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1 Introduction

The Large Hadron Collider at CERN started running in November 2009 and is the
world’s largest particle accelerator. Protons are accelerated close to the speed of
light and are brought to collision in order to investigate the interactions of their
subcomponents. With these interactions, particle physicists hope to explore new
energy scales. One hopes to find the Higgs boson, the only particle of the Standard
Model which has escaped detection up to now and non-SM particles which are in-
cluded in theories like Supersymmetry.

The heaviest particle of the Standard Model is the top quark with a mass close to
that of a gold atom. Due to its large mass, the top quark decays after ~5-1072° s
almost exclusively into a W-boson and a bottom quark. Since this time is shorter
than typical hadronisation times requires to form bound states, the top quark passes
its polarization information onto its decay particles. The W-boson can be produced
on-shell and has three different polarisation states. In this thesis studies leading to-
wards a helicity measurement of the W-boson in semileptonic top pair decays with
the Template Method is presented. The helicity fractions are determined with the
transverse momentum of the charged lepton. The production of right-handed W-
bosons is strongly suppressed in the SM. A deviation from the expected value could

give a hint about non-SM couplings.

In Chapter 2, a short summary of the Standard Model of Particle Physics is given
followed by an introduction to top quark physics. The production and decay mech-
anisms are presented as well as the background processes. Afterwards the helicity of
the W-boson is discussed. The experimental setup of the LHC and the components
of the ATLAS detector are described in Chapter 3. The signal and background
samples used for this analysis are generated with Monte Carlo generators which
are described in Chapter 4. This chapter introduces also the selection criteria for
semileptonic tf events. Chapter 5 deals with the statistical tools which are crucial

for the analysis. The reconstruction of the events via the Kinematic Likelihood Fit-
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ter and the fitting procedure of the helicity fractions are explained. The results for
the statistical und systematic uncertainties as well as a short comparison between
two spin analysers are given in Chapter 6. Chapter 7 summarizes the studies and

gives an outlook on further investigations.



2 Theoretical Overview

In this chapter, a short introduction into the Standard Model of Particle Physics
and the production and decay of top quarks is given. An emphasis is placed on the

helicity of the W-boson and the kinematic variables which allow its determination.

2.1 The Standard Model

The Standard Model of Particle Physics (SM) [1] is used to describe the elementary
particles and their fundamental interactions. The expression elementary denotes
particles without substructure. The SM contains fermions with spin s — % and
vector bosons with integer spin s = 1. The interactions between the fermions are

mediated by these bosons.

Fundamental Particles of the Standard Model

Figure 2.1: Elementary particles in the Standard Model.

The fermions are arranged into three generations each consisting of two weak isospin
doublets. One doublet comprises an up-type quark with electric charge +§e and a

down-type quark with —%e. The lepton doublet contains a charged lepton (q = -e)
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and an electrically neutral neutrino, see Fig. 2.l Each fermion has an antifermion
with the same mass but opposite charge and weak isospin. The first generation con-
tains the particles which are the building blocks of the visible matter. The up and
down quark are the constituents of the proton (valence quarks) and form, together
with the electrons, the atoms. The particles of the second and third generation
have similar properties but much higher masses (m, = 1776.84 £+ 0.17 MeV [2],
m; = 173.1 £ 0.6 (stat.) & 1.1 (syst.) <Y [3] ) and are therefore less stable. The

c2

Goldhaber experiment proved that the helicity of neutrinos is always left-handed
if one neglects their small mass. Therefore leptons only exist in left-handed dou-
blets and right-handed singlets. Compared to the leptons, the quarks have a further
quantum number called colour (r, g, b). They do not exist as free particles but form

colourless states, called hadrons (baryons and mesons).

The Standard Model includes three fundamental forces: the strong, the electromag-
netic and the weak force. They are described by unitarity gauge groups SU(N)
with N2-1 gauge bosons, i.e that the Lagrangian is invariant under an SU(N)-
transformation.

The strong force is described by the SU(3)¢ gauge group, also known as Quantum
Chromo Dynamics. The mediators of this group are eight colour-charged massless
gluons. Gluons do not carry electromagnetic charge and therefore couple only to
quarks or to themselves.

The electromagnetic force is described by the U(1) gauge group consisting of phase
transformations and causes interactions between charged particles. The electromag-
netic force is mediated via massless photons. It therefore has an infinite range. The
photons cannot couple to themselves because they do not carry electromagnetic
charge.

The weak force can couple to all fermions and is described by three gauge fields.
The force carriers are the massive W* and Z°-bosons. Due to the large mass of the
gauge bosons, the weak force has only a limited range and dominates only at high
energies.

Glashow, Weinberg and Salam proposed in 1967 to unify the electromagnetic and
the weak interaction to the electroweak interaction which is described by the group
SU(2)L.® U(1)y. The index L implies that the bosons couple exclusively to left-
handed particles and the index Y represents the weak hypercharge. The electroweak

force is mediated via four gauge bosons: the massless photon and the massive W+
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and Z°%-boson.

The symmetry group of the Standard Model is the combination of the electroweak

and the strong interaction.

SUB)c®@ SU2), @ U(1)y

’ Interactions \ Mediators \ Relative strength \ Range |m]| ‘
strong force 8 gluons 1 1071
electromagnetic force | photon 1072 o0
weak force W=, 79 1071 10°%®

Table 2.1: The three interactions of the Standard Model and their characteristic
strength and range.

The Lagrangian in the Standard Model has to be invariant under local gauge trans-
formations. The gauge bosons therefore have to be massless because mass terms
would break the invariance. The discovery of the W* and Z° at the SPS collider
at CERN showed that massive gauge bosons do exist. To include these masses into
the Standard Model, the Higgs-Mechanism was introduced based on spontaneous
symmetry breaking. In the Higgs-Mechanism, particles with higher masses have a
stronger coupling to the Higgs-Field. A further particle has been predicted, the
so-called Higgs boson. The Higgs boson is the only particle of the SM that has not
been observed yet. The discovery of the Higgs particle is one of the most important
research goals at the LHC.

Although the SM is a well-tested model, the theory is not complete because sev-
eral aspects are not included. The SM contains only three of the four fundamental
fources and does not describe the gravity. If the three interactions should be de-
scribed by a Grand Unified Theory, their coupling constants have to be the same
at the grand unification scale of approx 10' GeV. Only about 4.6% of the Universe
energy density is the baryonic matter comprising the particles of the SM, about 95%
of the Universe energy density is dark matter and energy which is not described by
the SM. Furthermore the source of the matter-antimatter asymmetry is an unan-
swered question in the SM. The CP violation in the weak interaction could be an

explanation for the disappearance of the antimatter but the effects observed so far
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are too small.

2.2 The Top Quark

Although the top quark has been predicted much earlier in 1977 as the weak isospin
partner of the b-quark, it was only discovered in 1995 at the Tevatron collider at
Fermilab (Chicago) [4, [5]. It is the heaviest known elementary particle. The top
quark’s mass is the most precise measured quark mass and its current world average
is 173.3 £ 1.1 GC‘ZV [3]. Having a mass close to the scale of electroweak symmetry

breaking (EWSB), the top quark will play an important role for searches of physics
beyond the SM.

2.2.1 Top Pair Production

At hadron colliders top quark pairs are produced either by quark-antiquark annihila-
tion or by gluon-gluon-fusion via the strong interaction. The leading order Feynman
diagrams are depicted in Fig.

q t
q i
9 t g t
000000000 T—t— g
e ]
g
+ + M'
e ]
g s ———— g i 9

Figure 2.2: Leading order Feynman diagrams for the ¢ production via quark-
antiquark annihilation (upper plot) and gluon-gluon fusion (lower plot).

The cross sections for the t¢ production at the Tevatron [6] and the LHC [7] are

calculated to be, respectively:

o = T7.39+027 pb assuming my = 172.0 GeV/cz, Vs = 1.96TeV
o = 401.6 pb +35% +9-5% assuming m; = 172.5 GeV /c?, /s = 10 TeV .
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As a result of the pertubative QCD at high energies these processes can be described
by the interaction of quarks and gluons which are the constituents of the colliding
hadrons. The quarks and gluons carry only a fraction x of the proton momentum,
the so-called Bjorken x. Due to the smaller momentum of the partons, the center-of-
mass energy of an interaction between two partons ¢ and j is smaller: Vs = V/TiTjs.
To produce a tt-pair the effective center-of-mass energy, v/$, has to be large enough

to produce the top quark pair at rest:

VTiTis > 2my (2.1)

Assuming that z; = x; = z, it follows:

th
= —. 2.2
x Ve (2.2)
At the Tevatron the center-of-mass energy is /s = 1.96 TeV whereas the aimed
center-of-mass energy of the Large Hadron Collider is /s = 14 TeV.

102 T T T TTTIT T T T TTTTT T T IIIIII| T T Illllf
C Q = 100 Gev
10l — E

E i
e o _
w107k E
i _ ‘ -
1071 = - dbar SRR N
E e s=shar PR v
C c=cbar \\1. .
L LA [
1 1 IIIIII| 1 1 IIIIII| 1 1 IIIIII|..' Il.lll1 1 I\Il:III“II
10—4 10—3 102 10~1 100

X

Figure 2.3: Parton distribution functions for Q — 100 GeV from the CTEQ colla-
boration [§].

To produce a tt pair at the Tevatron one needs a much larger proton momentum
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fraction x. The Parton Density Functions (PDFs) give the probability density for a
quark or gluon with a certain momentum fraction = to be in the proton at an energy
scale of Q2.

For large values of x the distribution for the up- and down-quark dominates over
the gluons, see Fig.(2.3). Therefore the top pair production by quark-antiquark
annihilation dominates at the Tevatron (85%) whereas the gluon-gluon fusion is the
dominating process at the LHC (90%) at 14 TeV. Tab. 2.2 contains the values for the
proton momentum fractions = at threshold depending on the center-of-mass energy
according to formula 2.2

Center-of-mass energy /s | 1.96 TeV | 7 TeV | 10 TeV | 14 TeV
Min. Bjorken x 0.177 0.049 | 0.035 | 0.025

Table 2.2: Bjorken x for different center-of-mass energies at the Tevatron (1.96 TeV)
and the Large Hadron Collider (7, 10, 14 TeV).

2.2.2 Single Top Production

Single top quarks were discovered in 2009 at the Tevatron [9, 10]. They are produced
via the weak interaction in three different channels. The leading order Feynman

diagrams are shown in Fig. (2.4]).

2|
ol

b w

Figure 2.4: Feynman diagrams for the single top quark production in the s-channel
(left), t-channel (middle) and the associated Wt production (right)

The single top production can be used for the direct measurement of the CKM matrix
element |V;p|*> which was unmeasured before. Furthermore the single top production
will be used to study the spin of the top quark [IT]. The NNLO (s-channel, Wt
production) and NLO (t-channel) cross section for the single top production are
shown in Tab. 2.3
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channel o |pb] @ Tevatron | o [pb] @ LHC

s-channel 0.523 £0- 0050039 5.16 £ 591549

t-channel 0.981 +0053+000 | 83.5 £110+120
Wt production ~0 19.4 £5-204+1-00

Table 2.3: Cross section for the single top production at the Tevatron
/s = 1.96 TeV and the LHC /s = 10 TeV. The calculations are based on
a top mass of m; = 173 GeV /c” [12] for the s-channel and Wt production.
The cross section for the t-channel for the top production is based on a
top mass of m; = 172 GeV/c* [13]. The current world average top mass
is 173.3 = 1.1 9¢¥

2.2.3 Top Quark Decay

Due to its large mass, the top quark has a short lifetime [14] of :

1
n=—m~5-107%s,

t
where I'; is the decay width of the top quark. The hadronisation time depends on

the QCD timescale [15] [16]:

1

~3-107%s.
AQCD

Thad =

Therefore, the top quark decays via the weak interaction before it can hadronise.
The CKM matrix predicts that the top quark decays almost exclusively into a W-
boson and a bottom quark with |V;p| = 0.99915270000052 [17].

While the b-quark hadronises to a jet, the W-boson can either decay leptonically
into a charged lepton and its corresponding anti-neutrino (branching ratio BR ~
33.3% [18]) or hadronically into two quarks (BR ~ 67.7% [18]). Neutrinos only
take part in the weak interaction and can therefore not be directly observed in the
detector. While they carry a certain fraction of the total momentum, one can detect

them by measuring the missing transverse energy.

According to their final state particles, tt-events are divided into three different

channels:

e dileptonic:
Both W-bosons decay leptonically. The branching ratio BR for the decay in

either electrons or muons is BR= 81‘1 ~~ 4.94%. The signal consists of two jets
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from the b-quarks, two charged leptons with a high transverse momentum p
and two neutrinos which can be observed as missing transverse energy Erp, . .
Having two neutrinos in the final state, it is not possible to fully reconstruct
the tt events. The dileptonic decay channel has only small background contri-

butions.

e semileptonic:

In the semileptonic channel, one W-boson decays leptonically while the other
decays hadronically. The signature consists of four jets, one high pr lepton and
missing transverse energy. Compared to the dileptonic channel, the branching
ratio of the semileptonic decay into electrons or into taus decaying into elec-
trons, BR= 0.1725%, is larger but at the same time the background increases
due to QCD multijet production and combinatorial background. Neverthe-
less, this channel has a good signal to background ratio and is therefore called
golden channel although the classification of the jets to the bottom quarks and
the light-quarks of the hadronic W-decay is very difficult.

e all-jets: In the all-jets channel, both W-bosons decay hadronically. This
signal has the largest BR = g—‘f ~ 44.44%. It suffers from large background

contributions due to QCD multijet production and combinatorial background.

The semileptonic decay channel will be assumed in the following studies.

2.2.4 Background Processes

Background processes are events with the same signature as the signal. Possible
background processes for the semileptonic decay channel of tf pairs are W + jets,
Z+jets, single top events, the dileptonic and all-jets decay channel and QCD multijet
events, in which a lepton and Ep, . are faked (further background processes, see
Chapter 4.2).

In W + jet events, the W-boson decays into an electron, a muon or a tau and
its corresponding neutrino. Additional jets are produced via initial or final state
radiation as well as from underlying events.

The Z-boson in Z + jets events decays into lepton-antilepton pairs while one of the
leptons is not detected and can be measured as missing transverse energy. The
dileptonic decay channel has to be considered as background because one lepton

may not be detected. The QCD multijet background consists of leptons with fake

10
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Tl o

q w

Figure 2.5: Background event with W -+ 3jets. One gluon decays into a bb - pair and
the third jet comes from the radiation of one gluon.

isolation and additional jets.

The processes W —+ jets and the dileptonic decay channel contribute the most to
the background of ¢t pairs. In order to get a good signal over background ratio
the background has to be reduced. Therefore a proper object definition and event

selection is crucial and will be discussed in Chapter 4.

2.3 Helicity of the W-Boson

The helicity of a particle is defined as the projection of the spin §onto the momentum
direction p), i.e,

5
h= e (2.3)

The large top quark mass allows for real W-boson production with different helicity

states. Having integer spin of one, the following helicity states are possible:

e right-handed: h = +1
If the W-boson is right-handed, the spin points in the direction of the momen-

tum.

o left-handed: h = -1

The spin of a left-handed W-boson points in opposite momentum direction.

e longitudinal polarised: h = 0
If the spin direction is perpendicular to the direction of momentum, the W-

boson is called longitudinal polarised.
The Wtb-vertex of the weak interaction has a vector-axial vector structure (V-A):

. g
_Z_‘/:]in’Yu(l - 75> .

V2

11
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Therefore the W-boson can only couple to left-handed fermions. The SM predicts
that the top quark has the V-A coupling like all the other fermions.

Assuming that the mass of the bottom quark is zero in comparison to the W-boson
mass and the top quark mass, the helicity of the bottom quark has to be left-handed.
If the W-boson were right-handed the spin along the momentum axis would be +%
which disagrees with the assumption of the top quark spin to % (see Fig. 2.6]). This
implies that the Standard Model prediction for right-handed W-bosons in the top

decay is zero.

Wi (D
+1 +1/2
= spin

Figure 2.6: Illustration of the right-handed W-boson suppression.

The fraction of longitudinal polarised W-bosons is defined as:

['(t = Wigng + )
T(t — Wigng +b) + D(t — W_+b) + T(t — W, +b)

(o)) - ()
(=) () (=) ()

where my, is the mass of the bottom quark, m; is the mass of the top quark and m,,
the mass of the W-boson. The definition of the left- and right-handed fraction is

FOI

2
analogue. Neglecting terms at the order of (%:) leads to:

Fy ~ ——— ~0.699
0 2m2 + m? ’
2m?
F ~ ——*—~0.301
2m2 + m? ’
F+ = O

with m; = 173.1 %Y and my = 80.399 <<V [19]. Taking the small mass of the bottom

C

quark into account, the prediction of the SM for the right-handed polarisation yields:

12
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F, =3.6-107* [20).

2.3.1 Measurements

The helicity of the W-boson has been measured at the Tevatron by the DO [21]
and the CDF [22] Collaborations. The result for the longitudinal helicity fraction

measurement are:

FPO = 0.490 4+ 0.106 (stat.) & 0.085 (syst.) ,
FEPE = 0.63740.084 (stat.) + 0.069 (syst.)

The measurements are based on a data sample of 2.7 fb™! (D) and 1.9 fb~! (CDF).
While the DO collaboration measured only the fractions Fy and F, and fixed the
left-handed fraction according to Iy + F. 4 F'y = 1, the CDF collaboration fixed the
right-handed fraction to its expectation value in the Standard Model F, ~ 0.

2.3.2 Spin Analyser

For the studies of the W-boson helicity different analysers are used which will be
presented in this chapter. Each analyser has different distributions for the three

possible helicity states.

The angular variable cos 6*

The variable cos §* (helicity angle) is a common variable for W-helicity studies. The
angle 0 is defined as the angle between the charged lepton in the rest frame of the
W and the W-boson in the rest frame of the top quark, see Fig 2.7

In the SM the distributions for the different helicity states are defined as:

1 dN 3 . 3 * .
Ndcosf* g(l_cose)Q'F_+§(1+COSQ)2'F++Z(Sln29)-Fo

= w_+ W + wp -
Integration over the variable cos#* in the interval [-1:1| leads to:

\=F +F, +F.

13
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Ve
Figure 2.7: Definition of the angle 6*.

This normalisation allows the third helicity fraction to be determined if the other
two are known.

Fig. (2.8) shows the distributions for the three helicity states assuming the Stan-
dard Model fractions of Fy=0.699, F_=0.301 (for W*) und F,=0.301 (for W~).
The solid line shows the Standard Model prediction for a W+ boson.
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Figure 2.8: Helicity angle distributions of the different helicity states. The solid
line shows the distribution according to the Standard Model, the dashed
line represents the longitudinal helicity, the dashed-dotted line the left-
handed helicity and the dotted line the right-handed helicity.
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Invariant Mass mj,

Another way to determine the helicity fractions is to use the squared of the invariant
mass of the charged lepton and the b-quark, m% [23]. This variable is connected to

the spin analyser cos 6*:

my, = (p+pp)?
= (B+Ey)’— B +m)°
= 2FF,(1 — cosby,)
~ 2EFE,(1+ cosf")

2
my,

— 0 ~ —2 —
cos SELE,

pt of the charged lepton

The third spin analyser is the transverse momentum of the charged lepton. This
variable will be used in the following studies. The transverse momentum of the
charged lepton is a kinematic variable which can be measured very precisely. Fur-
thermore it is barely influenced by the jet energy scale (JES) (for further information
see Chapter 6.5.2). One advantage of the transverse momentum is the use in the
dileptonic channel where the helicity fractions can be calculated for both decaying
W-bosons. Fig. 2.9/ shows the leptonic decay of the W-boson for the different helic-

ity states.
" v
f =
t g
\)t " -

v h=-1 h=1 h=0

W flight direction

Figure 2.9: Helicity of the leptonically decaying W-boson.

In case of a left-handed W-boson the charged lepton is emitted against the flight
direction of the W-boson. In contrast to that the right-handed W-boson emits the
charged lepton into the flight direction. Therefore the lepton resulting of a decay of

15
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a right-handed W-boson has a higher transverse momentum compared to a lepton
of a left-handed W-boson.

16



3 Experimental Setup

This chapter deals with the Large Hadron Collider and its detectors. The ATLAS

detector and its components are introduced.

3.1 The Large Hadron Collider

The Large Hadron Collider (LHC) is a proton-proton collider located at CERN,
Geneva. The beam pipe is situated in the previous LEP tunnel and has a circum-
ference of 27 km. The LHC is designed to have a center-of-mass energy of /s = 14
TeV and a luminosity of £ = 103! cm™2s7!. Until the end of 2011 the LHC runs at

a center-of-mass energy of 7 TeV.

CERN Accelerator Complex

T oms
LHC

ALICE LHCL‘I

rsion

LEIR Low Energy lon Ring  LINAC LiNear ACcelerator  1-Tof

Figure 3.1: The LHC accelerator and its pre-accelerators [24].

Before being injected into the LHC ring, the protons are preaccelerated in the linear
accelerator LINAC2 and several ring accelerators like the PS and SPS [25]. After an
acceleration to 450 GeV in the SPS, the proton bunches are transferred to the LHC

circulating 20 minutes to achieve the design center-of-mass energy, see Fig. 3.1l Each

17
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proton beam consists of 2,808 bunches with 1.15-10" protons per bunch [26]. At the

LHC the number of collisions is supposed to be approximately 40 million per second.

The four main experiments of the LHC are ALICE, ATLAS, CMS and LHCb.
ALICE (A Large Ion Collider Experiment) investigates lead ion collisions which
create quark-gluon plasma. LHCDb is an experiment to study b-physics in order to
investigate the matter-antimatter asymmetry. CMS (Compact Muon Solenoid) and
ATLAS (A Toroidal LHC Apparatus) belong to the general-purpose detectors. Both
experiments have a wide range of physics topics they want to investigate. Although
both experiments have the same physical goal, the technical design of their detector

components is different.

3.2 The ATLAS Detector

The ATLAS detector is a general-purpose detector and has a typical onion-shell
structure. The detector is forward-backward symmetric with respect to the inter-
action point and has a total length of 44 m and a weight of approximately 7,000 t
[27]. ATLAS comprises four major parts: the inner detector, the electromagnetic
and hadronic calorimeter, the muon spectrometer and the magnet system whereas

the magnet system is divided into the solenoidal and toroidal magnets.

3.2.1 Detector Coordinates

The coordinate system of ATLAS is right-handed with the origin placed in the
interaction point and the z-axis pointing along the beam-pipe. The x-coordinate
points towards the center of the LHC and the y-coordinate upwards. The azimuthal
angle ¢ in the xy-plane is defined as:

¢ = arctan (y) ,
x

and the polar angle 6 is the angle between the momentum of the particle and the
beam-axis. Instead of localizing a particle by its coordinates in the xyz-coordinate

system, the pseudo-rapidity is introduced:
In ( ta 4
=—In n - .
1 2

18



3.2 The ATLAS Detector

The advantage of using this parameter is the invariance of An under Lorentz boosts
along the beam axis.

To determine the distance of particles, AR is measured in the calorimeters:

AR = \/Ap: + Ag? .

The transverse momentum of a particle is defined as the momentum in the plane

perpendicular to the beam pipe:

pr =/P: ;-

Diameter: 22m

2 Detector characteristics
Muon Detectors Electromagnetic Calorimeters ol Width: ~ 44m
: Weight: 7000t
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Figure 3.2: The ATLAS experiment.

3.2.2 The Inner Detector

The innermost part of the detector which is surrounded by a 2 T solenoidal magnet
contains the Pizel Detector, the Semiconductor Tracker (SCT) and the Transition
Radiation Tracker (TRT) |28]. The Pixel Detector consists of three layers in the

19



3 Experimental Setup

barrel and three discs at each endcap with 80.4 million pixels. The innermost layer
is installed with a distance of 50.5 mm to the beam. The pixel detector has therefore
to be made of material which is radiation hard. After a few years running, a new
B-layer will be installed. The SCT consists of eight layers of silicon microstrip
detectors to afford eight measurements of (R, @) for each track . Furthermore the
impact parameter and the vertex position can be determined by the SCT. The TRT
consists of straw tubes which are filled with a gas mixture of 70% Xenon gas, 27%
CO3 and 3% O,. If an electron or charged pion traverses a region with different
dielectric constants, the particle radiates photons which ionize the gas. The drift
time of the particles is read out by 420,000 channels providing a partial resolution

of the particle track of 170 pum.

3.2.3 Calorimeters and Energy Resolution

The calorimeters are divided into the electromagnetic and the hadronic calorimeter.
Both calorimeters are sampling calorimeters consisting of passive absorber material
and active material. The calorimeters are used to measure the energy of particles
like electrons, hadrons and photons. If a particle enters the calorimeter, it inter-
acts with the passive absorber material and secondary particles are produced via
bremsstrahlung and pair production. Further eTe™ pairs are produced in showers
whose number of particles N depends on the initial energy E of the incoming par-
ticle. The number of produced particles follows Poisson statistics. Therefore the

energy resolution of the calorimeter is defined as:

(oF 2 a

— m _’
E ~VE

where a describes statistical fluctuations in the shower. Furthermore, the systematic

uncertainties like miscalibration of the detector have to be taken into account via

the constant factor b as well as the noise described by the factor c¢. The energy

resolution is parametrised as

B L obe-
E VE E

and is dominated by the contributions of statistical fluctuations.

The electromagnetic calorimeter (ECal) uses lead as passive absorber material due

to its high density and liquid Argon as active material. Furthermore, it is divided
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3.2 The ATLAS Detector

into a barrel region and two end-caps. The resolution of the ECal is:

10
o5 _10% o7

E  VE

The hadronic calorimeter is divided into the tile calorimeter, the liquid Argon

forward- and end-cap calorimeter. The tile calorimeter encloses the electromag-
netic calorimeter and uses steel as passive absorber and scintillating tiles as active

material. The resolution of the hadronic barrel and the endcaps is

OF . 50%

vVE VE

while the resolution of the hadronic forward calorimeter is:

o 3% ,

10% .
75~ vE 2%

3.2.4 The Muon Spectrometer

The momentum of the muons is measured in the muon spectrometer which is the
outer part of the ATLAS detector. The muon spectrometer consists of a toroidal
magnetic field and four different types of detectors: the Monitored Drift Tubes,
Cathode Strip Chambers and the trigger chambers: Resistive Plate Chambers and
Thin Gap Chambers. In order to determine the transverse momentum of the muon,

the sagitta s is measured:

2, &
8%+ 7
2s

br = q B

where d is the chord and B the magnetic field. The relative resolution of the trans-
verse momentum is:

%y
— X pPr,
pr

and for the muon system @ pr =1 TeV:

9T _10% .
Pr

21



3 Experimental Setup

3.2.5 Trigger System

Due to the high luminosity, one expects a huge amount of data per collision. About
40 MHz of data has to be reduced to about 200 Hz which will be stored. The data
reduction is performed by a three level trigger system. The system consists of the
level 1 trigger which is hardware based and the level 2 trigger and the event filter

which are large computing farms.
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4 Monte Carlo Samples

In this chapter the Monte Carlo generators for the used data sets in the analysis
are presented and the used background samples are described. Furthermore the

selection criteria for semileptonically decaying ¢t events are introduced.

4.1 Signal Events

The data sets used in the following studies are generated via the leading-order Monte
Carlo generator PROTOS (PROgram for TOp Simulations)[29]. PROTOS allows
for generation of single top and top pair events including flavour changing neutral

currents and anomalous Wtb couplings.

PROTOS includes the most general Wtb vertex:

g 5 g9 ;i0"q, -
Lwip =——=b0V'(VLPL+WPr)t W, ———=0b P+ grPr)t W, + h.
Wtb /2 (VL rPr) © NG My (9. P+ grPr) " &

with the four couplings Vg, Vi, gr, gr,. The couplings are assumed to be real and
depend on the top quark mass. In the Standard Model prediction the four couplings
are: Vg = gr = g1, = 0 and V;, = 1. One option of the generator is to fix the helicity
of the W-boson in the process ¢ — Wb to the values -1, 0 or 1.

The samples to create the three templates are generated with a determined W-
helicity of Fy = 1, F. = 1 and F, = 1. One data set is generated with helicity
fractions according to the SM expectation. Each data set is produced at a center-

of-mass energy of /s = 10 TeV and a top quark mass of m; = 172.5 GCLQV

The detector simulation of the generated events has been performed by GEANT4
[30] and the reconstruction with the ATLAS offline software ATHENA.
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4.2 Background Events

Tab. [A.1] summarises the generated background processes and the used Monte Carlo
generators. Moreover the table lists the used showering algorithm and the cross

section. The W+jets and Z+jets events are generated with Alpgen which is a leading

Table 4.1: For each generated background sample, the used Monte Carlo Generator
and showering algorithm is indicated. The right column contains the
cross-section.

’ Background process \ MC Generator \ Showering \ Cross section [pb] ‘

Fully hadronic MCatNLO Jimmy 182.69
Dilepton Protos Pythia 42.16
Hadronic dec. 7 Protos Pythia 37.20
Single Top (Wt) AcerMC 14.13
Single Top (t-channel) AcerMC 43.18
Single Top (s-channel) AcerMC 2.76
W (ev) + jets Alpgen Jimmy 16163.78

W (uv) + jets Alpgen Jimmy 16149.51

W (1v) + jets Alpgen Jimmy 16144.26

Z (ee) + jets Alpgen Jimmy 1471.45

Z (pup) + jets Alpgen Jimmy 1469.10

Z (77) + jets Alpgen Jimmy 1477.36
Whbb + jets Alpgen Jimmy 17.86
Diboson Herwig 37.14

order Monte Carlo generator for hard multiparton processes in hadronic collisions
[31]. Single top events were produced with AcerMC which is specialised on the
generation of SM background processes at the LHC [32]. The full hadronically
decaying tt pairs are generated with the next-to-leading order generator MC@QNLO
[33]. For the single top samples of AcerMC and for all MC@QNLO samples one has
to take into account that the generated events can also have a negative weight. This
effects the kinematical distributions and the calculation of the total cross section for

the samples.
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4.3 Object Definition

4.3 Object Definition

In order to identify the particles which enter the detector, object definitions are
introduced which depend on the quantities measured in the detector components.
A particle is defined as a “good /well” reconstructed electron if it fulfills the following

object definitions:

e the particle has to shower in the electromagnetic calorimeter,

the transverse momentum pr has to be larger than 20 GeV /c,

the pseudorapidity is constrained to |n| < 2.47,

Etcone20 < 40 GeV + 0.023 Et: the transverse energy in a cone with a radius

of 0.2 is smaller than 4.0 GeV and a small fraction of the transverse energy.

The crack region is excluded.

If a particle is detected as a “good/well* reconstructed muon, it has passed the

selection criteria:
e the transverse momentum pr has to be larger than 20 GeV /c.

e The additional transverse momentum deposited in a cone of AR < 0.3 around
the muon has to be smaller than 4 GeV.

e The pseudorapidity is constrained to |n| < 2.47.

e The ratio of the transverse energy to the transverse momentum reaches max-

imally the value 0.1.

e To make sure, that the muon is not emitted from a jet, the AR distance
between jet and muon has to be larger than 0.3. Furthermore, the ratio of the
transverse jet-energy to the transverse muon momentum is only allowed to be

smaller than 0.5.

A jet has to have at least a transverse momentum of 20 GeV/c and has to be
in a region of |n| < 2.5. A lepton can be identified as a jet and is entering the
jet-container during the reconstruction. To avoid double-counting, all jets within a

cone of 0.2 around a good reconstructed electron are removed.
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4.4 Event Selection

Due to the limited time available for a Bachelor thesis, only semileptonic ¢t events
which have an electron in the final state (e+jets)are considered. Events which are
taken into account for the semileptonic decay of ¢t pairs have to fulfill several selec-
tion criteria. For the generation of the template distributions also the leptonically
decaying T-leptons are taken into account. Therefore all hadronically decaying 7 are
cut out in the pre-selection cut. The remaining events have to require the following

cuts which have been used within the ATLAS cross section group [28].

4.4.1 Selection Criteria

The selection criteria are:

1. Exactly one reconstructed triggered electron with pp > 20 GeV /c and || < 2.5

and exactly zero muons,
2. EXss > 20 GeV,
3. at least three anti-k; jets with pr > 40 GeV/c and |n| < 2.5,

4. at least one additional anti-k; jet with pp > 20 GeV /¢ and |n| < 2.5.

4.4.2 Selection Efficiencies

TabZ2] and [£3] summarize the remaining number of events after applying the dif-
ferent cuts for the longitudinal, left-handed and right-handed template as well as
the Standard Model data set. Apart from the described cuts a further criterion is
introduced. Only leptons with a transverse momentum smaller than 200 GeV /c are
considered. Looking at the Standard Model distribution in Fig. one can see
that several bins with a pr larger than 200 GeV /c have no entries. For the ensemble
tests which are described in Chapter 5.3, the bins must comprise non-zero entries to
allow for the determination of the helicity fractions. In order not to loose statistics,
one could also fill all events with pr larger than 200 GeV /¢ into one overflow bin.
This procedure has not been applied in this Bachelor thesis but should be consid-
ered for further studies. Furthermore the efficiency of the selected events compared

to the amount of pre-selected events is indicated. The errors of the efficiencies are
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4.4 Event Selection

binominal:

The charged lepton originating from a right-handed W-boson is emitted into the
flight direction of the W, whereas the left-handed W emits the charged lepton op-
posite to its flight direction. This results in a harder lepton pr-spectrum for the
right-handed case. The distribution for the left-handed case peaks at lower values.
After applying a cut of pp > 20 GeV/c, right handed events are more likely to
pass the event selection, compared to the relative efficiencies in Tabl4.2] and (4.3l
This implies that the efficiency of the event selection for left-handed W-bosons is
smaller than for the longitudinal and right-handed W-boson. The efficiency of the
right-handed template is expected to be the largest. Although the longitudinal tem-
plate has the largest absolute efficiency, the right-handed template has the largest

efficiency due to the cut on the transverse momentum.

| Criterion | SM sample | el | cabs | Fo sample | e | cabs |

Total no. events 98,966 99,987

pre-selection 77,695 1.000 | 1.000 78,451 1.000 | 1.000

1 22,687 0.292 | 0.292 24,646 0.314 | 0.314

2 20,380 0.898 | 0.262 21,883 0.888 | 0.279

3 12,312 0.604 | 0.158 13,453 0.615 | 0.171

4 10,771 0.875 | 0.139 11,763 0.874 | 0.150

pr < 200 GeV/c 10,652 0.989 | 0.137 11,621 0.988 | 0.148

Table 4.2: Cut Flow for the event selection of the SM data set and the Fy template.
€rel 18 the relative efficiency of the selected events compared to previous
cut. a5 is the total efficiency of the selected events compared to the
amount of pre-selected events. The numbers 1-4 indicate the selection
criteria in Chapter 4.4.1.

One gets a total efficiency for each sample of:

esy = 0.13740.001
em, = 0.148 +0.001
er. = 0.11540.001
er, = 0.14340.001 .
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| Criterion | F_sample | e | cabs | Fy sample | e | s |

Total no. events 100000 95000

pre-selection 78,689 1.000 | 1.000 74,656 1.000 | 1.000

1 19,329 0.246 | 0.246 25,032 0.342 | 0.342

2 18,016 0.932 | 0.223 21,061 0.825 | 0.282

3 10,578 0.587 | 0.134 12,552 0.596 | 0.168

4 9,114 0.862 | 0.116 11,004 0.877 | 0.147

pr < 200 GeV/c 9,085 0.997 | 0.115 10,676 0.970 | 0.143

Table 4.3: Cut Flow for the event selection of the F. and F, template. ¢, is the
relative efficiency of the selected events compared to previous cut. &g
is the total efficiency of the selected events compared to the amount of

pre-selected events. The numbers 1-4 indicate the selection criteria in
Chapter 4.4.1.
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In this chapter the statistical tools for the analysis are presented. The reconstruction
of the tt events is based on the Maximum Likelihood Method which is implemented
in the KLFitter. The helicity fractions of the W-boson are determined by applying
the Template Method.

5.1 Maximum Likelihood Method

The distribution of a variable x is described by the probability density function
f(z;64,...,0;). The variable x could also be a multidimensional vector. The max-
imum likelihood method estimates the values of the parameters 6y, ...,0; given a
sample of data using the likelihood function. The variable x is measured n times in
independent measurements resulting in the data sample {z1,...,x,}. The Likelihood

function is defined as:

n

Ly, ... 00) = [ [ f(zi:61, .., 0) -

i=1
The best estimation of the parameters 61, ..., 6, are the values for which the Likehood

function is maximized:

oL
00,

g =0 i=1,.k.

Because of the monotony of the logarithm it is often more convenient to maximize
the Log-Likelihood function:

[ = logL(ela 70145) = Zlogf(xzygla 70145)
=1

or to minimize — log L.
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5.2 KLFitter

In leading order the semileptonic t¢ decay channel comprises two light quarks from
the hadronically decaying W-boson, two b-quarks, one charged lepton and its cor-
responding neutrino. Therefore 24 permutations are possible to associate the jets
with the quarks. Taking into account that the quarks of the hadronically decay-
ing W-boson cannot be distinguished, still 12 permutations remain. To reconstruct
the tt events and find the best jet-parton mapping, the Kinematic Likelihood Fitter
(KLFitter) is used which is based on a Likelihood approach [34].

For the reconstruction of a t¢ event the energies and angles of the four jets (E;, ),
of the charged lepton (E;, €) and the missing transverse energy of the neutrino
(Efss) are used from the measurements. The uncertainties due to the measure-
ment are parametrised by the transfer functions W. W(Eiye| Eneas) describes the
probability that the measured energy of a particle is Fye.s if the true energy of the
particle is Ei.,. These transfer functions are parametrised by a double Gaussian
function. The transfer functions used in the KLFitter have been extracted from
semileptonic ¢t - samples which have been generated with MC@NLO and passed
through the full ATLAS reconstruction. The angles (7, ¢;) of the charged lepton
are assumed to be measured precisely. Futhermore it has to be taken into account
that the invariant mass of the two light jets and the invariant mass of the lepton
and the corresponding neutrino are Breit-Wigner distributed around the W pole
mass BW (m;;, mw ), BW (me,, mw). Moreover the invariant mass of the b-jet and
the two light jets is Breit-Wigner distributed around the top-quark pole mass and
analog for the invariant mass of the b-jet, the charged lepton and the neutrino
BW (mj;j, mi), BW(me,;, m;). The pole mass of the top quark can either be fixed
or be a free parameter.

The likelihood function is:

L=(HW(E,E¢>> CW(ELE) - W(E, ) - W(E™, pl) - (5.1)

i=1

4
(H W(QZ, Qz)) . BW(mjjj,mt) . BW(me,,j,mt) . BW(mjj,mW) . BW(mey, mw)
i=1

To determine the maximum of the Likelihood function, the minimum of -In L is cal-
culated for each possible combination. The combination with the highest likelihood

value defines the best jet-parton mapping and is used for the event reconstruction.
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5.3 The Template Method

The KLFitter is based on the BAT - package [35] which provides integration methods

and phase-space sampling using either Markov Chain Monte Carlo or Minuit.

5.3 The Template Method

The helicity fractions of a given data set are determined by applying the template
method. This method uses the three templates for the different helicity states and
fits their relative contribution to the data. The aim of the fit is to determine the
number of longitudinal, left- and right-handed W-boson events before applying any
cuts. Each helicity fraction Fj, 7 = 0,+, — contributes with N; events, which are
Poissonian distributed around the expectation value /\fXp to the data set. The ex-

pected value \; for each bin ¢ is then:

A=) A /A mfj(x)dx,

j:Ov+7_

where Az; is the bin width and f; the probability density which is parametrised by
the templates for the helicity fractions. For the fit no prior probabilities are used. In
order to get the number of events N; before applying cuts, the absolute efficiencies,

calculated in Chapter 4.4.2 have to be taken into account via

V= 3 e X [ fads
J=0,+,— Az
The best fit values are those which maximize the Likelihood function. The Likeli-

hood function is the product of Poissonian distributions :

Nbins ny

p(ndataa )\1) = H L eiAia

ni!

%

where n; is the number of events in bin i and )\; the expectation values for the fit
parameters. The maximization of the Likelihood function can be found with Minuit

or with Markov Chains which are implemented in the BAT package.

Ensemble Testing

Due to the limited number of events in one data set, ensemble tests are performed. A

number of 5,000 ensembles is created with each 3825 events. To create an ensemble,
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each bin entry of the data set is fluctuated according to a Poissonian distribution.
Therefore the total number of events in one ensemble is not fixed to a certain value.
Afterwards the templates are fitted to the 5,000 ensembles and the fit results and
their errors are histogrammed. Ensemble tests are also used to study the statistical

uncertainties.
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6 Results

In this chapter the result of the analysis using the transverse momentum of the

charged lepton are summarised. After a first application of the Template Method,

the statistical uncertainties and systematical uncertainties are evaluated. Moreover

the correlation between the spin analyser cos 8* and pr is calculated.

6.1 Templates

The Standard Model data set and the three templates are depicted in Figl6.1l on

generator level (dots) and after the detector simulation (cross). Poissonian errors

are drawn in each bin.
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6 Results

Fig. shows the distributions of the SM and the three helicity states on generator

level.
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Figure 6.2: Comparison between the prp-distributions for the SM dataset and the
three helicity templates on generator level. The distributions are nor-
malised to unity.

The distributions for the left-handed and the right-handed case show a different
behaviour. The right-handed distribution is much broader and peaks at higher

values. Nevertheless, the distributions are much more similar than the ones shown
for cos0* (see Chapter 2.3.1).

6.2 First Fit

The Template Method was first applied to a data set which has been generated
using the three templates according to the Standard Model expectation: Fgq = 0.7,
F. = 0.3, F, = 0.0. The data set is scaled to £ = 200 pb™' and a center-of-mass
energy of /s =10 TeV via

Nuw =c-0-L-BR, (6.1)
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6.2 First Fit

where o is the cross-section, Ny, the expected number of events and BR the branch-
ing ratio. The cross-section for the production of ¢t events at /s = 10 TeV is
o = 401.6 pb £35% £45% [7]. The semileptonic decay channel with one electron
has a cross-section of oy jers = 69.28 pb.

According to the efficiencies in Tab. 2] the expected number of events is:
Nexp = 3825 ,

assuming a Branching Ratio of 0.1725 for the e + jets and p + jets channel equally.

—&— Data I Signal (h=+1)
—+— Total expected uncertainty
I signal (h=0)
[ signal (h=-1)
N
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Figure 6.3: Template Fit of a Standard Model data set. The residual distribution
shows the level of agreement between the fit results (histogram) and

the data (black points). The x* per number of degrees of freedom is
0.548562.

Fig. shows the template fit of the composed Standard Model data set. The fit
values for the helicity fractions are:

Fy = 0.634£)35

F = 0324013,

F, = —0.044+571 .
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The estimated values of the fit are consistent with the input values.

Furthermore, an ensemble test has been performed using 5,000 ensembles. The
procedure has been explained in chapter 5.3. Minuit has been used to perform the
fits. The left plot in Figle.4l shows the distribution of the mode for the estimated
number of longitudinal events. The expected number of longitudinal events before
the selection cuts for the Standard Model data sets is 19388. The mean value of
the mode is 19470 £ 81.15 and is consistent within the errors. As it can be seen,
the statistical uncertainties of the different helicity states are symmetric Gaussian

distributed. The statistical errors are symmetric.

450 T Fy error up

Fo

Entries 5000
Mean 5360
RMS 87.67
X2/ ndf 2223/21
Constant 4309+7.8
Mean 5360+ 1.3
Sigma 86.07 + 1.0t

“““““““““““““ T Entries 5000
Mean 1.946e+04
5500

N
o
o

400
350
300

IN
o
=]

X2/ ndf 22.1/21
Const 4514182
1.947e+04 = 8.115e+01

5500 + 65.8

w
=]
=]

250
200
150
100

50

Number of ensembles
N w
al a1
o o

Number of ensembles

IN]
o
=]
T[T T[T T[T T [T T

BB
o u
S o

o
=]

L
15000 25000 35000 45000

Number of longitudinal events 5%

2=l
(=}
S
o
o
(=}
S
]

o R IR BN U, L
5100 5200 5300 5400 5500 5600 5700

Statist. uncertainty for No. of longitudinal events

S[TTTT
o

Figure 6.4: Left plot: Distribution of the mode for the fitted number of longitudinal
events. The right distribution shows the statistical uncertainties of the
estimated mode.

6.2.1 Pull-distribution

In order to check the agreement of the fit result with the input values, the pull
distribution is used:
Yi — Yexp

Di = s
g;

where y; is the measured value, yey, the expected value from the model and o; the
error of the data. The pull distribution is expected to be a Gaussian with a mean
value of 4 = 0 and a standard deviation of o = 1. Fig. shows the pull distribu-
tions of the different helicity states for the data set with expected fractions of the
Standard Model.

The mean value of the pull distribution for the left-handed events is consistent with
the expected value. The mean of the right-handed pull is very close to zero and

consistent within the error range of 2 sigma.
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Figure 6.5: Pull distributions of the different helicity states for the data sample with
Fo = 0.7 and F. = 0.3. On the upper left side the distribution for Fy is
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F' | respectively.
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6.3 Calibration Curves

The ensemble test analysis has been applied to seven Monte Carlo data sets with
different helicity compositions. The first data set comprises the helicity fractions
according to the Standard Model Fy = 0.7, F. = 0.3, F, = 0.0. The other data sets
are generated by increasing the right-handed helicity fractions in steps of 0.025 and
simultaneously uniformly decreasing the longitudinal and left-handed fractions. All
data sets contain only signal events and are scaled to £ = 200 pb™!. Furthermore
negative parameters are allowed in the fit procedure. Fig. [6.6] shows the estimated
helicity fractions from the fit for 5000 ensembles as a function of the input fractions.
The graphs are fitted with a linear function. The linear functions are supposed to
have a slope of one and an offset of zero. Furthermore the development of the x? as

a function of the right-handed fraction is depicted.

5 onfl ; ; Ty g 0,315‘ T g

° E XZ T ndf 147175 3§ © 03 X2/ ndf 5848/5 —

£ 0.7 po 1.051+ 0.03024 = & 5 = po 0.9971+ 0.03024 3

S 069 pl -0.03429 + 0.02005 9 3 0. 9? 0.001964 + 0.007973 3

5 E 3 2 o028 3

=4 0.68 — S E =

E 3 g 0.27 —

5 o067 E g 3

5 E 3 5 0.26 —

3 066 4 2 E 3

3 E 3 3 025 —

© 065 5 ° E E

E 3 0.24 —

0.64— — E E

E 3 0.23F =

0.63 4 * = E E

E E 0.22f 3

0.62E A I R B [IPERN IR U AR R =] | [ I [ BT B =
062 063 064 065 066 067 0.68 0.69 0.7 022 023 024 025 026 027 028 0.29 0.3

input longitudinal fraction input left-handed fraction

.5 0.16F T T T 2 ; - T

] E X2 Tndf 175/5 i £ 13k =

g 014 po 1.02+0.01512 =4 % = E

B o012k pl -0.0025 + 0.001363 = 1250 i

2 121 = m m

= F R C b

s 0.1 = F 3

I = E 12 =

S 0.08 = = E

g o006 = 115 3

5 F 3 o b

° 004 = 1.1 7

0.02F = F ]

E E 1.05— —

O': 3 Bt e e e e e 1

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16

- e e e b e b by Ly 7
0.02 . . . 0.1 0.12 0.14 0.16
input right-handed fraction

o
o
o
Y]
g
o
i
o
o
&
o
o
)

Figure 6.6: Calibration curves for only signal events for the longitudinal, left-handed
and right-handed helicity fractions. For the right-handed fractions the
errors are too small to be seen. The bottom right plot shows the y? per
number of degrees of freedom as a function of the right-handed fraction.

The estimated slope and offset of the left-handed fractions is consistent with the
expected slope within the errors. The slope and offset of the longitudinal and right-

handed fractions are in the 20 region.
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6.3 Calibration Curves

6.3.1 Calibration Curve with Physical Limits

The seven generated Monte Carlo data sets which are described above are also fitted
by admitting only positive parameters in the fit. Therefore, the distributions of the
longitudinal, left-handed and right-handed events are biased. Again 5000 ensembles
were produced. Fig. shows the estimated helicity fractions from the fit as a

function of the input fractions.
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Figure 6.7: Calibration Curve with physical limits for the three helicity states. The
dotted line implies the expected curve.

The dotted line represents the expected linear behaviour between input and output
fractions. For small right-handed fractions one expects a significant difference be-
tween the expected curve and the fitted curve due to the bias. This behaviour is
observed in the lower left plot of Fig. [6.71

6.3.2 Calibration Curve with Background

Tab. contains the expected number of events for the different background contri-
butions of semileptonic ¢t decays in electron + jets. The left column comprehends

the events after the pre-selection cut and the cuts 1-4, see Chapter 4.1.1. If one
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considers only transverse momenta with py < 200 GeV /¢, the numbers in the right
columns are estimated. All events are again scaled to £ = 200 pb~'. Furthermore

the signal to background ratio is indicated.

e + jets e+jets, pr < 200 GeV/c
Signal nr. events | Uncertainty | nr. events | Uncertainty
3859 21 3825 21
Background nr. events | Uncertainty | nr. events | Uncertainty
tt dilepton 443 12 436 12
tt hadronic 39 2 38 2
single top 308 9 304 9
diboson 23 1 22 1
Whbb + jets 46 2 44 2
Z(ee) + jets 138 5 131 5
Z(pp) + jets 0 0 0 0
Z(TT) + jets 69 2 68 2
W(ev) + jets 2122 22 2058 22
W(uv) + jets 5 1 5 1
W(rv) + jets 182 7 179 7
| Total Background | 3375 | 28 | 3285 | 28 |
S/B 1.16 1.16
S/v/S+ B 45.48 45.36

Table 6.1: Number of background events for the e-+jets channel in ¢ decays before
(left columns) and after (right columns) the critera pr < 200 GeV//c.

The background contributions were added respectively to the seven created signal
samples. For each sample 5000 ensembles were fitted. Fig. depicts the three
different helicity fractions of the fit plotted versus the input fractions. The slope
of the linear function is supposed to be unity. The parameters for the slope of the
fitted functions are consistent for the left- and right-handed fraction. The slope for

the longitudinal is in the 20 region.
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Figure 6.8: Calibration curves for the longitudinal, left-handed and right-handed
helicity fractions with background contribution. The fit parameters are
allowed to be negative.

6.4 Statistical Uncertainties

The statistical uncertainties of the three helicity states as obtained from the ensemble
tests for the created Standard Model data set are shown in Fig. [6.9

The relative errors compared to the total expected number of events in the signal
samples are quoted in Tab. [6.2l Furthermore, the relative errors for a data set
with background contributions are noted. The errors from a fit with background

contribution are obviously larger.

| | error (long. events) | error (left-h. events) | error (right-h. events) |

0.194 0.126 0.105
0.270 0.250 0.175

signal
signal+bkg

Table 6.2: Relative errors for the nr. of longitudinal, left- and right-handed events
for the spin analyser pr for a pure signal sample (up) and a data sample
with background contribution (bottom).
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Figure 6.9: Statistical uncertainty distributions for the longitudinal (upper left), left-
handed (upper right) and right-handed (below) number of events in the
Standard Model data set.

6.5 Systematic Uncertainties

Due to the large number of ti-events expected at the LHC after two years of run-
ning, the measurements of the helicity fractions will be limited mainly by systematic
uncertainties. Studies of these uncertainties are presented in the following chapter.
The samples used for these have different integrated luminosity. Therefore ensem-
bles with and with background contribution were produced by taking Ney, random
numbers out of these samples, where N, is the expected amount of events for an
integrated luminosity of £ = 200 pb™'. The expected number of events in a pure
signal sample is 3825 wheres the number of background events is expected to be
3285. The helicity fractions are calculated using the mode and the corresponding

error of the histogrammed fit values.

6.5.1 Top Quark Mass

The W-helicity fractions depend directly on the top quark mass as explained in
Chapter 2.3. The samples used to create the templates are generated with 172.5
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6.5 Systematic Uncertainties

GeV/c?. In order to estimate the uncertainty due to the mass of the top quark, three
signal samples are used with different top masses of m;=160, 170, 180 GeV /c2. 3000
ensemble tests have been performed. The top quark mass has been used as a free
parameter in the fit. The fractions of the helicity states are plotted against the
top mass, see Fig. and fitted with a linear function. The spin analyser cos 8*
depends linearly on the top quark mass. In order to be comparable the linear cor-
relation has been chosen. Nevertheless the behaviour could also be nonlinear as
indicated in Chapter 2.3. The systematic uncertainty is given as the variation of
a top mass change of 4= 2.5 GeV/c? which is twice the uncertainty of the current

world average mass.
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Figure 6.10: Dependence of the helicity fractions of the top quark mass. The upper
left plot shows the distribution for the longitudinal fractions, the upper
right plot for the left-handed and the plot below for the right-handed
fraction.

As shown in Fig. [6.11] the left- and right-handed fraction are highly correlated
whereas their correlation coefficient with the longitudinal fraction is negative. The
fits for the top mass uncertainty show that the right-handed fraction is overesti-
mated. Being that much correlated to the left-handed fraction, this one is also
overestimated. This leads in a very significant underestimation of the longitudinal

fraction. For this reason, the evaluation of the uncertainties is also repeated with a
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fixed right-handed fraction. The results are shown in Fig. [6.12] and are compared in
Tab.
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Figure 6.11: Correlation between the longitudinal (Ny) and left-handed events (N)
(left plot) and the left- handed (N;) and right handed fraction (Ns)
(right plot).
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Figure 6.12: Dependence of the helicity fractions of the top quark mass with a fixed
right-handed fraction.

’ \ F included \ F, fixed ‘

Fo 0.003 0.028
F. 0.012 0.028
T, 0.015 -

Table 6.3: Systematic Uncertainties due the top mass for the three helicity states
without and with a fixed right-handed fraction
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6.5 Systematic Uncertainties

6.5.2 Lepton Energy Scale

The Lepton Energy Scale (LES) describes the under- or overestimation of the lepton
energy in the electromagnetic calorimeter. The energies of the leptons could e.g. be
underestimated if energy is deposited in dead material. The energy of the lepton is
changed by 4 1%. In this analysis, the impact of the LES is investigated by varying
the templates instead of the pseudodata. For each lepton energy scale, templates
for the three helicity fractions are produced. The event selection and reconstruction
procedures are applied as before. The templates corresponding to the three different
LES are fitted to 3000 ensembles of a Standard Model data set. Fig. shows the
the estimated helicity fractions depending on the used LES. The values are fitted
with a straight line and the slope estimates the systematic uncertainty. A straight
line is expected because the templates have been varied instead of the SM data set

by fluctuating the lepton momenta by 4+ 1%.
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Figure 6.13: Estimation of the Lepton Energy Scale for the scaled momentum of +
1 % and the nominal sample. The value 1.01 indicates the scaled LES
of 1 %.

Fig. contains the longitudinal and left-handed fraction depending on the LES
for a fixed right-handed fraction.

The comparison between the systematic uncertainties for the fits with three tem-

45



6 Results

< & ——— < 1 ———— 2
g 072 X2 Tndf 9.775/1| R S T 78271 E
< o po -2.965+0.03618 | 7 £ F po 2,898 + 0.06006 E
z OTE 3.654 +0.03583 | 2 033 |p1 -2.587 + 0.0601 E
g o7t = g o032 -
® E B 3 E 3
£ o069 = T 031 =
2 F E s = E
=) O = 0 E u
g oo I E
0.67 = 0.29F =
0.66— — 0.28 —
Co L v L o o 1N C L PRI S SO SRNY S AN ST SN ST SN Y ST ST S SN S |

0.99 0.995 1 1.005 1.01 0.99 0.995 1 1.005 1.01
Lepton energy scale Lepton energy scale

Figure 6.14: Estimation of the Lepton Energy Scale systematic uncertainty for the
scaled momentum of + 1% and the nominal sample with a fixed right-
handed fraction. The errors are to small to be seen.

plates and for the fits with a fixed right-handed fraction is shown in Tab. As it

] \ F included \ F, fixed \

Fo 0.078 0.030
F. 0.027 0.029
F, 0.054 -

Table 6.4: Systematic Uncertainties for the lepton energy scale for the three helicity
states without and with a fixed right-handed helicity.

can be seen, the systematic uncertainty for the longitudinal fraction is smaller for
a two dimensional fit than for the three dimensional fit as expected. The growth of
the uncertainty for the left-handed fraction is very small and could be explained by

statistical fluctuations.

6.5.3 Jet Energy Scale

At the LHC and hadron colliders in general the largest source of systematic errors
is the jet energy scale (JES). Due to initial and final state radiation or out-of-cone
showering the energy can be measured too low. This can also happen if particles
deposit a part of their energy in dead detector material. Overlapping jets for exam-
ple would lead to an overestimated jet energy.

The influence of the JES is investigated by scaling the four-momentum of the recon-
structed jets in the hadronic calorimeter by 5%. Analogue to the LES, the two new
template sets are passed through the full chain of event selection and reconstruction
and are then fitted to 3000 Standard Model ensembles.

The output fractions are plotted as a function of the JES variation, using a three (see
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6.5 Systematic Uncertainties

Fig.[6.15]) or a two parameter fit (Fig. 6.16]). Analogue to the LES we expect a linear

dependence. The slope of the linear function indicates the systematic uncertainty

for a JES variation of 5%.

left-handed helicity fraction

For the spin analyser pr one expects only a negligible
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Figure 6.15: Helicity fractions as a function of the jet energy scale.
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Figure 6.16: Helicity fractions as a function of the jet energy scale with a fixed right-
handed fraction. The value 1.05 indicates the scaled JES of 5 %.

influence on the JES. This can be seen in Tab. which summarises the uncertain-
ties for the three helicity states. As it can be seen in Tab. the uncertainty for a

fixed right-handed fraction is bigger than the uncertainties for the three dimensional

fit. This behaviour has not been expected and needs further investigations.
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syst. uncertainty | F, included \ F. fixed ‘

Fo 0.001 0.007
F. 0.003 0.007
F, 0.004 -

Table 6.5: Systematic Uncertainties for the jet energy scale for the three helicity
states without and with a fixed right-handed fraction.

6.5.4 Initial and Final State Radiation

Initial and final state radiation (ISR and FSR) have an effect on the transverse
spectrum and on the features of the jets. Three different samples are generated
with AcerMC which have different cutoff parameters: one sample with ISR, one
sample with FSR and the nominal sample without radiation. For each sample
3000 ensembles were fitted. Tab. shows the estimated helicity fractions for the
nominal sample and for the samples which include intial and final state radiation.
Furthermore the difference of the fractions from the ISR and FSR samples with

respect to the nominal one is illustrated.

’ \ nominal sample \ ISR sample \ FSR sample \ variation ISR \ variation FSR ‘
Fo | 0.386 £ 0.003 | 0.478 £ 0.003 | 0.382 £ 0.002 0.092 0.004
F_ | 0.461 £+ 0.003 | 0.403 &+ 0.003 | 0.468 % 0.003 0.062 0.007
F, | 0.153 £0.002 | 0.119 &£ 0.002 | 0.150 £ 0.002 0.034 0.003

Table 6.6: Helicity fractions for the nominal sample and the samples with initial
state radiation (ISR) and final state radiation (FSR) respectively. The
variation describes the difference between the nominal sample and the
ISR and FSR respectively.

The largest variation for each helicity state is an estimator for the systematic

uncertainty. This study has been repeated with a fixed right-handed fraction.

’ \ nominal sample \ ISR \ FSR \ variation ISR \ variation FSR ‘
Fo | 0.692 £ 0.001 | 0.717 4+ 0.001 | 0.684 + 0.001 0.025 0.008
F_ | 0.308 & 0.001 | 0.283 &£ 0.001 | 0.316 £ 0.001 0.020 0.033

Table 6.7: Helicity fractions for the nominal sample and the two samples with ini-
tial state radiation (ISR) and final state radiation (FSR) with a fixed
right-handed fraction. The variation describes the difference between the
nominal sample and the ISR and FSR respectively.

As expected, the systematic errors are smaller for a fit with only longitudinal and
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left-handed helicity templates, as it can be seen in [6.7 The right-handed fraction
is fixed to its Standard Modell prediction, therefore the helicity fractions can be

determined in a two dimensional fit which reduces the uncertainties.

’ \ F ., included \ F . fixed ‘

Fo 0.092 0.025
F 0.062 0.033
F. 0.034 -

Table 6.8: Summary of the systematic uncertainites due to initial and final state
radiation for an included right-handed fraction and a fixed right-handed
fraction.

6.5.5 Monte Carlo Generators

The systematic uncertainties due to the MC generators are estimated by comparing
the fit results for the AcerMC (LO) and the MCQNLO (NLO) generators. For each
generator a 3000 sample has been produced and were fitted with the templates with
pure helicity fractions. The parameters of the fit for the two generators are noted
in Tab. and Tab. [6.I0L The systematic uncertainties are taken as the difference

of the two generators.

|| AcerMC | MCQNLO | variation |

Fo | 0.386 = 0.003 | 0.603 £ 0.003 0.223
F. ] 0.461 £ 0.003 | 0.392 £ 0.003 0.069
F. ] 0.153 £ 0.002 | 0.005 £ 0.003 0.148

Table 6.9: Helicity fractions for the AcerMC and MCQNLO Monte Carlo generator.

’ \ AcerMC \ MCQ@QNLO \Variation‘

Fo | 0.692 = 0.001 | 0.613 £ 0.001 0.079
F. | 0.308 £ 0.001 | 0.387 &= 0.001 0.079

Table 6.10: Helicity fractions for the AcerMC and MC@NLO Monte Carlo generator
with a fixed right-handed fraction.

6.5.6 Hadronisation

The hadronisation of the jets in the generated samples are either described by a

string model or by a cluster model. Two samples are generated with AcerMc using
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the showering of Pythia (string model) and of Herwig (cluster model). 3000 ensemble
tests have been performed. The results of the helicity fractions for the different
showering algorithms are indicated in Tab

’ ‘ Pythia ‘ Herwig ‘ Difference ‘
Fo | 0.392 £ 0.003 | 0.483 £+ 0.003 0.091
F ] 0.461 £ 0.002 | 0.419 £ 0.003 0.042
Fy | 0.147 £ 0.002 | 0.098=+ 0.002 0.049

Table 6.11: Helicity fractions for the hadronisation with Pythia and Herwig. The
right column contains the difference of the helicity fractions.

The difference of the fit results between the two Monte Carlo samples are taken
as the systematic uncertainties. The results for a fixed right-handed fractions are
shown in Tab. [6.121

’ \ Pythia \ Herwig \ Difference ‘

Fo | 0.6868 £ 0.0008 | 0.6801 = 0.0009 0.0067
F. | 0.3131 £ 0.0008 | 0.3199 £ 0.0009 0.0068

Table 6.12: Helicity fractions for hadronisation with Pythia and Herwig with a fixed
right-handed fraction.

6.5.7 W + Jet Normalisation

The dominant background process of the semileptonic tf decays are W + jets events.
The background process has been investigated by Monte Carlo generators whereas
the predictions depend on the renormalization scale. Therefore only a range for the
background contribution can be quoted. The uncertainty due to the W-jets normal-
isation is investigated by scaling the W-jets processes by + 20%. The background
contributions are added to the pure signal and 5000 ensemble tests were performed,
see Fig. Again the procedure has been applied to a two-dimensional fit with a
fixed right-handed fraction, see Fig. The slope of the fitted functions indicates
the systematic uncertainty.

Tab. contains the uncertainties due to the W + jets background processes.
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for the fixed right-handed fraction.

\ \ F, included \ F ., fixed \

Fo 0.014 0.011
F. 0.013 0.011
F. 0.003 -

Table 6.13: Summary of the systematic uncertainty for the three helicity states due
to the uncertainty of W-normalisation.
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6 Results

6.5.8 Background Uncertainty

The knowledge of the background distribution is crucial for the analysis of the
helicity fraction. The estimation of the background uncertainty is determined by
scaling the non-W-jets background contribution by + 10 %. The new background
sample is scaled to the pure signal sample. The helicity fractions depending on the
variation of the background very again fitted with a linear function. The parameters
of the fit as a function of the three background contributions are shown in Fig.
and Fig. for the fixed right-handed fraction. It can be seen that the linear

behaviour is not a good approximation.
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Figure 6.19: Helicity fractions as a function of the scaled non-W-jets background
contribution by £+ 10%. The value 1.1 corresponds to a up-scaling of
10 %.

The systematic uncertainties are extracted from the slope of the fitted function and
summarised in Tab. [6.14]

6.5.9 PDF

The systematic uncertainty due to the parton density functions (see chapter 2.2.1) is
evaluated for two different generators: CTEQG [36] and MRST. Due to the short time

given in a Bachelor thesis, the PDF uncertainty has been evaluated by calculating the
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Figure 6.20: Helicity fractions as a function of the scaled background contribution

by + 10% for the fixed right-handed fraction.
\ \ F. included \ F. fixed \

F 0.005 0.001
F. 0.002 0.001
F. 0.004 -

Table 6.14: Systematic uncertainties due to the background contributions.

difference of the helicity fractions between the two generators. The results are shown
in Tab. [6.15/for the three dimensional fit and in Tab. [6.16 for the two dimensional fit.
This method underestimates the uncertainties. For a complete analysis, the PDF
systematics have to be evaluated via a reweighting scheme. The probability for each
event with two hard partons, given flavour, momentum and energy transfer, has to
be calculated. The uncertainty is then estimated by the difference of the error bands
for the two PDFs from CTEQ6 and MRST.

| | CTEQ | MRST | variation |
Fo [ 0.619 £ 0.003 | 0.603 & 0.003 [ 0.016
F. [0.380 + 0.003 | 0.392 £ 0.003 | 0.012
F. ]0.001 £ 0.003 | 0.005+ 0.003 | 0.004

Table 6.15: Helicity fractions for the two parton density function generators CTEQ
and MRST and their difference.

| | CTEQ | MRST | variation |
Fy | 0.622 + 0.001 [ 0.613 £ 0.001 |  0.009
F. [0.378 & 0.001 | 0.387 + 0.001 [ 0.009

Table 6.16: Helicity fractions for the two parton density function generators CTEQ
and MRST for a two dimensional fit with a fixed right-handed fraction.
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6 Results

6.5.10 Pile-up

The systematic uncertainty due to the overlap of proton interactions from consec-
utive bunches, which are reconstructed as one event, is described by the pile-up.
To determine the uncertainties, two samples were generated with MC@QNLO. One
nominal sample was produced and one sample with 4.1 pile-up collisions per event
was produced. The difference of the helicity fractions between the two Monte-Carlo
samples is taken as the systematic uncertainties. The fit results for the nominal
sample and the sample with pile up effects is shown in Tab. The study has
been repeated with a fixed right-handed fraction, see Tab. [6.18l

’ \ Pile-up sample \ Nominal sample \ Difference ‘

Fo | 0.678 = 0.004 | 0.673 & 0.004 0.005
F. | 0.307 £ 0.003 | 0.327 = 0.004 0.020
F, | 0.015 £ 0.003 0.000=x 0.003 0.015

Table 6.17: The impact of the pile-up on the helicity fractions.

’ \ Pile-up \ Nominal \ Difference ‘

Fo | 0.709 4= 0.001 | 0.670 £ 0.001 0.039
F. 1 0.291 £ 0.001 | 0.330 £ 0.001 0.009

Table 6.18: Helicity fractions from a two parameter fit under the influence of the
pile-up.
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6.5 Systematic Uncertainties

6.5.11 Correlation Between Two Spin Analyser.

In order to estimate the correlation between the lepton pr and cos 8, 3000 ensembles
(pure signal) have been created with 3825 events each by taking random events out
of the Protos SM sample and calculating the variables for these events. The distribu-
tions have been normalised to 200 pb~'. The distributions have been fitted with the
respective templates using Minuit and the fit results have been histogrammed. The
fit results have been plotted in two dimensions using the fit results of both analysers
for each ensemble. The spin analysers are obviously barely correlated. This allows
to use the distributions for studies of multivariate analysis techniques, provided for
example by the TMVA package.
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Figure 6.21: Correlation of the spin analysers cos#* and pr for the three different
helicity states.
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7 Conclusion

In the following, the results of the analysis are summarised and an outlook for further

studies is given.

7.1 Summary

In this thesis, the helicity fraction of the W-boson have been analysed using the
pr of the charged electron. A template method has been applied to estimate the
fractions from Monte Carlo data sets with a center-of-mass energy of 10 TeV. All
studies have been performed for an integrated luminosity of £ = 200 pb~*. Closure
tests have been used to show the performance of the method. For fits including
positive and negative parameters, the fractions can be estimated without a bias.
For limiting the fit range to positive parameters only, the calibration curves show
the expected bias. The statistical uncertainties have been estimated using signal
and background events. The calibration curve showed that the fraction can be es-
timated without bias. For these ensemble tests, the data sets have been generated

using Protos Monte Carlo only.

Furthermore, systematic uncertainties have been evaluated. Uncertainties on the
Lepton Energy Scale lead to larger systematic uncertainties while the JES uncer-
tainty is small as expected. The studies due to the systematic uncertainties also
showed that a three parameter fit underestimates the longitudinal fraction while
the right-handed fraction is overestimated. Therefore two dimensional fits were
performed for comparison. Fixing the right-handed fraction results in smaller sys-
tematic uncertainties.

The uncertainty due to the top quark mass was expected to be small since the top
mass was used as a free parameter with a Breit-Wigner constraint. This can also be
seen in Tab. [[1] and For the three parameter fit, the largest contribution comes

from the uncertainty of the Monte Carlo generator due to the large deviation of the
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7 Conclusion

AcerMC sample. For the two parameter fit the total uncertainties are also mainly
dominated by the result for the Monte Carlo Generators. Tab[[.1land [[.2] summarise
the systematic uncertainties for the fits with all three helicity states and for the fits
with a fixed right-handed fraction. Furthermore the total systematic uncertainty
for each helicity state is calculated. The total uncertainty for the helicity states are

also quoted.

Table 7.1: Summary of the systematic and statistical uncertainties for the fit with
three parameters.

’ Sample \ Fo \ F_ \ Fy ‘

Theoretical

Top quark mass (2.5 GeV/c?) | 0.003 | 0.012 | 0.015

ISR/FSR 0.092 | 0.062 | 0.034

MC Generators 0.223 | 0.069 | 0.148

Fragmentation 0.091 | 0.042 | 0.049

W-jet normalisation (20%) 0.014 | 0.013 | 0.003

background (10%) 0.005 | 0.002 | 0.004

PDF 0.016 | 0.012 | 0.004
Experimental

LES (1%) 0.078 | 0.027 | 0.054

JES (5%) 0.001 | 0.003 | 0.004

Pile-up (4.1) 0.005 | 0.020 | 0.015

Total systematic uncertainty 0.270 | 0.109 | 0.170

Statistical uncertainty with bkg. | 0.270 | 0.250 | 0.175

| Total uncertainty [ 0.382 [ 0.273 [ 0.244 |
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7.2 Outlook

Table 7.2: Summary of the systematic and statistical uncertainties for the fixed
right-handed fraction.

’ Sample \ Fo F_ ‘
Theoretical
Top quark mass (2.5 GeV /c?) 0.028 0.028
ISR/FSR 0.025 0.033
MC Generators 0.079 0.079
Fragmentation 0.0067 0.0068
W-jet normalisation (20%) 0.011 0.011
background (10%) 0.001 0.001
PDF 0.009 0.009
Experimental
LES (1%) 0.030 0.029
JES (5%) 0.007 0.007
| Pile-up (4.1) | 0.039 | 0.009 |
Total systematic uncertainty 0.102 0.097
Statistical uncertainty with bkg. 0.199 0.134
’ Total systematic uncertainty \ 0.224 \ 0.165 ‘

7.2 Outlook

To finalise these studies, also pu-+jets events have to be taken into account. The two
channels have to be properly combined taking into account correlations between both
channels. Furthermore, a comparison with other spin analysers would be interesting.
Besides it would also be interesting to repeat the studies with the dileptonic decay
channel of tt events.

The results for the systematic uncertainties show for the three dimensional fit an
underestimation of the longitudinal fraction, especially for the AcerMC samples.
More effort is neccessary to understand the source of this effect.

To improve the performance of the study, b-tagging information could be used in
order to reduce the combinatorial background. Due to the low correlation between
the two analysers, the application of multivariate techniques like Artifical Neural
Networks or Boosted Decision Trees could improve the classification of the events.
This method has been successfully applied for cross section measurements.

While the LHC is collecting an increasing amount of integrated luminosity per week,

the studies have to be repeated with 7 TeV Monte Carlo in order to set up the
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7 Conclusion

machinery for the analysis of real data.
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A Appendix

Table A.1: Summary of the samples used for the systematic uncertainties. The MC
generator, the showering algorithm and the reconstruction algorithm is

quoted.

] Uncertainty \ Sample \ Generator \ Showering \ Reconstruction \
LES + JES (SM) 105362 Protos Pythia Full Reco
LES + JES (F.) 105363 Protos Pythia Full Reco
LES + JES (F_) 105364 Protos Pythia Full Reco
LES + JES (Fy) 105365 Protos Pythia Full Reco

Top Mass (170 GeV/c?) | 106201 | MCatNLO | Jimmy ATLFast
Top Mass (180 GeV/c?) | 106202 | MCatNLO | Jimmy ATLFast
Top Mass (160 GeV /c?) | 106203 | MCatNLO | Jimmy ATLFast
MC Generators 105205 | AcerMC Herwig Full Reco
MC Generators 105200 | MCatNLO Jimmy Full Reco
ISR/FSR (Nom.) 105205 | AcerMC Pythia ATLFast
ISR/FSR (Var.) 106260 | AcerMC Pythia ATLFast
ISR/FSR (Var.) 106261 | AcerMC Pythia ATLFast
Fragmentation 105205 | AcerMC Pythia Full Reco
Fragmentation 105206 | AcerMC Herwig Full Reco
Pileup (nom.) 105200 | MCatNLO | Jimmy Full Reco
Pileup (var.) 105200 | MCatNLO | Jimmy Full Reco

PDF (MRST 2001 E) | 105200 | MCatNLO | Jimmy Full Reco
PDF (CTEQ6m) 105200 | MCatNLO | Jimmy Full Reco
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