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Abstract

In spring 2010 the Large Hadron Collider (LHC) started its operation with a center-
of-mass energy of 7TeV, that will be increased up to 14TeV in the following years.
Considering a medium energy of

√
s = 10TeV and a luminosity of L = 1033 cm−2s−1

some million top quarks are produced per year. This offers the opportunity to inves-
tigate spin-correlations between the top quarks from pair production. As the spin-
configuration of the top-quark pair depends on the production mechanism, a mea-
surement of such effects is a unique tool to study the contributions of the production
processes and spin effects. This allows to test the Standard Model.

This thesis investigates dileptonic top-pair decays at the Compact Muon Solenoid based
on simulated events. A quantitative measure of spin correlations is the asymmetry A,
that manifests itself in the angular distribution of the two leptons. A full kinematic
reconstruction of the top pair is necessary to determine this distribution.
The MC generators Pythia, MC@NLO, and TopReX are tested with respect to their
treatment of spin-correlations. Pythia is used to generate uncorrelated samples.
MC@NLO reproduces the Standard Model prediction. These samples are used to
determine the sensitivity of the present analysis. Due to an incorrect implementation
of the helicity states, TopReX is not usable.
A full event selection and reconstruction are adapted. The reconstructed angular distri-
bution shows a significant distortion. A template method is implemented to determine
the asymmetry. Here, the angular distribution is decomposed into a flat, a completely
asymmetric, and a background part, that are fitted by a binned χ2 approach to toy-
data. An ensemble study is performed to estimate the statistical uncertainty. As the
main systematic uncertainties, generator effects, the jet energy scale and uncertainties
in the cross sections or selection efficiency are investigated.
Considering an integrated luminosity of Lint = 1 fb−1, the statistical and systematic
uncertainties are estimated to be

σstat(A, 1 fb−1) = 0.19 and σsys(Af ) = 0.14.

Apart from the two-dimensional angular distribution, the azimuthal angle correlation
∆φ between the two leptons is qualitatively studied. Applying a cut on the invari-
ant mass of the top pair, spin-correlation effects are visible in this distribution on
reconstruction level.
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Zusammenfassung

Im Frühjahr 2010 hat der Large Hadron Collider (LHC) seinen Betrieb aufgenom-
men. Die anfängliche Schwerpunktsenergie von 7TeV wird im Laufe der kommenden
Jahre auf das Design-Ziel von 14Tev erhöht. Schon bei einer mittleren Energie von√

s = 10TeV und einer Luminosität von L = 1033 cm−2s−1 ermöglichen einige Millionen
produzierte Top-Quarks pro Jahr die Untersuchung von Spin-Korrelationen zwischen
Top- und Antitop-Quark aus Paarproduktion. Die Spin-Konfiguration ist dabei vom
Produktionsmechanismus abhängig. Daher bieten Spin-Korrelationen eine einzigartige
Möglichkeit zur Untersuchung der Produktionsprozesse und erlauben so, die Vorher-
sagen des Standardmodells zu testen.

Diese Arbeit untersucht dileptonische Top-Paar-Zerfälle mit dem CMS-Detektor an-
hand von simulierten Ereignissen. Ein quantitatives Maß für Spin-Korrelationen ist
dabei die Asymmetrie A, die in der Winkelverteilung der beiden Leptonen sichtbar
wird. Zur Bestimmung dieser Verteilung ist es notwendig, das Top-Paar vollständig
kinematisch zu rekonstruieren.
Die Monte-Carlo Generatoren Pythia, MC@NLO und TopReX werden im Hinblick
auf ihre Implementation von Spin-Korrelationen untersucht. Im Gegensatz zu Pythia,
das diese Effekte nicht beinhaltet, folgt MC@NLO der Standardmodell-Vorhersage.
Datensätze beider Generatoren werden zur Bestimmung der Sensitivität dieser Ana-
lyse verwendet. Die Implementation verschiedener Helizitätszustände in TopReX ist
fehlerhaft und kann daher nicht benutzt werden.
Eine vollständige Selektion und Rekonstruktion werden an die Anforderungen der Ana-
lyse angepasst und eingesetzt. Da die rekonstruierte Winkelverteilung stark verzerrt
ist, wird eine Template-Methode implementiert, um die Asymmetrie zu bestimmen.
Dazu wird die Winkelverteilung in einen flachen und einen vollständig korrelierten An-
teil zerlegt. Diese können zusammen mit der Winkelverteilung aller Untergründe mit
einer gebinnten χ2-Methode an Daten angepasst werden. Zur Abschätzung der stati-
stischen Fehler wird eine Ensemble-Studie durchgeführt. Als dominante systematische
Unsicherheiten werden der Einfluss verschiedener Generatoren, die Unsicherheit in der
Jet-Energie-Skala und Unsicherheiten in Wirkungsquerschnitten oder der Selektionsef-
fizienz untersucht.
Für eine integrierte Luminosität von Lint = 1 fb−1 lassen sich diese Unsicherheiten wie
folgt abschätzen:

σstat(A, 1 fb−1) = 0.19 und σsys(Af ) = 0.14

Eine weitere Verteilung, die sensitiv auf Spin-Korrelationen ist, ist die azimutale Kor-
relation ∆φ der beiden Leptonen. Werden nur Ereignisse mit niedriger invarianter
Masse des Top-Paares berücksichtigt, sind diese Effekte auch in der rekonstruierten
Verteilung sichtbar.
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Introduction

The idea, that all matter is built of indivisible particles is more than 2000 years old,
but still topical. Especially over the last hundred years, the knowledge of the build-
ing blocks of matter has inreased enormously. There are four fundamental fources, the
electromagnetic, the weak, the strong, and the gravitational force, mediated by bosonic
particles. They interact between the twelve elementary fermionic particles. Apart from
the gravity, all forces are combined to the Standard Model of Particle Physics. But
although this model delivers very precise results for particle experiments, it already
points to its limitations: As gravity is not incorporated, it fails at energy scales where
gravity cannot be neglected anymore, i. e. at the Planck scale. At CERN’s Large
Hadron Collider (LHC), which startet its research programm in March 2010, energies
at the terascale are probed and may already solve some questions beyond the Standard
Model. Moreover, the study and confirmation of Standard Model effects to a very
precise level is an important aim of the LHC experiments, too.

Due to its high mass, the top quark is of special interest for tests of the Standard
Model. The top quark mass is for example an important parameter in radiative correc-
tions and provides limits on the Standard Model Higgs mass. Apart from that, it does
not hadronize due to its short lifetime. Thus, the top quark offers the opportunity to
get information about a quasi-free quark, for example the spin. The Standard Model
predicts for the top-pair production a correlation between the spins of both top quarks,
depending on the production mechanism (gluon-gluon fusion of qq̄ annihilation). The
spin information is passed to the decay products and can be extracted from their an-
gular distribution, especially in the dileptonic channel. Previous studies of the spin
correlations are limited by a relatively small number of collected events. At the LHC
some million tt̄ pairs are produced per year, allowing to investigate spin-correlations at
large statistics. This measurement is a good test of the Standard Model. A deviation
from the Standard Model prediction may give hints for new physics.
Nevertheless, the high beam energy and collision rate at the LHC lead to a high QCD-
background and additional events from pile-up, making the selection and especially
the reconstruction of dileptonic top pairs challenging, which is necessary to determine
the spin-correlation effects. Apart from that, a good knowledge of Z-like backgrounds
is crucial. The very precise muon system, the highly segmented calorimeters and the
high-quality tracking system of the CMS detector are going to cope with these chal-
lenges.

This thesis investigates spin-correlation effects in tt̄ decays, making use of the good
performance of the CMS detector. It estimates the sensitivity for a center-of-mass
energy of 10TeV. As the leptons have the highest spin-analyzing power, the dileptonic
channel is chosen. In addition, the clear signature of high-energetic leptons, large miss-
ing energy and two b-jets allows to reject the background efficiently.

1



Contents

Starting with a brief introduction to the Standard Model, physics at the LHC are
described, focussing on top-quark physics. The production mechanisms, decay chan-
nels and spin-correlation effects in top-pair events are introduced. The MC generators
Pythia, TopReX and MC@NLO are presented in chapter 2. The different treatment
of spin-correlation effects in these generators is investigated. Therefore, their suitabil-
ity for an analysis of these effects is validated. After a description of the CMS detector,
the software framework including the detector simulation and the reconstruction al-
gorithms of the physics objects are explained. Chapter 5 investigates the important
background processes and the selection criteria to identify signal physics objects and
events. Chapter 6 describes the reconstruction performance of the kinematics, focussing
on the spin-correlation angles. Furthermore, the determination of the asymmetry using
a template method is discussed. An estimate of the statistical and main systematic
uncertainties is given. As a short outlook, the azimuthal angle correlation of the two
leptons is presented. Finally, the results are summarized.

Remark
In particle physics it is standard practice to use natural units. Also in this thesis
h̄ = c = 1 is applied. Thus, the units of frequently used variables are

[energy] = [mass] = [momentum] = eV.

2



Chapter 1

Physics at the LHC

1.1 The Standard Model of Particle Physics

The current knowledge of the constituents of matter and their interactions is com-
bined in the so called Standard Model of Particle Physics. As the description of all
interactions, apart from the gravitational force, is based on local gauge symmetries
the framework of the Standard Model can be formulated as a gauge theory based on
the gauge group SU(3)C × SU(2)L ×U(1)Y . This chapter will give an overview of the
Standard Model, for detailed information see for example [1, 2, 3].
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Table 1.1: The three families of quarks and leptons of the Standard Model with some
of their quantum numbers: the electrical charge Q (in elementary charges), the third
component of the weak isospin T3, and the hypercharge Y .

All known matter is built of fermions, which are, according to our current knowledge,
point-like, structureless spin-1

2
particles, and can be classified as leptons (electron e,

muon µ and tau τ with the corresponding neutrinos) and quarks (up, down, charm,
strange, top, bottom). Furthermore the fermions can be arranged into three families
which differ only in their masses. These constituents of matter and some of their
quantum numbers are summed up in table 1.1. For each particle exists an anti-particle
which differs from the particle only in the sign of its additive quantum numbers. As
indicated in this table each fermion family consists of two left-handed doublets (one
for the quarks, one for the leptons) and three right-handed singlets of the weak isospin,
which do not couple to the weak gauge bosons. According to current knowledge,
neutrinos are massive, but it is not known, if they are Dirac- or Majorana-particles.
Thus it is not yet clear, which kind of right-handed neutrino states must be introduced
in the model.
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1.2. The Large Hadron Collider

In addition to the fermions there are the gauge bosons, responsible for the different
interactions, as summed up in table 1.2.

gauge boson interaction elec. charge mass

γ (Photon) electromagnetic no massless

Z0 weak no 91.2 GeV

W+, W− weak +1e, −1e 80.4GeV

gi (8 gluons) strong colour charge (r,g,b) massless

Table 1.2: Gauge bosons and interactions within the Standard Model.

The quarks (d′, s′, b′) given in table 1.1 are eigenstates of the electroweak interaction
which differ from the mass eigenstates (d, s, b) and can be converted into each other
using the Cabbibo-Kobayashi-Maskawa(CKM) matrix: d′

s′

b′

 =

 Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

 d
s
b

 (1.1)

There has to be a similar matrix within the neutrino sector to explain the observation
of neutrino oscillations.
Although a priori all particles within the Standard Model should be massless, masses
of the fermions and the weak force mediating bosons are observed. This problem can
be solved by a spontaneous symmetry breaking in the electroweak sector. The so
called Higgs mechanism can induce such a symmetry breaking, but it also requires the
existence of a new spin-0 boson, the Higgs boson. The discovery or exclusion of this
Higgs boson is one of the aims of the LHC experiments.

1.2 The Large Hadron Collider

The Large Hadron Collider (LHC ) is a two-ring-superconducting-hadron accelerator
and collider [4], which is installed in the 26.7 km long LEP tunnel 40-170m below the
surface on a plane inclined at 1.4%. It is designed to collide protons (heavy ions)
with a center of mass energy of

√
s = 14TeV (

√
s = 5.5TeV). A number of 2808

bunches with 1.15 · 1011 protons each has to collide every 25 ns to achieve the planned
peak luminosity of L = 1034cm−2s−1. These collisions taking place at four interaction
points are recorded by different detectors: The high-luminosity experiments ATLAS
(A Toroidal LHC ApparatuS) [5] and CMS (Compact Muon Solenoid) [6] are multi-
purpose detectors aiming at rare events and thus a peak luminosity of L = 1034cm−2s−1.
In contrast LHCb (The LHC beauty experiment) [7] is a low-luminosity experiment
(L = 1032cm−2s−1) investigating especially B-physics. In addition to ATLAS and
CMS, which can also analyse heavy-ion collisions, ALICE (A Large Ion Collider
Experiment) [8] is the only dedicated experiment for the planned lead-lead collisions
(L = 1027cm−2s−1 in Pb-Pb). The two beams of equally charged particles are acceler-
ated with seperate magnet dipoles fields and vacuum chambers, common sections are
located at the four interaction points. 1232 dipole magnets, cooled with superfluid he-
lium at 1.9K, induce the operating magnetic field of 8.4T, while a highly sophisticated
system of magnets focusses the beams.
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1.2. The Large Hadron Collider

Figure 1.1: The Large Hadron Collider is divided into octants with different tasks:
acceleration (RF), beam cleaning, beam dump and housing the four experiments [9].

The LHC ring is divided into eight parts (fig. 1.1): four octants are housing the experi-
ments ALICE, ATLAS, LHCb and CMS, one octant is equipped with a radio frequency
system for beam acceleration, two octants are used for beam cleaning and one octant
contains the beam extraction system (dump). The beam injection systems share oc-
tants with ALICE and LHCb respectively.

Figure 1.2: Overview of CERN’s acceleration facilities and its chains into the LHC [9].

The acceleration of the particles up to 7TeV per beam is done stepwise using pre-
accelerator facilities already existing at CERN (fig. 1.2): The upgraded Linac2 delivers

5



1.3. Physics at the LHC

50MeV protons with an intensity of 180mA in pulses of 20µs to the Proton Synchrotron
(PS). Two radiofrequency systems accelerate the proton bunches to 26GeV and the
PS sends them with 25 ns spacing to the Super Proton Synchrotron (SPS). There the
protons are accelerated to 450GeV and fed into the LHC. A full injection, needing
12 SPS cycles with each three to four PS cycles, takes about 16 minutes. Another 20
minutes are necessary to ramp the proton beam in the LHC from 450GeV to the aim
of 7TeV, so it takes about 40 minutes all in all for the LHC to be ready for collisions
at
√

s = 14TeV. The luminosity lifetime is estimated to be about 15 hours, where a
luminosity decrease is due to interactions with the environment. Taking luminosity
decrease from collisions into account, 6 to 12 hours for data taking are expected per
fill. With these parameters a total integrated luminosity per year of roughly 100 fb−1

is expected, depending on the average LHC operation time.

As an important step to reach the LHC design goals, first collisions at
√

s = 7TeV
have been recorded on March 30th 2010. In previous plans a run at

√
s = 10TeV as

intermediate step between a short 7TeV run and the design aim of 14TeV had been
included. Though according to the actual schedule the LHC will stay at

√
s = 7TeV

till the end of 2011 with a short technical stop, aiming to collect 1 fb−1 of data. This
long run will be followed by a shutdown giving time to prepare the machine directly
for a 14TeV run [10].

1.3 Physics at the LHC

As its name suggests the LHC is designed to collide hadrons, namely protons and
heavy ions. The by far biggest part of these collisions are soft interactions like elastic
and diffractive scattering. Apart from that, a big part of the inelastic proton-proton
scattering are large distance collisions, where the exchanged transverse momentum is
small. Thus in these events, most of the energy escapes along the beam line.

Of higher interest for the LHC experiments are hard interactions, so the inelasitic
scattering of the protons can be described in a parton-picture.
As the protons have a substructure consisting of valence quarks, sea quarks and gluons,
the simple description of the proton as a combination of only three quarks has to be
replaced by a more complicated formalism. At high energies the proton content is even
dominated by gluons and sea quarks. As only these constituents of the proton interact,
only a fraction of the proton energy is available for the hard process:√

s′ =
√

x1x2s, (1.2)

where x1,2 refer to the momentum fractions carried by the colliding partons (Bjorken-x),√
s to the center-of-mass energy of the protons and therefore

√
s′ gives the center-of-

mass energy of the the colliding partons.
It is necessary to have a look at the participating partons to estimate the cross section
of a process. The probability to find a parton of flavour fi and with the momentum
fraction xi is given by the proton’s parton distribution function (PDF) F (xi, fi, µ

2
F ),

where µ2
F is the so-called factorization scale is arbitrary, but usually identical with the

typical squared energy scale Q2 of the hard scattering reaction. Fig. 1.3 shows the
PDFs for the proton’s constituents for Q2 = 30625 GeV2 ≈ m2

t . Apart from the PDFs
the cross section of a special process σ depends on the partonic cross section σ̂ which
can be computed in perturbation theory. Thus, σ can be calculated in the following

6



1.3. Physics at the LHC

Figure 1.3: Parton distribution functions for the different quarks and gluons at Q2 =
115600 ≈ (2mt)

2 using MRST2002NLO PDFs.

way:

dσ(pp → X) =

∫ 1

0

dx1

∫ 1

0

dx2F1(x1, f1, Q
2)F2(x2, f2, Q

2)dσ̂ij→X(Q2) (1.3)

The partonic cross section σ̂ depends on the scale Q2, also referred to as renormaliza-
tion scale. At the renormalization scale couplings and masses have to be renormalized
to remove divergencies in the perturbation expansion.
The cross sections of some processes are shown in fig. 1.4 with the dashed lines mark-
ing the Tevatron center of mass energy of 1.98TeV and the LHC design center of mass
energy of 14TeV.

The fact that partons collide in a hard scattering reaction leads to some typical prob-
lems of hadron machines (in contrast to electron-positron colliders): The products of
the hard process are in most cases boosted along the beam axis because of the different
energy fractions of the colliding partons. Thus, non-interacting particles like neutrinos
manifest themselves only in the transverse plane in which measured particle momenta
and energies should be balanced.
Furthermore, as most events are created by the collision of two partons, there are usu-
ally colour charged proton remnants. These remnants produce additional jets, again
mainly in forward direction. This effect as well as additional hard interactions within
the same collison are summarized in the term underlying event.
On top of this a major background contribution, that is hard to distinguish from the
hard process, is due to jets from the so called pile-up. Since the number of particles
in one bunch is very large to achieve a high luminosity (see chapter 1.2) there is a
high probability to get several (hard) interactions in one bunch crossing. It is a major
challenge for the detector and the analyses to separate this pile-up from the interesting
physics process.
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1.3. Physics at the LHC
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Fig. 3: Cross sections for hard scattering versus . The cross section values at TeV are: mb,
mb, nb, nb, nb, pb, pb,

b, nb, fb. All except the first of
these are calculated using the latest MRST pdf’s [10].

equation [14–17]

(8)

Having determined at a given input scale , the evolution equation can be used to
compute the pdf’s at different perturbative scales and larger values of .

The kernels in Eq. (8) are the Altarelli–Parisi (AP) splitting functions. They depend
on the parton flavours but do not depend on the colliding hadron and thus they are process-
independent. The AP splitting functions can be computed as a power series expansion in :

(9)

The LO and NLO terms and in the expansion are known [18–24]. These first two
terms (their explicit expressions are collected in Ref. [4]) are used in most of the QCD studies. Partial
calculations [25, 26] of the next-to-next-to-leading order (NNLO) term are also available
(see Sects. 2.5, 2.6 and 4.2).

Figure 1.4: cross sections of different processes at the Tevatron and LHC [13].
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1.4. Top Quark Physics

1.4 Top Quark Physics

The top quark has been experimentally discoverd in 1995 at the Tevatron [11] and
completed the expected three fermion families. With 35 times the mass of the bottom
quark the top quark is the heaviest fundamental particle and, though point-like, almost
as heavy as a gold atom. The latest measurements, combined from CDF and DØ result
in a mass of mt = 173.1± 0.6(stat)± 1.1(syst)GeV [12]. A more detailed investigation
of some top-quark properties like the spin correlations or the charge is limited by the
small statistics at the Tevatron, in contrast to the LHC expectation. Due to the high
production cross section (see 1.4.1) the statistical uncertainties will soon be negligible
even in a low luminosity scenario. So measurements will the be limited by systematic
uncertainties [13].
The knowledge of the top-quark properties is of special interest: The top-quark mass
is an important parameter in radiative corrections for many observables and provides
limits through electroweak fits, for example, on the Standard Model Higgs mass. Due
to its short lifetime the top quark does not hadronize and thus offers the opportunity
to get information about e. g. its spin (see 1.4.3) and charge directly.

1.4.1 Top Quark Pair Production

In proton-proton collisions two parton-processes are responsible for the production of
top-quark pairs in leading order: Either the top-quark pairs are produced via gluon-
gluon fusion g(p1) + g(p2) → t(p3) + t̄(p4) or via quark-antiquark annihilation q(p1) +
q̄(p2) → t(p3) + t̄(p4). Here p1 and p2 are the four momenta of the incoming partons,
p3 and p4 are the four momenta of the outgoing top quark respectivly antitop quark.
The Feynman graphs representing these processes to leading-order QCD can be seen in
fig. 1.5 and 1.6. As at LHC center of mass energies only a small Bjorken-x is necessary
to produce top-quark pairs and at this scale the proton is dominated by gluons (see
fig. 1.3), about 87% of the top quarks are produced via gg-fusion and only 13% via the
qq̄-annihilation for

√
s = 14TeV, at

√
s = 10TeV these fractions change to about 75%

(gg)and 25% (qq̄).

Figure 1.5: The production of a tt̄-pair via gg-fusion to leading-order QCD. a) shows
the t-channel, b) the u-channel and c) the production via a three-gluon-vertex.

Using the LHC design center-of-mass energy of
√

s = 14TeV, CTEQ6.6M PDFs and
a top-quark mass of 172.0GeV one gets a top-quark pair production cross section of
919+76

−56 pb including NLO corrections and a NNLO approximation. For
√

s = 10TeV
the NLO cross section is reduced to σ(tt̄) = (385±48±19) pb [14]. A maximum of the
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Figure 2.3: Feynman graph for the production of a tt̄ pair via quark antiquark annihilation
in lowest order. About 13% of the tt̄ pairs are expected to be produced by this process
at LHC energies.
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Figure 2.4: Feynman graphs for the production of a tt̄ pair via the gluon fusion in lowest
order. The t channel amplitude (a), the u channel amplitude (b) and the three gluon
vertex (c). The bulk of the tt̄ pairs, about 87%, is expected to be produced by these
processes at the LHC.
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Abbildung 3.2: Feynman-Graph zur tt̄-Paarproduktion mittels Quark-
Antiquarkannihilation in niedrigster Ordnung. Bei der vorgesehenen Schwer-
punktenergie des LHC-Experimentes werden etwa 13% der Top-Paare auf diese
Weise produziert.
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Figure 2.3: Feynman graph for the production of a tt̄ pair via quark antiquark annihilation
in lowest order. About 13% of the tt̄ pairs are expected to be produced by this process
at LHC energies.
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order. The t channel amplitude (a), the u channel amplitude (b) and the three gluon
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Abbildung 3.3: Feynman-Graphen zur tt̄-Paarproduktion mittels Gluon-Gluon-
Fusion in niedrigster Ordnung. Der Graph a) stellt dabei die Amplitude des t-
Kanals und Graph b) die des u-Kanals der Produktion dar. Der Graph c) zeigt die
dritte Möglichkeit der Paarproduktion ohne durchgehende Quarklinie zwischen
den Gluonen, sondern mittels Drei-Gluon-Vertex.

Der di!erentielle Wirkungsquerschnitt auf Partonniveau mit dem Flussfaktor
2(p1 + p2)!2 und den Phasenraumelementen für einen 2! 2 Prozess ist

d!̂ =
1

2(p1 + p2)2

d3p3

(2")32E3

d3p4

(2")32E4
(2")4#4(p1 + p2 " p3 " p4)|M̄ |2 (3.6)

Berücksichtigung der Partondichtefunktionen fi(xi, Q2) für die beiden wechselwir-
kenden Protonen liefert dann den di!erentiellen Wirkungsquerschnitt auf Proton-
niveau folgendes Integral

d! =
! 1

0

! 1

0
dx1dx2f1(x1, Q

2)f2(x2, Q
2)d!̂ (3.7)

Bei einer Schwerpunktenergie von 14 TeV ergibt sich damit ein Wirkungsquer-
schnitt von rund 560 pb bei mt = 175 GeV in führender Ordnung. Nach hinzunah-
me der nächsten Ordnung ergibt sich ein Wirkungsquerschnitt von rund 800 pb.

Figure 1.6: Feynman graph for the production of a tt̄-pair via qq̄-annihilation in leading-
order QCD.

on-shell production of the top quarks can be found slightly above the energy threshold
of two times the top-quark mass (see fig. 1.7).

1.4.2 Top Quark Decays

Top quarks decay weakly into a W boson and a down-type quark. Using the elements of
the CKM-matrix, the ratio between the different down-type quarks can be calculated,
for example for the b-quark:

Bb =
Γ(t → bW )

Γ(t → qW )
=

|Vtb|2

|Vtb|2 + |Vts|2 + |Vtd|2
(1.4)

With the assumption of unitarity and three (quark) families the denominator equals
exactly one. Thus the ratio Bb depends only on the matrix element |Vtb|, which has
with 90% confidence a value within the intervall (0.9990, 0.9992) [15]. So almost 100%
of the tops decay into a b-quark.

The decay width for this decay of a top quark into a W -b-pair in leading order and
with negligible b-quark mass is given to Born approximation by

Γ(t → bW ) =
GF m3

t

8π
√

2
|Vtb|2

(
1− m2

W

m2
t

)2(
1 + 2

m2
W

m2
t

)
. (1.5)

A numerical evaluation of this formula using a top-quark mass of mt = 173.1GeV and
a W mass of mW = 80.4GeV leads to a width of Γ(t → bW ) ≈ 1.5GeV and hence
to a lifetime of τt = 1/Γt ≈ 4.3 · 10−25 s. As this lifetime is much smaller than the
typical hadronisation scale of τhadr ≈ 28 ·10−25 s top-quarks decay before they can form
top-hadrons, or in particular bound tt̄-states.

All decays of top-quark pairs have in common the two b-quarks, that fragment into
B-hadrons. Due to their relatively long lifetime these hadrons decay at a secondary ver-
tex and form particle jets. This measurable distance to the secondary vertex is typical
for b-jets. The decay of the W boson however leads to different signatures: It decays
into a fermion-antifermion pair, which can be eiter a lepton and the corresponding
neutrino (33%), or a quark and an antiquark (one up-type, one down-type; 67%). Ac-
cording to the Wdecay the top-pair decays are classified into three channels (table 1.3).

The (fully) hadronic channel includes only top-pair decays where both W bosons decay
into a quark-antiquark pair giving a signature with six jets, of which two are b-jets.
This channel is very difficult to identify because all kinds of QCD events create a signa-
ture with many jets. Apart from that it is necessary to deal with the large combinatoric
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1.4. Top Quark Physics

W+ →

tt̄ → (W+b)(W−b̄) e+, νe µ+, νµ τ+, ντ u,d̄ c,s̄

1/9 1/9 1/9 3/9 3/9

e−, ν̄e 1/9 1/81 1/81 1/81 3/81 3/81

µ−, ν̄µ 1/9 1/81 1/81 1/81 3/81 3/81

W− → τ−, ν̄τ 1/9 1/81 1/81 1/81 3/81 3/81

ū,d 3/9 3/81 3/81 3/81 9/81 9/81

c̄,s 3/9 3/81 3/81 3/81 9/81 9/81

Table 1.3: Fractions of possible decays of the W boson from the tt̄ system.

challenges, if both top and antitop quarks have to be reconstructed kinematically. But
it has a high branching ratio of almost 45% and all its decay products can be detected.
In the semileptonic channel one W boson decays hadronically and the other one lep-
tonically. It is also called lepton+jets channel because of its signature with one charged
lepton, four jets (two light-quark jets from the W decay and the two b-jets) and a neu-
trino leading to missing energy in a detector. The branching ratio for the semileptonic
channel is again almost 45%, but here the neutrino is not measurable in a collider
detector. This leads to ambiguities, when reconstructing the event kinematically.
The dileptonic channel contains events where both W bosons decay into a lepton and
the corresponding (anti)neutrino. It has the smallest branching ratio with only about
11%, but it has a clean signature consisting of two charged leptons, two b-jets and two
neutrinos, and thus high missing energy. Compared to the other channels, the combina-
torics are much smaller due to only two signal jets. Nevertheless a four-fold ambiguity
due to the two undetectable neutrinos has to be faced for a kinematic reconstruction
of the event.

1.4.3 Top Quark Spin and Polarization

As the top quark decays before a hadronisation or a spin flip is possible, it offers the
unique opportunity to investigate properties of a quasi free quark. The spin state of
the top and antitop quark, which characterizes the production dynamics, is propagated
to the decay products which allows an investigation of top-quark polarizations or of
correlations between the spins of the two top quarks from pair production.
The following relation holds for the squared matrix element for top-quark pair produc-
tion and decay taking polarization and spin correlations into account [16]:

|M|2 ∝ Tr[ρRρ̄] = ρα′αRαα′,ββ′ ρ̄β′β (1.6)

where ρ and ρ̄ are the density matrices for the decay of polarized (anti)top quarks into
a specific final state. The density matrix R describes the production of an on-shell
top-quark pair with a specific spin configuration. It can be decomposed with respect
to the top and antitop spin spaces, which leads to

Rαα′,ββ′ = A · δαα′δββ′ + Bta(τ
a)αα′δββ′ + Bt̄aδαα′(τ

a)ββ′ + Cab(τ
a)αα′(τ

b)ββ′ (1.7)
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with the Pauli matrices τa. The function A gives the spin-averaged production cross
section, Bta and Bt̄a are associated with the polarization of the top and antitop, which
are according to the Standard Model negligible to tree level approximation. Cab con-
tains information about the spin-spin correlations.
Decomposing the matrix element into four individual ones (two different production
mechanisms, like and unlike helicities) shows that the configuration of the top and an-
titop spin depends also on their energies and thus on the invariant mass of the tt̄ pair.
More details on the matrix elements can be found in [17]. The differential cross sec-
tions for the spin configurations from the different production mechanisms are shown
in fig. 1.7. It can be seen that for invariant masses near the threshold states with like
helicity dominate while at very high masses this relation changes and a preponderance
of unlike helicities arises. The different spin configurations manifest themselves in the
final state particle kinematics.

Figure 1.7: Differential cross section for tt̄ production as a function of the tt̄ invariant
mass for the LHC with a center of mass energy of 14 TeV, decomposed into like and
unlike helicities for both production mechanisms. [17]

The angular distribution of a decay product f from polarized top quarks is given by

1

N

dN

d cos θ±
=

1

2
(1 + κ±f cos θf±). (1.8)

where κ+
f = −κ−f . θf± denotes the angle between the momentum of f in its correspond-

ing (anti)top-quark rest frame and the (anti)top spin vector. κf gives the quality of the
spin analyzer f , its values are shown in table 1.4 for the different decay products. As
it is experimentally almost impossible to distinguish between up-type and down-type
quarks, the charged leptons are the best spin analyzers.
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f l+, d̄, s̄ νl, u, c b W+ j<

κ+
f 1 -0,31 -0,41 0,41 0,51

Table 1.4: Quality κf of the different spin analyzers f in leading order.

1.4.4 Spin Correlation Observables

There are different observables that can be used to examine spin or polarization effects
within top-pair decays. This thesis concentrates on an observable O of the form

O = 4(St · â)(St̄ · b̂) (1.9)

with the spin operators St and St̄ of the top and antitop. The unit vectors â and b̂
are arbitrary reference directions, e. g. the t and t̄ directions of flight in the tt̄ rest
frame (helicity correlation). Since it depends on the spins and momenta of the top and
antitop it is sensitive to the spin correlation Cab from eq. 1.7.

As mentioned above, information about the top and antitop spins are visible in their
decay products, especially in angular distributions. The following angular distribution
is used to determine this observable O in dileptonic top-pair decays:

1

N

d2N

d cos θ+d cos θ−
=

1

4
(1 +Aκ+κ− cos θ+ cos θ− + p+κ+ cos θ+ + p−κ− cos θ−) (1.10)

Here the factor A gives the asymmetry between top pairs with same spin and pairs
with different spins. It is

A = 〈O〉 =
N(t↑t̄↑) + N(t↓t̄↓)−N(t↑t̄↓)−N(t↓t̄↑)

N(t↑t̄↑) + N(t↓t̄↓) + N(t↑t̄↓) + N(t↓t̄↑)
, (1.11)

where t↑(t↓) denotes a parallel (antiparallel) projection of the top-quark spin on the
reference axis. κ± gives the analyzing power of the l± with κ+ = −κ−, and θ± are the
angles between the lepton momentum in the corresponding top rest frame and the spin
quantization axis. This axis can be chosen arbitrary but in practice there are three
favored choices: the direction of the incoming beam (beam basis), the t and t̄ directions
of flight in the tt̄ rest frame (helicity basis) and an axis with respect to which the t and
t̄ spins from qq̄ production are 100% correlated (off-diagonal basis).
For the helicity basis, the Standard Model predicts an asymmetry of A = 0.326 in the
dileptonic decay channel.
More information or different choices of spin observables can be found in [16].

1.4.5 Spin Correlations in (B)SM Physics

The investigation of spin correlations in top-quark pairs offers some new opportunities
to test the Standard Model. As the spin configuration of the top pair depends on the
production mechanism (see fig. 1.7), a measurement of the asymmetry can give infor-
mation about the ratio between qq̄-annihilation and gg-fusion in a new energy regime.
This is a strong and independent test of the SM.

Within the SM, several assumptions are made to calculate the angular distributions of
the top-pair decay products. One of them is the short lifetime of the top quark. Thus,
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an upper limit on this lifetime can be determined by measuring spin correlations, which
is directly connected to the width and thus the CKM matrix elements. Apart from
that, the assumption that the top quark has spin 1/2, for instance, can be checked in
this way.
Non-SM interactions, like e. g. anomalous couplings from dynamical electroweak sym-
metry breaking models like technicolor, would affect the angular distribution. Assum-
ing the existence of a charged Higgs boson with mass mH+ < mt, allows the decay of a
top quark into a Higgs and a b quark t → H+b. This would change the spin analyzer
qualities of the decay products and thus change the angular distribution, too [17].
Therefore, a precise measurement of spin correlations may give hints for physics beyond
the Standard Model.
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Chapter 2

Generator Studies

Looking forward to first LHC data, simulation studies had to be established. For the
simulation of bare physics events without detector effects, Monte Carlo generators are
used. Studies on generator level represent a measurement with a perfect detector with
full coverage, and perfect resolution for all particles (including e. g. neutrinos). The
generator output is used as input for a detector simulation and the subsequent recon-
struction (see chapter 4) to get realistic predictions. These studies of simulated events
are performed to benchmark the analysis and the potential for various physics cases.

This chapter gives a short description and a comparison of different MC generators
especially with respect to spin correlations in top pairs. The results are based on
simulated events for a center of mass energy of 10TeV.

2.1 Event Generation

As the analytical comparison of experiment and theory is very difficult or even impos-
sible simulated events are used for preparatory studies. The event generators split a
process in smaller parts each of which can be calculated more easily. They produce
events according to the theoretical expectation and pass them to the detector simula-
tion.
In general a MC generator produces a set of four-vectors of the outgoing particles gener-
ated in the collision of two partons. All processes can be reduced to a reaction between
fundamental particles. Usually, the final state consists of several outgoing particles
containing also quarks which hadronize and thus lead to particle showers. As there
are different models for this hadronization and showering, it is necessary to compare
the generator output with data and to adapt the used model parameters. Within the
running time of experiments, generators are repeatedly tuned to describe the measured
events at the best.

2.2 Spin Correlations in Monte Carlo Generators

A variety of MC generators is used in high energy physics to account for the different
foci of the analyses. There are generators for a wide range of physics, mostly in leading
order, like Pythia (see 2.2.1), other generators concentrate on special physics processes
like TopReX for top quark physics (see 2.2.2). Another type of generators are next-
to-leading-order (NLO) generators which include higher order corrections into their
calculations, an example for this type is MC@NLO (see 2.2.3).
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2.2. Spin Correlations in Monte Carlo Generators

The following sections describe the three different generators which were used for this
study of spin correlations in top-pair decays.

2.2.1 PYTHIA

Pythia [18] represents as accurately as possible event properties with emphasis on
these where strong interactions play a role. Multihadronic final states are produced.
It is widely-used for physics analyses at hadron colliders like the LHC. It is based on a
combination of analytical results and various QCD-based models and includes effects
like initial- and final-state parton showers, underlying events and hadronization. A
disadvantage of this generator is that only leading order calculations are included, and
for example particle polarization or spin correlations are not considered.

Fig. 2.1 shows the angular distribution of the two leptons from a dileptonic top-pair
decay, which is used to measure spin correlations as described in 1.4.4. The events
have been produced with Pythia 6. Fitting formula 1.11 to this distribution gives
an asymmetry of A = −0.003 ± 0.003 and polarizations of pt = −0.014 ± −0.002
and pt̄ = −0.018 ± 0.002. These values confirm that Pythia does not include spin
correlations in the calculations of (dileptonic) top-pair decays, the slight polarizations
of the top and antitop quark are phase-space effects.

)gen
+θcos(

-1.0 -0.8 -0.6 -0.4 -0.2 -0.0 0.2 0.4 0.6 0.8 1.0

)
ge

n
- θ

co
s(

-1.0

-0.8

-0.6

-0.4

-0.2

-0.0

0.2

0.4

0.6

0.8

1.0

0

2

4

6

8

10

(a) overall view

)gen
+θcos(

-1.0 -0.8 -0.6 -0.4 -0.2 -0.0 0.2 0.4 0.6 0.8 1.0

)
ge

n
- θ

co
s(

-1.0

-0.8

-0.6

-0.4

-0.2

-0.0

0.2

0.4

0.6

0.8

1.0

9.8

9.9

10.0

10.1

10.2

10.3

(b) z-axis zoomed into interesting range

Figure 2.1: Angular distribution of the two leptons from a top-pair decay produced
with Pythia 6.

As Pythia does not include spin correlations it generates events leading to a flat
angular distribution. These events will be used in a reweighting procedure as described
later in chapter 6.2.3

2.2.2 TopReX

TopReX [19] is a specialized event generator which simulates processes in proton colli-
sions, that are not implemented in fundamental generators like Pythia. One impor-
tant characteristic of this generator is that it takes spin correlations of top quarks into
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2.2. Spin Correlations in Monte Carlo Generators

account in subsequent decays. All processes can be accessed from Pythia as exter-
nal processes, or TopReX can be used as stand-alone generator. In the latter case it
provides partonic final states before showering which can then be used as input for a
different MC generator which delivers fragmentation and hadronization procedures.
Apart from the possibility to switch on/off the consideration of the spin of the top
quark, a (left =↓ or right =↑) polarization of the final top quark can be specified, also
within a top pair. This gives the opportunity to produce the different spin states of the
top pair seperately, i. e. tt̄ samples with tRt̄R, tLt̄L, tRt̄L and tLt̄R can be generated. For
this, new routines have been developed [20] and implemented in TopReX since version
4.22 and were accessible within the CMS software framework CMSSW (see chapter
4). Such special tt̄ samples could help to determine spin correlations by combining the
different helicity states into a sample with SM asymmetry or for example, in case of a
deviation from the expected SM value, give an indication on preferred spin states.
Not only the angular distribution with spin correlations switched on has been studied,
but the different helicity samples as well. For TopReX the angular distribution of the
leptons has been determined and can be seen in fig. 2.2. The values of the asymme-
try and polarizations, again achieved by fitting formula 1.11, are A = 0.323 ± 0.003,
pt = 0.002 ± 0.002 and pt̄ = −0.003 ± 0.002, so the angular distribution matches the
SM prediction.
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Figure 2.2: Angular distributions of the two leptons from a top-pair decay produced
with TopReX 4.23 with SM spin correlations switched on

In fig. 2.3 the angular distributions from four different TopReX samples can be seen.
According to the generators documentation, these samples correspond to the different
spin states described before. The expected values for asymmetry and polarization of
the different helicity states can be achieved for a tRt̄R sample exemplarily: tR indi-
cates that the top quarks are right-handed and thus gives a top-quark polarization of
100% (ptR = 1.0). The same is valid for the antitop with t̄R and therefore pt̄R = 1.0.
Restricting the generator to produce top pairs only from right-handed top quarks and
right-handed antitop quarks leads to an asymmetry of ARR = 1.0 as well, as can be
derived from the definition (1.11). These specifications are valid for a polarization of
the top quarks along their direction of flight, which corresponds to the helicity basis.
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Analogous considerations give the values for the other spin-states, which only differ in
sign.
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(d) spin-state tRt̄L

Figure 2.3: Angular distributions of the two leptons from a top-pair decay produced
with TopReX 4.23 and different spin-states

A comparison of the angular distributions in fig. 2.3 with the ones in [20] shows good
agreement. In contrast to this, the fitted parameters of the asymmetry and polar-
izations lead to the following results, again exemplary for tRt̄R: ARR = 0.28 ± 0.01,
ptR = −0.58 ± 0.01 and pt̄R = −0.58 ± 0.01. Though the difference in sign of the
polarizations may arise from different definitions of the helicity and does not affect the
asymmetry, a considerable discrepancy between the expected and measured absolute
values of polarization and asymmetry remains.
The following possible explanation for this difference has been investigated: The ex-
pectation is based on the assumption of a helicity basis, i. e. the projection of the
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2.2. Spin Correlations in Monte Carlo Generators

(anti)top-quark spin on the momentum direction of the (anti)top quark as the descrip-
tion of the tt̄ states as tRt̄R etc. suggests. Using a different projection axis would lead to
a different polarization value. As there is an infinite number of possible axes, it is im-
possible to try them all. A reasonable option for this axis is the beam direction, which
thus has been tested but could not eliminate the discrepancy. Therefore, TopReX will
not be used in further studies of spin correlations.

2.2.3 MC@NLO

The MC@NLO 3.4 Event Generator package [21] is a practical implementation, based
upon the HERWIG event generator [22], of the MC@NLO formalism [23, 24]. This
formalism allows to incorporate NLO QCD matrix elements consistently into a parton
shower framework. In contrast to other generators like Pythia, spin correlations in
top pairs are implemented according to [25], the production matrix element for top
pairs has been taken from [26].
Another difference to Pythia is that in MC@NLO all hard kinematic configurations are
generated in advance and stored in a file. This file is then read by HERWIG which does
the showering and hadronization. For leptonic final states, tree-level matrix elements
are needed. The codes for these are generated with MadGraph/MadEvent [27, 28] and
embedded into the MC@NLO package.
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Figure 2.4: Angular distribution of the two leptons from a top-pair decay produced
with MC@NLO 3.4.

In fig. 2.4 the angular distribution is shown using events produced with MC@NLO.
According to an analytic fit, just as for the other generators, this sample of dilep-
tonic top-pair decays shows an asymmetry of A = 0.34± 0.01 and polarizations of
pt = −0.02±−0.01 and pt̄ = 0.01± 0.01. Due to the fact that the overall statistics
is not high enough, the shape of the angular distribution is not expected to be per-
fect. Nevertheless it is in acceptable agreement with theoretic predictions and all fitted
values, for the asymmetry and polarizations, coincide within their errors with the SM
values. The implementation of spin correlations in MC@NLO is used in the following
analysis.
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Chapter 3

CMS at the LHC

3.1 The Compact Muon Solenoid (CMS)

The planned investigations described before make high demands on the detector, which
measures the produced particles. The first idea for a compact detector, based on a
solenoid, has been presented almost 20 years ago [29]. The involved institutes agreed on
the necessity of a very precise muon system, a best possible electromagnetic calorime-
ter, a high quality tracking system to identify secondary vertices and a very good
momentum resolution. Especially the latter requires a strong magnetic field. This is
realised by using a 4T solenoid with a length of 13m and a diameter of almost 6m,
cooled with liquid helium.
The compact design of the CMS detector results in a length of 21.6m, 15m diameter
and a weight of 12,500 t. Fig.3.1 shows its shell-like structure and the subdetectors.
The following sections give a brief description of these different parts, following a par-
ticle signal from the innermost tracking part to the outermost muon system and the
trigger. More details can be found in [6, 31, 32, 34, 36, 37, 39].

C ompac t Muon S olenoid

Pixel Detector

Silicon Tracker

Very-forward
Calorimeter

Electromagnetic�
Calorimeter

Hadronic
Calorimeter

Preshower

Muon�
Detectors

Superconducting Solenoid

Figure 3.1: Sectional drawing of the CMS Detector with its different subdetectors [30].
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3.1. The Compact Muon Solenoid (CMS)

3.1.1 The Tracking System

The tracking system (tracker) consists of the innermost silicon pixel detector and the
surrounding silicon strip sensors. To identify interesting physics events it is necessary
not only to distinguish muons, electrons and jets but also to measure their momentum
over a wide energy range with high accuracy. For leptons also their isolation has to be
determined. Another important task, especially of the pixel part, is the identification of
jets from B-hadron decays (so called b tagging) from reconstructing secondary vertices.
A robust tracking and an exact vertex reconstruction in a strong magnetic field is
needed to achieve all this.
As the tracking detectors are closest to the beam and the collision point, they suffer

Figure 3.2: The CMS Silicon Tracker and its different subdetectors in the silicon pixel
and strip detectors [6].

from the highest radiation. To reduce radiation damages in the silicon, the whole
tracker will be operated at a temperature below −10̊ C. The CMS tracker has a radius
of 115 cm, a length of 540 cm and an active silicon area of about 200m2. Its geometry
and the different components can be seen in fig. 3.2 [31, 32].
The combination if silicon strip tracker and pixel detector is used for the tracking and
momentum measurement of particles with a transverse momentum of pT ≥ 2GeV up
to several TeV.

The Silicon Pixel Detector

Becaus of its position closes to the beam pipe, the silicon pixel detector is important for
the b-, c- and τ -tagging using secondary vertices. The pixels with a size of 100×150µm2

deliver information with high resolution and an accuracy of 15µm in the cylindrical
coordinates r and rφ. The detector is divided into a central barrel region and two
endcaps on either side as shown in fig. 3.3. The three pixel layers of the barrel have
a distance to the beam axis of only 44mm, 72mm and 110mm. The endcaps have a
radius of 60-115mm and are located at ±32.5 cm and ±46.5 cm in z-direction. Due
to this design a constraint of at least two hits per track can be achieved over the full
geometrical coverage of |η| < 2.4 [31, 32].

22



3.1. The Compact Muon Solenoid (CMS)

Figure 3.3: Schematic view of the silicon pixel detector with its three barrel layers and
two endcaps on either side [33].

The Silicon Strip Tracker

The Silicon Strip Tracker is divided into four main parts, shown in fig. 3.4, covering a
range of |η| ≤ 2.5: the Tracker Inner Barrel (TIB) and Tracker Outer Barrel (TOB)
in the central region, the Tracker Inner Discs (TID) and Tracker Endcaps (TEC) in
forward direction. The barrel part consists of 10 cylindrical layers while the endcaps
have 9 discs each. The sensitive area is made of modules with silicon strip sensors. The
strips are oriented along the z-direction for the TIB and TOB, and along r in TID and
TEC. Thus a usual single sided module measures only the particle coordinates in r and
φ (barrel) or in φ and z (endcaps). Some modules are double sided modules, consisting
of two single sided modules mounted back-to-back with a stereo angle of 100mrad.
They provide a measurement of the missing coordinate z in the barrel region or r in
the endcaps.

Figure 3.4: Module layout of the silicon strip detector. The subdetectors are marked
as well as the single and double sided modules.
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3.1. The Compact Muon Solenoid (CMS)

Resolution
The efficiency of the track reconstruction depends on the particle and its energy, e. g. a
hadron with E > 100GeV has an efficiency of 95%, dropping to 85% for a hadron of
1GeV. Using the pixel and strip detectors, the momentum resolution of the tracking
system is

δpT

pT

≈ 0.005 + 0.15 · pT /GeV (|η| < 1.6) (3.1)

and decreases with raising pseudorapidity to

δpT

pT

≈ 0.005 + 0.6 · pT /GeV (|η| = 2.5). (3.2)

The momentum resolution of muons can be improved by combining the tracker infor-
mation with measurements from the muon system (see section 3.1.5) [31, 32].

3.1.2 The Electromagnetic Calorimeter

The electromagnetic calorimeter (ECal) encloses the tracker. Its task is the precise
measurement of energy and direction of photons and electrons and a high efficiency
to separate them from hadrons and jets. Apart from that the ECal is essentiell for
the determination of missing transverse energy (MET), so its coverage should be as
complete as possible.
One requirement for the ECal is the best possible energy resolution. So an electr-
magnetically interacting particle has to deposit its total energy within the calorimeter.
Thus lead tungsten (PbWO4) crystals are used as scintillators because of their high
density which leads to a short radiation length. Another advantage is the small Molière
radius of rM = 22mm, so most of the energy can be deposited in one crystal.

Figure 3.5: Geometry of the ECal showing barrel and endcaps, and the position of the
preshower detectors [6].

The cylindrical ECAL barrel (EB) has a length of about 6m, an inner radius of 1.3m
and an outer radius of 1.8m. The endcaps (EE) are located in forward and backward
direction at ±3.2m and have a length of 0.7m along the z-direction. With these
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dimensions the ECAL hermetically covers a range up to |η| ≤ 3. It is built from
about 60000 barrel and 20000 endcap crystals with a length of 23 cm (barrel) or 22 cm
respectively (endcaps) and a front face of 22×22mm2 matching the Molière radius. The
crystals are installed in (super)module structures, all faces pointing to the interaction
region. This corresponds to a granularity of ∆η × ∆φ = 0.0175 × 0.0175 (barrel)
dropping to ∆η ×∆φ = 0.005 × 0.005 in the endcaps. For trigger purposes arrays of
5× 5 crystals each are grouped to a so called ECal tower, matching the granularity of
the hadronic calorimeter. The geometry of the ECal is shown in Fig. 3.5.
In front of the endcaps, preshower detectors are located helping to seperate photons
and neutral pions. The preshower detectors are made of lead absorbers to initiate
photon showers and silicon sensors for the energy sampling. They improve the spatial
resolution of the ECAL in the forward direction.

Resolution
Using the notation a ⊕ b =

√
a2 + b2 the energy resolution of the electromagnetic

calorimeter can be parameterized as

∆E

E
=

a√
E
⊕ σn

E
⊕ c (E in GeV)

The term a is a stochastic term depending on the shower shape and varying between
2.7% for the barrel and 5.7% for the endcaps. σn, the so called noise term, contains
electronic noise and pile-up effects. In a 5 × 5 cluster it is expected to be 150MeV
(210MeV) in the barrel region and 205MeV (245MeV) in the endcaps for low (high) lu-
minosity. The constant term c is with 0.3% quite small. It results from intercalibration
errors, crystal non-uniformity and shower leakage [34].

3.1.3 The Hadronic Calorimeter

The hadronic calorimeter (HCal) is the outermost component within the solenoid. It
can be divided into three sections: the central part, the forward section and the outer
hadronic calorimeter. The geometry of the HCAL is shown in fig. 3.6.

EB
EE

Figure 3.6: Profile of a quarter of CMS with labeled calorimeter subdetectors.[6].
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The central part consisting of the barrel hadronic calorimeter (HB) and the endcap
hadronic calorimeters (HE) is designed as a sampling calorimeter. The HB is composed
of 36 wedges, each made up of 17 layers of brass with readout scintillators between
them. The scintillators are divided into segments of ∆η × ∆φ = 0.087 × 0.087. The
HE consists of 18 modules with the same transverse segmentation matching the tower
granularity of the ECAL. Both are housed in the solenoid. While the HB is surrounding
the ECAL up to |η| = 1.3, the HE cover the remaining range |η| ≤ 3.
The hadronic outer calorimeter (HO) improves the shower containment of the central
part using arrays of scintillators attached to a 20 cm thick piece of iron. In constrast
to the rest of the HCal, they are located outside the magnet but in front of the first
muon stations to detect so called Punch-Throughs, i. e. particle showers that are not
stopped within the calorimeters.
The forward hadronic calorimeter (HF) is located 6m away from the endcaps outside
the muon system. It extends the pseudorapidity coverage up to |η| = 5.2 using a
Cherenkov-based, radiation hard technology. Its tasks are the determination of MET
and a background reduction for many analyses by tagging forward jets that do not
belong to the signature of the process being investigated [36].

Resolution
In combination with the ECAL the resolution of the hadronic calorimeter for pions has
been determined in test beams [35] to

∆E

E
=

0.7
√

GeV√
E

⊕ 1 GeV

E
⊕ 8.0 %

After calibration, the uncertainty of the absolute scale is expected to be below 3%, and
even an improvement to about 1% is possible.

3.1.4 The Solenoid

The CMS solenoid is a superconducting magnet, designed to provide a maximum field
of 4T, leading to a good momentum resolution up to particle energies of 1TeV. It has
a free bore diameter of 6.3m and a length of 12.5m. At full field, the magnet needs a
current of 19.14 kA and stores an energy of 2.6GJ. Three layers of iron yoke are used
to return the magnetic flux, while also building the supporting structure for the muon
system [6]. Thus muons in this outer part of the detector are bent in the opposite
direction compared to the inner parts.

3.1.5 The Muon System

The muons system is, as the experiments name suggests, of central importance for CMS.
It is the outermost part and integrated into the iron return yoke to benefit from the
magnetic field. Its task is the identification and momentum measurement of muons over
the entire kinematic range of the LHC, and to provide a fast trigger information. CMS
uses three different technologies: Drift tube chambers (DT ), cathode strip chambers
(CSC ) and resistive plate chambers (RPC ). Fig. 3.7 shows the implementation of these
detectors and their locations.
Because of the small neutron-induced background, the low muon rate and the low
uniform field between the iron yoke layers, drift tubes are used in the barrel region to
detect muons within a range of |η| < 1.2. This part of the muon system consists of
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Figure 3.7: Quarter of CMS in profile, showing the position of the different muon
detectors [38].

four DT stations, three of them measuring the muon coordinate in the r-φ plane as
well as in z-direction. The fourth station delivers only a coordinate in r-φ.
The endcap regions suffer from a higher muon rate, higher background levels and a large
non-uniform magnetic field. It is composed of CSCs which have a fast response time,
fine segmentation and a good radiation resistance. The four stations in each endcap
can measure muons with 0.9 < |η| < 2.4. As the strips are running radially outwards,
a precision measurement is possible in r-φ. The anode wires, running perpendicular to
the strips, are read out to achieve an information about the position in η. All in all the
CSCs provide a robust rejection of non-muon background and an efficient matching of
hits to those in other stations or in the tracker.
The RPCs in the barrel and endcap regions are mainly used for trigger purposes,
because they deliver a fast, independent and segmented information with a sharp pT -
threshold for muons within |η| < 1.6.

Resolution
Using the standalone muon system the offline muon momentum resolution is about 9%
(15%-40%) for a 200GeV (1TeV) muon. It can be improved by almost one order of
magnitude using tracker information to about 1% (5%) [37].

3.1.6 The Trigger System

The LHC bunch crossing rate of 40 MHz and an average of about 20 events per bunch
crossing pose a challenge to the trigger system. As today’s storage devices can cope
with a data rate of up to 300Hz a drastic rate reduction is necessary and only events
containing interesting signatures can be stored. In CMS this reduction is achieved
using two trigger steps: the Level 1 Trigger (L1 ) and the High Level Trigger (HLT )
[40].
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The L1 is designed to reduce the primary rate of 40MHz to 50 kHz. It consists of
custom-designed, largely programmable electronics and uses coarsely segmented data
from the calorimeters and the muon system to reconstruct first object candidates for
muons (called L1-muons), electrons, jets and photons. The event is kept, if such a can-
didate is found, but also if certain global quantities like the total transverse (missing)
energy exceed a threshold. The maximum latency between a bunch crossing and the
distribution of the trigger decision is 3.2µs, during which the high resolution data is
held in pipelined memories in the front-end electronics.
If an event is accepted by the L1 the complete read-out data is passed to the HLT.
Starting from the L1-objects, this second trigger step uses more complex calculations
similar to the later offline analysis to reconstruct the objects more precisely. It is
software implemented in a farm of about 1000 commercial CPUs. The HLT has an
nominal accept rate of 300Hz.

Respecting a safety factor of three for the L1 and of two for the HLT with respect
to their capabilities the trigger menu corresponds to accept rates of 17 kHz (L1) and
150Hz (HLT) for the start-up [39, 40].
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Chapter 4

Simulation and Reconstruction

Since preparations for LHC data analysis started long before the first collisions, it was
neccessary to simulate these collisions. For the CMS experiment all necessary steps
(Monte-Carlo generation of events, detector simulation and physics object reconstruc-
tion) are summarized in a framework called CMSSW. Also this analysis is based on
such simulated events. Apart from preparatory studies there is another benefit of sim-
ulations: The measured data is compared to the simulated events to find deviations
from the (SM) prediction. Such a deviation can be a hint for problems with the recon-
struction algorithms, or, once the software is validated by well known physics events,
can be caused by physics beyond the Standard Model.

4.1 Detector simulation

The starting point for the detector simulation are the MC generated particles (chapter
2). These are passed to the GEANT4 software [41], which simulates the propagation
of the particles within the magnetic field through the detector material. In addition it
simulates the digital readout of the signals in all detector components.The output is
stored in the so called DIGI format. While data from the CMS detector is recorded
in RAW format, the simulated digital output has to be converted to RAW format
to emulate the trigger input. Nevertheless in the end measured data as well as the
simulated one is available in exactly the same form (RAW). Therefore the HLT and
reconstruction algorithms can be the same for both and deliver comparable objects.

4.2 Object Reconstruction

After the detector readout, whether simulated or real, this output is used for the re-
construction of physical objects from the detector signal. Some simple and thus fast
reconstruction algorithms have already been performed in the L1/HLT (see 3.1.6). Now
the accepted events can be reconstructed using the full detector information and thus
more complex algorithms. The aim for every physical object is to achieve a high purity
as well as a high efficiency in the particle identification and reconstruction. Special
subgroups within the CMS collaboration are developing, testing and improving the
reconstruction of the different objects. Usually they offer different algorithms for each
particle with different emphases. This means each analysis can choose the best algo-
rithm for its needs. The output is stored in the so called RECO format, which contains
the properties of the reconstructed objects and a selection of the detector information.
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4.2.1 Muon Reconstruction

A good muon reconstruction is one of the main goals of CMS. As muons propagate
through the whole detector they leave signals in multiple components. The most im-
portant part is of course the muon system (chapter 3.1.5) which is reached by muons
having a momentum of at least 4.8GeV. Lower energetic muons do not reach the outer
parts due to ionisation losses or because they are curled up in the inner detectors by the
magnetic field. Especially for muons with a momentum below 200GeV the resolution
of the drift tubes is limited by multiple scattering in the inner parts [42]. So the inner
tracking system is used to achieve a good reconstruction and momentum resolution.
Going to very high muon momenta, the muon system has an advantage by its position:
It is the outermost part of CMS and thus covers a large area and is placed at large
radii, which leads to a better determination of the tracks curvature. The best result
for all muon momenta is achieved by combining the track information from both parts
into one reconstructed object, which is called global muon.

The muon reconstruction uses different detector components with different systematics
and is implemented using a Kalman-filter as described in [43]. To get global muons
it is primary necessary to find so called stand-alone muons, whose reconstruction uses
only information from the muon system. Starting from muons reconstructed by the L1
trigger and from high occupancy regions in the muonchambers, the algorithm searches
for characteristic entries in the surrounding muon detectors to build a track. After
that the Kalman-filter iteratively fits a track from the inner layers to the outer ones
and the other way round. The tracking parameters from the initial track are projected
to the next layer considering varying errors in the different layers. A reconstructed
track is accepted and kept if it satisfies a special χ2 criterion and at least two entries
in the muon system are used of which at least one has to be in the DTs or CSCs. The
latter requirement rejects a wrong reconstruction due to noise in the DTs. As a last
constraint, the stand-alone muon track has to originate in the interaction point, which
is considered to have an uncertainty of 15µm in the transverse directions x and y, and
5.3 cm in beam direction z. More details on the stand-alone muon reconstruction can
be found in [42].
In the tracking system the fitting of a muon track works the same way as described
before utilizing a Kalman-filter. The starting point is a signal in one layer, for which
a compatible entry in the next layer has to be found, which is then included in the fit.
Usually multiple entries are found due to the high particle rate, which are processed
in parallel. For a good track at least five layers have to be used in the fit, and only the
five best tracks are kept. Again the tracks going outwards are refitted in the reverse
direction.
The global muon is now reconstructed combining tracks from the muon system and
from the inner tracking system, starting with stand-alone muons and using the recon-
structed tracks in the inner part.
First an angular range of interest is defined within the tracker, corresponding to a rect-
angle in the η-φ-plane, where tracks used for further reconstruction have to be located.
This is necessary because of the high number of tracks. The muon momentum and
position of the stand-alone muon define the position of this range, their uncertainties
determine the size. Afterwards tracks from the inner system and the trajectory of
the stand-alone muon are extrapolated to a common region in η and φ, to which the
following iterative search for the best agreement is restricted. For this search local
discriminators, most effective for high-energetic muons, are used as well as momentum
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discriminators important for low-energetic muons. Usually multiple tracks are passing
this step. Finally a global fit of all possible pairs of stand-alone muons and selected
tracks is performed. If there are more than one possible combinations, the pair with
the lowest χ2 is chosen. So there can be not more than one global muon for each
stand-alone muon.
The efficiency of the global muon reconstruction in comparison to stand-alone muons
and to tracker muons is shown in fig. 4.1(a). It is affected by the detector geometry and
the algorithms efficiency, so the prominent dips at specific η-values can be explained by
gaps between the different parts of the tracker or the muon system, e. g. between the
barrel and endcaps. The tracker muons, which are reconstructed only from tracker and
calorimeter information, have a higher efficiency, while their momentum resolution is
worse especially for high momentum muons as can be seen in fig. 4.1(b). As the muons
from top-pair decays are high-energetic, global muons are used in the following analysis.

(a) Efficiency (b) Momentum resolution

Figure 4.1: Efficiency and momentum resolution of muons from different reconstruction
algorithms [42].

4.2.2 Electron Reconstruction

The reconstruction of electrons is more difficult than for the muons, because electrons
do not have such a well-defined signature.
Electrons are charged particles and thus leave hits in the tracking system and showers
in the electromagnetic calorimeter (ECal). Already in the tracking part they loose
energy because of bremsstrahlung. So for example about 35% of all electrons deposit
more than 70% of their energy via photons from bremsstrahlung before reaching the
ECal, in 10% of the cases the photon energy even sums up to more than 95% of the
initial electron energy. This shows how important it is to include these photons in the
determination of the electron energy [45].

There are two algorithms to reconstruct electrons, one is starting from entries in the
ECal, the other one uses tracks in the silicon detectors as starting point. The latter
one is relevant for low-energy or non-isolated electrons and thus is not that important
for electrons from top-pair decays.
The electron clustering starts with so called superclusters in the Ecal which are built
of multiple clusters of cristals in which energy has been deposited. Afterwards photons
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from the bremsstrahlung are collected along the φ-direction within ∆φ ≈ 0.3 around
the first cluster and their energies are summed up. If the supercluster contains the
total energy radiated in form of bremsstrahlung, the energy weighted average impact
point of the electron and photons coincides with the impact point from a non-radiating
electron with the same initial momentum. Therefore the search for entries to be used
for the track fitting in the inner tracking layer is restricted to the corresponding η-
φ-range. The fitting algorithm differs from the standard one as described before in
4.2.1 to take into account radiation models for the electrons [46]. Now the fitted
tracks and the supercluster are combined and more information about the quality of
the reconstructed electron is saved. After the ambiguities, due to electrons from pair
production of bremsstrahlung, which have to be assigned to the initial electron, have
been solved, the last step is the determination of the charge of the electron which gets
particularly difficult if there is an early photon radiation. First of all, the charge is
determined in three different ways: the charge of the reconstructed electron track, the
charge of the closest track from the standard track reconstruction and via the difference
between the vector from the interaction point to the first hit in the silicon layer and the
vector from the interaction point to the supercluster. The charge which is determined
by (at least) two of these possibilities is set as reconstructed charge.

Figure 4.2: Energy resolution of electrons from the three different reconstruction types
[45].

The combination of tracker and ECal does not only improve the electron identification
and reconstruction but also the accuracy of the measurement of further electron prop-
erties. Fig. 4.2 compares the energy resolution of electrons reconstructed only from
ECal information, only from tracker information and from the combination of both, as
a function of the electron incident energy for electrons in the ECal barrel. It can be
seen that at low energies the resolution is dominated by the ECal because a major part
of the energy does not reach the calorimeter and so huge correction factors are needed.
In contrast at high energies the resolution is dominated by the tracking part because
high energy electrons lead to a big curvature radius, which makes an exact determi-
nation of the momentum difficult. The combination of tracker and ECal information
shows a great improvement in the resolution especially for electrons with Ee ≈ 15GeV.
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4.2. Object Reconstruction

4.2.3 Jet Reconstruction

Following the rules of QCD single gluons or quarks produced in the proton collision
build color neutral particles by hadronisation. In this process and the following frag-
mentation a lot of particles are generated, mostly pions or kaons, but also protons and
sometimes leptons, distributed within a cone around the so called jet axis. This axis
corresponds - usually approximately, in an ideal case exactly - to the trajectory of the
primary particle producing the jet.
Each particle belonging to the jet leaves its own signature like a track or an energy
deposition in one or both of the calorimeters. The calorimeters are particularly impor-
tant for a measurement of jets, as almost all particles deposit their total energy within
them. Therefore, it is possible to reconstruct jets only from calorimeter information,
which are called calo-jets. These calo-jets are the basis for almost any other jet recon-
struction algorithm.
Using only detector information it is impossible to determine, if a particle belongs to
a jet or if it comes from any other process. But every particle that is assigned to
a jet affects the determined energy and direction of the jet. Thus, a lot of different
algorithms have been developed over the years to reconstruct jets from the measured
information at best.
The CMS collaboration agreed on severel algorithms to be used in their standard re-
construction. For this analysis the SISCone (Seedless Infrared Safe Cone) algorithm, is
used [47]. Information on another widely used algorithm in CMS analyses, the anti-kt

algorithm, can be found in [48].

Cone algorithms are successfully used for jet reconstruction already for a long time.
Their basic idea is that particles belonging to the jet are distributed within a cone
around the direction of the primary particle. As there is no theoretical description of
hadronisation, but only a phenomenological one, the opening angle of this cone cannot
be predicted and needs to be optimized experimentally. Typical values are ∆R between
0.3 and 0.8. Cone algorithms work iteratively. Starting from a seed, usually a high-
energetic particle, the four-vectors of all particles within a cone around this primary
direction are added up. By this means a new four-vector is calculated and used as
seed for the next iteration. The terminating condition for this procedure is a stable
cone, that is the cone axis coincides with the axis defined by the total momentum of
all particles contained in the cone.
Two types of problems of traditional cone algorithms arise when using seeds as starting
points: The procedure gets collinear unsafe if only particles above a certain momentum
threshold are used as seeds. On the other hand if any particle can act as a seed,
the addition of an infinitely soft particle may lead to a new stable cone and thus
the procedure gets infrared unsafe. The second problem is a strong dependency on
soft particles, which can be illustrated with the following example: If there are two
particles p1 and p2 with a distance ∆R of the cone diameter and no particle between
them, a traditional cone algorithm will find exactly two jets, one around p1 and the
other one around p2. The addition of a soft particle in between leads to a third
cone with p1 and p2 on opposite edges and thus to a new set of cones. This means
that a soft particle (e. g. from hadronisation, pile-up or an underlying event) would
change the reconstruction of the hard process and the algorithm is infrared unsafe. A
workaround for this problem is to add artificial “midpoint” seeds between pairs of stable
cones from true seed particles and search for new stable cones. This fixes the problem
for configurations with two hard particles, but there are certain triangular tree-point
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configurations for which this fix does not find all stable cones. So the problem can be
shifted to higher orders but cannot not solved.
A quite recent enhancement is the SISCone algorithm which has been published in
2007. In contrast to previous solutions for the problems described before, which take
huge times to find jets and are thus unusable at hadron level, the computing time of
the SISCone algorithm is comparable to that of midpoint implementations. Instead of
using seeds, the idea behind SISCone is to identify all cones having a different particle
content (’distinct’ cones) and to test their stability. So the algorithm examines all cones
for which a pair of particles lies on the circumference to find all disctinct cones. After
that the center of all particles contained in the cone is calculated and a test of the cones
stability is performed. It has to be kept in mind that this procedure gives multiple
pairs of particles defining cones with the same particle content. Fig. 4.3 illustrates the
finding procedure and shows an example for all cones with a specific particle content.

Figure 4.3: Illustration of the SISCone algorithm: Starting from an initial circular
enclosure of two points, i. e. the red crosses (a), the circle is moved until some enclosed
or external point touches its edge (b) and rotated around this point until a second one
touches the edge (c). In this way, all circles, defined by pairs of edge points, with the
same enclosure are found (d) [47].

This procedure leads to a list of stable cones which are called protojets. Protojets
with a transverse momentum less than a defined threshold are discarded, the rest is
tested for overlap. For overlapping jets the scalar sum of the shared particles transverse
momenta is calculated. If this sum lies beyond a certain threshold the two protojets
are merged into a single new one which is added to the list, while the two initial ones
are removed. If the sum is below the threshold, each shared particle is assigned to
the jet whose axis is closest. The momenta of both protojets are recalculated after all
particles have been assigned. The choice of this last momentum threshold leads to a
dependency of the result on soft particles which might lead to the merging of actually
seperated jets, but in practice this dependency does not cause any problems.
A precise description of idea and implementation of the SISCone algorithm can be
found in [47].

B-Jet Identification

Not only for top-quark physics jets from b quarks are of special interest. Due to their
lifetime in the order of 1.5 ps B-hadrons travel a measurable distance of some hundred
µm before they decay. So the resolution of the silicon tracking system, especially the
pixel part, is good enough to reconstruct a secondary decay vertex. Further signifi-
cant differences in kinematical and topological distributions make a b tagging and a
discrimination from light-quark jets possible.
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Within the CMS reconstruction framework several b-tagging algorithms are available
[49], which can be classified into three main groups: Track impact-parameter tagging,
secondary-vertex tagging and soft-lepton tagging. This section concentrates on the
track impact-parameter tagging as it has been used for the following analysis.
As the decay products of the b-hadrons originate from a displaced vertex they have
a large impact parameter with respect to the primary collision vertex. To determine
the three-dimensional impact parameter, i. e. the smalles distance between a track and
the considered vertex, it is necessary to aproximate the (bended) track by a linearized
one. The sign of the impact parameter is given by the sign of the scalar product of the
impact-parameter direction with the jet direction.
The ratio between the impact parameter and its uncertainty, later being about 100µm
for both the longitudinal and transverse impact parameters, gives the significance of
the track impact parameter and is commonly used to take experimental resolutions into
account. One algorithm using this significance as discriminator is the track-counting b
tagging described in the following lines. The advantage of the track-counting algorithm
is its simplicity, which makes it also a fast and robust method for b-jet identification.
Apart from good tracks and the impact-parameter significance no reconstructed ob-
jects are needed. First of all, good tracks are selected according to certain quality
criteria described in [49]. Then the algorithm calculates for each selected track the
three-dimensional impact-parameter significance and orders the tracks by decreasing
impact-parameter significance. The discriminator is simply the significance of the n-th
track, where n can be chosen by the user. In CMSSW there are two possible choices
implemented: n = 2 for the so called track-counting high efficiency b-tag, while n = 3
is used in the track-counting high purity b-tag.
The discriminator shape for the track-counting high efficiency b-tag can be seen in
fig. 4.4(a) for different jet categories. Fig. 4.4(b) shows the efficiency versus a cut on
this discriminator.

(a) Discriminator shape (b) Efficiency

Figure 4.4: Discriminator shape and efficiency vs. discriminator cut for the track-
counting high efficiency b-tag [49].
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4.2.4 Missing Transverse Energy

Another interesting object is the missing transverse energy, shortly MET, which is
caused by undetected particles like neutrinos. The design of the CMS detector is very
hermetic to measure all particles as exactly as possible and to reconstruct thereby
apparent missing energy. This reconstruction is done by calculating the negative vec-
torial sum of all reconstructed particles. So an accurate MET measurement in CMS
profits from the high granularity and good hermeticity of the calorimeters, but on the
other hand it depends on the previously reconstructed objects and thus has a particu-
larly large uncertainty. This uncertainty is for example due to pile-up collisions or the
bending of tracks in the magnetic field, but mainly comes from the calorimeter energy
resolution.
Approximating the detector as perfectly hermetic and considering that the incoming
protons have no transverse momentum component, MET can only be caused by neu-
trinos and is therefore often used as estimate for neutrino transverse energy in the
event.
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Chapter 5

Event Selection

5.1 Signal and Backgrounds

Every second some million events from proton-proton collisions take place in CMS.
Each process leaves a characteristic signature of different particles in the detector.
Usually it is necessary to focus on a specific physics process. Therefore, the designated
signal events have to be selected from a usually huge amount of background events
with a similar signature. Thus, a selection has to be developed to identify signal events
with a high efficiency and at the same time to maximize the reduction of background
events.

5.1.1 Signature of Dileptonic Top Pair Decays

This analysis of spin correlations investigates events from dileptonic top-pair decays (see
1.4.2). For the selection of these events, their topological signature tt̄ → bb̄W+W− →
bb̄l+l−νν̄, shown in fig. 5.1, has to be investigated on detector level, i. e. using recon-
structed objects.

Figure 5.1: Graphical illustration of the dileptonic top-pair decay: The signature con-
sists of two charged leptons, missing (transverse) energy due to the two neutrinos and
two b-jets.
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As τ leptons can decay hadronically or leptonically into a charged lepton plus two
neutrinos, they are difficult to identify and reconstruct in the detector. Thus, only
W decays directly into electrons and muons are considered. Originating from two W
decays (W+ and W−) these leptons are isolated, have opposite charge and a high en-
ergy and transverse momentum. Because of the good reconstruction efficiency in CMS
and the fact that only a small fraction of processes at a hadron collider produces such
leptons, this leads to a clear distinguishing mark also in the detector response.
Apart from the two charged leptons the W decays produce two neutrinos, which carry
a considerable momentum, too. As they are not detected they can be used only indirect
via the reconstructed MET (see chapter 4.2.4). Thus a large missing transverse energy
is another characteristic trait for dileptonic top-pair events.
Although in hadron collisions a lot of jets are produced, most of them are gluon-jets or
light quark jets and often only low-energetic. In contrast about 98% of the top-pairs
decay into two b-jets with high energy due to the high top mass. Thus, b-tagging
information will be very useful to distinguish signal jets from the background.

Summarized the signature of dileptonic tt̄ decays consists of two high-energetic, isolated
leptons with opposite charge, two high-energetic, b-like jets and high MET. Although
the restriction on electron- and muon-decays reduces the branching ratio of the con-
sidered events to 5% of all tt̄ decays (corresponding to an exclusive production cross
section of 19 pb at

√
s = 10TeV), the dilepton-channel offers a good opportunity to in-

vestigate spin-correlations because the two leptons have the best spin analyzer quality
(see table 1.4). Apart from that they give a very good trigger acceptance and allow an
efficient background rejection.

5.1.2 Dileptonic Background Events

Despite this clear signal signature there are other processes producing a very similar
or even identical detector response. Processes that produce two leptons are thus an
important kind of background. The most important processes, that can produce two
high-energetic final state leptons, are the WW production and the single top production
via the tW channel. Dileptonic events containing a Z boson build a class of their own
and will be described in the next section.

(a) WW production (b) single top production via
the tW channel

Figure 5.2: Exemplary Feynman graphs for the two main dileptonic background pro-
cesses illustrating the final-state particles

The WW diboson events have exactly the same lepton and MET signature as dilep-
tonic tt̄ events, if the two W bosons decay leptonically, as can be seen in fig. 5.2(a).
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Therefore, it is necessary to reduce this background by using the jet signature. Ad-
ditional jets from radiation or hadronization processes are necessarey to make a WW
event look like a signal event. Usually these jets are lower-energetic and gluon- or
light-quark-jets. A cut on the number of high-energetic, b-like jets can reduce this
background.
The signature of single top production via the tW channel is even closer to the signal
signature, as illustrated in fig. 5.2(b). Comparing this with the signal, only one b-jet
is missing. Following the same considerations as for the WW case, this jet should have
a lower energy and b-tag, so again the best handle against this background is a cut on
the jets.

As both cross sections for WW production (about 74 pb) and the single top production
via the tW channel (29 pb), combined with the branching ratio into two leptons (i. e. e
and µ, about 5%), are significantly smaller than for dileptonic tt̄ decays, this class forms
a relatively small background contribution.

5.1.3 Background Events with Z-Bosons

The second background class is formed by events containing one or more Z bosons.
The main contributions are the Z production including additional jets, the WZ and
the ZZ production. The Feynman graphs in fig. 5.3 show possible combinations of
final-state particle from these processes, that can easily fake a signal signature.

(a) Z production with addi-
tional jets

(b) ZZ production (c) WZ production

Figure 5.3: Exemplary Feynman graphs for the three main Z-like background processes
illustrating the final-state particles.

With a cross section including the branching ratio into leptons (e, µ and τ , each about
3.4%) of 4200 pb for Z boson production, this is the largest background process that
produces high-energetic leptons. The signature of a Z decay consists of two isolated,
high-energetic and oppositely charged leptons. The MET and high-energetic, b-like
jets, necessary to fake a tt̄ signature, have to be created by the underlying event or
due to a misreconstruction. An example Feynman graph for Z production with two
additional quarks from gluon-radiation is shown in fig. 5.3(a).
Similar considerations can be made for ZZ and WZ events: if in ZZ events one Z
decays leptonically and the other one hadronically (see fig. 5.3(b)), the produced jets
may even be b-jets, otherwise they are at least high-energetic due to the high Z mass.
As described before, MET is very sensitive to the energy resolution of the different
components and thus can easily fake neutrinos. Exactly the same counts for WZ pairs
where the Z decays into leptons and the W into hadrons (fig. 5.3(c)). Events with all
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leptonic decays of both the W and the Z miss hard (b-tagged) jets, so they can be
rejected using a cut on the number of high energetic (b-)jets. If the W decays lep-
tonically and the Z hadronically, a signature of two high-energy (b-)jets, one isolated
high-energetic lepton and MET is created. Thus,an additional fake lepton or a lepton
from an underlying process has do be considered to select the event. Events with all
hadronic decays of the W and Z bosons can well be suppresed because of the missing
leptons.
In addition, the cross section for inclusive WZ production is about 32 pb, for inclusive
ZZ production 10.5 pb. Thus, considering only final states including lepton, the Z-like
background is dominated by Z+jet events.
Another very helpful characteristic of the Z-like events is the invariant mass of the two
leptons. This distribution has a sharp peak at about mZ = 91.2GeV with a (theoreti-
cal) width of only about ΓZ = 2.5GeV for leptons from a Z decay, which can be used
to distinguish Z-like events from tt̄ pairs (see chapter 5.2.4).

Due to the large cross-section of Z production a problem arises in Monte Carlo studies:
The available number of simulated events has to be scaled up to the investigated
luminosity increasing statistical uncertainties in the phase space regions of interest for
the tt̄ analysis. Only very few of these events pass the selection and lead to unphysical
“spiky” features in some distributions. This makes it necessary to estimate the shape
of these distributions for Z events from measured data directly. This is beyond the
scope of the present work.

5.1.4 Other Background Events

The last group of backgrounds summarizes every event similar to a dileptonic tt̄ decay,
that does not fit into the classes decribed before, i. e. all other tt̄ decays, single top
production via the s and the t channel, W boson production and QCD events containing
electrons or muons.

The common aspect of these events is that the hard process produces only one lepton,
if the W or top quark decays leptonically. Thus, an additional signal-like lepton has to
faked by misreconstruction or by a lepton from an underlying event. As this additional
lepton must be isolated and oppositely charged compared with the real lepton, only
few of these events are indistinguishable from signal-events.
An exception are dileptonic tt̄ decays, where at least one of the leptons originates from
a leptonic τ decay. Though this special case gives an indistinguishable signature and
even contains information about the top pair it cannot be used for the determination
of spin correlations, because it is not possible to reconstruct the full kinematics of the
tt̄ pair due to the additional neutrino.
QCD events as well as all fully hadronic decays of the tt̄, the W or a single t lead to
multi-jet signatures without a lepton. Although the cross section of QCD events is
about nine orders of magnitude above the signal cross section, they can be efficiently
suppressed already by the trigger. Additional cut on leptons provide a handle for fur-
ther reduction.

Again the extremely large cross-section of QCD but also of W production results in
a lack of statistics: Considering the necessary computing time and disk space it is
impossible to produce an appropriate number of events compared to the number of
signal events. This makes a significant prediction of selection effects and the impact
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(a) dileptonic tt̄ decay into a τ
lepton

(b) W production with addi-
tional jets

(c) single top production via
the s channel

(d) single top production via
the t channel

Figure 5.4: Exemplary Feynman graphs for the other background processes illustrating
the final-state particles.

on the measurement impossible. It is therefore essential to estimate QCD background
from measured data. Various approaches are under investigation, see [50] and [51].

Class Example Signature Missing Rejectable

process for signal by cut on

Signal pp → tt̄ → l+νl−ν̄bb̄ 2 lep, 2 jets, MET

dilepton BG pp → WW → l+νl−ν̄ 2 lep, MET 2 (b-)jets ET (jets), njet

pp → tW → l+νbl−ν̄ 2 lep, 1 jet, MET 1 (b-)jet ET (jets), njet

Z-like BG pp → Zg → l+l−qq̄ 2 lep, 2 jets MET MET, Z-veto

pp → ZZ → l+l−qq̄ 2 lep, 2 jets MET MET, Z-veto

pp → WZ → l+l−q′q̄ 2 lep, 2 jets MET MET,Z-veto

other BG pp → tt̄ → l+νq′q̄bb̄ 1 lep, 4 jets, MET 1 lep pT (l±), nlep

pp → Wg → lνqq̄ 1 lep, 2 jets, MET 1 lep pT (l±), nlep

pp → tb̄ → l+νbb̄ 1 lep, 2 jets, MET 1 lep pT (l±), nlep

pp → tq̄ → l+νbq̄′ 1 lep, 2 jets, MET 1 lep pT (l±), nlep

pp → g → qq̄ 2 jets 2 lep, MET pT (l±), nlep

Table 5.1: Summary of the signal and important background processes. The table
shows an exemplary signature for each process and the missing reconstructed objects,
that are necessary to fake the signal signature. Apart from that, a selection observable
to reduce the background is given.
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5.2 Selection Observables

The following sections describe the observables used to distinguish signal from back-
ground events. As this selection has been developed in a dedicated analysis, this chapter
summarizes the most important selection criteria. A more detailed description of in-
dividual aspects can be found in [50]. Without any selection the signal-to-background
ratio is S/B ≈ 2.3 · 10−6.
Details about the datasets used for this analysis are given in the appendix A.

5.2.1 Trigger

The requirement of certain triggers is mandatory for every analysis as only HLT-
triggered events are recorded.
Taking advantage of the high-energy leptons in the signal signature it is sufficient to
use simple lepton-triggers, and as both electrons and muons contribute to the signale
events, two of them are used in this study. In the CMS software framework there are
different trigger tables available accounting for different scenarios, e. g. different peak-
luminosity and detector alignment. For the following study the trigger table HLT8E29
from the CMS software version CMSSW 3 1 4 is used. This table is used for early
data-taking [52], but similar trigger paths will be available in the future, too.
The first trigger-path is the HLT Mu9, which is a single muon trigger. It is seeded by a
good reconstructed L1-muon with pT > 7GeV. The HLT-muon reconstructed from this
L1-muon must have pT > 9GeV and has to be reconstructed in the muon-system and
the tracker. The second trigger-path is HLT Ele15 LW L1R for electron channels. It
is based on L1 objects from the L1 SingleEG8 triggering electromagnetic objects with
ET > 8GeV. The HLT-path requires a supercluster energy of ET > 5GeV and an ratio
of hadronic to electromagnetic calorimeter energy of H/E < 0.2. Apart from that, a
matching electron track in a large window (thus LW) of the pixel detector is required.
The reconstructed HLT-electron has to fulfill ET > 15GeV. This trigger is frequently
fired by photons or jets, so additional cuts to select electron events are essential.
The pT -thresholds are well below the cuts presented in the following sections to reduce
the impact of possible misreconstruction by the HLT. The signal efficiency using both
trigger-paths and the signal-to-background ratio after the trigger are

εsig ≈ 97% and S/B ≈ 7.5 · 10−5

In contrast about 70% of all tt̄ background and single top events are triggered, while
all other background events are triggered by less than 50%. Thus the trigger efficiently
improves the S/B ratio by a factor of 3.

The following plots show only events that have passed the trigger. The different back-
grounds are grouped as described before.

5.2.2 Lepton Definition

As mentioned in the signature description, only the dileptonic tt̄ decays into electrons
and muons are regarded as signal, while decays containing τ leptons are considered as
background. The general reconstruction of muons and electrons has been described in
chapters 4.2.1 and 4.2.2. These objects are now specified to distinguish between signal
and background leptons.
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Muons
Only global muons are taken into account due to their excellent reconstruction per-
formance. Technically, these are muons passing the GlobalMuonPromptTight identi-
fication. This algorithm rejects so called in-flight muons from Pion or Kaon decays
and Punch-Throughs while finding muons from a hard interaction with an efficiency of
about 98% [53].
Since the signal muons originate from a decay of the heavy W boson, they are expected
to have a high transverse momentum pT . Thus for a signal muon candidate a trans-
verse momentum of pT > 20GeV is required. The spectrum of the lower pT of the two
signal leptons on generator level, shown in fig. 5.5, confirms that the major part of the
signal events can pass this cut. In addition, a cut on muons within |η| < 2.4 is set to
assure a good reconstruction within the tracker acceptance region.
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Figure 5.5: Generated spectrum of the lower transverse momentum of the leptons (e
or µ) from a dileptonic top-pair decay.

Apart from the kinematic cuts, isolation is used to seperate signal muons from the
background. The fact that muons produced in jets are usually not isolated can be
used to reject them. Therefore, the isolation is defined in the tracker on the one hand
and in the calorimeters on the other hand. The absolute isolation in the tracker It

is calculated by adding up the pT of all tracks from the muon vertex, that lie within
a cone of radius ∆R < 0.3 around the muon track. Tracks in a veto-cone (radius
∆R < 0.01) are ignored to subtract the muon track itself. The relative isolation Rt is
defined as

Rt =
pT

pT + It

with It =
∆R=0.3∑
∆R=0.01

pT,track

This definition allows a higher value of the absolute isolation (i. e. a less isolated muon
track) for a high-energetic muon to get the same relative isolation. This accounts for
the fact, that the radiation increases with rising muon energy.
The calorimeter isolation IC is composed of the isolation in the electromagnetic calorime-
ter IECal and the isolation in the hadronic calorimeter IHCal. The absolute isolation is
the sum of calorimeter entries within a cone with ∆R < 0.3 around the position where
the muon track hits the calorimeter. Hereby all entries are consideres, that are above
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a certain threshold and at least 3σ above the noise. The radius of the veto-cone differs
for both calorimeters: it is ∆R = 0.07 for the electromagnetic and ∆R = 0.1 for the
hadronic part. Again not the absolute values are used for a selection, but the relative
isolation RC

RC =
pT

pT + IC

with IC = IECal + IHCal =
∆R=0.3∑
∆R=0.07

EECal +
∆R=0.3∑
∆R=0.1

EHCal

Cuts on the tracker and calorimeter isolation of Rt > 0.9 and RC > 0.9 are applied to
distinguish between signal and mainly QCD muons.
80.6% of all GlobalMuonPromptTight-muons pass the requirements shown in table 5.2.
They can be classified into two groups based on their pT : for muons with 20 GeV <
pT < 30 GeV the selection efficiency is between 70% and 80%, for a pT > 30GeV this
raises from 80% to almost 90% (at roughly 80GeV). The fake-rate, i. e. the rate of
muons not originating from a top-decay, is very low.

Electrons
Similar as for the muons, also electrons are identified using different algorithms to re-
duce the fake-rate, e. g. from low-energy QCD jets. The electron identification used
for this analysis is eidLoose. This algorithm first divides all electron candidates into
three classes according to their amount of bremsstrahlung and energy over momentum
value E/p. Then different cuts are applied:

Class 1 contains electrons with a high E/p and high bremsstrahlung. As this is a
typical signature for electrons, only loose cuts are necessary.

Class 2 includes all candidates with low bremsstrahlung. In about 50% these are due
to a misreconstruction and therefore tight cuts have to be used to reject fake
electrons efficiently.

Class 3 contains all remaining candidates and thus only few electrons, but too many
to simply discard them. Nevertheless such candidates have to pass very tight
cuts. The cut parameters are:

H/E: the ratio between the energy in the hadronic calorimeter and the energy in
the elctromagnetic calorimeter

∆ηin: the angular difference in η between the supercluster and the position where
the extrapolated track hits the calorimeter

∆φin: the same angular difference in φ-direction

σiη,iη the covariance of the shape of the supercluster in η

More details about these variables and the general identification scheme are given
in [54].

This electron identification leads to a similar purity of the electron candidates com-
pared to the muon candidates.
As the transverse momentum spectrum and the η-distribution of the signal electrons
look identical to the muons, the same cut values are applied for kinematics: pT >
20GeV and |η| < 2.4.
The definition of isolation is comparable to the muons, given the following exceptions:
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For the absolute tracker isolaton It only tracks with pT > 1GeV are considered, and
the radius of the veto-cone is ∆R = 0.015. The later implies that radiation is not
explicitely included, but this method has been proven to be effective. Apart from that,
by defining similar cones, the result remains comparable to the muons. The calculation
of the relative isolation Rt is identical to the muon case.
The differences in the calorimeter isolation IC are both the radius of the cone and for
the electromagnetic part the shape of the veto. All entries above a certain threshold
within a cone radius ∆R < 0.4 are included in the calculation. For the hadronic
calorimeter isolation IHCal there is a simple veto-cone with ∆R < 0.15 analog to the
tracker isolation. The isolation in the electromagnetic calorimeter IECal has a different
veto. It excludes a cone with ∆R < 0.045 (∆R < 0.07) in the barrel (endcap) region
and in addition a band in the η-φ-plane along the φ-direction of width ∆η = 0.02 in
barrel and endcaps. The determination of the absolute isolation IC = IECal + IHCal

and the relative isolation RC follows the same rules as for the muons.
Since the shape of the relative tracker isolation differs only slightly from the muon
case, the cut-value is the same Rt > 0.9. The calorimeter isolations IC and RC show
significant deviations from the muon isolations. This is expected due to showering.
Nevertheless, a similar cut-value of RC > 0.82 has proven to give a good seperation of
signal and background electrons [50].
It was shown that already the reconstruction efficiency of electrons is lower than for
muons, and after applying all cuts described before the selection efficiency is about
60%-70% for 20 GeV < pT < 40GeV and above 80% for pT > 60GeV.

Cut variable Electrons Muons

identification eidLoose GlobalMuonPromptTight

transverse momentum pT > 20GeV 20GeV

pseudorapidity |η| < 2.4 2.4

rel. tracker isolation Rt > 0.82 0.9

rel. calorimeter isolation RC > 0.9 0.9

Table 5.2: Summary of the parameters used to select signal-leptons, shown for each
lepton flavor separately.

All quality cuts on muons and electrons are summarized in table 5.2. A comparison of
the cut values shows that the only difference is in the isolation criterion. Thus, in the
following chapters muons and electrons are summarized as leptons and mostly treated
identically. All channels ee, µµ and eµ are investigated and plotted inclusively. The
only exception is the Z-veto described in 5.2.4.

The number of selected leptons is shown in fig. 5.6 for signal events and the different
backgrounds. It can be seen that especially the other backgrounds but also the dilepton
backgrounds tend to have fewer leptons than the signal and Z-like events. So this
variable can be used to reject a major part of the dilepton and other backgrounds.
Two leptons with opposite charge have to be chosen to be able to reconstruct a top
pair(details see 6.1), so this can be used as another selection criterion.
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Figure 5.6: Number of selected signal-like leptons in the different signal and background
classes.

5.2.3 (B-)Jet Definition

In contrast to the leptons, the jet energy cannot be measured that precisely. Due
to detector effects and a different response in the calorimeters, the energy is usually
underestimated. Thus, it is necessary to correct the reconstructed jet energy.

Figure 5.7: Schematic illustration of the jet energy corrections: Corrections shown in
solid boxes are mandatory, dashed boxes contain optional corrections [55].

This jet energy correction is done by a factorized multi-level correction scheme as illus-
trated in fig. 5.7. The first three steps are mandatory, while all additional corrections
can be applied optional. The first step corrects the measured energy for a constant
offset arising from detector noise. In a second step the jets are corrected for the differ-
ent detector response depending on the position in η. At last the energy is scaled as a
function of pT to match the parton level. This has to be done, as the underestimation
scales with the transverse jet momentum. More details of the correction scheme can
be found in [55].
The corrections used in this analysis have been achieved from Monte Carlo studies. It
will be possible to estimate them from data directly for future applications. A good
understanding of the jet energy scale is important since systematic uncertainties due
to the unprecise knowledge of the jet energy scale limit most analyses.
As the jets in signal events originate directly from the top quark, they are expected
to be high-energetic. Because of the undefinable boost along the z-axis only the trans-
verse component is used and required to be ET > 30GeV. An additional cut on the
pseudorapidity of |η| < 2.4 is applied to guarantee a good reconstruction, i. e. all
particles, that build the jet, are within the detector acceptance, especially within the
tracking detectors.
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5.2. Selection Observables

Cut variable Jets

reco algorithm SISCone5

transverse energy ET > 30GeV

pseudorapidity |η| < 2.4

b-tag > 0.0 (TrackCountingHighEfficiency)

Table 5.3: Summary of the quality criteria to select signal-like jets.

Another property that can be used to identify signal jets is the fact, that in more than
99% of the top-quark decays these jets originate from a b quark. A quantitative mea-
sure of the b-likelihood is called b-tag. Thus, the signal jets should have a higher b-tag
than background jets. In this study the trackCountingHighEfficiency b-tag is used,
which has been described in chapter 4.2.3. Only a loose cut of b-tag > 0.0 is applied
to account for the low efficieny if requiring two jets passing the cut. Apart from the
selection, the b-tag is used to identify the signal jets from other background jets in the
same event. These quality criteria are summarized in table 5.3.
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Figure 5.8: Number of selected signal-like jets from various processes.

Fig. 5.8 shows the number of jets passing the described requirements for dileptonic
tt̄ events and for the different backgrounds. A cut on the jet multiplicity can help to
reduce the background especially from Z-like events. This is helpful as this background
looks signal-like in the leptonic signature.

5.2.4 Z-Veto

Although cuts on the lepton and jet multiplicities reduce the number of background
events efficiently, additional cuts are necessary due to Z-like events. Therefore, a Z-
veto is applied for ee- and µµ-events. Since a Z decay always produces two leptons of
the same flavor, it is very unlikely that these events fake an eµ-signature. Nevertheless,
this may happen due to fake electrons or fake muons, but it only leads to an acceptable
small background contribution. Due to the restriction on the ee and µµ channels this
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5.2. Selection Observables

veto can only be applied after the lepton cut, i. e. if two oppositely charged same flavor
leptons fulfilling the criteria given above have been found.
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(b) different flavor events

Figure 5.9: Spectrum of the invariant mass of the two selected leptons with highest pT

and opposite charge after all cuts except on the invariant mass. The events are divided
with respect to the flavor of the selected leptons.

One quantity used for the Z-veto is the invariant mass of the two selected leptons with
highest pT and opposite charge, which is shown in fig. 5.9 for the same and different fla-
vor events seperately after applying all cuts (number of leptons and jets, lepton charge
and MET). The large peak at about 91GeV from Z decays in same flavor events is
clearly visible. The signal as well as all other backgrounds are almost uniformly dis-
tributed over the whole mass range. As there are only few Z-like events in the different
flavor channel, the scaling of the event numbers leads to some spikes. Nevertheless it
is observable that this channel does not show a Z peak, as expected.
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(b) different flavor events

Figure 5.10: Missing transverse energy, seperately for same and different flavor events,
after application of all other cuts. Spikes in the Z-like background are due do a lack of
Monte Carlo statistics.

A similar behavior is visible in the MET distribution. Fig. 5.10 displays the MET,
seperated for same and different flavor events, after applying all cuts on the lepton
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5.3. Selection Cuts

and jet multiplicities, the lepton charge and the invariant mass. The major part of
the Z-like events has only a small MET while the signal events tend to higher MET
values. The requirement of a minimal MET in same flavor events can help to suppress
this background. Due to the small number of Z-like events and the similar shape of
signal and background no cut can be applied for eµ-events.

5.3 Selection Cuts

After signal-leptons and signal-jets have been defined they can be used to select signal
events by cutting on the number of these objects. As the effect of one cut may be
correlated to another cut, the variables are presented as so-called N-1-plots. These
show the distribution of one selection quantity after all other cuts have been applied.
This allows to evaluate the efficiency of a cut.
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(a) Signal-like leptons.
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Figure 5.11: Number of leptons after cutting on the number of jets and number of jets
after applying the lepton-cut and the Z-veto. The different datasets are stacked.

So fig. 5.11(a) shows the number of signal-like leptons after applying only the jet-cut, as
the Z-veto can just be used if two leptons are selected and thus would bias this distri-
bution. It is clearly visible that the requirement of at least two isolated, high-energetic
leptons in the central detector region suppresses the major part of other backgrounds,
mainly QCD-events. Although almost half of the signal events are rejected, this cut is
necessary to allow a full kinematic reconstruction of the tt̄ system which is needed to
determine spin correlations.
The motivation for the cut on the jet multiplicity is shown in fig. 5.11(b): At least
two jets are needed to reconstruct the top pair, but in addition this cut rejects a big
fraction of the dilepton and the Z-like background. Nevertheless, this cut reduces the
number of signal events by a factor of about 2.

After these cuts have been applied, the major background are Z-like events, as can be
seen in fig. 5.12.
The first distribution 5.12(a) shows the invariant mass of the two leptons as described
in 5.2.4 for same flavor events. All events containing two leptons with an invariant
mass within 10GeV around the Z mass, i. e. with 81.2GeV < ml+l− < 101.2GeV, are
rejected. This reduces the Z-like background efficiently, while only a small fraction of
the signal gets lost.
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(a) Invariant mass of the two selected leptons
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Figure 5.12: Cuts used as Z-veto. Each distribution is shown after all other cuts on
leptons and jets have been applied. The different processes are stacked.

The second cut variable used as Z-veto is the missing ET , shown in fig. 5.12(b). As
expected the requirement of ET,miss > 35GeV keeps most of the signal and mainly
suppresses the Z-like background.

The signal efficiency of this selection and the signal-to-background ratio after all cuts
are

εsig ≈ 26 % and S/B ≈ 2.4

The selection improves the S/B by a factor of 106, while 1/4 of the signal events remain.
The main background contributions come still from Z decays and from dileptonic tt̄
pairs decaying into a τ lepton. The following reconstruction of the top pair will also
serve as a further selection step.
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Chapter 6

Spin Correlations

6.1 Reconstruction of the Top Quark Pair

The selected events have to be kinematically reconstructed to calculate the corre-
sponding boost factors of the (anti)top-quark rest frames. This chapter focusses on
the procedure to combine the previously described physics objects, to obtain the event
kinematics.

6.1.1 Leptons and B-Jets

In a first step, the two leptons from the dileptonic process have to be identified as direct
top decay products. This is essential, as the lepton multiplicity frequently exceeds two.
The leptons from a top-decay show the previously mentioned signal properties: they
are high-energetic and oppositely charged. Thus the lepton with the highest pT is
defined as first signal-lepton. From the remaining leptons with opposite charge the
highest pT is selected as second signal-lepton. If there are only same-charge leptons,
the event is rejected.
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Figure 6.1: ∆R distance between the selected lepton and the generator lepton from
the tt̄ decay. The plots show the distribution of the negatively charged lepton (left)
and the positively charged one (right) separatedly.

In fig. 6.1 the distance in ∆R between the generator leptons and the reconstructed ob-
jects is shown. The agglomeration of small ∆R-distances and a steep gradient illustrate
the good matching efficiency. One lepton (l+ or l−) is closer than 0.02 in 98% of the
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6.1. Reconstruction of the Top Quark Pair

events, while in 97% of the signal events both reconstructed leptons can be matched
to the generator particles.

Next the jets have to be assigned: As both jets are supposed to be b-jets, the b-tag
allows for high discrimination. The jets are high-energetic, so ET is chosen as a second
indicator. The two jets with the highest products from b-tag and ET are considered to
be the direct top decay products.
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Figure 6.2: ∆R distance between the selected b-jet and the generator b quark from
the tt̄ decay, for the b-quark (left) and b̄-quark (right) separatedly.

Due to the more difficult reconstruction of jets, the agreement between jet and gen-
erator quark is degraded compared to the leptons. As the jet-cone has a radius of
∆R < 0.5, this value is also used to define a jet as matched to its original quark.
Fig. 6.2 shows that the difference ranges up to ∆R ≈ 5 and higher. Nevertheless,
a peak at low ∆R values is clearly visible. While a mismatch of ∆R < 0.5 can be
explained by reconstruction effects, the increasing number of events with a larger mis-
match is due to combinatorics. The fraction of jets, that can be matched to one of the
generator quarks from a top decay, is 69% for each jet separately. Both jets agree with
the generator quarks in 63% of the events.

Leptons and jets within ∆R(l±rec, l
±
gen) < 0.02 and ∆R(jet, quark) < 0.5 around the

generator particle are considered as matched. This definition provides a matching of all
measurable particles in 61% of all reconstructable events. An event is reconstructable,
if it is possible to calculate a neutrino solution as described in the following section.

6.1.2 Neutrinos

In contrast to leptons and jets, neutrinos do not directly manifest themselves in the
detector response, since only the transverse momentum can be infered from the missing
transverse energy of the event. But with the W mass constraint, the longitudinal mo-
mentum pz of the neutrino can be determined up to a twofold ambiguity for each decay.
This approach assumes the hard tt̄ process being balanced in the transverse plain. The
assumption is based on the fact, that the proton beams have only a momentum along
the beam-axis, the transverse momentum components of the partons can be neglected
compared to this:

0 ≈ kx,y + pν
x,y + pν̄

x,y (6.1)
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6.1. Reconstruction of the Top Quark Pair

Here kx and ky correspond to the momentum component of the sum of all detectable
particles.
If the masses of the lepton and neutrino are neglected, which is reasonable in compar-
ison to the W mass, the constrain can be expressed mathematically by the following
equations:

m2
W+ = (El+ + Eν)2 −

∑
i

(pl+

i + pν
i )

2

m2
l,ν=0

≈ 2(El+Eν −
∑
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i pν
i ) (6.2)

m2
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∑
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i )

2

m2
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The last constrain is that the invariant mass of one lepton, the corresponding neutrino
and one jet should be equal to the top-quark mass. Again the fermion masses can be
neglected:

m2
t = (El+ + Eν + Eb)2 −

∑
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2
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This linear system of equations (6.1-6.5) can be transformed into one fourth-degree
polynomial in one momentum component of one neutrino, e. g. the px of the antineu-
trino:

0 =
4∑

i=0

ci(mt, p
l±, pb, pb̄) · (pν̄

x)
i

(6.6)

This equation is solvable up to a fourfold ambiguity. Events without a real solution
are rejected.

The coefficients ci of this polynomial depend on the momenta of the leptons and b-jets
and the top mass. While the lepton and jet momenta are taken from the reconstructed
and selected objects, the top mass is used as free parameter, that is optimized to allow
a real solution. Here this parameter is varied between 170 GeV < mt < 175 GeV.
This takes the width of the top-quark and W masses into account. From the up to
four solutions one has to be selected. Thus, for each solution of the antineutrino pν̄

x,
all other momentum components of both neutrinos are calculated. Investigating the
probability density of the Eν-Eν̄-distribution from the MC generator shown in fig. 6.3,
the energy solutions are ranked, based on their probability in the Standard Model.
The most likely solution, given by the pν̄

x-solution corresponding to the most probable
energies, is used for the kinematic reconstruction.
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Figure 6.3: Neutrino vs. antineutrino energy spectrum according to the Standard Model
expectation. This is used as likelihood to rank the up to four solutions from the
analytical calculation for the neutrino momenta.

As the jets have not been assigned to the top or antitop decay, the neutrino is recon-
structed for both combinations. If only one of the polynomials is solvable, the best
solution from this combination is taken. If both lead to real solutions, there is still an
ambiguity after selecting one of the four pν̄

x from each equation. This is resolved by
choosing the solution, that gives the best top mass on both sides. Thus the difference
Minv(l

++νj+bj)+Minv(l
−+ν̄j+b̄j)−2·mt is minimized for both jet assignments j = 1, 2.

A quality cut is applied. It is required that |pz| < 1500GeV for the neutrino and
antineutrino. This cut is motivated by the generator distribution shown in fig. 6.4
and improves the fraction of events with a good kinematical resolution and by this the
reconstruction of the spin-correlation observable θ.
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Figure 6.4: z-component of the generated neutrino momentum (solid line) and the
reconstructed one (dashed line).
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6.2. Determination of the Physical Asymmetry

Considering all selection cuts and reconstruction requirements, the overall signal effi-
ciency and the signal-to-background ratio are

εsig ≈ 12 % and S/B ≈ 2.65.

All dileptonic tt̄ events are regarded as signal, a generator matching of the reconstructed
particles is not required.
The selected events are fully reconstructed and the lepton momenta can be boosted
into the corresponding top-quark rest frames.

6.2 Determination of the Physical Asymmetry

The kinematically reconstructed tt̄ events can now be investigated for spin correlations.
All “data”, mentioned in the following analysis, is not measured data but simulated
MC events. Using these simulated events, the sensitivity to spin correlations can be
benchmarked.

6.2.1 Reconstruction of the Spin Correlation Observable

The variable used to measure spin correlations is the angle θ+ between the momentum
p∗+ of the lepton l+ in the t rest frame and the momentum p∗t of the corresponding top
quark in the tt̄ rest frame, and θ− respectively. This is illustrated in fig. 6.5.

Figure 6.5: Illustration of the lepton and top momenta in the different reference systems
and the determination of cos θ±.

In fig. 6.6(a) the resolution of cos θ± is shown for all reconstructable events. It is
plotted separately for matched events in 6.6(b) and for events in which at least one
particle could not be matched in 6.6(c). The resolution of cos θ± is limited by the
jet assignment and the neutrino reconstruction. Further improvements of the pairing
are currently under investigation by various top-quark groups. The resolution can be
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improved by applying additional quality cuts, That will decrease the efficiency and will
not increase the overall sensitivity for a mid-term scenario as used for the present work.
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Figure 6.6: Resolution of the spin-correlation observable cos(θ) separately for matched
events and events, that could not be matched.

Taking the resolution of ∆ cos θ± ≈ 0.5 into account, the angular distribution 1.10 from
chapter 1.4.4

d2N

d cos θ+d cos θ−

!
=

N

4
(1 +Aκ+κ− cos θ+ cos θ− + p+κ+ cos θ+ + p−κ− cos θ−)

is plotted in five bins each for cos θ+ and cos θ−. This corresponds to a bin width of
∆Bin(cos θ) = 0.4 for all following plots.

In fig. 6.7 and fig. 6.8 the angular distribution without cuts at generator level and the
reconstructed one of the selected events are shown. As described before, Pythia does
not simulate spin-correlation effects, while in MC@NLO these effects are included. In
all plots the z-axis, given by the color-code, is limited to the most interesting range.
All histograms are scaled to an integrated luminosity of 1 fb−1.
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Figure 6.7: Angular distribution of the two leptons from a top-pair decay generated
with MC@NLO.

The shape of the generator distribution in fig. 6.7(a) shows the expected behaviour fol-
lowing formula 1.10. Due to the acceptance of the selection, it is modified significantly.
Fig. 6.7(b) illustrates the generated angular distribution for selected, reconstructable
events. There are less events with small values of cos θ+ or cos θ−, corresponding to
large angles θ±. A large θ± means, that the lepton moves in the opposite direction to
the corresponding top quark. A lack of such leptons can be explained by the require-
ment of a high momentum for the lepton, which is easier to achieve for leptons moving
along the top direction of flight, as they profit from this boost.
The effects of the limited resolution can be seen in fig. 6.7(b) and 6.7(c). In con-
trast to the selection, this effect is significantly smaller and the overall shape is stable.
Nevertheless the difference between the reconstructed distribution and the expected
theoretical one does not allow to fit formula 1.10 directly to the reconstructed events.
There are different techniques to allow a conclusion to be drawn about the physical
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asymmetry. Some of them will be described in the following chapter 6.2.2.
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Figure 6.8: Angular distribution of the two leptons from a top-pair decay generated
with Pythia.

As the MC@NLO dataset is limited by a small number of dileptonic top-pair decays,
a special sample of only dileptonic tt̄ events has been generated with Pythia. This
sample has been used to develop a method to investigate the effects of limited accep-
tance and resolution. A number of almost one million exclusive dileptonic events was
produced to reduce the statistical uncertainties. As Pythia does not consider spin
correlations, the signal events follow a flat distribution. This can be seen in fig. 6.8(a),
showing the angular distribution directly from the generator output of all events. With
deviations in the order ofO(1%), the distribution is within statistical uncertainties flat.
Similar to the MC@NLO sample, the selection rejects especially events with small val-
ues of cos(θ±), as can be seen in fig. 6.8(b). Considering the generated angles of all
reconstructable events, the angular distribution gets clearly distorted (see fig. 6.8(b)).
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Using the reconstructed angle instead of the generated one, as in fig. 6.8(c), does not
lead to significant further changes.
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Figure 6.9: Response matrix of cos θ+.

Due to detector and reconstruction effects, the reconstructed angle differs from the
original one. Fig. 6.9 shows the response matrix, i. e. the correlation between the gen-
erated and the reconstructed angle. The mainly diagonal behaviour is clearly visible.
Nevertheless it can be seen, that the response is best for small cos θ± (large θ±).

6.2.2 Determination Strategies

As shown in the previous section, the reconstructed angular distribution is distorted
due to limited acceptance and resolution. There are mainly two possibilities to account
for this. One approach is to unfold the reconstructed distribution to get the undistorted
spectrum. A detailed description of unfolding techniques in high-energy phsics can be
found in [57], an application of this method to analyze spin correlations is given in [20].
Another possible approach is a template method. The generator distribution is passed
through the detector simulation, selection and reconstruction steps. This leads to an
expectation on reconstruction level. Various physical scenarios are generated and their
response at reconstruction level determined. A comparison of the templates to data
allows to find the most suitable scenario realized in nature. In the present work, tem-
plates are used to determine the value of the asymmetry, described in formula 1.11 of
chapter 1.4.4.
Technically, the angular distribution is decomposed into several orthogonal basis distri-
butions. Then the fractions of these distributions are used to determine an asymmetry
value.

One way is to use the angular distributions of the different helicity states t↑t̄↑, t↑t̄↓,
t↓t̄↑ and t↓t̄↓ as basis. They are orthogonal and directly connected to the asymmetry
by formula 1.11. As shown in chapter 2.2.2, these distributions are not reproduced by
TopReX in a useful manner.
A more measurable choice of basis is to split the spectrum into a normalization, a pure
asymmetry part, a polarization part for the top quark and one for the antitop quark.
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As the polarizations are negligible within the Standard Model, they are not considered
in the basis decomposition.
The distortion of the measured distribution by background events is included by an-
other template.
The selection and event reconstruction are then identical for the basis MC samples and
a toy-data sample, and later for measured data.

6.2.3 Weighting of Events

As there is no generator that allows to produce the modified basis distributions, they
have to be emulated by weighting the events. The weight is determined from the re-
quired theoretical distribution.
Following formula 1.10, the angular distribution of the leptons can be given as a func-
tion of the normalization N , the asymmetry A and the polarizations p+ and p−, using
the notation c+ = cos θ+ and c− = cos θ−:

1

N

d2N

dc+dc−

∣∣∣
(N,p±,A)

=
1

4
(1−A · c+c− + p+ · c+ − p− · c−) (6.7)

=
1

4

(
d2N

dc+dc−

∣∣∣
N

+A · d2N

dc+dc−

∣∣∣
A

+ p+ ·
d2N

dc+dc−

∣∣∣
p+

+ p− ·
d2N

dc+dc−

∣∣∣
p−

)
where d2N

dc+dc−

∣∣∣
i
correspond to a flat (i = N), completely polarized (i = p±) or completely

correlated (i = A) distribution.
For the decomposition of the Standard Model into the helicity basis, the expected
distribution for t↓t̄↓ is described by

1

N

d2N↓↓

dc+dc−
(c+, c−) =

1

N

d2N

dc+dc−

∣∣∣
(1,−1,−1,1)

=
1

4
· (1− 1 · c+c− − 1 · c+ + 1 · c−) (6.8)

Using this expectation and the Pythia-distribution following d2N
dc+dc−

∣∣∣
1,0,0,0

= 1
4
, the

weight can be calculated by

d2N↓↓

dc+dc−
(c+, c−) =

d2N↓↓
dc+dc−

d2NPythia

dc+dc−

· d2NPythia

dc+dc−
(c′+, c′−) = w↓↓(c+, c−) · d2NPythia

dc+dc−
(c′+, c′−) (6.9)

leading to the weight

w↓↓(cos θ+, cos θ−) = 1− cos θ+ cos θ− − cos θ+ + cos θ− (6.10)

The determination of the other three helicity states is done the same way. Fig. 6.10
shows the helicity basis distributions for t↓t̄↓-, t↑t̄↓-, t↓t̄↑-, and t↑t̄↑-events, created with
these weights.

A flat distribution and the asymmetry part are given by

1

N

d2NN

dc+dc−
(c+, c−) =

1

N

d2N

dc+dc−

∣∣∣
(1,0,0,0)

=
1

4
(6.11)

and
1

N

d2NA

dc+dc−
(c+, c−) =

1

N

d2N

dc+dc−

∣∣∣
(0,0,0,1)

=
1

4
· (−1 · cos θ+ cos θ−) (6.12)
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Figure 6.10: Angular distributions of the two leptons from a t↓t̄↓-weighted Pythia
sample.

So the weights are

wN = 1 and wA = − cos θ+ cos θ−. (6.13)

The polarizations of the top and antitop quarks are not fitted, thus it is not necessary
to calculate their weights.

As Pythia does not consider spin-correlation effects, it is not necessary to weight the
basis distribution HN . The distributions created from a Pythia sample with weights
as above are shown in fig. 6.11. The number of events in each distribution is scaled to
1 fb−1.
An advantage of the physical basis is, that the quantities are directly measurable. It
is chosen for the following analysis of spin correlations.
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Figure 6.11: Flat angular distribution of the leptons from a dileptonic tt̄ decay and
completely asymmetric distribution of these leptons, both on generator level.

6.2.4 Template Fits

The events in the basis distributions Hgen
N and Hgen

A are passed through the simulation
and reconstruction. The factors wN and wA (6.13), determined from the generator par-
tons, are used to weight the reconstructed events. This leads to the basis distributions
on reconstruction level HN and HA, which can be seen in fig. 6.12.
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Figure 6.12: Basis distributions HN and HA on reconstruction level. They are used as
templates of the Standard Model spin correlations in tt̄ decays.

Apart from the basis distributions building the signal distribution, a third template is
needed for the background contribution. As the leptons in background events do not
originate from a top-pair decay and are often fake leptons, it is not possible to determine

62



6.2. Determination of the Physical Asymmetry

their angular distribution at generator level. The distribution on reconstruction level
can be seen in fig. 6.13, showing a spike at −0.2 < cos θ− < 0.2 and cos θ+ < −0.6
and a dip at cos θ− > 0.6 and −0.2 < cos θ+ < 0.2. Comparing this distribution to
the predicted angular distribution of the signal (eq. 1.10), the asymmetry is consistent
with uncorrelated top pairs, while the shape corresponds to slightly polarized (anti)top
quarks. This effect is due to the other backgrounds, mainly top-pair decays including
τ leptons.
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Figure 6.13: Basis distribution HBG on reconstruction level.
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Figure 6.14: Toy data distribution showing the angular distribution of all selected and
reconstructed events.

Fig. 6.14 shows the angular distribution of all selected and reconstructed events, i. e. the
distribution HS+B corresponding to a future measurement.
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The decomposition of this distribution into signal and background contributions is
shown in fig. 6.15, the latter splitted into the three classes of Z-like, dilepton and other
backgrounds. It can be seen, that the dilepton and other background distributions
show no significant structure. The spike and dip visible in HBG have their origin in
the Z+jets dataset. Further studies are necessary to investigate, if this is a physics
effect. As this dataset contains only a relatively small number of events, compared to
the other samples and the corresponding cross sections, a statistical fluctuation cannot
be excluded.
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Figure 6.15: Signal and background contributions to the angular correlation of all
reconstructed events.

The three basis contributions HN , HA and HBG are then fitted bin-by-bin to the
angular spectrum of pseudo data with the fit parameters Nf for the normalization, Af

for the asymmetry and Bf for the background. This is implemented by using a binned
χ2-fit approach as it is very robust and offers a good possibility for the uncertainty
estimation:

χ2 =
∑
i,j

{
H

(i,j)
data − [Nf · (H(i,j)

N +Af ·H(i,j)
A ) + Bf ·H(i,j)

BG )]
}2

While Nf and Bf are not limited, Af may only vary between -1.0 and 1.0 to avoid
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unphysical values. As there is only a finite number of MC events, due to a large com-
puting time and limited CPU-resources, it is not possible to use different datasets for
all basis distributions and the data distribution. Thus, the background contribution is
identical for the basis and the pseudo data. For the signal events, the Pythia sample
is used to create the basis distributions, validate the method and to determine statis-
tical and systematic uncertainties. The MC@NLO samples is used to investigate the
dependency on the generator.
The first test to validate the template method for spin correlations uses identical sam-
ples for the basis and the toy data distribution. The Pythia signal sample has no
asymmtry on generator level (A = 0.003±0.003). The fit returns values of |Af | < 0.002,
slightly depending on the integrated luminosity. Apart from that the integrated lumi-
nosity is reproduced by the fitted values of Nf and Bf , as expected.

6.3 Statistical Uncertainty

Ensemble Study
In this ensemble study, effects due to limited MC statistics are simulated. This is
done by dicing the event content of the toy data angular spectrum on a bin-by-bin
base Poisson distributed around the expected MC value. Each generated spectrum can
be considered as data of a pseudo experiment. Each pseudo experiment is fitted by
the procedure explained above. The distributions ofAf , Nf and Bf can be investigated.

For the present work, 2000 pseudo experiments have been performed. The distributions
of Af , Nf and Bf are shown exemplarily for a combination of Pythia signal and
Pythia basis distributions, i. e. without spin correlations, for an integrated luminosity
of 1 fb−1 and 50 fb−1 in fig. 6.16. While their means are used as the final Af , Nf and Bf ,
the standard deviation σ (labeled RMS by the software) gives the statistical uncertainty
σstat(Af ) on the asymmetry.

Fit Results
The results of the fit for different combinations of toy data and basis samples are sum-
marized in table 6.1. As a first benchmark scenario, an integrated luminosity of 1 fb−1

has been used. So all event numbers have been scaled accordingly before the fit was
performed.
The first row shows the result of the ensemble study, if the complete Pythia sample
is used for the basis distributions but also for the toy data. Taking the received statis-
tical uncertainty into account, the result of Af = −0.002± 0.19 matches the generated
value.
The sample was twice splitted into a smaller toy data sample containing about 10% of
the events and a basis samples of the remaining 90%, called Pythia(1) and Pythia(2).
By this, two sets of statistically independent toy data samples and basis samples are
created. These sets can be used for a template fit with different data and basis samples,
that are produced with the same generator parameters. This corresponds to a scenario
in which the MC generator gives an exact description of the measured data. The fit
results of Af = 0.14 ± 0.18 for set (1) and Af = −0.06 ± 0.20 for set (2) are in good
agreement with the expectation for samples without spin correlations. The statistical
uncertainties determined from these sets are comparable with the result from all events.
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Figure 6.16: Results of the three fit parameters for a luminosity of 1 fb−1 (left column)
and 50 fb−1 (right column). It can be seen, that Nf and Bf reproduce the assumed
luminosity, while the asymmetry Af stays constant.

The number of MC events in these 10% sets does not allow to scale the distributions
to much more than the used 1 fb−1.

The toy data containing tt̄ events from a MC@NLO sample includes spin-correlation
effects. Thus, a different asymmetry value of A = 0.33 is expected. The fourth row
shows this scenario. With identical samples for signal and basis distributions, the result
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of Af = 0.33± 0.19 reproduces exactly the expected mean and confirms the statistical
uncertainty achieved from the Pythia samples.

Data sample Basis sample Af σstat Lint

Pythia (all) Pythia (all) -0.002 0.19 1 fb−1

Pythia(1) (10%) Pythia(1) (90%) 0.14 0.18 1 fb−1

Pythia(2) (10%) Pythia(2) (90%) -0.06 0.20 1 fb−1

MC@NLO MC@NLO 0.33 0.19 1 fb−1

Pythia (all) Pythia (all) 4.9 · 10−4 0.026 50 fb−1

Table 6.1: Summary of the fit results.

The last row gives the result if all distributions are scaled to a luminosity of 50 fb−1.
This luminosity corresponds to the statistics of the full exlusive dileptonic Pythia
sample. Thus, it can give an estimate for the development of the statistical uncertainty.
The fitted asymmetry of Af = 4.9 · 10−4 ± 0.026 agrees with the expectation. The
statistical uncertainty can be reduced to about 8 % of the Standard Model expectation
(ASM = 0.326). The development of the statistical uncertainty follows the expected

behaviour with σstat(A) = 0.19/
√
L/fb−1 as can be seen in fig. 6.17.
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Figure 6.17: Statistical uncertainty as function of the luminosity, following the expected

behaviour σstat ∝ 1/
√
L/fb−1.

The described fits showed, that different datasets lead to comparable results of the
statistical uncertainty. In summary the following statistical uncertainty can be achieved
using a template fitting method for common luminosity benchmarks:

σstat(Af , 1 fb−1) = 0.19

σstat(Af , 10 fb−1) = 0.06 (6.14)

σstat(Af , 50 fb−1) = 0.026
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6.4 Systematic Uncertainties

Apart from the statistical uncertainty, it has to be investigated, how systematic ef-
fects change the result. One source of systematic uncertainties are detector effects,
another one is an inaccurate theoretical modeling of spin-correlation effects in the MC
generator. The latter is particularly important, if the measurement is compared to a
Standard Model expectation to get hints for BSM physics.

For this study, three main systematics are investigated: the dependency on the MC
generator used for the different signal and basis datasets σ(MC), the uncertainty in
the jet energy scale σ(JES) = 5%, which is used for the jets and MET following an
estimate from [55], and the effect of a cross section uncertainty or uncertainty in the
selection efficiency of the signal and main background events σ(Xsec) = 10%.

Different MC Generators
The template method uses basis distributions from simulated events to fit them to
measured data. As every MC generator uses different parametrizations for the physics
processes, it has to be tested, how far the result depends on the MC generator used.
The complete Pythia sample is again used as toy data, but the basis distributions
are produced from a MC@NLO dataset. As the assumed luminosity is limited by
the number of MC@NLO events, the datasets are scaled to 1 fb−1. The result of
Af = −0.08± 0.18 agrees with the result using a Pythia basis.
If, vice versa, basis distributions from a Pythia dataset are fitted to toy data, that
contains signal events generated with MC@NLO, this leads toAf = 0.44±0.22. Within
the statistical uncertainty, the MC@NLO asymmetry of A = 0.33 is reproduced.

Data sample Basis sample Agen Af σstat+MC

Pythia (all) Pythia (all) 0.00 -0.002 0.19

Pythia (all) MC@NLO 0.00 -0.08 0.18

MC@NLO MC@NLO 0.33 0.33 0.19

MC@NLO Pythia (all) 0.33 0.44 0.22

Table 6.2: Fit using different MC generators for the basis distributions and the toy
data.

The statistics of the MC@NLO dataset limits the investigation for higher luminosities.
This systematic uncertainty does not scale with the luminosity. Considerng the dif-
ference between the fitted asymmetries using identical and different signal and basis
distributions, the systematic uncertainty is estimated to be

|∆Af (MC)| ≈ 0.1. (6.15)

Jet Energy Scale
An important systematic uncertainty for all analyses using jets is the effect of the jet
energy scale. As described in chapter 5.2.3, the measured jet energy has to be corrected
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to match the energy of the original parton. As present studies predict an uncertainty
of 5% on the jet energy scale using data-driven techniques [55], this value has been
used in the following.
An uncertainty in the jet energy scale effects, to first order, all jets in the same way.
Thus, all jet energies and the missing transverse energy are shifted by 5% up and down
before the selection is applied. The selection, event reconstruction and template fitting
are performed as described before.
The number of selected events changes slightly (O(1%)) for signal and background.
Apart from that, the signal-to-background ratio increases for lower jet energies to
S/B(−5 %) ≈ 2.9 and decreases for higher jet energies to S/B(+5 %) ≈ 2.4 mostly
due to the change in the number of Z-like events.
To test the impact on the asymmetry, the events with shifted jet energies are used

Jet energy scale Basis sample Af

JES -5 % Pythia (all) 0.06

JES +0 % Pythia (all) 0.00

JES +5 % Pythia (all) 0.10

Table 6.3: Fit results using different JES.

as toy data, while for the basis distributions the unscaled events are used. The effect
on the fitted asymmetry due to the JES uncertainty is summarized in table 6.3 and
estimated to be

|∆Af (JES)| < 0.1. (6.16)

As both for the toy data and the basis distributions, the Pythia sample correspond-
ing to 50 fb−1 is used, the statistical uncertainty on the fitted asymmetry is much
smaller and thus neglected. Using MC@NLO datasets for the toy data and the basis
distributions confirms the estimated systematic uncertainty.

Cross Sections/Selection Efficiency
As described before, it is not necessary to know the absolute number of signal events
(N) and background events (BG), as they are fitted together with the asymmtery.
Nevertheless, a systematic effect due to uncertainties in the different cross sections has
to be analyzed. Two different scenarios have been studied: A variation of the signal
cross section and a variation of only one background sample.

Firstly the tt̄ cross section is changed by 10% up and down. This does not only affect
the signal cross section, but also the other tt̄ decays. Thus, apart from changing the
number of selected (signal) events, it changes the shape of the background contribution.
So this effect should be visible in the fit parameters Nf and Bf . The results are shown
in the first two rows of table 6.4 for an integrated luminosity of 50 fb−1. It can be
seen for both cases, that the effect on the asymmetry is small. The fit parameter Nf

reproduces the shift of 10%, as it is directly connected with the number of events. As
the non-dileptonic tt̄ decays build a major part of the background, this fit parameter
differs from the expected luminosity, too, although the deviation is only 3%.
In a second scenario, the cross section of Z production only is changed by 10 % up and
down. This samples has been chosen, as it is the main background contribution apart

69



6.5. Further Studies

Data sample Cross section Af Nf Bf

tt̄ σtt̄ + 10 % -0.015 55.3 51.5

tt̄ σtt̄ − 10 % 0.017 44.7 48.5

Z+jets σZ + 10 % 0.019 49.7 53.2

Z+jets σZ − 10 % -0.020 50.3 46.8

Table 6.4: Fit results for different signal and background cross sections.

from the other tt̄ decays. The scaling affects only one of the background samples, so
the shape of this contribution is changed and cannot be absorbed in a simple scaling
of the basis distribution. Nevertheless, the fit result for the asymmetry Af and the
normalization Nf show only a small deviation (tab. 6.4, rows 3 and 4). The fit result
for the background is shifted by about 6%.

In summary, these tests show, that an uncertainty in the cross section of the signal
or a background is visible in the fit parameters Nf and Bf . The uncertainty on the
asymmetry is estimated to be

|∆Af (Xsec)| < 0.02. (6.17)

Again, the result is confirmed by the same test using the MC@NLO dataset as toy
data and basis distributions.

Summary of Systematic Uncertainties
As a detector systematic on the one hand and a phenomenological uncertainty on
the other hand, the effects due to the jet energy scale and the cross sections can be
considered as uncorrelated. As the result of the uncertainties from these effects does
not depend on the generator, the systematic uncertainties on the asymmetry are added
in quadrature, leading to:

σsys(Af ) = 0.14 (6.18)

6.5 Further Studies

Apart from the two dimensional angular distribution of the two leptons from a tt̄ decay,
there are other distributions, that are sensitive to spin correlations in the top pair.
One observable is the dileptonic azimuthal angle correlation σ−1dσ/d∆φ, where ∆φ
gives the difference between the azimuthal angles of the two leptons l+ and l− in the
detector frame [58]. An advantage of this observable is the excellent resolution of the
high-energetic leptons in ∆φ, which is shown in fig. 6.18. It is still necessary to recon-
struct the whole tt̄ system to apply the cut on the invariant mass.

It has recently been shown, that ∆φ is sensitive to spin correlations, if a cut on the
true invariant mass of the top pair with mtt̄ < 400GeV is applied [59], as can be seen
in fig. 6.19(a). In this study the ambiguity of the neutrino solutions was not resolved.
A cut on the mean value < mtt̄ > was applied, resulting in the distributions shown in
fig. 6.19(b). It can be seen, that the distribution is distorted. Nevertheless, it is still
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Figure 6.18: Resolution of the azimuthal angle difference ∆φ between the two leptons
from a reconstructable dileptonic tt̄ event.

possible to distinguish between correlated and uncorrelated events.

(a) Cut on true Mtt̄ (b) Cut on mean < mtt̄ >

Figure 6.19: Theoretical prediction for the dileptonic azimuthal angle correlation
σ−1dσ/d∆φ [59].

As a first test, only the signal distribution for uncorrelated (Pythia) and correlated
(MC@NLO) events is investigated. The dileptonic azimuthal angle correlation for all
triggered events with an invariant tt̄ mass below 400GeV, but without further cuts,
is shown in fig. 6.20(a). As expected, comparing these to fig. 6.19(a), the shape of
the Pythia sample follows the decription of uncorrelated events, while the MC@NLO
events agree with the shape of correlated events. The low number of events in the
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Figure 6.20: Azimuthal angle correlation of signal events showing the distortion from
generator to reconstruction level due to selection and reconstruction effects. Solid
line: correlated events from MC@NLO dataset. Dashed line: uncorrelated events from
Pythia dataset.
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highest ∆φ-bin is due to the upper distribution limit, that is slighlty above π.
The next distribution 6.20(b) contains events, that passed the dileptonic selection
as described in chapter 5, with the additional cut of mtt̄ < 400 using the generated
invariant mass. It can be seen for both cases, that the selection efficiency for events
with a small ∆φ is lower than for higher ∆φ values. Thus, the distribution gets steeper
for uncorrelated events, while the opposite slope of the correlated events gets smaller,
developing a clearly visible dip at low ∆φ. The extremely good resolution of the az-
imuthal lepton angle indicates that this is a selection effect.
In fig. 6.20(c) it is clearly visible, that the distributions using only reconstructed values
of ∆φ and for the mass-cut Mtt̄ < 400 get significantly distorted. This effect is due
to the inaccurate reconstruction of Mtt̄. Apart from the dip at low angles, the distri-
bution for non-correlated events is almost flat, while correlated events show a steep
falling slope. Though the theoretical prediction shown in fig. 6.19(b) uses a different
approach for the determination of the tt̄ invariant mass, it leads to a similar shape of
the azimuthal angle correlation, especially for correlated events.
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Figure 6.21: Reconstructed azimuthal angle correlation of signal and background
events. Left: uncorrelated events from Pythia dataset. Right: correlated events
from MC@NLO dataset.

A comparison of the reconstructed azimuthal angle correlation for signal events only
suggests the possibility to distingiush the Standard Model prediction from the uncor-
related case. In fig. 6.21 the distributions containing in addition all selected back-
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ground events are shown. As described before, the Z-like background suffers from
low MC statistics, leading to probably unphysical spikes (fig. 6.21(a) and 6.21(b)). In
fig. 6.21(c) and 6.21(d) the Z+jets events are excluded to achieve a smooth distribution
for illustration purposes.
Taking into account, that the shape of the background distribution does not depend on
the spin-correlation effects in signal events, a distinction between the Standard Model
spin correlations and no spin correlations should be possible in data, as the different
slope of the signal events for correlated and uncorrelated events is obvious.
In the present work only a qualitative study has been performed. The reconcstructed
distributions of signal and background events look promising to allow a determination
of spin correlations in dileptonic tt̄decays using the azimuthal angle correlation. A
more detailed investigation is necessary to estimate the sensitivity quantitatively.
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Chapter 7

Conclusions

This thesis investigates spin-correlations in dileptonic top pair decays with the CMS
detector. Based on simulated events the sensitivity of this approach is estimated at a
center-of-mass energy of

√
s = 10TeV using a template method.

For the top pair production, the Standard Model predicts a correlation between the
spins of both top quarks depending on the production mechanism. Due to the short
lifetime of the top quarks, the spin-information is passed to the decay products and
can be extracted from their angular distribution

1

N

d2N

d cos θ+d cos θ−
=

1

4
(1 +Aκ+κ− cos θ+ cos θ− + p+κ+ cos θ+ + p−κ− cos θ−).

A measure for spin correlations is the asymmetry A between the helicity states, that
manifests itself in the kinematics of the two leptons. The Standard Model predicts an
asymmetry of A = 0.326; a deviation from this value may be a hint for physics beyond
the Standard Model.

Three different MC generators are investigated with respect to their feasibility to treat
spin-correlation effects: Pythia, MC@NLO, and TopReX. Since Pythia does not take
spin-correlation effects into account, it is used to provide a flat angular distribution.
In contrast, MC@NLO includes spin-correlation effects in top pair decays according
to the Standard Model. TopReX is specialized on top quark physics and allows to
produce different helicity states of the top pair. A detailed study has shown, that the
implementation of these states is incorrect and thus unusable for this analysis. An
estimation if and to which extent this result effects previous studies using TopReX is
out of scope for the present work.

The efficiencies and resolutions of muons, electrons and jets have been investigated. A
full dileptonic tt̄ event selection and kinematic reconstruction has been implemented,
based on [50]. The background rejection has been studied including mainly other tt̄
decays, Z-like and dileptonic processes. The final selection provides a signal efficiency
and signal-to-background ratio of

εsig ≈ 12 % and S/B ≈ 2.65.

The angular distribution of the selected and reconstructed events shows a significant
distortion due to the selection cuts and the limited resolution. In the present work
a template method is used to determine the asymmetry. Therefore, the angular dis-
tribution is decomposed into two basis distributions: a flat normalization and a pure
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asymmetry part, neglecting the polarizations of the top and anti top quark. The basis
distributions are constructed by weighting events generated with PythiaṪhe asym-
metry is determined by fitting these base distributions and an additional distribution
representing the background using a binned χ2-approach.

The sensitivity was optimized and validated in an ensemble study. It is shown that
this approach reproduces the asymmetry values of Pythia samples as well as of a
MC@NLO sample. Various pseudo-experiments have been investigated for different
luminosity scenarios leading to a statistical uncertainty of

σstat(Af ) =
0.19√
L/fb−1

.

This uncertainty has been determined from both a Pythia and a MC@NLO sample,
showing that it does not depend on the asymmetry itself.

The dominant contributions to the systematic uncertainty are effects due to different
MC generators, the jet energy scale, and uncertainties in the cross section or the
selection efficiency. These effects have been studied. The contributions are

σMC(Af ) ≈ 0.1 , σJES(Af ) < 0.1 and σXsec(Af ) < 0.02.

Combining the single contributions, the systematic uncertainty is estimated to be

σsys(Af ) = 0.14.

Thus, for luminosities larger than about 1 fb−1 a measurement of the asymmetry is
limited by systematic uncertainties.

Apart from the angular distribution in the helicity basis, the azimuthal angle correla-
tion ∆φ of the two leptons from the dileptonic tt̄ decay is sensitive to spin-correlation
effects. This observable profits from the extremely good resolution of the lepton direc-
tion. As a cut on the invariant mass of the top pair has to be applied, a full kinematic
reconstruction is necessary.

The present work shows the feasibility to measure spin correlations in top pair events
at the LHC. The analysis offers the potential for further improvements, that are far
beyond the scope of the present work.
Within the first fb−1 of data, the uncertainty on the jet energy scale can be improved by
comparing the estimate from MC-based calibration techniques to data-driven methods.
A study based on data-driven methods will also help to get a better understanding of
the distributions in the Z-like background. A better knowledge of these effects can
reduce the systematic uncertainty.
A projected increasement of the beam energy to the design center-of-mass energy of
14TeV will rise the tt̄-event rate by a factor of almost two. Thus, less integrated
luminosity is necessary to achieve the same statistical uncertainty. In addition, the
signal-to-background ratio will improve due to the different scaling behaviour of the
cross-sections.
Moreover, a qualitative study of the azimuthal angle correlation looks promising. A
more detailed investigation can show the analysis potential.
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Probing spin correlations offers the unique opportunity to test the Standard Model
predictions for strong tt̄-production mechanisms in the spin sector. The study of spin
correlations is challenging. Nevertheless, a deviation from the Standard Model predic-
tion will be possible with the LHC. An exiting time is ahead of us, awaiting the first
results from spin-correlation studies, that will improve our understanding of particle
physics.

77



78



Appendix A

Datasets

The CMS software framework is used in version CMSSW 3 1 4 [60] to process the
simulated samples. The reconstruction of the physics object makes use of the official
CMS Physics Analysis Toolkit (PAT). Most samples are generated for a center-of-mass
energy of

√
s = 10TeV using the full detector simulation and originate from the MC

production during the summer 2009.
The full list of datasets used for the present work is given in table A.1.
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Table A.1: Used signal and background samples, mainly from the official Summer09 MC production with the recommended cross sections
[61]. The last column gives the integrated luminosity, that is necessary to produce the available number of events.

Process Dataset σ/pb Lint/pb−1 (MC)

tt̄ dilep. (Pythia) private (adapted from /TTbar/Summer09-MC 31X V3-v1/GEN-SIM-RECO) 19 52,300

tt̄ incl. (MC@NLO) /TTbar-mcatnlo/Summer09-MC 31X V3-v1/GEN-SIM-RECO 385 1,380

Z+jets /ZJets-madgraph/Summer09-MC 31X V3-v1/GEN-SIM-RECO 4600 202

W+jets /WJets-madgraph/Summer09-MC 31X V3-v1/GEN-SIM-RECO 42800 258

WW /WW/Summer09-MC 31X V3-v1/GEN-SIM-RECO 74 116,000

WZ /WZ/Summer09-MC 31X V3-v1/GEN-SIM-RECO 32 160,000

ZZ /ZZ/Summer09-MC 31X V3-v1/GEN-SIM-RECO 10.5 292,000

Single t (s-channel) /SingleTop sChannel-madgraph/Summer09-MC 31X V3-v1/GEN-SIM-RECO 5 80,600

Single t (t-channel) /SingleTop tChannel-madgraph/Summer09-MC 31X V3-v1/GEN-SIM-RECO 130 3,220

Single t (tW -channel) /SingleTop tWChannel-madgraph/Summer09-MC 31X V3-v3/GEN-SIM-RECO 29 14,900

QCD (EMenriched) /QCD EMEnriched Pt20to30/Summer09-MC 31X V3-v1/GEN-SIM-RECO 3.2 · 106 10

/QCD EMEnriched Pt30to80/Summer09-MC 31X V3-v1/GEN-SIM-RECO 4.7 · 106 8

/QCD EMEnriched Pt80to170/Summer09-MC 31X V3-v1/GEN-SIM-RECO 2.9 · 105 20
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[46] W. Adam, R. Frühwirth, Reconstruction of Electrons with the Gaussian-Sum
Filder in the CMS Tracker at the LHC, CMS Note 2005/001, 2005.

[47] G. P. Salam, G. Soyez, A practical seedless infrared-safe cone jet algorithm, Journal
of High Energy Physics, 2007 05: 086, 2007

[48] M. Cacciari et al., The anti-kt jet clustering algorithm, Journal of High Energy
Physics, 2008 04: 063, 2008.

[49] Th. Speer et al., Algorithms for b Jet identification in CMS, CMS Analysis Note
2009/085, 2009.

[50] B. Kargoll, Untersuchung von Top-Quark-Paaren mit dileptonischer Zerfallssig-
natur am CMS-Experiment, diploma thesis, RWTH Aachen, 2010.

[51] The CMS Collaboration, Expectations for observation of top quark pair production
in the dilepton final state with the early CMS data at sqrts = 10TeV, CMS Physics
Analysis Summary, TOP-09-002, 2009.

[52] The CMS Collaboration, HLT paths for the 8E29 “core” menu, https://twiki.
cern.ch/twiki/bin/view/CMS/TriggerMenuDescription8E29Devel, 2010.

83

https://twiki.cern.ch/twiki/bin/view/CMS/TriggerMenuDescription8E29Devel
https://twiki.cern.ch/twiki/bin/view/CMS/TriggerMenuDescription8E29Devel


Bibliography

[53] M. Mulders et al., Muon Identification in CMS, CMS Analysis Note, AN
2008/09, 2008.

[54] The CMS Collaboration, CMS CVS: Electron Identification, Revision
CMSSW 3 1 4, http://cmssw.cvs.cern.ch/cgi-bin/cmssw.cgi/CMSSW/

RecoEgamma/ElectronIdentification/?pathrev=CMSSW_3_1_4, 2010.

[55] The CMS Collaboration, Plans for Jet Energy Corrections at CMS, CMS Physics
Analysis Summary, PAS JME-07-002, 2008.

[56] L. Sonnenschein,The tt̄ production in pp collisions at
√

s = 14 TeV , PhD thesis
RWTH Aachen, PITHA 01/04, 2001.

[57] V. Blobel, Unfolding methods in high-energy physics experiments, DESY-84-118,
1984.

[58] W. Bernreuther, Z. G. Si,Distributions and correlations for top quark pair pro-
duction and decay at the Tevatron and LHC, Nucl. Phys. B837:90-121, 2010
[arXiv:hep-ph/1003.3926].

[59] G. Mahlon, S. Parke, Spin Correlation Effets in Top Quark Pair Production at
the LHC, Phys. Rev. D81:074024, 2010.

[60] The CMS Collaboration, CMS CVS: CMSSW CMSSW 3 1 4, http://cmssw.

cvs.cern.ch/cgi-bin/cmssw.cgi/CMSSW/?pathrev=CMSSW_3_1_4

[61] Reference Page for Top-Quark Analyses: Samples and Cross-Sections, https:

//twiki.cern.ch/twiki/bin/viewauth/CMS/CrossSections_3XSeries, 2010.

84

http://cmssw.cvs.cern.ch/cgi-bin/cmssw.cgi/CMSSW/RecoEgamma/ElectronIdentification/?pathrev=CMSSW_3_1_4
http://cmssw.cvs.cern.ch/cgi-bin/cmssw.cgi/CMSSW/RecoEgamma/ElectronIdentification/?pathrev=CMSSW_3_1_4
http://cmssw.cvs.cern.ch/cgi-bin/cmssw.cgi/CMSSW/?pathrev=CMSSW_3_1_4
http://cmssw.cvs.cern.ch/cgi-bin/cmssw.cgi/CMSSW/?pathrev=CMSSW_3_1_4
https://twiki.cern.ch/twiki/bin/viewauth/CMS/CrossSections_3XSeries
https://twiki.cern.ch/twiki/bin/viewauth/CMS/CrossSections_3XSeries


Acknowledgements

This last page is dedicated to all people, who have supported and accompanied me
during the last years and contributed to the present work in either way:

First of all, I would like to thank my supervisor Prof. Dr. Achim Stahl for giving me
the opportunity to work in this interesting field of top-quark physics.
Many thanks to Prof. Dr. Werner Bernreuther, who helped a lot to improve my under-
standing of spin correlations and agreed to be my second referee.

Thanks to Dr. Heiko Geenen for all the fruitful discussions and especially for the proof-
reading of this work.
My office mates Wael Haj Ahmad, Felix Höhle and Andreas Herten, and the other
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