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★hier vorgestellte Analysen & Ergebnisse sind 
publiziert in ATLAS-CONF-2011-035, Phys. Lett. 
B711(2012) p. 244-263, ATLAS-CONF-2011-121   

★nicht alle Histogramme sind in diesen 
Veröffentlichungen enthalten (aber in CERN-
THESIS-2012-043) - mit “ATLAS work in progress” 
gekennzeichnet

★alle Analysen und Ergebnisse basieren auf der 
Arbeit der gesamten ATLAS Kollaboration & dem 
wissenschaftlichen Austausch dort
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→25 GeV

SPS
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LHC
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Der Large Hadron Collider (LHC)
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→50 MeV

BOOSTER
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→25 GeV

SPS
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LHC Delivered

ATLAS Recorded

-1Total Delivered: 48.1 pb
-1Total Recorded: 45.0 pb
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LHC Delivered

ATLAS Recorded

-1Total Delivered: 5.61 fb
-1Total Recorded: 5.25 fb

2011
35pb-1 0.7fb-1

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResults https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResults

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResults
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Das ATLAS Experiment
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Top Quark Physik benötigt alle Teile des Detektors!
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Das Standardmodell (1)
★kombiniert Elektromagnetismus, schwache und starke 

Wechselwirkung
★beinhaltet alle Elementarteilchen als Quarks, Leptonen 

und Eichbosonen
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★Top Quark ist schwerstes 
Teilchen



★experimentell extrem gut getestet
★aber:
★ Woher kommt Masse der Teilchen?                                     

Higgs-Mechanismus - Entdeckung eines Higgs-ähnlichen 
Teilchens im Juni 2012 durch CMS & ATLAS
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Das Standardmodell (2)
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★experimentell extrem gut getestet
★aber:
★ Woher kommt Masse der Teilchen?                                     

Higgs-Mechanismus - gerade entdeckt?!
★ keine Vereinheitlichung der Kräfte möglich
★ keine Gravitation
★ kein Modell für dunkle Materie
★ ... 

★Erwartung: Higgs & neue Physik am LHC!
★ Higgs: ✔ (SM Higgs?)

★ sonstige “neue” Physik? 
Anna Henrichs, 04.März 2013

Das Standardmodell (2)
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Das Top Quark
★schwerstes Elementarteilchen
★sehr kurze Lebensdauer
★zerfällt vor Hadronisation
★daher Zugriff auf „freies 

Quark“ durch Zerfallsprodukte
★starke Kopplung an Higgs-

Boson (Gf≈1) 
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Das Top Quark
★schwerstes Elementarteilchen
★sehr kurze Lebensdauer
★zerfällt vor Hadronisation
★daher Zugriff auf „freies 

Quark“ durch Zerfallsprodukte
★starke Kopplung an Higgs-

Boson (Gf≈1) 
★1995 von D0/CDF am 

Tevatron entdeckt

12

Status März 2012

courtesy of E.Shabalina
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Top Quark Paar Produktion
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★Paarproduktion via starker WW vs. Produktion 
einzelner Top Quarks via elektroschwacher WW

★Gluonfusion (80%) vs. qq-Annihilation (20%)
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★Paarproduktion via starker WW vs. Produktion 
einzelner Top Quarks via elektroschwacher WW

★Gluonfusion (80%) vs. qq-Annihilation (20%)
★Theorierechnungen komplett bis NLO (10% 

Unsicherheit) - Experimente werden präziser!
★annähernde Rechnungen in NNLO beinhalten 

dominante Korrekturen
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Top Quark Zerfälle
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★Zerfall durch elektroschwache WW
★ t→Wq mit ≈100% t→Wb
★W→qq oder W→lν
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★Zerfall durch elektroschwache WW
★ t→Wq mit ≈100% t→Wb
★W→qq oder W→lν
★klassifiziert Ereignisse aus Top Paarproduktion
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★beide Ws hadronisch
★ (+) hohe Statistik 
★ (-) großer Untergrund
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Top Quark Zerfälle
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★Zerfall durch elektroschwache WW
★ t→Wq mit ≈100% t→Wb
★W→qq oder W→lν
★klassifiziert Ereignisse aus Top Paarproduktion
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★Zerfall durch elektroschwache WW
★ t→Wq mit ≈100% t→Wb
★W→qq oder W→lν
★klassifiziert Ereignisse aus Top Paarproduktion
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★beide Ws hadronisch
★beide Ws leptonisch
★ je ein W hadronisch & 

leptonisch
★ (+) klare Signatur
★ (+) relativ hohe Statistik
★ (±) relativ geringer Untergrund
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Das Top Quark und neue Physik (1)
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7 TeV

arXiv: hep-ph/005233
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Das Top Quark und neue Physik (1)
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7 TeV

★neue Physik (Higgs, Susy, ...) tritt selten auf
★oft sehr ähnliche Endzustände wie Top Quark Ereignisse
★Top ist dominanter Untergrund
★wichtiges Werkzeug zum Detektorverständnis
★Entwicklung von Methoden

arXiv: hep-ph/005233
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Das Top Quark und neue Physik (2)
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★Kopplung des Top Quarks an neue Elementarteilchen

★ in der Produktion

★ mit gleicher Zerfallskette

★ im Zerfall
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Ereignissignatur
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★geladenes Lepton: e,µ
★fehlende transversale Energie
★4 Jets (≥3 Jets)
★2 Jets sind b-Jets
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Ereignissignatur
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★zunächst:
★sehr viel Arbeit am 
Verständnis einzelner Objekte
★Triggerstudien
★Untergrundbestimmungen
★etc.
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Untergründe gleicher Signatur
★W Bosonen mit zusätzlichen Jets
★ zusätzliche Jets können von schweren Quarks (c,b) 

stammen
★ Normierung wird im finalen Fit bestimmt

★QCD Multijet Ereignisse mit fehlidentifizierten 
Leptonen
★ direkt aus Daten bestimmt

★Z Bosonen mit zusätzlichen Jets
★einzelne Top Quarks
★Zwei-Boson Ereignisse (WW,WZ,ZZ)

25

dom
inant

gering

 (W) [GeV]Tm
0 20 40 60 80 100 120 140

ev
en

ts
 / 

5 
G

eV

0

10
20

30

40
50

60

70

80
90

Data 2010

tt
W+Jets
Z+Jets
Single Top

Diboson
QCD Multijet

-1 L dt = 35pb0 = 7 TeV, s

LWinvM_4j

 + 4 Jetsµ

ATLAS work 
in progress

aus CERN-THESIS-2012-043



Anna Henrichs, 04.März 2013

Übersicht

26

★Wo?
★ ATLAS & der LHC

★Warum?
★ Top Physik & das Standardmodell

★Was?
★ Objekte & Prozesse

★Wie?
★ Analysestrategie

★Messungen in Daten aus 2010 und 2011
★Ausblick
★Zusammenfassung



★ möglichst viele Ereignisse selektiert
★ Kombination mehrerer Variablen in Likelihood-Diskriminante 

★ Fit der Signal- & Untergrundvorhersagen an Daten
★ systematische Unsicherheiten als Störparameter in Fit

Anna Henrichs, 04.März 2013

Strategie
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5. General Analysis Strategy 87

5.4. Projective Likelihood Discriminant
5.4.1. Theory
The combination of several discriminating variables into one global discriminant ⇥ is done using a
projective likelihood approach. The discriminant based on ⌃ variables can be expressed as signal
over signal-plus-background probability for an event ⇥

⇥ ⇥ =
⌥⇥⌦S(�1⌦ �2⌦    ⌦ �⌃)

⌥⇥⌦S(�1⌦ �2⌦    ⌦ �⌃) + ⌥⇥⌦B(�1⌦ �2⌦    ⌦ �⇤)
 (5.6)

Under the assumption that the probabilities for each variable �⇧ are not correlated with each other,
the equation can be factorized into

⇥ ⇥ =
�⌃

⇧=1 ⌥⇥⌦S(�⇧)�⌃
⇧=1 ⌥⇥⌦S(�⇧) +

�⌃
⇧=1 ⌥⇥⌦B(�⇧)

 (5.7)

The ⌥⇥⌦S(�⇧) and ⌥⇥⌦B(�⇧) describe normalized probability density functions for an event ⇥ and the
variable ⇧ to be signal and background, respectively. Possible correlations between variables are not
accounted for and can lead to a degradation of the performance of the method. The probabilities
⌥⇥⌦S/B(�⇧) can in principle be derived from normalized binned histograms of the input distributions or
from unbinned functions, fitted to initial input distributions. The presented analyses make use of the
latter approach, which has the advantage of not relying on discrete binning.

5.4.2. Implementation in TMVA
The implementation of the projective likelihood in the TMVA framework [93], v4.1.0, is used within
the presented analyses, in the context of the data analysis framework ROOT [94], v5.28, which is
used throughout the whole analysis chain. TMVA includes several multivariate analysis techniques,
as well as pre- and post-processing methods to gain optimal separation for a given problem. The
likelihood discriminant function ⇥ as described above, and the corresponding functions ⌥S/B(�⇧)
are created in an initial training step. Signal and background processes are handled as TTrees,
basic object structures in ROOT, and while ⌅⌅̄ production is obviously considered as signal, only
W +jets production is treated as background in the training step. This process is by far the dominant
background and the choice of variables is driven by the separation power between ⌅⌅̄ and W +jets.
Adding other background processes in this step would dilute the information, if the backgrounds tend
to behave similar to ⌅⌅̄ , for example single top quark production. While the analysis of 35 pb�1 of
data is sensitive to the amount of W +heavy flavor jet production due to the usage of �-tagging, the
analysis of 0.7 fb�1 is not. For that reason, the W +heavy flavor processes are only included in the
background sample for the training set in the 35 pb�1 analysis.
Since the events used to construct the probability density functions ⌥S/B(�⇧) in the training phase,
and the events to evaluate the function and derive the templates for the di�erent processes have
to be statistically independent, only half of the Monte Carlo simulated events for ⌅⌅̄ and W +jets
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★Minimierung einer negativen log-likelihood 
Funktion zur Messung von σtt

★Messung von σtt in der Konfiguration von 
Normierungen und Systematiken, die Daten am 
besten unterstützt

★Typen von Parametern:
★ βi: Normierung der vorhergesagten Signal- und 

Untergrundprozesse (β0 = σtt,Messung / σtt,Vorhersage)
★ δi: Störparameter zur Beschreibung systematischer 

Unsicherheiten
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★Minimierung einer negativen log-likelihood 
Funktion zur Messung von σtt

★Messung von σtt in der Konfiguration von 
Normierungen und Systematiken, die Daten am 
besten unterstützt

★Typen von Parametern:
★ βi: Normierung der vorhergesagten Signal- und 

Untergrundprozesse (β0 = σtt,Messung / σtt,Vorhersage)
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2010, 35 pb-1 2011, 0.7 fb-1

1139 Ereignisse

1915 Ereignisse 33317 Ereignisse

23824 Ereignisse
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★Eigenschaften der Jets und ihr Ursprung erlauben Identifikation von b-Jets
★durchschnittliches b-Jet Wahrscheinlichkeitsgewicht der beiden Jets mit 
der höchsten Wahrscheinlichkeit
★kein Schnitt auf b-Jets - volle Statistik nutzbar
★nur für 4, ≥5 Jets verwendet
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Variablen 0.7 fb-1
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★hohe Statistik - geringere Separationskraft notwendig
★aber: zusätzliche Sensitivität auf dominante Unsicherheiten
★ermöglicht Reduktion der Unsicherheiten auf Jets

ATLAS work in progress
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ATLAS-CONF-2011-035, Phys. Lett. B711(2012) p. 244-263
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148 6. Measurement of  ⇧⇧̄ in 35 pb�1 of Data

within their uncertainties. This test proves that there is no e�ect of over constraining the uncertainty
from the low ⌃T range to the high ⌃T range or vice versa, since these are handled separately here.

More tests were performed, but not explained in detail here for the sake of brevity. No significant
deviations of the fitter performance and the measured cross section not covered by the uncertainties
are observed when including shape variations, for example sinusoidal or step-functions, modifying the
behavior within the ±1 ranges. A more realistic model of the flavor composition and the related
uncertainties for the dominant W +jets background is used, which leads to a reduction of the fit
uncertainties, but does not change the resulting top quark pair production cross section. Instead of
creating the pseudo-data set from a Gaussian sampling of the initial values ⌥⇥ = 1↵0 and �⇥ = 0↵0,
systematic variations of one or more nuisance parameters can be used. In such a setup one can test
the ability of the fit to discover such variations, i.e. the ability to extract the correct input value for
the nuisance parameter. Furthermore, the resulting shift in the signal cross section should be covered
by the uncertainty associated to the varied source of systematic uncertainty. This is found to be
true for a selection of nuisance parameters varied, and the overall uncertainty of the measurement is
found to cover even very pessimistic scenarios in which several systematic uncertainties are shifted
to their respective ±1 uncertainties simultaneously.
A series of two consecutive fits is performed, reducing the ±1 templates of one uncertainty to
the templates created using the fitted ±1 uncertainties. In a second iteration of the fit, the fit
parameters should not change with respect to the initial fit, and the uncertainties of this special
parameter should not be reduced any further. Taking into account the convolution with the Gaussian
constraint, these assumptions are verified, showing that the reduction of uncertainties is not an
artificial e�ect of the fit. The stability of the fit result is tested by changing the number of bins
for the likelihood discriminant ⇤ and by performing fits to the separate input variables themselves
or likelihood discriminants constructed from subsets of the input variables. Within the statistical
uncertainties all these fits agree with the main result.

6.7. Discussion of Results
6.7.1. Main Results
Combining the knowledge about the measured top quark pair production cross section and the
associated uncertainties, the following main result of this analysis is obtained

 ⇧⇧̄ = 187 ± 11(stat↵)+18
�17(syst↵) ± 6(lumi↵) pb = 187+22�21 pb� (6.4)

from a fit to the combined ⌦+jets channel in the jet multiplicity bins ⌅jets = 3� 4�⇥ 5 and under
the assumption of a top quark mass of ⇤top = 172.5 GeV.
Under the assumption that the systematic uncertainties estimated outside of the profile likelihood fit
have the same impact on the combined measurement and on the measurements in the µ+jets and
�+jets channels separately, the single channel results are found to be

 ⇧⇧̄ = 184+14�13(stat↵) ± 18(syst↵) ± 6(lumi↵) pb = 184+24�23 pb (6.5)

12%
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7. Measurement of ⇧⇤⇤̄ in 0.7 fb�1 of Data 191

7.7. Discussion of Results
7.7.1. Main Results
Taking into account all uncertainties from the profile likelihood fit, the external systematic uncertain-
ties and the 3.7% uncertainty on the luminosity of the analyzed data set, the result of the top quark
pair production cross section in the combined ⌃+jets channel yields

⇧⇤⇤̄ = 179⌥0 ± 4⌥1(stat⌥) ± 8⌥8(syst⌥) ± 6⌥6(lumi⌥) pb = 179⌥0 ± 11⌥8 pb⌥ (7.2)
This corresponds to a precision of 6.6% of ⇧⇤⇤̄ , to date the most precise measurement of this quantity,
see section 7.7.2 for further discussion. The measurements in the single channels yield

⇧⇤⇤̄ = 183⌥7 ± 6⌥4(stat⌥)10⌥1(syst⌥) ± 6⌥8(lumi⌥) pb = 183⌥7 ± 13⌥8 pb (7.3)
in the µ+jets channel with a precision of 7.5% and

⇧⇤⇤̄ = 178⌥7+ 6⌥3� 6⌥2(stat⌥)+10⌥3
�10⌥0(syst⌥) ± 6⌥6(lumi⌥)pb = 178⌥7+13⌥8�13⌥5 pb (7.4)

in the �+jets channel, which corresponds to an overall uncertainty of 7.7%. The results in all three
channels are compared to the ones from the analysis presented in chapter 6 in figure 7.29 and
show a good agreement both between the di�erent channels of the measurement and between this
measurement and the statistically independent measurement in 35 pb�1 of data. Although all six
measurements obtain a value for ⇧⇤⇤̄ above the theoretically predicted value at approximate NNLO
they agree well with the calculations taking the uncertainties into account.

Since precise measurements of ⇧⇤⇤̄ are available from the Tevatron at ⇥⇥ = 1⌥8 TeV (RunI) and⇥⇥ = 1⌥96 TeV (RunII), the top quark pair production cross section can now be studied as a function
of the center-of-mass energy in ⌅⌅̄ and ⌅⌅ collisions over a wide range, and can be compared to
theoretical calculations as a function of ⇥⇥, see figure 7.30. A good agreement between measurement
and prediction is visible, and can be further tested in upcoming ⌅⌅ collisions at the LHC with ⇥⇥ = 8
TeV in 2012 and ⇥⇥ = 14TeV in the near future.
While the increase of available statistics by a factor of 20 between the analysis of chapter 6 and
this one leads, together with improvements on methodology and uncertainties, to a significantly
decreased overall uncertainty, this measurement is now completely dominated by the systematic
uncertainties. A further increase of statistics would not add much precision, since the statistical
uncertainty is already almost negligible. Still, more data will help to understand and possibly
constrain the systematic uncertainties better. However, the luminosity uncertainty from an external
measurement and even to a larger extend the systematic uncertainties on the signal modeling will
remain limiting factors. A correct treatment and description of initial and final state radiation in
the context of NLO generators will be needed, and the di�erences between the two available signal
generators  �⌦⌅⇥⇤ and ⌃�@⌥⇧� need to be carefully studied. The signal modeling systematics
can be constrained by measuring the di�erential top quark pair production cross section in many
distributions. The model leading to the best description of the kinematic distributions of the top
quarks and the decay products can be determined and tuned to data for future usage.

präziseste Einzelmessung 

6.6%
ATLAS-CONF-2011-121
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6. Measurement of ⌅⇥⇥̄ in 35 pb�1 of Data 145

Statistical Uncertainty (%) + 5.8 - 5.7
Physics Objects (%)

Jet Energy Scale + 3.9 - 2.9
Jet Reconstruction E⇥ciency + 0.01 - 0.3
Jet Energy Resolution + 0.3 - 0.01
Muon Scale Factors + 1.2 - 1.1
Muon Smearing + 0.4 - 0.4
Electron Scale Factors + 1.6 - 1.4
Electron Smearing + 0.0 - 0.0
Electron Energy Scale + 0.5 - 0.3
Missing Transverse Energy + 0.01 - 0.01

Background Models (%)
W + Jets Heavy Flavor Content + 2.7 - 2.4
W + Jets Shape (*) + 1.0 - 1.0
QCD Multijet Shape (*) + 0.8 - 0.8

Signal Models (%)
ISR/FSR (*) + 5.2 - 5.2
NLO Generator (*) + 4.2 - 4.2
Hadronisation (*) + 0.4 - 0.4
PDF (*) + 1.5 - 1.5

Others (%)
�-Tagging Calibration + 4.1 - 3.8
Pile-Up Simulation + 0.01 - 0.01
MC Template Statistics (*) + 1.1 - 1.1

Total Systematic (%) + 9.7 - 9.0
Table 6.7.: Observed uncertainties from statistics and sources of systematic uncertainties for the

full combined fit. Sources of systematic uncertainties that are not included as nuisance
parameters are marked with a (*), and are evaluated in series of pseudo-experiments.

6.6. Additional Tests
Many di�erent sets of tests are performed to prove the stability of the presented measurement and
its ability of constraining uncertainties beyond their initial ±1⌅ variations. Most of the studies rely
on pseudo-experiments or the exchange of the input templates for certain systematic uncertainties,
and some of the studies will be presented here. Since the di�erent jet energy scale uncertainties
can be constrained significantly below their initial ±1⌅ range, several tests are performed to test
the sensitivity of the analysis to modeling assumptions made for the JES uncertainty. For the tests
described in the following a slightly di�erent setup of the analysis is used as the default reference,
with a fit result very close to the final presented one: ⇤0 = 1⇧12 ± 0⇧10, which translates into
⌅⇥⇥̄ = 185+18�16 pb, and consistent results for the other fit parameters4. The resulting combined

4no systematic uncertainties external to the fit are estimated here, since only the fitter behavior is to be tested

186 7. Measurement of ⇧⇤⇤̄ in 0.7 fb�1 of Data

Statistical Uncertainty (%) + 2.19 - 2.18
Physics Objects (%)

Jet Energy Scale + 1.57 - 2.14
Jet Reconstruction E⇥ciency + 0.28 - 0.72
Jet Energy Resolution + 0.87 - 0.87
Muon Scale Factors + 1.81 - 1.93
Muon Smearing and Scale + 1.01 - 0.93
Muon Momentum Scale + 0.90 - 0.82
Electron Scale Factors + 1.24 - 1.37
Electron Smearing + 0.43 - 0.50
Electron Energy Scale + 0.76 - 0.80
Missing Transverse Energy + 1.10 - 0.93

Background Models (%)
W + Jets Shape (*) + 0.49 - 0.49
QCD Multijet Shape (*) + 0.37 - 0.37

Signal Models (%)
ISR/FSR + 1.68 - 1.27
NLO Generator (*) + 3.06 - 3.06
Hadronization (*) + 0.53 - 0.53
PDF (*) + 1.01 - 1.01

Others (%)
MC Template Statistics (*) + 1.80 - 1.80

Total Systematic (%) + 4.99 - 4.95
Table 7.7.: Observed statistical and systematic uncertainties for the full combined fit. Sources of

systematic uncertainties that are not included as nuisance parameters are marked with
a (*), and are evaluated in series of pseudo-experiments.

on the assumption on the top quark mass as used in the event generator, �MC
top . To estimate the

dependency and provide a result independent on the assumption, the measurement without systematics
is repeated with varied top quark masses �top = 140⌥ ⌃ ⌃ ⌃ ⌥ 210 GeV in steps of 10 GeV. This a�ects
both the predictions for ⇤⇤̄ and single top production, and the systematic uncertainties are expected
to be independent on the top quark mass for this study. The results from these measurements are
shown in table 7.8 for the di�erent mass points, including the nominal assumption of �⇤⇥⌅ = 172⌃5
GeV.
The cross section follows a linear behavior in the range close to the nominal top quark mass of
�top = 172⌃5 GeV, and therefore a linear fit is performed in the range 160 GeV to 190 GeV,
taking only the statistical uncertainties into account, as can be seen in figure 7.25. To correct for
the di�erence between the measured cross sections with and without the nuisance parameters in
the likelihood function, the result of the fit is shifted by the amount the measured value shifts at
�top = 172⌃5 GeV. The dependency of ⇧⇤⇤̄ on the assumed top quark mass is found to be small and
can be parametrized as

⇧⇤⇤̄ [pb](mMC
top [GeV]) = 411⌃9 � 1⌃35 ⇥ mMC

top ⌥ (7.1)

2010 2011
x20

aus CERN-THESIS-2012-043
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★beide Messungen und einzelne Kanäle konsistent
★ limitiert durch systematische Unsicherheiten

ATLAS work in progress

aus CERN-THESIS-2012-043
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★√7 TeV: mehr Messungen in verschiedenen 
Zerfallskanälen und mit verschiedenen Methoden

★√8 TeV: erste Messungen mit Teilen des 
Datensatzes aus 2012 veröffentlicht
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★Standardmodell extrem gut verstanden
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★aber noch viele Messungen auf vollen Datensätzen 
mit sehr hoher Präzision geplant
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★Standardmodell extrem gut verstanden
★Suche nach neuer Physik geht weiter
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★Standardmodell extrem gut verstanden
★Suche nach neuer Physik geht weiter
★z.B. supersymmetrischer Top Partner
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Zusammenfassung
★ Präzisionsmessungen zur Produktion von Top Quark Paaren 

in Daten des ATLAS Experiments

★ 2011-Analyse ist eine der präzisesten Einzelmessungen und 
präziser als Theorievorhersagen

★ guter Übereinstimmung mit SM Vorhersagen
★ erlaubt präzise Vermessung der Eigenschaften des Top 

Quarks & Suche nach neuer Physik
★ fortschrittliche Analysemethoden kalibriert & etabliert
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