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My Home: the City of Karlsruhe
Like Islamabad, Karlsruhe was newly designed and 
built as a capital (Kingdom of Baden) in 1715 
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Why is the Top Quark so Special?

• It decays before it hadronises: the only chance to inspect partons
without having to deal with hadronisation: a great laboratory for
perturbative QCD

• It has tight links to electroweak symmetry breaking: due to its large 
mass a dominant role in running of the Higgs boson mass: 
important for our understanding of the particle universe

• It is important as a signal or a part thereof (examples: we need to 
check its Yukawa coupling ttH, we need to check Vtb = 1)

• It is the dominant background for nearly every BSM search @ LHC

F. Krauss „Some thoughts on 
Tops“

1. INTRODUCTION
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1.1 The Building Blocks of the Standard Model
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Role of the Top Quark in the SM
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Necessity of the Top

1973: Introduction of a three generation theory to explain
CP Violations (Kobayashi, Maskawa)

1975: Identification of leptons in e+ e- collisions (Perl / Mark I)
1977: Discovery of Y(1S) (bb) in proton-nucleon interactions (Ledermann)

or

Measurement of the forward-backward
asymmetry in   

There must be an iso-partner of the b.
What are its properties? 
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1.2 Early Predictions for the Top Mass
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1.3 Direct Searches in the ‘80-s
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Searches at Hadron Colliders

1984

1986

Search for electroweak production:   

and   distributions consistent
with

Background better understood:               
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First Evidence and Discovery

Announcement at Fermilab 1995

candidate
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1.4 Predictions using EWk Fits
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Fermilab Tevatron CERN Large Hadron Collider

LHC: 
√s = 7 TeV (2010-2011):

5.7 fb-1 delivered, on tape 5 fb-1

Around 1M tt pairs produced per exp. 
(60k reconstructed tt events) 

√s = 8 TeV (2012):
Around 5M tt pairs produced in 20 fb-1

Analysis in its final stage
√s = 13 TeV (2016):

Around 10M tt pairs produced so far
Up to 3 fb-1 of data analyzed

Tevatron: 
Run 1: √s = 1.8 TeV (1992-1996):

Top quark discovery in 1995 with 
65pb-1 recorded (around 20 events 
each experiment)

Run 2: √s = 1.96 TeV (2001-2011):
12 fb-1 delivered, on tape 10 fb-1

Analyses mostly completed
-

-

-

1.5 The Sources of Top-Quarks

-
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TOP PRODUCTION
•Cross sections
•Top polarisation
•Spin-correlations
•Production asymmetries
•Resonances Xtt, Ytb, Ztjet
•Fourth generation t’

THE PARTICLE
•Mass (matter vs. anti-matter)
•Life-time / width
•Charge
•Radiation of Bosons

TOP DECAY
•Charged Higgs
•W helicity
•Anomalous couplings
•CKM matrix elements

1.6 Physics all around the Top

• Yukawa couplings close to 1
• Most massive particle known
•The only „free“ quark
• Appears as signal, background and 

maybe decay product of new states

The top quark is very special:
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2. PAIR PRODUCTION OF TOP QUARKS
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Processes for Pair Production
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Progess in Theory
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2.1 How to identify Top Quarks
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Decay Channels

t  Wb
Events classified by W decay

“Lepton [e,] + jets” (34%)
tt  blbqq′

“Dilepton [e,]” (6%)
tt  blbl

“All jets” (46%)
tt  bqq′bqq′

“Tau + jets” (15%)
tt  bbqq′ 
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Object Reconstruction
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Reconstruction of Top Quarks with high Momentum
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Signal:
Triggering on lepton
High missing transverse energy (ET) 
High ET jets, central and spherical 
Two b-jets (displaced vertex)

Background:
Dilepton: Z+Jets, Single Top (tW), QCD, 
W+Jets
Lepton+Jets: W+Jets, Single Top  
All Hadronic: QCD multi jet events

2.2 Cross Section Measurements

e+

e-

ET

jet 1

jet 2

Finding the top:

Determination of the cross section
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Measurements at the Tevatron

Consitency amongst various channels
Limitation from systematic uncertainties
(JES, b-tab, W+jets)
Sensitive to NNLO predictions 
(Bernreuter, Czakon, Mitov, 
arXiv:1204.5201)

Conf. Note 10878CDF Run II arXiv:1105.5834D0 Run II
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Measurements at the LHC at 7, 8 TeV
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Top Pair Cross Sections
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Top-Antitop Differential Cross Sections

Measure differential cross sections 
Important test of QCD
Event selections similar to the cross section 

analyses
Bin-to-bin unfolding to parton level

-tt production is well described by SM calculations

CMS PAS-TOP-12-
041



Thomas Müller, Institut für Experimentelle Kernphysik, KIT                                ICTP-NCP School on LHC Physics 2016



Thomas Müller, Institut für Experimentelle Kernphysik, KIT                                ICTP-NCP School on LHC Physics 2016

2.3 Top-Antitop Charge Asymmetry
NLO QCD:  interference of higher order diagrams leads to asymmetry for tt produced 

through qq annihilation: 
Top quark is emitted preferentially in direction of the incoming quark
Antitop quark opposite
Production through new processes may lead to different asymmetries 

At Tevatron: define forward-backward asymmetry  

At LHC: define asymmetry in the widths of rapidity distributions of t, t

-
-



Thomas Müller, Institut für Experimentelle Kernphysik, KIT                                ICTP-NCP School on LHC Physics 2016

AFB = 0.162 ± 0.041(stat) ± 0.022 (syst)

Asymmetries at the Tevatron

CDF-Note 10807

Sample with no b-tagged jets Sample with one b-tagged jet

Background-subtracted
acceptance corrected
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AFB det = 0.092 ± 0.037 (stat+syst)

MC@NLO: AFB det = 0.024 ± 0.007

Measured asymmetry on 
detector level after bkg
subtraction:

Measured asymmetry on parton level:

AFB = 0.196 ± 0.065 (stat+syst)

Summary:

y in the lepton-jets channel

Both CDF and D0 see significant
asymmetry
in tt production in all channels with strong
dependence on mtt, in conflict with the SM

-

PRD 84, 112005 (2011)

PRD 83, 112003 (2011)
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Comparison Fermilab-Data with Theory
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Theoretical Speculations for Anomalies
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Ac in  Lepton+jets @ 8TeV     CMS PAS-TOP-12-033

e+jets and µ+jets combined
Exactly 1 isolated high-pT lepton
At least 4 jets with pT > 30 GeV
At least 1 of these jets b-tagged

BG-contamination about 20%
Sensitive variable ∆|y|  = y(t) - |y(antitop)|
BG-subtraction and regularized unfolding
Inclusive and differential (mtt, pTtt, ytt)

measurements using 19.7fb-1

EAG: Effective Axialvector-coupling of the
Gluon

+ +

At LHC we see no deviation from the Standard Model!
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Ac in Lepton+Jets @ 7TeV  PAS-TOP-14-006

Combination done within the
TOPLHC working group

Asymmetries at the LHC
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lepton+jets selection, no 
b-tagging requirements

lepton+jets selection, at    
least one b-tagged jet

MX>900 GeV @95% C.L.

CDF:

2.4 Search for tt Resonances
DØ:

MX>835 GeV @95% C.L.

Phys. Rev. D 84, 072004 (2011) arXiv:111.1271v1

-
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Topcolor Z' Extra-dimensions

Searches at the LHC
CMS TOP-11-009/010, EXO-11-006/093

So far data compatible with SM up to 1…1.6 TeV

arXiv:1205.5371
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Search for Gluino Decays to Top

Exclusion limits for gluino-gluino production


