	
  

Chapter 6
Results

This chapter will present the results on the differential production cross section of
𝑡𝑡 pairs obtained from the analysis of the 2011 and 2012 data samples collected with
the ATLAS detector. The techniques used to estimate the statistical and systematic
uncertainties affecting these measurements are described in Chapters 6.1 and 6.2; final
results are shown in Chapters 6.3 and 6.4.
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6.1 Statistic uncertainties
The statistical uncertainty on the differential cross section measurements is due to
the finite number of data events collected. It is evaluated by repeating the same analysis
procedure, comprehensive of unfolding, by using of pseudo-experiments, which are
simulated distributions obtained by smearing the bin-per-bin value of the backgroundsubtracted data distribution according to a Poissonian distribution. The uncertainty value
in each bin of the final distribution is calculated as the root mean square of the observed
cross section distribution for all pseudo-experiments. It will be summed in quadrature
with the total systematic uncertainty.

6.2 Systematic uncertainties
Systematic uncertainties are originated by an imperfect knowledge of the
parameters used in the event reconstruction or in the theoretical modeling of signal and
background events. Each systematic uncertainty is evaluated by varying the nominal
distribution by one standard deviation on the overall effect caused by the considered
error source; this usually leads to two shifted distributions representing the maximum
fluctuation with respect to the nominal distribution, The bin-per-bin uncertainty has
been evaluated as the difference of the cross section resulting from the shifted samples
with respect to the nominal one, each one calculated after the event selection and the
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unfolding process. For one-side shifted uncertainties the resulting variation is assumed
to be of the same size in both directions and is therefore symmetrized.
The various systematic uncertainties affecting the 2011 and 2012 analyses will be
divided in different categories depending on which parts of the simulation are involved:
the modeling of the signal, the background or the detector.

6.3.1

Signal modeling

The sources of uncertainty affecting the 𝑡𝑡 signal modeling are described in this
section: the hard process simulated in the chosen MC generator, the parton shower, the
hadronization model considered, the choice of the PDF set and the initial and final state
radiation (IFSR) setting.

M ONTE CARLO GENERATOR
The uncertainties in the Monte Carlo hard process simulation are evaluated
from the difference between final distributions produced by different
generators. In the 2011 analysis the Alpgen generator is used for the nominal
sample and MC@NLO is considered for the evaluation of the MC systematic
uncertainty; in both cases Herwig is used to simulate the parton showering. In
the 2012 analysis the PowHeg+Pythia generator is used for the nominal sample
while MC@NLO+Herwig is considered for reference.
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PARTON SHOW ER
The systematic contribution from the parton shower modeling uncertainties is
evaluated

by

comparing

results

from

Alpgen+Herwig/Jimmy

and

Alpgen+Pythia samples. This contribution is not yet considered in the 2012
analysis.

INITIAL AND FINAL STATE RADIATION
In the 2011 analysis the initial and final state radiation (IFSR) uncertainty is
evaluated with dedicated AFII-Alpgen+Pythia MC samples varying radiation
settings consistently with the 𝛼! variation both in the hard matrix element and
in the parton shower, using the dedicated Pythia Perugia 2011 tune[78]. The
shifted samples are then unfolded using the Alpgen+Herwig sample and the
uncertainty is evaluated by taking half the difference with respect to the
nominal distributions. In the 2012 analysis the same Powheg+Pythia generator
is used both to estimate the effect of the radiation setting change and to
produce the nominal samples used in the unfolding process.

PDF
The uncertainty related to the choice of a particular parton distribution
function during the event simulation has been studied by reweighting the
events by different sets of NLO PDF in order to see the effect on the event
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distribution. Three sets of PDF has been considered: MSTW08, CT10 and
NNPDF2.0. The difference between the maximum and the minimum value of
the resulting three distributions, comprehensive of one standard deviation 𝜎
error variation with respect to the central value, is called envelope; the
uncertainty value is considered as the half of the maximum envelope extension.
In Figure 6.1 the envelope of the cross section multiplied for the generated
luminosity 𝜎×ℒ evaluated in the 2011 analysis is shown; studies to
determine the PDF uncertainty in the 2012 analysis are still ongoing using the
same method.

Figure 6.1 – Definition of the PDF uncertainty envelope (data from the “dilepton” analysis

in the ee channel).
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Background modeling

The description of the uncertainty related to the main data-driven backgrounds
( W+jets and QCD ) follows. The effect of the other backgrounds’ statistical and
normalization uncertainties are estimated to be negligible because of the small
contribution of these backgrounds.

W +JETS
The W+jets contribution to systematic uncertainties is evaluated varying both
the data-driven normalization and heavy flavour factors within their
uncertainties that are given by the data-driven method itself. These datadriven uncertainties on the applied scale factors are shown in Table 6.1 for the
2011 and 2012 data respectively.

QCD
The QCD background uncertainty is estimated by comparing data and multijets simulations in different control regions. The resulting normalization
uncertainty has been estimated to be 50% in the 𝑒 + 𝑗𝑒𝑡𝑠 channel and 20% in
the 𝜇 + 𝑗𝑒𝑡𝑠 one. The studies on the evaluation of the data driven background
as well as its uncertainties from specific control regions is still ongoing and will
not be presented here.
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Table 6.1 – Data-driven scale factors and uncertainties for the W+jets samples on 2012 analysis [84].

6.3.3

Detector modeling

The uncertainties due to the non-perfect understanding of the detector and the
reconstruction method are described in this section. The same methods have been used
in both 2011 and 2012 analyses.
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JET ENERGY SCALE
The Jet Energy Scale (JES) term represents one of the main systematic
contribution to uncertainty in jet based analyses like the ones treated in this
thesis and its determination is a rather challenging task in the difficult
environment of hadron-hadron collider. The jet energy scale depends on a
variety of detectors and physics effects that includes non-linearity in the
calorimeter response, hardware problems of the detector and additional energy
due to the underlying and pile-up event. The possible loss of energy during the
jet reconstruction procedure is also included in this source of systematic
uncertainty.

JET ENERGY RESOLUTION
The jet energy resolution (JES) uncertainty accounts for the effect due to the
finite resolution on the jet energy estimation in the reconstruction phase; this
value is obtained from MC simulation and validate using collision data. The
impact of the uncertainty on the JES is evaluated by smearing jets energies
according to the systematic uncertainties on the resolution measurements
performed on data [79].

B-TAGGING SCALE FACTOR
The corrections accounting for differences in the b-tagging efficiencies and
mis-tag rates between data and simulation are derived from data and
parameterized as a function of 𝑝! and 𝜂 [80, 81]. The uncertainties on these
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corrections represents a source of systematic uncertainty evaluated by varying
the scale factor by ±1𝜎 standard deviation.

LEPTON CONTRIBUTION
Electron and muon trigger, reconstruction, and selection efficiencies are
measured in data using W and Z decays and are incorporated as appropriate
correction factors into the simulations. A similar procedure is also used to
correct the lepton energy or momentum scale and resolution to match those
observed in data.

M ISSING TRANSVERSE ENERGY
The 𝐸!!"## systematic uncertainty term is evaluated on multi-jet simulation
samples by varying the amount of dead material used in detector simulation, by
changing the parton shower models and by using different minimum bias
tunes to simulate the underlying soft interactions.

LUM INOSTY
The 2011 data luminosity is measured from Van Der Meer scans. His
uncertainty is estimated to be 3.7%. This uncertainty is applied on all nonnormalized differential cross section measurements.
The uncertainty on the 2012 integrated luminosity is 2.8% and it is derived
from a preliminary calibration of the luminosity scale [82] using beamseparation scans performed in November 2012.
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6.3 Results of the 2011 analysis
In order to obtain the 𝑡𝑡  event distributions, the SVD unfolding procedure is applied to
the data events passing the analysis selection after the subtraction of the background
contributions described in Chapter 3. The migration matrices obtained from MC
simulation, as well as the MC background distributions, are normalized to the data
integrated luminosity by multiplying for the scale factor

ℒ !"#"
ℒ !"

, where ℒ!" is the

integrated luminosity used to produce the MC sample considered. The resulting
distributions are then multiplied by the bin-per-bin efficiencies 𝜀! in order to be
comparable with the theoretical prediction evaluated at the parton level.
The evaluation of the differential cross section has been performed with respect to
the top quark transverse momentum, the mass, the 𝑝! and the rapidity of the 𝑡𝑡 system.
In order to improve the precision of the measurement, the relative differential cross
section, defined as normalized with respect to the integrated cross section, is evaluated.
In fact most of the systematic uncertainties mainly influence the total number of events,
which contribution is cancelled in the cross section ratio

! !"
! !"

where X is the kinematic

variable referred to the differential cross section. The remaining systematic contribution
is the one affecting only the distribution shape.
In each bin 𝑖, the cross section has been evaluated via the following equation

𝜎! =

𝑒!
ℒ ∙ 𝑤!

5.1
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where 𝑒! and 𝑤! respectively are the number of events and the width of the 𝑖 !! bin; ℒ is
the data sample luminosity. The integrated cross section is evaluated by merging all the
events in a single bin and then repeating the unfolding and cross section calculation
procedures already described. This procedure is preferred to the integration of the
differential cross section in order to reduce the uncertainties.
The cross section results are compared with respect to the theoretical predictions
from the MC@NLO, MCFM[83] and Alpgen generators. The first two predictions are
obtained from a full NLO matrix element calculation of the 𝑝𝑝 → 𝑡𝑡 process, while the
last one is generated with LO calculation of the 𝑝𝑝 → 𝑡𝑡 + 𝑁𝑗𝑒𝑡𝑠 process. The MCFM
prediction is performed without the simulation of the parton showering. The agreement
between of the results and these theoretical predictions can be seen from the ratio
between the measured cross section distributions and the theoretical prediction
considered; the ratio distributions are shown in the bottom part of the respective plots. In
the MCFM comparison the uncertainties are obtained by varying the factorization and
renormalization scales 𝜇 = 𝑚!"# in the range 2𝜇, 𝜇 2 . In the comparison with
MC@NLO and Alpgen predictions, the uncertainties are calculated propagating the
systematic uncertainties through unfolding, as described in Paragraph 5.4.5.
The various cross section results obtained during the 2011 analysis will be
presented in the following paragraphs.
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Differential cross section as a function of
the top quark 𝒑𝑻 :

𝟏 𝒅𝝈
𝝈 𝒅𝒑𝒕𝑻

The parton level 𝑡𝑡 production differential cross section as a function of the
transverse momentum of the top quark

! !"
!
! !!!

, is shown in Figures 6.2 and 6.3 and in

Table 6.2; results from electron channel, muon channel and the combination of the two
are considered and compared with theoretical predictions. The cross section
distributions, represented by the black points, are in good agreement with the theoretical
prediction as can be seen from the ratio plots, even if in the highest 𝑝! bin, the Alpgen
prediction is slightly higher. Moreover the Alpgen prediction agrees slightly better with
the data in both the electron and muon channels as for the overall normalization.

Figure 6.2 – Unfolded normalized differential cross section as function of the top quark 𝑝! in e+jets (left) and the μ+jets

(right) channels. From top to bottom, ratios to the Alpgen, MC@NLO and PowHeg predictions are displayed, as well as
comparison to the NLO+NNLL result and MCFM. The error bars on data points represent the combined statistical and
systematic uncertainty on the measurement while the bands in the ratio plots denote theory scale variations. Alpgen was used
to unfold the data.

CHAPTER	
  6	
  

13	
  

Figure 6.3 – Combined normalized differential cross section as function of hadronic top quark 𝑝! compared with

the Alpgen, MC@NLO and PowHeg MC predictions (top), with the NNLO prediction with MCFM (center) and
with the NLO+NNLL result (bottom). The grey bands indicate the total uncertainty on the data while the coloured
one in the middle and bottom plots represent the theoretical uncertainty on used 𝜇 scale and PDF.
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Differential cross section as a function of
𝒕𝒕 mass:

𝟏 𝒅𝝈
𝝈 𝒅𝒎𝒕𝒕

The parton level 𝑡𝑡 production differential cross section as a function of the mass
of the 𝑡𝑡 system

! !"
! !! !!

, is shown in Figure 6.4 and 6.5 and in Table 6.3; results from

electron channel, muon channel and the combination of the two are considered. The
cross section distributions, represented by the black points, are in good agreement with
the theoretical prediction as can be seen from the ratio plots.

Figure 6.4 – Unfolded normalized differential cross section as function of 𝑡𝑡̅ mass in e+jets (left) and the μ+jets (right)

channels. From top to bottom, ratios to the Alpgen, MC@NLO and PowHeg predictions are displayed, as well as comparison to
the NLO+NNLL result and MCFM. The error bars on data points represent the combined statistical and systematic uncertainty
on the measurement while the bands in the ratio plots denote theory scale variations. Alpgen was used to unfold the data.
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Figure 6.5 – Combined normalized differential cross section as function of hadronic top quark 𝑝! compared with

the Alpgen, MC@NLO and PowHeg MC predictions (top), with the NNLO prediction with MCFM (center) and
with the NLO+NNLL result (bottom). The grey bands indicate the total uncertainty on the data while the coloured
one in the central and bottom plots represent the theoretical uncertainty on used 𝜇 scale and PDF.
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Differential cross section as a function of
𝒕𝒕 transverse momentum:

𝟏 𝒅𝝈
𝝈 𝒅𝒑𝒕𝒕
𝑻

The parton level 𝑡𝑡 production differential cross section as a function of the
transverse momentum of the 𝑡𝑡 system

! !"
!!
! !!!

, is shown in Figure 6.6 and 6.7 and in

Table 6.4; results from electron channel, muon channel and the combination of the two
are considered. The cross section distributions, represented by the black points, well
reproduce both the MC@NLO and Alpgen theoretical predictions. On the contrary, they
do not agree with the theoretical prediction from MCFM; in the first two bins the
measured cross section is not correctly described within the uncertainties. The reason of
that is the strong sensitivity of the 𝑝!!! spectra in the low 𝑝! region to the additional
radiation coming from non-perturbative parton shower that is not included in the
calculation provided by MCFM.

Figure 6.6 – Unfolded normalized differential cross section as function of 𝑡𝑡̅ transverse momentum in e+jets (left) and the μ+jets

(right) channels. From top to bottom, ratios to the Alpgen, MC@NLO and PowHeg predictions are displayed, as well as comparison
results from MCFM. The error bars on data points represent the combined statistical and systematic uncertainty on the
measurement while the bands in the ratio plots denote theory scale variations. Alpgen was used to unfold the data.
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Figure 6.7 – Combined normalized differential cross section as function of hadronic top quark 𝑝! compared with

the Alpgen, MC@NLO and PowHeg MC predictions (top) and with the NLO prediction with MCFM (bottom). The
grey bands indicate the total uncertainty on the data while the coloured one the bottom plots represent the
theoretical uncertainty on used 𝜇 scale and PDF.
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Differential cross section as a function of
𝒕𝒕 rapidity:

𝟏 𝒅𝝈
𝝈 𝒅𝒚𝒕𝒕

The parton level 𝑡𝑡 production differential cross section as a function of the
rapidity of the 𝑡𝑡 system

! !"
! !! !!

, is shown in Figure 6.8 and 6.9 and Table 6.5; results

from electron channel, muon channel and the combination of the two are considered.
The cross section distributions, represented by the black points, are in good agreement
with the theoretical prediction as can be seen from the ratio plots.

Figure 6.8 – Unfolded normalized differential cross section as function of 𝑡𝑡̅ rapidity in e+jets (left) and the μ+jets (right) channels.

From top to bottom, ratios to the Alpgen, MC@NLO and PowHeg predictions are displayed, as well as comparison to NLO
calculation with MCFM. The error bars on data points represent the combined statistical and systematic uncertainty on the
measurement while the bands in the ratio plots denote theory scale variations. Alpgen was used to unfold the data.
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Figure 6.9 – Combined normalized differential cross section as function of hadronic top quark 𝑝! compared with

the Alpgen, MC@NLO and PowHeg MC predictions (top) and with the NNLO prediction with MCFM (bottom).
The grey bands indicate the total uncertainty on the data while the coloured one in the bottom plot represent the
theoretical uncertainty on used 𝜇 scale and PDF.
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Table 6.2 – Electron and muon combined normalized differential cross section as a function of the top quark 𝑝! :
values in each bin are presented with the total uncertainties. The statistical and systematic contribution is
detailed in the last two columns.

Table 6.3 – Electron and muon combined normalized differential cross section as a function of the 𝑡𝑡̅ mass: values
in each bin are presented with the total uncertainties. The statistical and systematic contribution is detailed in the
last two columns.

Table 6.4 – Electron and muon combined normalized differential cross section as a function of the 𝑡𝑡̅ transverse
momentum: values in each bin are presented with the total uncertainties. The statistical and systematic
contribution is detailed in the last two columns

Table 6.5 – Electron and muon combined normalized differential cross section as a function of the 𝑡𝑡̅ rapidity:
values in each bin are presented with the total uncertainties. The statistical and systematic contribution is
detailed in the last two columns.
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6.4 Results of the 2012 analysis
In order to obtain the 𝑡𝑡 event distributions, the SVD unfolding procedure is
applied to data events passing the boosted selection analysis described in Chapter 4 after
the subtraction of the background contributions described in Chapter 3. The migration
matrices obtained from MC simulation, as well as the MC background distributions, are
normalized to the data integrated luminosity by multiplying for the scale factor

ℒ !"#"
ℒ !"

,

where ℒ !" is the integrated luminosity used to produce the considered MC sample.
Before the application of the unfolding procedure, the event distributions are multiplied
by bin-per-bin purity factors to take into account the possible misreconstructed events
due to the particle level definition; these factors are evaluated by dividing the population
of the MC events fulfilling both reconstructed and particle level selection by the
population of MC events which pass at least the reconstructed one. The unfolded
distributions are then multiplied by the bin-per-bin efficiencies 𝜀! in order to be
comparable with the theoretical prediction evaluated at the particle level and by binper-bin
The differential cross section as a function of the top quark transverse momentum
!"
!
!!!

has been measured. In each bin, the cross section has been evaluated via the

following equation

𝜎! =

𝑒!
ℒ ∙ 𝑤!

5.1

where 𝑒! and 𝑤! respectively are the number of events and the width of the 𝑖 !! bin.
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The cross section results are compared with respect to the theoretical predictions
from the given by the Powheg+Pythia generator. The agreement between of the results
and the theoretical prediction can be seen from the ratio between the measured cross
section distributions and the theoretical prediction ones; the ratio distributions are
shown in the bottom part of the respective plots. The uncertainties are calculated
propagating the systematic uncertainties through unfolding, as described in Paragraph
5.4.5.
The particle level high-𝑝! 𝑡𝑡 pair production differential cross section as a
function of the transverse momentum of the top quark

! !"
!
! !!!

, is shown in Table 6.6 and

Figure 6.10; electron and muon channel results are presented. The cross section
distributions, represented by the blue dots, are found to be in some discrepancies with
respect to the theoretical prediction from the Powheg+Pythia as anticipated by the
similar discrepancy in the data/MC comparison in Chapter 5. The cause of this
disagreement is still under investigation; some attempts are ongoing to find the
discrepancies source looking at the distribution behavior by changing the event selection
parameters.
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Figure 6.10 – Unfolded differential cross section as function of the hadronic top quark transverse momentum in e+jets (top) and the

μ+jets (bottom) channels. The results are compared with Powheg+Pythia predictions both in the distribution and in the ratio plots.
The error bars represent the combined statistical and systematic uncertainty on the measurement.
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6.3.1

Differential cross section as a function of
𝒕𝒕 mass:

𝟏 𝒅𝝈
𝝈 𝒅𝒎𝒕𝒕

The parton level 𝑡𝑡 production differential cross section as a function of the mass
of the 𝑡𝑡 system

! !"
! !! !!

, is shown in Figure ……. and Table …; results from electron

channel, muon channel and the combination of the two are considered. The cross section
distributions, represented by the black points, are in good agreement with the theoretical
prediction as can be seen from the ratio between the real data result and the theoretical
prediction considered; ratio distribution are shown in the bottom part of the plots. In the
MCFM comparison the uncertainties are obtained by varying the factorization and
renormalization scales 𝜇 = 2𝑚!"# in the range 2𝜇, 𝜇 2 . In the MC@NLO and Alpgen
comparison the uncertainties are calculated from the propagation of the systematic
uncertainties through unfolding, as described in Paragraph ….

