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  section and of diferential distributionssection and of diferential distributions

  in top quark pair production in top quark pair production 
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The Top QuarkThe Top Quark
  needed as isospin partner of needed as isospin partner of 
    bottom quarkbottom quark

  discovered in 1995 by CDF and discovered in 1995 by CDF and DDØ:Ø:  
    mm

toptop
  ~ gold atom~ gold atom

  large coupling to Higgs boson ~ 1:large coupling to Higgs boson ~ 1:
    important role in electroweak important role in electroweak 
    symmetry breaking?symmetry breaking?

  short lifetime: short lifetime: ττ ~ 5  ~ 5 ··1010-25-25s s ≪ Λ≪ Λ--11

QCD QCD 
::

    decays before fragmenting decays before fragmenting 
    →→  observe “naked” quarkobserve “naked” quark

Is the top quark the particle as predicted by the SM?Is the top quark the particle as predicted by the SM?
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The Tevatron at FERMILAB: pp CollisionsThe Tevatron at FERMILAB: pp Collisions

Main Injector
 & Recycler

Tevatron

Booster

p 
p 

  p source

Chicago

_

_

CDF DØ

60 km60 km

p  

√s =1.96 TeV 
∆t = 396 ns

Run I 1987 (92)-95Run I 1987 (92)-95
Run II 2001-11: 100x larger dataset Run II 2001-11: 100x larger dataset 
                                                    at increased energyat increased energy

p  
_ 

__
Is the top quark the particle as Is the top quark the particle as 
predicted by the Standard Model?predicted by the Standard Model?
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Tevatron Integrated LuminosityTevatron Integrated Luminosity

Thanks to Thanks to acceleratoraccelerator and computing divisions! and computing divisions!

up to 5.4 fbup to 5.4 fb-1-1
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Inclusive production cross sectionInclusive production cross section

Diferential cross sectionDiferential cross section

Top massTop mass

Lorentz invariance violationLorentz invariance violation

ConclusionsConclusions

OutlineOutline
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Top Quark Pair ProductionTop Quark Pair Production

  tt  gg

  qq--

85%85%

  qq     tt

  tt--

  tt--   tt--   tt--

  gg   gg

  gg  gg  gg

  tt   tt

15%15%

σ
tt
 = 7.46 

-0.67
 pb in NNLO

approx

(m
top

 = 172.5 GeV)

_
+ 0 .48

PRD 78, 034003 (2008)
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Top Pair SignaturesTop Pair Signatures

all jetall jet
46%46%

dilepton (e/dilepton (e/μ)μ)
  6%6%

  top decay:top decay:  

  tt

  bb

  qq  ν,ν,

e/e/μ μ + jet+ jet
34%34%

~100%~100%

τ'τ'ss
14%14%

  q'q'--ll
++,,

    WW++
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Lepton+Jets Topological Cross SectionLepton+Jets Topological Cross Section

top pairtop pair

top pairtop pairRandom Forests of 
Boosted Decision Trees

W+jetsW+jets

•  kinematic properties allow          kinematic properties allow          
  separation between signal and      separation between signal and    
  background  background

use variables such as:use variables such as:

energy-dependent quantitiesenergy-dependent quantities::
•  e.g. transverse mass of leptonic tope.g. transverse mass of leptonic top

angular dependentangular dependent::
•  e.g. sphericitye.g. sphericity

powerful test of QCD powerful test of QCD 
  and search for new physicsand search for new physics

W+jetsW+jets
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Lepton+Jets Topological Cross SectionLepton+Jets Topological Cross Section

top pairtop pair

top pairtop pairRandom Forests of 
Boosted Decision Trees

W+jetsW+jets

•  kinematic properties allow          kinematic properties allow          
  separation between signal and      separation between signal and    
  background  background

use variables such as:use variables such as:

energy-dependent quantitiesenergy-dependent quantities::
•  e.g. transverse mass of leptonic tope.g. transverse mass of leptonic top

angular dependentangular dependent::
•  e.g. sphericitye.g. sphericity

powerful test of QCD powerful test of QCD 
  and search for new physicsand search for new physics

W+jetsW+jets
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Lepton+Jets Topological Cross SectionLepton+Jets Topological Cross Section

top top 
pairpair

W+jetsW+jets

multijetsmultijets

σ
tt
 = 7.68

-0.64
 (stat+syst+lumi) pb_

+0.71

m
top

 = 172.5 GeV

> 3 jets> 3 jets≥≥  4 jets4 jets

combine:
2 jets
3 jets
≥4 jets 
e and μ

_

up to 6 variables
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  B hadron lifetime B hadron lifetime ττ ~ 1 ps ~ 1 ps
  B hadrons travel LB hadrons travel L

xyxy
 ~ 3 mm before decay ~ 3 mm before decay

  form a 7-variable neural networkform a 7-variable neural network
  b-jet tagging efciency 59%b-jet tagging efciency 59%
    (with fake rate of 1%)(with fake rate of 1%)

b-taggingb-tagging
Nucl. Instrum. Meth. A 620, 490 (2010)

  secondary vertex taggersecondary vertex tagger
  45% b-jet tagging efciency45% b-jet tagging efciency
    (with fake rate of 1%)(with fake rate of 1%)
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Lepton+Jets Cross Section with b-taggingLepton+Jets Cross Section with b-tagging

top top 
pairpair

W+jetsW+jets

multijetsmultijets

σ
tt
 = 8.13

-0.90
 (stat+syst+lumi) pb_

+1.02

very powerful tool to reduce the backgroundvery powerful tool to reduce the background

m
top

 = 172.5 GeV
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Combined MethodCombined Method

1 b-jet1 b-jet

“counting”_

W+jets & heavy 
favor scale 
factor f

H

binned maximum likelihood ft
(systematics included as 
nuisance parameters)

combine:
2, 3,  ≥4 jets 
0, 1, ≥2 b-jets
e and μ

1 b-jet1 b-jet

m
top

 = 172.5 GeV

σ
tt
 = 7.78

-0.64
 (stat+syst+lumi) pb_

+0.77

±±9%9%

systematically 
limited:
- luminosity
- JES and JER
- b-tagging

Phys. Rev. D 84, 012008 (2011)
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Dilepton Cross Section with b-taggingDilepton Cross Section with b-tagging

m
top

 = 172.5 GeV ±11±11%%σ
tt
 = 7.36

-0.79
 (stat+syst+lumi) pb_

+0.90

Z+jetsZ+jets

top top 
pairpair

Phys. Lett. B 
704, 403 (2011)
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m
top

 = 172.5 GeV

Combination: l+jets and dileptonCombination: l+jets and dilepton  

σ
tt
 = 7.56

-0.56
 (stat+syst+lumi) pb_

+0.63

±8±8%%

→→  good agreement with higher order QCD calculationsgood agreement with higher order QCD calculations

all channels measured except for all channels measured except for ττ
hadhad

  ττ
hadhad

Top Pair Production Cross SectionsTop Pair Production Cross Sections
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Inclusive production cross sectionInclusive production cross section

Diferential cross sectionDiferential cross section

Top massTop mass

Lorentz invariance violationLorentz invariance violation

ConclusionsConclusions

OutlineOutline



 05/07/2012     Top Pair Production Cross Section       – Christian Schwanenberger –       ICHEP 2012, Melbourne       18 

Diferential Cross SectionDiferential Cross Section

  important test of NLO QCDimportant test of NLO QCD
  unfolding of distributionsunfolding of distributions

  need NLO QCD to describe need NLO QCD to describe 
    normalisation correctlynormalisation correctly

Kidonakis, Vogt, 
Phys. Rev. D78, 074005 (2008)

Phys. Lett. B 693, 515 (2010)

(tree level incl.(tree level incl.
higher orders)higher orders)

(tree level LO)(tree level LO)
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Diferential Cross SectionDiferential Cross Section

  important test of NLO QCDimportant test of NLO QCD
  unfolding of distributionsunfolding of distributions

  need NLO QCD to describe need NLO QCD to describe 
    normalisation correctlynormalisation correctly

Phys. Lett. B 693, 515 (2010)

  shape described well by shape described well by 
    PYTHIA and ALPGENPYTHIA and ALPGEN

(tree level LO)(tree level LO)

(tree level incl.(tree level incl.
higher orders)higher orders)
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Inclusive production cross sectionInclusive production cross section

Diferential cross sectionDiferential cross section

Top massTop mass

Lorentz invariance violationLorentz invariance violation

ConclusionsConclusions

OutlineOutline
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What mass do we measure?What mass do we measure?
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Important to know...Important to know...

____________

______

~10 GeV (3-loop) ~10 GeV (3-loop) 

  measurement reconstructing decay products: depends on MC mass detailsmeasurement reconstructing decay products: depends on MC mass details
  how does MC mass relate to pole mass or running mass scheme?how does MC mass relate to pole mass or running mass scheme?

  can we measure pole or MS mass in direct and well-defned way?can we measure pole or MS mass in direct and well-defned way?

pole mass pole mass 
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Important to know...Important to know...

____________

______

~10 GeV (3-loop) ~10 GeV (3-loop) 

  measurement reconstructing decay products: depends on MC mass detailsmeasurement reconstructing decay products: depends on MC mass details
  how does MC mass relate to pole mass or running mass scheme?how does MC mass relate to pole mass or running mass scheme?

  can we measure pole or MS mass in direct and well-defned way?can we measure pole or MS mass in direct and well-defned way?

pole mass pole mass 

world world 
average average 
interpretedinterpreted

as MS massas MS mass
~10 GeV (3-loop)~10 GeV (3-loop)

______
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Top Quark Pole MassTop Quark Pole Mass

MC mass = pole massMC mass = pole mass

  use b-tagged cross section since less dependent on massuse b-tagged cross section since less dependent on mass

  diference due to MC mass interpretation is included into systematicsdiference due to MC mass interpretation is included into systematics

  11σσ consistent with Tevatron average: m consistent with Tevatron average: m
tt
 = 173.3  = 173.3 ±± 1.1 GeV 1.1 GeV

±2.9%±2.9%

Moch, Uwer Moch, Uwer 

Ahrens et al. Ahrens et al. 

m
t
    = 166.7

-4.5
 GeV

pole +5.2
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Top Quark Pole MassTop Quark Pole Mass

±2.9%±2.9%

  use b-tagged cross section since less dependent on massuse b-tagged cross section since less dependent on mass

  diference due to MC mass interpretation is included into systematicsdiference due to MC mass interpretation is included into systematics

  11σσ consistent with Tevatron average: m consistent with Tevatron average: m
tt
 = 173.3  = 173.3 ±± 1.1 GeV 1.1 GeV

pole mass pole mass 

Moch, Uwer Moch, Uwer 

Ahrens et al. Ahrens et al. 

Phys. Rev. D80, 
054009 (2009)

JHEP 1009, 
097 (2010)

m
t
    = 166.7

-4.5
 GeV

pole +5.2
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Top Quark MS MassTop Quark MS Mass

MC mass = pole massMC mass = pole mass

  frst extraction of MS mass taking selection efciency into frst extraction of MS mass taking selection efciency into 
    accountaccount

  22σσ consistent with Tevatron average: m consistent with Tevatron average: m
tt
 = 173.3  = 173.3 ±± 1.1 GeV 1.1 GeV

  Tevatron average is more consistent with a pole mass!Tevatron average is more consistent with a pole mass!

±2.8%±2.8%

better convergence of higher better convergence of higher 
order resummation order resummation 

______

______

Moch, Uwer Moch, Uwer 

Ahrens et al. Ahrens et al. 

m
t
    = 160.0

-4.3
 GeV

MS +4.8
___
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Top Quark MS MassTop Quark MS Mass

  frst extraction of MS mass taking selection efciency into frst extraction of MS mass taking selection efciency into 
    accountaccount

  22σσ consistent with Tevatron average: m consistent with Tevatron average: m
tt
 = 173.3  = 173.3 ±± 1.1 GeV 1.1 GeV

  Tevatron average is more consistent with a pole mass!Tevatron average is more consistent with a pole mass!

±2.8%±2.8%

______

______

Moch, Uwer Moch, Uwer 

Ahrens et al. Ahrens et al. 

pole mass pole mass 

MS massMS mass
______

m
t
    = 160.0

-4.3
 GeV

MS +4.8
___
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Inclusive production cross sectionInclusive production cross section

Diferential cross sectionDiferential cross section

Top massTop mass

Lorentz invariance violationLorentz invariance violation

ConclusionsConclusions

OutlineOutline
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Search for Lorentz invariance violationSearch for Lorentz invariance violation

General Lorentz invariance violating terms added to General Lorentz invariance violating terms added to 
SM Lagrangian:SM Lagrangian:

symmetric traceless matrices: symmetric traceless matrices: 
strength of Lorentz invariance violationstrength of Lorentz invariance violation
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Search for Lorentz invariance violationSearch for Lorentz invariance violation
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ConclusionsConclusions

  top pair production cross sectiontop pair production cross section
    8% precision, many channels analyzed, good agreement 8% precision, many channels analyzed, good agreement 
    with NLO QCD predictions, no new physics observedwith NLO QCD predictions, no new physics observed

  diferential cross section is investigateddiferential cross section is investigated
    e.g. top quark transverse momentum, powerful QCD testse.g. top quark transverse momentum, powerful QCD tests

  pole and MS masspole and MS mass
    pole mass agrees with pole mass agrees with 
    Tevatron combination within 1Tevatron combination within 1σσ

  top quark production as top quark production as 
  expected in SMexpected in SM
    new tests using NNLO+NNLL new tests using NNLO+NNLL 
    calculations: 3% uncertainty calculations: 3% uncertainty 

Highlights of top pair production physics:Highlights of top pair production physics:

______



 05/07/2012     Top Pair Production Cross Section       – Christian Schwanenberger –       ICHEP 2012, Melbourne       32 

BackupBackup  
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Lepton+jets SignaturesLepton+jets Signatures

  qq

  qq--

  tt

  tt--

WW++

  WW--

  bb

  bb--

  νν

  q'q'--

  qq

e/μ + jet

  signalsignal

IP

SV

 Jet 1

IP

S
V

 Jet 2

SV

IP

IP

SV

 Jet 1

 Jet 2

μ-

W + jets

3000 times higher rate backgroundbackground

  q'q'

  qq--
  νν

  gg

WW++

  qq

  qq--

  bb

  bb--

  gg
  qq

  qq--   qq--

  bb

  bb--

  ggmultijets

ℓℓ++

  ℓℓ++

“ℓ“ℓ””

  qq--

1010 times higher rate
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Dilepton SignaturesDilepton Signatures

  qq

  qq--

  tt

  tt--

WW++

  WW--

  bb

  bb--

  νν

  νν

  signalsignal

Z + jets

300 times higher rate

backgroundbackground

less statistics
less background

ee, eμ, μμ

ZZ

  qq--

  qq   gg   bb

  bb--

ℓℓ++

ℓℓ--

ℓℓ++

ℓℓ--

--
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Top Pair Production Cross SectionTop Pair Production Cross Section

  check if production rate is as expected in the SMcheck if production rate is as expected in the SM

  test of the underlying theory: QCDtest of the underlying theory: QCD

  powerful search for new physics beyond the SM powerful search for new physics beyond the SM 

5.4 fb-1
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Top Pair Production Cross SectionsTop Pair Production Cross Sections

⇒⇒ good agreement with SM in all channelsgood agreement with SM in all channels

combination: ±6% !combination: ±6% !all channels measured except for all channels measured except for ττ
hadhad

  ττ
hadhad

NEWNEW

MET+2, 3, MET+2, 3, ≥≥ 4 jets (orthogonal) 4 jets (orthogonal)NEWNEW
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Diferential Cross SectionDiferential Cross Section

  need NLO QCD to describe need NLO QCD to describe 
    normalisation correctlynormalisation correctly

  no deviation from the SMno deviation from the SM

arXiv:1001.1900 [hep-ex]

PYTHIAPYTHIA  

PRL 102, 222003 (2009)

  important test of NLO QCDimportant test of NLO QCD
  unfolding of distributionsunfolding of distributions
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Diferential Cross SectionDiferential Cross Section

  no deviation from the SMno deviation from the SM
  NLO+NNLL: NLO+NNLL: improvementimprovement

  need NLO QCD to describe need NLO QCD to describe 
    normalisation correctlynormalisation correctly

arXiv:1001.1900 [hep-ex]

Ahrens, Ferrogia, Neubert, Pecjak, Yang
arXiv:1006.4682 [hep-ph]

  important test of NLO QCDimportant test of NLO QCD
  unfolding of distributionsunfolding of distributions



 05/07/2012     Top Pair Production Cross Section       – Christian Schwanenberger –       ICHEP 2012, Melbourne       39 

Which top mass does a LO MC contain?Which top mass does a LO MC contain?
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Which top mass does a LO MC contain?Which top mass does a LO MC contain?
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Which top mass does a LO MC contain?Which top mass does a LO MC contain?
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Which top mass does a LO MC contain?Which top mass does a LO MC contain?
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Which top mass does a LO MC contain?Which top mass does a LO MC contain?

very hard to answer...very hard to answer...
(LL)(LL)
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Top Quark Pole MassTop Quark Pole Mass

MC mass = pole massMC mass = pole mass

  use b-tagged cross section since less dependent on massuse b-tagged cross section since less dependent on mass

  diference due to MC mass interpretation is included into systematicsdiference due to MC mass interpretation is included into systematics

  11σσ consistent with Tevatron average: m consistent with Tevatron average: m
tt
 = 173.3  = 173.3 ±± 1.1 GeV 1.1 GeV

±2.9%±2.9%m
t
    = 166.7

-4.5
 GeV

pole +5.2

Moch, Uwer Moch, Uwer 

Ahrens et al. Ahrens et al. 

arXiv:1104.2887 [hep-ex]
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Top Quark MS MassTop Quark MS Mass

MC mass = pole massMC mass = pole mass

  frst extraction of MS mass taking selection efciency into frst extraction of MS mass taking selection efciency into 
    accountaccount

  22σσ consistent with Tevatron average: m consistent with Tevatron average: m
tt
 = 173.3  = 173.3 ±± 1.1 GeV 1.1 GeV

  Tevatron average is more consistent with a pole mass!Tevatron average is more consistent with a pole mass!

±2.8%±2.8%m
t
    = 160.0

-4.3
 GeV

MS +4.8

better convergence of higher better convergence of higher 
order resummation order resummation 

______

______

___

Moch, Uwer Moch, Uwer 

Ahrens et al. Ahrens et al. 

arXiv:1104.2887 [hep-ex]
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Diferent Top Mass DefnitionsDiferent Top Mass Defnitions

≈≈1010
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Search for Lorentz invariance violationSearch for Lorentz invariance violation
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Search for Lorentz invariance violationSearch for Lorentz invariance violation
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