dit is
vergelijkbaar met straling van een dipoolantenne. Hoewel de methode significant meer
straling in de voorwaartse richting van de detector voorspelt, is de totale achtergrond
voor de top-quarkmeting de helft tot drie kwart kleiner dan andere voorspellingen. Ook
is het opmerkelijk dat deze aanpak voorspelt dat de verhouding van stralende W± boso-
nen ten opzichte van Z bosonen 10% groter is dan de methode die meestal door het
ATLAS experiment wordt gehanteerd.
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