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Plan for this Morning
• Top quark physics:

• Introduction & top quark production - Mark Owen

• Top quark properties - Efe Yazgan

• On some top quark physics issues - Stano Tokar
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Outline
• Introduction & History of Top Quark Search

• Identifying top pair production

• Top Quark Pair Production

• Inclusive cross section

• Modelling top quark production

• Differential cross sections

• Single Top Production

• Tevatron discovery

• LHC measurements
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Particle Masses
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History of Top Quark
• 1976: Discovery of Upsilon (Fermilab) - contains a 5th quark - 

the b-quark.

• From family structure of SM - expect a 6th quark - race to find it:

• Petra (e+e-) at DESY, Hamburg, mt > 23.3 GeV (1984)

• Tristan (e+e-) in Japan: mt > 30.2 GeV in late 1980s

• UA1@SPS at CERN: mt > 44 GeV (1988)

• LEP (e+e-) at CERN: mt > 45.8 GeV (1990)

• UA2@SPS: mt > 69 GeV

• End of W→tb search channel
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Electroweak precision data
Top is heavy - 
should be in 

reach of Tevatron 
(pp @ 1.8 TeV)
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Top Quark Discovery
• 1984/85: Tevatron collider commissioned & dedicated.

• October 1985: First collisions at CDF (D0 still under 
construction).

• 1987: CDF Run-0

• 1992: First collisions at D0

• 1992-1996: Run 1 Tevatron (1.8 TeV)

• 1995: Discovery of the top quark.
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Top Quark Discovery
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Top Quark Discovery
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Top Quark Discovery
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July 4th, 2012: Higgs discovery
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Top Quark Discovery
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Top Quark Discovery
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Top Quark Discovery
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1000s of events

LHC:
top quark

factory
100000s of events
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The Top Quark
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Why The Top Quark
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H

• In the SM it’s the only quark:

1. With a natural mass:

• Top quark interacts strongly with 
the Higgs sector - special role in 
EWSB?

2. That decays before hadronizing:

• Top is a unique window on QCD 
& EW physics.

m
top

= y
t

v/
p

2 ⇡ 173 GeV) y
t

⇡ 1

�
had

⇡ 2⇥ 10�24s

�
top

⇡ 5⇥ 10�25s
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Top Quark Production 
& Decay
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Top Quark Pair Production
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Tevatron 
(85%)

LHC
 (87%)

(14 TeV)
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Top Quark Signatures
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Lepton + Jets Signature
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signal 

• High pT lepton

• Missing transverse momentum

• Four high pT jets

• Two jets from b-decays.

• B hadron lifetime ~ 1 ps, 
decay length ~ 3mm
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Lepton + Jets Signature
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signal 

• High pT lepton

• Missing transverse momentum

• Four high pT jets

• Two jets from b-decays.

• B hadron lifetime ~ 1 ps, 
decay length ~ 3mm

background 
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Lepton + Jets Signature
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Tevatron 
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Lepton + Jets Signature

23

LHC

W+jets

ttbar

W+jets

ttbar
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Multijet Background
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Nloose

Ntight

Try it!
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Dilepton Signature

25

• 2 High pT leptons

• Missing transverse momentum

• Two jets from b-decays.

signal 

ee / μμ / eμ + jets

background 
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Dilepton Signature
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Dilepton Signature
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ttbar

ttbar

Z (+ jets)
QCD / W + jets

ee / μμ eμ

LHC

Z (+ jets) ttbar Z
(+ jets)

2 jets

ttbar

2 jets,
m(ll) & MET

ttbar
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Z+jets Background
• Z events peak in m(ll) at Z mass - use this to constrain the 

background in the signal region.
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B-tagging in dilepton
• Can have almost pure ttbar sample with two b-tags in dilepton 

events:
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Top Quark Pair Production:

Inclusive cross section
Modelling top quark production

Differential cross section
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Cross Sections at Hadron Colliders
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Partonic Cross Section
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• Partonic cross section:

• In principle calculate all allowed processes that could go 
into Y.

• Use perturbation theory to expand Y in terms of strong coupling 
constant.

• Feynman diagrams used to represent allowed sub-processes.

q̄/g

q/g t

t̄

Y
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Partonic Cross Section
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• Use perturbation theory and expand σ in terms of the 
strong coupling constant, αs.

• αs ~ 0.1 - series should converge.

� (qq̄/gg ! tt̄ + X) = H(0) + ↵sH
(1) + ↵2

sH
(2) + ...

Leading order (LO) 
term, proportional to 

αs2

Next-to-leading order 
(NLO) term, 

proportional to αs3

Next-to-next-to-leading 
order term, 

proportional to αs4
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Partonic Cross Section

34

g

g t

t̄

• Simplest production of top pairs:
t

t̄

g

g

g

q̄

q t

t̄

g g

g

t
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Partonic Cross Section

34

g

g t

t̄

• Simplest production of top pairs:
t

t̄

g

g

g

q̄

q t

t̄

g

Each vertex contributes √αs

αs = strong force (QCD) coupling constant

g

g

t

t̄
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Partonic Cross Section
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• Next simplest - just add one more quark / gluon line:

g

g t

t̄

g

q̄

q t

t̄

g

g
q

+ many others
g

g t

t̄
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Partonic Cross Section

35

• Next simplest - just add one more quark / gluon line:

g

g t

t̄

g

q̄

q t

t̄

g

g
q

+ many others
g

g t

t̄

Extra gluon - results in extra jet of 
hadrons in detector (more later)
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Partonic Cross Section
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+ infinite number of diagrams
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• Calculate all allowed processes:
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Partonic Cross Section
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q̄

q t

t̄

g

• Leading-order cross section contains all terms 
proportional to αs2
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Partonic Cross Section
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• Next-to-leading-order cross section contains all terms 
proportional to αs2 and αs3:

σNLO ∝ σLO +

g

g t

t̄

g 2

t

t̄

g

g

g t

t̄ g

g

x

+

+ + ....

q̄

q t

t̄

g

g
q

2
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NNLO Cross Section

39

• State-of-the-art theoretical calculation calculates the 
inclusive ttbar cross section to NNLO.

• Theoretical precision ~5%!

• Should test with experimental measurements.
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Dilepton Cross Section
• Exploit clean signature of dilepton events:

• Simple selection of events with two high pT leptons and two jets.

• Use m(ll) & MET to remove Z events.
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Dilepton Cross Section
• Extract cross-section by counting events:

41

� =
N

obs

�N
b

✏L
= 239 pb
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Systematic uncertainties are key
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Dilepton Cross Section
• Can improve the precision by measuring some of the efficiency 

in the data:

42
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Dilepton Cross Section
• Can improve the precision by measuring some of the efficiency 

in the data:
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Dilepton Cross Section
• Systematic uncertainties due to jets go down:

43
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Dilepton Cross Section
• Good agreement between measurements and NNLO theory.

• Precision of measurement limited by systematic uncertainties.

44
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Lepton + Jets Cross Section

• ATLAS first measurement with 8 TeV data:

• Select events with high pT lepton, at least three jets, at least 
one b-tag.

• Separate ttbar from W + jets background with likelihood:
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Lepton + Jets Cross Section
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Lepton + Jets Cross Section

• Fit likelihood distribution for ttbar cross section and W + jets 
normalization:

• Work ongoing to reduce systematic uncertainties.
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Top Pair Production LHC

47

Good agreement with SM in all channels
) (pb)t(tσ

0 50 100 150 200 250 300
-0.7

5.8

CMS all jets   3± 26 ± 10 ±139 
JHEP 05 (2013) 065 (L=3.5/fb)  lumi.)± syst. ± stat. ±(val. 

+jetshadτCMS   3± 32 ± 12 ±152 
EPJC 73 (2013) 2386 (L=3.9/fb)  lumi.)± syst. ± stat. ±(val. 

)
had
τ+µCMS dilepton (e/   3± 22 ± 14 ±143 

PRD 85 (2012) 112007  lumi.)± syst. ± stat. ±(val. 
(L=2.2/fb)

)µ,eµµCMS dilepton (ee,   4±  5 ±  2 ±162 
JHEP 11 (2012) 067 (L=2.3/fb)  lumi.)± syst. ± stat. ±(val. 

+jetsµCMS e/   4± 10 ±  2 ±158 
PLB 720 (2013) 83  lumi.)± syst. ± stat. ±(val. 
(L=2.2-2.3/fb)

 = 7 TeVs summary, ttσCMS Preliminary, 

 = 172.5 GeV
top

NNLO+NNLL (top++ 2.0), PDF4LHC, m
Czakon et al., PRL 110 (2013) 252004, arXiv:1112.5675 (2013)
scale uncertainty
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All hadronic
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, b-tagµDilepton, e -14.6 fb  3.6 pb± 4.2 ± 3.1 ±182.9 
miss
T- Ejets, NµDilepton, e -14.6 fb  3.3 pb±  -  9.5

+ 9.7 2.8 ±181.2 
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Top Pair Production Tevatron

48

Good agreement with SM in all channels
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Top Pair Production

49
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Top Quark Pair Production:

Inclusive cross section
Modelling top quark production

Differential cross section
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Simulating Top Quarks
• Often rely on the Monte Carlo (MC) simulation of top pair 

production in the experimental analyses:

51

� =
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✏L

• Extract cross-section 
by counting events:

Selection efficiency 
evaluated using MC 
simulation.
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Monte Carlo

52
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Monte Carlo
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Monte Carlo
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Monte Carlo
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Monte Carlo

52

ttbar in 
perturbative QCD

Soft / collinear 
approximation for 

QCD radiation

Non-perturbative 
model

Important for e.g. 
b-decays

LO, Multi-leg LO, NLO



Top Quark PhysicsMark Owen

Leading Order MC

53

• ‘Simplest’ MC generators:

• Hard process consists of lowest-order Feynman diagrams:

• No radiation in the hard process.

• Radiation only produced from parton shower - resummation 
valid for collinear / soft emissions.
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g t
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t
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q t
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Next-to-Leading Order MC

54

• Now have generators including the next order in the hard 
process:

• First emission now in the hard process - expect better 
modelling compared to LO.

• Additional emissions from parton shower - matching 
procedure needed to avoid double counting.

g

g t

t̄

g
MC@NLO, 

Powheg

LO + 

g

g t

t̄

+ many others+ 
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Multi-leg LO MC

55

• Generators that have up-to N(~3-5) additional emissions 
in the hard process:

• Note, no loop contributions.

• First N emissions now included in the hard process, 
additional emissions from the parton shower - matching 
algorithm needed to avoid double counting.

g

g t

t̄

g Alpgen, Sherpa, 
Madgraph

LO + + 

g

g t
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g
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MC Generators

56

• LO MC generators:

• No radiation in the hard process - all jet radiation comes from parton 
shower approximation.

• NLO MC generators:

• First emission is in the hard process. Additional emissions from the 
parton shower approximation.

• Multi-leg LO generators:

• First N (~3-5) emissions in the hard process. Additional emissions 
from the parton shower approximation.

• Both NLO and ML-LO need to match to the parton shower.

• Which of NLO or ML-LO is better is analysis dependent.

• Uncertainties are important!
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Top Quark Pair Production:

Inclusive cross section
Modelling top quark production

Differential cross sections
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Differential Cross Sections

• Vital to test the theory beyond the inclusive cross section.

• Measure differential distributions of the top quarks themselves, 
but also measure top quarks produced with additional jets.

• Test MC description of the data.

• Test of new physics in tails, e.g. of invariant ttbar mass.

58
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Differential Cross Sections

• Challenging measurements to go from detector measurements 
to underlying physics - have to ‘unfold’ detector effects:
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Differential Cross Sections

• Kinematic variables of top quarks:

• Some tension, but generally good agreement with SM.
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ttbar plus jets

• Production of ttbar with additional jets is interesting final state:

• Directly test different MC model approaches discussed earlier.

• Important background to other processes - ttbar+H & new physics 
with tops in the final state.

• LHC statistics offer the possibility for precise measurements & 
access to high jet multiplicities.

61
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Differential Cross Sections

• Measurement of jet multiplicity in lepton+jets top events:

62
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6 jets in the detector:
2 from W, 2 b-jets and  

2 gluon jets
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Differential Cross Sections

• Measurement of jet multiplicity in lepton+jets top events:
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Differential Cross Sections

• Unfolded data compared to MC models:

• Start to distinguish models at high n(jets).
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Single Top Quark Production:

Tevatron discovery
LHC measurements
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Single Top Production

66

Direct sensitivity to |Vtb|
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t-channel

67
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Backgrounds

68
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Boosted Decision Trees
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Boosted Decision Trees
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Boosted Decision Trees
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Boosted Decision Trees
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Boosted Decision Trees
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Boosted Decision Trees
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Boosted Decision Trees

75



Top Quark PhysicsMark Owen

Boosted Decision Trees
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Boosted Decision Trees
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Single Top Discovery
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Single Top Discovery
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Single Top Latest

80

|Vtb|=0.88±0.07,
|Vtb| > 0.77 (@ 95% CL)

|Vtb| > 0.79 (@ 95% CL)

Good agreement with SM

|Vtb|=0.96±0.10
|Vtb| > 0.78 (@ 95% CL)
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Separating s & t channel
• Use another multi-variate to discriminate between the s- and t-

channel processes:

81
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Separating s & t channel
• Simultaneous measurement of two channels:

82

First evidence for s-channel production
|Vtb| > 0.92 (@ 95% CL)
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Single Top Quark Production:

Tevatron discovery
LHC measurements
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Single Top at LHC
• Much higher cross section at LHC - better signal to background 

ratio for t-channel and Wt-channel:

84
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Single Top at LHC
• t-channel can be selected with cuts on events with one lepton 

and two or three jets:
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Single Top at LHC
• Best sensitivity still comes from multi-variate analysis:

86

Good agreement with SM
|Vtb| > 0.92 (@ 95% CL)
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Single Top at LHC
• Can now start to measure differential distributions of single top 

events:
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Good agreement with SM
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Summary

• Top quark pair production well established at both Tevatron and 
LHC.

• Measurements of inclusive cross section are in good agreement 
with SM NNLO prediction.

• Differential measurements start to probe interesting kinematic 
regions (high mass, high n(jets)).

• Single top moves from discovery to measurement phase.

• Experimental challenge is to continue to reduce systematic 
uncertainties.
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