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nucleus

➞ top quark and strong and EW interaction
➞ tt+jets, ttγ, ttZ, ttW production

_ _ __
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Top Quark Pair Production
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~13%
(8 TeV)

~87%
(8 TeV)
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Top Quark Pair Signatures
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• high pT leptons, missing ET
• jets
• b-jets

τ’s
14%

dilepton (e/μ)
6%

e/μ+jets
34%

alljets
46%
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• LO QCD+parton shower generators
    Pythia, Herwig, ...

• LO multileg generators matched 
with parton shower
    Alpgen+Pythia, Alpgen+Herwig, ...

• NLO+parton shower generators
    Powheg+Pythia, MC@NLO+Herwig, ...

• NLO+LO multileg generators 
matched with parton showers

• NNLO QCD calculations
    normalisation
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“Revolution” in Phenomenology



- Christian Schwanenberger -Top Pair plus Radiation DIS 2015, Dallas

• LO QCD+parton shower generators
    Pythia, Herwig, ...

• LO multileg generators matched 
with parton shower
    Alpgen+Pythia, Alpgen+Herwig, ...

• NLO+parton shower generators
    Powheg+Pythia, MC@NLO+Herwig, ...

• NLO+LO multileg generators 
matched with parton showers

• NNLO QCD calculations
    normalisation

10

“Revolution” in Phenomenology

...



- Christian Schwanenberger -Top Pair plus Radiation DIS 2015, Dallas

• LO QCD+parton shower generators
    Pythia, Herwig, ...

• LO multileg generators matched 
with parton shower
    Alpgen+Pythia, Alpgen+Herwig, ...

• NLO+parton shower generators
    Powheg+Pythia, MC@NLO+Herwig, ...

• NLO+LO multileg generators 
matched with parton showers

• NNLO QCD calculations
    normalisation

11

“Revolution” in Phenomenology



- Christian Schwanenberger -Top Pair plus Radiation DIS 2015, Dallas

• LO QCD+parton shower generators
    Pythia, Herwig, ...

• LO multileg generators matched 
with parton shower
    Alpgen+Pythia, Alpgen+Herwig, ...

• NLO+parton shower generators
    Powheg+Pythia, MC@NLO+Herwig, ...

• NLO+LO multileg generators 
matched with parton showers

• NNLO QCD calculations
    normalisation

12

“Revolution” in Phenomenology

F. Siegert
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“Revolution” in Phenomenology
• LO QCD+parton shower generators
    Pythia, Herwig, ...

• LO multileg generators matched 
with parton shower
    Alpgen+Pythia, Alpgen+Herwig, ...

• NLO+parton shower generators
    Powheg+Pythia, MC@NLO+Herwig, ...

• NLO+LO multileg generators 
matched with parton showers

• NNLO QCD calculations
    normalisation

A. Mitov

S. Protopopescu
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“Revolution” in Phenomenology
• LO QCD+parton shower generators
    Pythia, Herwig, ...

• LO multileg generators matched 
with parton shower
    Alpgen+Pythia, Alpgen+Herwig, ...

• NLO+parton shower generators
    Powheg+Pythia, MC@NLO+Herwig, ...

• NLO+LO multileg generators 
matched with parton showers

• NNLO QCD calculations
    normalisation

this analysis:
tt+jets
_

very important 
measurements to study 
higher orders QCD in a 
top quark environment!
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Fiducial Kinematic Phase Space
• exactly one isolated e 
or μ with |η|<2.5, pt>25 
GeV (including clustering 
with γ in cone ∆R=0.1)

• no additional e or μ with 
pt>15 GeV & |η|<2.5 

• e, μ: including 
clustering with γ in 
cone ∆R=0.1

• ≥ 3 Jets with pt>25 
GeV & |η|<2.5 
incl. ≥1 b-tagged jet 

• Et,miss > 30GeV

• no jet-jet pair 
with dR<0.5	  

•  no jet-e or jet-μ pair 
with dR<0.4 

• mT(W)>35 GeV  

•  corrections to particle level
➞ reduced dependence on MC model

• jets: anti-kt R=0.4, 
clusters all but prompt 
particles (i.e. e, μ, ν from 
hadronic decays are 
inside jets)

•  background subtraction
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Jet Multiplicities

➞ high sensitivity on higher order QCD modeling of MC generators

... 40, 60 GeV, ...

• uncertainties dominated by JES and MC modeling of QCD radiation

JHEP 1501, 020 (2015)
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Jet Multiplicities

... 40, 60 GeV, ...

• Uncertainties dominated by JES and MC modeling of QCD radiation

MC@NLO+Herwig
disfavoured (since those come 
mostly from parton showers)

ALPGEN+Pythia ok
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Jet Multiplicities

... 40, 60 GeV, ...

• Uncertainties dominated by JES and MC modeling of QCD radiation

Powheg+Pythia with damping of the hardest 
emissions is best (high njets still get large 
contributions from the matrix element)
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Differential: Jet pT

Alpgen+Pythia and 
Powheg+Pythia
disfavoured
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Differential: Jet pT

MC@NLO+Herwig 
too soft

➞ multileg MEs 
are needed!
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Differential: Jet pT

Powheg+Pythia in 
reasonable agreement
Powheg+Pythia with 
damping softer, due to 
damping of hardest 
emission 
➞ matter of tuning
(hdamp=mtop works best)
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Strong Coupling and Parton Showers

➞ high sensitivity on αS and parton showers
➞ very valuable for improving models and reduce uncertainties
➞ used for MC tuning:
➞ improves our understanding of higher order QCD calculations

... 40, 60 GeV, ...

ATL-PHYS-PUB-2015-007
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ttγ Production

24

-iQteγμ

• measure top quark charge
• search for anomalous couplings

photons not radiated off the top quark: interference taken into account

_
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Selection and Fiducial Phase Space
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γ

“standard” lepton+jets selection • ≥ 1 isolated photon with 
pt>20 GeV & |η|<2.37,
|meγ-mZ|>5GeV

• exactly one e or μ 
with |η|<2.5, pt>25 GeV,
e, μ: including clustering 
with γ in cone ∆R=0.1 

• jets: anti-kt R=0.4, 
clusters all but prompt 
particles (i.e. e, μ, ν from 
hadronic decays are 
inside jets)

• ≥ 4 Jets with pt>25 
GeV & |η|<2.5 
incl. ≥1 b-tagged jet 

•  no jet-e (dR<0.2) or jet-μ (dR<0.4) 
or jet-γ (dR<0.5) or lepton-γ pair 
(dR<0.7) (reduce lepton FSR)

• Et,miss > 30GeV

• mT(W)>35 GeV  
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ttγ Cross Section
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• template fit using track-isolation distribution to discriminate
pTiso: the scalar sum of the transverse momenta of selected tracks in a cone of ∆R = 0.2 around the photon candidate

_

hadrons misidentified as photons,
neutral hadron decays to diphotons:
multijets data sample

prompt photon 
backgrounds:
data driven and MC 
simulation

arXiv:1502.00586 [hep-ex]

http://arxiv.org/abs/1502.00586
http://arxiv.org/abs/1502.00586
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ttγ Cross Section
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• template fit using track-isolation distribution to discriminate

➞ in agreement with SM prediction
➞ observation with significance of 5.3σ

pTiso: the scalar sum of the transverse momenta of selected tracks in a cone of ∆R = 0.2 around the photon candidate

_

arXiv:1502.00586 [hep-ex]

SM: 48±10 fb

http://arxiv.org/abs/1502.00586
http://arxiv.org/abs/1502.00586
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ttZ and ttW Production

29

• measure 3rd component of weak isospin
• search for anomalous couplings in ttZ vertex (basically unexplored)

➞ both processes are important backgrounds to searches 
    (e.g. ttH in multilepton events)

_

-i               (T3 - sin2ϑW Qt)γμsinϑW cosϑW

e

_

_ _
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Three Lepton Channel

30

Z
l+

l-

‘

+ same channels with Z-veto to enhance ttW production
+ different bins in njets and nbjets

_
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Three Lepton Channel
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+ same channels with Z-veto to enhance ttW production
+ different bins in njets and nbjets

Z
l+

l-

4 jets, 2 b-jets

_
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Three Lepton + Same Sign Dilepton
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Z
l+

l-

l-

W
l
ν

➞ counting analysis
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Opposite Sign Dilepton
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Z
l+

l-

l-

➞ neural network analysis

+ same channels with 
Z-veto 
+ different bins in njets 
and nbjets
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Simultaneous Measurement of ttZ, ttW

34

l-

➞ in agreement with SM prediction
➞ evidence for ttZ and ttW production with 3.1σ each

_ _

_ _
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Summary

36

• tt+jets: many different observables related to QCD radiation 
have been measured (fiducial phase space): results show 
discriminating power between some MC models
allowing first MC optimisations
• first observation of ttγ production: in agreement with SM
• evidence for ttZ and ttW production: in agreement with SM

• for tt+jet production: 13 TeV data will offer potential for 
smaller uncertainties and allow to probe more extreme parts of 
the phase space
• for ttγ, ttZ and ttW production: 13 TeV data will allow precise 
measurements of cross sections and EW couplings and sensitive 
searches for anomalous contributions

➞ important improvements to understand strong 
and EWK interactions of top quark

interaction between top quark and strong and EWK force carriers

➞ exciting prospects for Run-II

_
_ _

_

_ _ _

_
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Fiducial Object Definition
• e, μ: including 
clustering with γ in cone 
∆R=0.1

• b-jets: if stable B-
hadron with initial 
pt>5GeV, ghost matched 
to the jet 
(corresponding to non-
prompt Bs from EW 
decays) 

• e, μ: including 
clustering with γ in 
cone ∆R=0.1

• jets: anti-kt R=0.4, 
clusters all but prompt 
particles (i.e. e, μ, ν from 
hadronic decays are 
inside jets)



- Christian Schwanenberger -Top Pair plus Radiation DIS 2015, Dallas 39

Correction to Particle Level
global efficiency correction factors+iterative Bayesian unfolding:

➞ considerably large factors to correct for detector effects
➞ reduced depencence on MC model

	  	  	  	  	  	  	  	  	  	  #events	  @	  par,cle	  level	  in	  fiducial	  volume	  
	  	  	  	  	  	  	  	  	  	  #	  events	  @	  reco	  level	  in	  fiducial	  volume
freco!part:#	  events	  reco	  jets	  no	  par,cle	  jets
fpart!reco:	  #	  events	  par,cle	  jets	  no	  reco	  jets	  

faccept
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Top decay products: pseudo-top

➞ reconstruct tops on particle level
➞ very valuable for theorists today and in future
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Jet Veto (“Gap Fraction”) Analysis

➞ complementary 
since mostly 

sensitive to first 
emission
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Radiation Hardness

➞ measurements are sensitive to model parameter hdamp to regulate 
hardness of first radiation: hdamp ~mtop is best
➞ very important to model QCD processes
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Top pair event generation

p

p
αS αS
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Top pair event generation
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