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The top quark
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The heaviest fundamental particle with 
unique properties

‣ Large coupling to Higgs boson (Yt~1)

‣ Important role in electroweak symmetry 
breaking

‣ Critical role in characterization  of the observed 
Higgs boson and in searches for new physics
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Motivation
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Top quark measurements are of central importance to the 
LHC physics program

Large sample of top quarks collected by experiments provides 

    unique opportunities 

‣ to probe the EWSB mechanism through top coupling measurements

‣ for precision measurements in top quark sector

‣ allow for stringent test of Standard Model and searches beyond

‣ for development of new tools for calibration of the detector 

    challenges

‣ reveals limitations of current QCD calculations and motivates their 
refinements 

‣ good understanding of top pair background modelling is critical for 
many searches for new physics 
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Top quark production
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 ~85%  ~15%

Main mechanism: pair production via strong interaction

LHC:         ATLAS full 7 TeV sample      ~29,000 l+jets events
Tevatron:   D0 full sample                      ~2,700 l+jets events
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Top quark production
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 ~85%  ~15%

Main mechanism: pair production via strong interaction

Single top quark production via EW interaction

t-channel s-channel Wt-channel

LHC:         ATLAS full 7 TeV sample      ~29,000 l+jets events
Tevatron:   D0 full sample                      ~2,700 l+jets events
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Top quark decay
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~100%
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Top quark decay
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~100%

~4.5%

dileptons
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Top quark decay
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~100%

Due to high production rate of top 
pairs dilepton channel became very 
valuable at LHC due to its purity 
and lower jet activity

~4.5%

dileptons

~30%

lepton+jets



 
Top pair differential cross sections

top quark and tt kinematics 
tt production with jets

_

_

Rare processes
evidence for ttV production

search for ttH production

_
_

Top pair cross sections
precision measurement in eμ channel

simultaneous measurement of tt, WW and Z→ττ  
_

Conclusions and outlook
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Theoretical predictions

Full next-to-next-to-leading-order (NNLO) accuracy in the strong 
coupling constant αs, including the resummation of next-to-next-to-
leading logarithmic (NNLL) soft gluon terms

11

calculated using top++2.0σtt̄ = 177.3 ± 9.0+4.6
−6.0 pb7 TeV

σtt̄ = 252.9 ± 11.7+6.4
−8.6 pb8 TeV

M.Czakon, A.Mitov, arXiv:1112.5675 

Phys.Rev.Lett. 110 (2013) 252004
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Theoretical predictions

Full next-to-next-to-leading-order (NNLO) accuracy in the strong 
coupling constant αs, including the resummation of next-to-next-to-
leading logarithmic (NNLL) soft gluon terms

12

calculated using top++2.07 TeV

σtt̄ = 252.9 ± 11.7+6.4
−8.6 pb8 TeV

M.Czakon, A.Mitov, arXiv:1112.5675 

Scale 
‣ independent variation of 

renormalization and factorization 
scales by a factor of two, 
excluding permutations where 
the two scales differ from each 
other by a factor of 4.

σtt̄ = 177.3 ± 9.0+4.6
−6.0 pb

Phys.Rev.Lett. 110 (2013) 252004

Systematic uncertainties
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Theoretical predictions

Full next-to-next-to-leading-order (NNLO) accuracy in the strong 
coupling constant αs, including the resummation of next-to-next-to-
leading logarithmic (NNLL) soft gluon terms

13

calculated using top++2.07 TeV

σtt̄ = 252.9 ± 11.7+6.4
−8.6 pb8 TeV

M.Czakon, A.Mitov, arXiv:1112.5675 

Scale 
‣ independent variation of 

renormalization and factorization 
scales by a factor of two, 
excluding permutations where 
the two scales differ from each 
other by a factor of 4.

PDF and αS

‣ PDF4LHC prescription
‣ error sets for 

‣ CT10 NLO 
‣ MSTW 2008 68% CL NLO
‣ NNPDF 2.3 NLO

‣ central value: midpoint of the envelope
‣ uncertainty: upper and lower edge

Phys.Rev.Lett. 110 (2013) 252004

σtt̄ = 177.3 ± 9.0+4.6
−6.0 pb

~6% total uncertainty

has been agreed in the TopLHC WG Systematic uncertainties
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Top pair models: history
Majority of the precision measurements are limited by systematic 
uncertainties on the MC modelling of top pair final state
Monte Carlo modelling of high jet and b-jet multiplicities is 
important for searches
‣ ttH(bb), Vector LeptoQuarks, SUSY     

14

_
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15

Year calculation generator comment

~1990 ME(2→2)@LO + PS
Pythia
Herwig

_ _
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Year calculation generator comment

~1990

~2001

ME(2→2)@LO + PS
Pythia
Herwig

ME(2→n)@LO + PS
Alpgen

Madgraph
Sherpa

merging of multi-parton MEs and PS 
cross section (2→n) Born accuracy

parton shower in leading log accuracy
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Year calculation generator comment

~1990

~2001

~2002

ME(2→2)@LO + PS
Pythia
Herwig

ME(2→n)@LO + PS
Alpgen

Madgraph
Sherpa

merging of multi-parton MEs and PS 
cross section (2→n) Born accuracy

parton shower in leading log accuracy

ME(2→2)@NLO + PS
MC@NLO

Powheg

NLO matching, cross section NLO 
accuracy, hardest emission from ME, 

parton shower in leading log accuracy

_ _
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Year calculation generator comment

~1990

~2001

~2002

2010-
2014

ME(2→2)@LO + PS
Pythia
Herwig

ME(2→n)@LO + PS
Alpgen

Madgraph
Sherpa

merging of multi-parton MEs and PS 
cross section (2→n) Born accuracy

parton shower in leading log accuracy

ME(2→2)@NLO + PS
MC@NLO

Powheg

NLO matching, cross section NLO 
accuracy, hardest emission from ME, 

parton shower in leading log accuracy

ME(2→n)@NLO + PS Sherpa 
aMC@NLO_Madgraph5

NLO matched with multi-parton 
merging

_ _
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Year calculation generator comment

~1990

~2001

~2002

2010-
2014

ME(2→2)@LO + PS
Pythia
Herwig

ME(2→n)@LO + PS
Alpgen

Madgraph
Sherpa

merging of multi-parton MEs and PS 
cross section (2→n) Born accuracy

parton shower in leading log accuracy

ME(2→2)@NLO + PS
MC@NLO

Powheg

NLO matching, cross section NLO 
accuracy, hardest emission from ME, 

parton shower in leading log accuracy

ME(2→n)@NLO + PS Sherpa 
aMC@NLO_Madgraph5

NLO matched with multi-parton 
merging

actively used by the 
experiments

under development, 
being tested

_ _
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Top pair production modelling 

20

Baseline generators

�
(m2 + p2

T )

m2
t + p2

T,t

Generator   scale PDF Shower tune comments

MC@NLO

Powheg

Alpgen

CT10 Herwig AUET2

CT10 Pythia6 P2011C hdamp~∞
CTEQ6L1 Herwig AUET2 0-5 partons, cc, bb

m2
t + (p2

T,t + p2
T,t̄)/2

_ _
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Top pair production modelling 

20

Baseline generators

�
(m2 + p2

T )

m2
t + p2

T,t

Generator   scale PDF Shower tune comments

MC@NLO

Powheg

Alpgen

CT10 Herwig AUET2

CT10 Pythia6 P2011C hdamp~∞
CTEQ6L1 Herwig AUET2 0-5 partons, cc, bb

m2
t + (p2

T,t + p2
T,t̄)/2

Alpgen

Alpgen 0.5×μR

Alpgen 2.0×μR

CTEQ5L Pythia6 P2011C 0-5 partons

CTEQ5L Pythia6 radHI more radiation

CTEQ5L Pythia6 radLO less radiation

�
(m2 + p2

T )

Generators for systematic studies

_ _



E.Shabalina - CERN-LHC seminar 16/09/2014

Top pair production modelling 

20

Baseline generators

�
(m2 + p2

T )

m2
t + p2

T,t

Generator   scale PDF Shower tune comments

MC@NLO

Powheg

Alpgen

CT10 Herwig AUET2

CT10 Pythia6 P2011C hdamp~∞
CTEQ6L1 Herwig AUET2 0-5 partons, cc, bb

m2
t + (p2

T,t + p2
T,t̄)/2

Alpgen

Alpgen 0.5×μR

Alpgen 2.0×μR

CTEQ5L Pythia6 P2011C 0-5 partons

CTEQ5L Pythia6 radHI more radiation

CTEQ5L Pythia6 radLO less radiation

�
(m2 + p2

T )

Generators for systematic studies

Madgraph CT10 Pythia6 P2011C 0-3 partons, all 
flavors 

m2
T,t +

�
p2
T

_ _
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Top pair production modelling 

20

Baseline generators

�
(m2 + p2

T )

m2
t + p2

T,t

Generator   scale PDF Shower tune comments

MC@NLO

Powheg

Alpgen

CT10 Herwig AUET2

CT10 Pythia6 P2011C hdamp~∞
CTEQ6L1 Herwig AUET2 0-5 partons, cc, bb

m2
t + (p2

T,t + p2
T,t̄)/2

Alpgen

Alpgen 0.5×μR

Alpgen 2.0×μR

CTEQ5L Pythia6 P2011C 0-5 partons

CTEQ5L Pythia6 radHI more radiation

CTEQ5L Pythia6 radLO less radiation

�
(m2 + p2

T )

Generators for systematic studies

Madgraph CT10 Pythia6 P2011C 0-3 partons, all 
flavors 

m2
T,t +

�
p2
T

Powheg

Powheg

CT10 Herwig AUET2 hdamp~∞
CT10 Pythia6 P2011C hdamp~mtm2

t + p2
T,t

m2
t + p2

T,t

hdamp: parameter in Powheg that affects the amount of high-pT radiation

_ _



 

Top pair cross sections
precision measurement in eμ channel

simultaneous measurement of tt, WW and Z→ττ  
_
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Events selection

single lepton triggers  
1 OS isolated eμ pair 

pT>25 GeV, |η|<2.47 (2.5 for 
muons)

≥1 jets, pT>25 GeV, |η|<2.5

1 b-tag or 2 b-tags 

‣ MV1 multivariate discriminant 
‣ ~70% efficiency 
‣ <1% probability to tag a light jet

22

4.6 fb-1 (7 TeV), 
20.3 fb-1 (8 TeV)

eμ channel 

e

μ

arXiv:1406.5375 

http://arxiv.org/abs/1406.5375
http://arxiv.org/abs/1406.5375
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4.6 fb-1 (7 TeV), 
20.3 fb-1 (8 TeV)

eμ channel 
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pT>25 GeV, |η|<2.47 (2.5 for 
muons)

≥1 jets, pT>25 GeV, |η|<2.5

1 b-tag or 2 b-tags 

‣ MV1 multivariate discriminant 
‣ ~70% efficiency 
‣ <1% probability to tag a light jet

24

4.6 fb-1 (7 TeV), 
20.3 fb-1 (8 TeV)

eμ channel 

Backgrounds
‣ single top production via Wt channel  
‣ diboson 

from simulation
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Events selection

single lepton triggers  
1 OS isolated eμ pair 

pT>25 GeV, |η|<2.47 (2.5 for 
muons)

≥1 jets, pT>25 GeV, |η|<2.5

1 b-tag or 2 b-tags 

‣ MV1 multivariate discriminant 
‣ ~70% efficiency 
‣ <1% probability to tag a light jet

24

4.6 fb-1 (7 TeV), 
20.3 fb-1 (8 TeV)

eμ channel 

Backgrounds
‣ single top production via Wt channel  
‣ diboson 

from simulation

data-driven‣ Z+jets
‣ misidentified leptons
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Events selection

single lepton triggers  
1 OS isolated eμ pair 

pT>25 GeV, |η|<2.47 (2.5 for 
muons)

≥1 jets, pT>25 GeV, |η|<2.5

1 b-tag or 2 b-tags 

‣ MV1 multivariate discriminant 
‣ ~70% efficiency 
‣ <1% probability to tag a light jet

25

4.6 fb-1 (7 TeV), 
20.3 fb-1 (8 TeV)

eμ channel 

1b: S/B~7
2b: S/B~25
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Analysis strategy
Goal: minimize the uncertainty from jets, b-tagging and extra 
radiation in tt events  
Count the number of eμ events with exactly one (N1) and exactly 
two (N2) b-tagged jets

26

N2 = Lσtt̄�eµCb�
2
b + Nbkg

2

N1 = Lσtt̄�eµ2�b(1 − Cb�b) + Nbkg
1

_
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Analysis strategy
Goal: minimize the uncertainty from jets, b-tagging and extra 
radiation in tt events  
Count the number of eμ events with exactly one (N1) and exactly 
two (N2) b-tagged jets

26

N2 = Lσtt̄�eµCb�
2
b + Nbkg

2

N1 = Lσtt̄�eµ2�b(1 − Cb�b) + Nbkg
1

 leptonic acceptance 

_



E.Shabalina - CERN-LHC seminar 16/09/2014

Analysis strategy
Goal: minimize the uncertainty from jets, b-tagging and extra 
radiation in tt events  
Count the number of eμ events with exactly one (N1) and exactly 
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N2 = Lσtt̄�eµCb�
2
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2
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probability to reconstruct, 
select and b-tag a jet
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Analysis strategy
Goal: minimize the uncertainty from jets, b-tagging and extra 
radiation in tt events  
Count the number of eμ events with exactly one (N1) and exactly 
two (N2) b-tagged jets

26

N2 = Lσtt̄�eµCb�
2
b + Nbkg

2

N1 = Lσtt̄�eµ2�b(1 − Cb�b) + Nbkg
1

_

 tagging correlation coefficient
∆ < 1%Cb = 1 + ∆
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Analysis strategy

27

N2 = Lσtt̄�eµCb�
2
b + Nbkg

2

N1 = Lσtt̄�eµ2�b(1 − Cb�b) + Nbkg
1

probability to reconstruct, 
select and b-tag a jet

determined from fit to data 
simultaneously with cross section

Goal: minimize the uncertainty from jets, b-tagging and extra 
radiation in tt events  
Count the number of eμ events with exactly one (N1) and exactly 
two (N2) b-tagged jets

_



E.Shabalina - CERN-LHC seminar 16/09/2014

Analysis strategy

27

N2 = Lσtt̄�eµCb�
2
b + Nbkg

2

N1 = Lσtt̄�eµ2�b(1 − Cb�b) + Nbkg
1

probability to reconstruct, 
select and b-tag a jet

determined from fit to data 
simultaneously with cross section

 tagging correlation coefficient
determined 

from simulation

Goal: minimize the uncertainty from jets, b-tagging and extra 
radiation in tt events  
Count the number of eμ events with exactly one (N1) and exactly 
two (N2) b-tagged jets
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Analysis strategy

27

N2 = Lσtt̄�eµCb�
2
b + Nbkg

2

N1 = Lσtt̄�eµ2�b(1 − Cb�b) + Nbkg
1

probability to reconstruct, 
select and b-tag a jet

determined from fit to data 
simultaneously with cross section

 tagging correlation coefficient
determined 

from simulation

determined from

�eµ = �isoeµ × �IDeµ
data simulation

significantly decreases 
sensitivity to jet activity 

Goal: minimize the uncertainty from jets, b-tagging and extra 
radiation in tt events  
Count the number of eμ events with exactly one (N1) and exactly 
two (N2) b-tagged jets

_
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Systematic uncertainties
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relative uncertainties in %
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Systematic uncertainties
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relative uncertainties in %

‣ significant for 7 TeV
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Systematic uncertainties
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‣ largest uncertainty 

relative uncertainties in %

‣ significant for 7 TeV
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Systematic uncertainties
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   Signal model
‣ second largest 

experimental uncertainty 

‣ largest uncertainty 

relative uncertainties in %

‣ significant for 7 TeV
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Systematic uncertainties

28

   Signal model
‣ second largest 

experimental uncertainty 

‣ largest uncertainty 
‣ “new” uncertainty 

relative uncertainties in %

‣ significant for 7 TeV
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Systematic uncertainties

29

   Signal model
‣ second largest 

experimental uncertainty 

‣ “new” uncertainty 

relative uncertainties in %
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Systematic uncertainties

30

relative uncertainties in %

Beam energy calibration at 8 TeV
‣ 0.30 ± 0.66% smaller than nominal
‣ 1.72% uncertainty on cross section

(dσtt̄/σtt̄)/(d
√
s/

√
s) = 2.61

Important uncertainty to take into account 
when comparing with theory predictions
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Signal modelling systematics

Signal MC: Powheg+Pythia (NLO) 
tt modelling
‣ Powheg+Pythia vs MC@NLO+Herwig

31

_
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Signal modelling systematics

Signal MC: Powheg+Pythia (NLO) 
tt modelling
‣ Powheg+Pythia vs MC@NLO+Herwig
PDF
‣ PDF4LHC prescription
‣ error sets for 

‣ CT10 NLO 
‣ MSTW 2008 68% CL NLO
‣ NNPDF 2.3 NLO

32
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Signal modelling systematics

Signal MC: Powheg+Pythia (NLO) 
tt modelling
‣ Powheg+Pythia vs MC@NLO+Herwig
PDF
‣ PDF4LHC prescription
‣ error sets for 

‣ CT10 NLO 
‣ MSTW 2008 68% CL NLO
‣ NNPDF 2.3 NLO

Scale 
‣ default: Q2 = mtop2+pT, top2

‣ independent variation of μR and μF by 
a factor of 2 

33

_
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Results 

34

σ = 242.4 ± 1.7(stat) ± 5.5(syst) ± 7.5(lumi) ± 4.2(beam)
σ = 182.9 ± 3.1(stat) ± 4.2(syst) ± 3.6(lumi) ± 3.3(beam) (3.9%)7 TeV

(4.3%)8 TeV

for mt = 172.5 GeV

~6% theoretical uncertainty
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Results 

Cross section ratio:

35

σ = 242.4 ± 1.7(stat) ± 5.5(syst) ± 7.5(lumi) ± 4.2(beam)
σ = 182.9 ± 3.1(stat) ± 4.2(syst) ± 3.6(lumi) ± 3.3(beam) (3.9%)7 TeV

(4.3%)8 TeV

for mt = 172.5 GeV

QCD NNLO+NNLL :

Rtt̄ = σtt̄(8TeV)/σtt̄(7TeV)

= 1.326 ± 0.056Rtt̄

 = 1.430 ± 0.013Rtt̄

0.9% uncertainty

luminosity uncertainty uncorrelated 
between 7 and 8 TeV measurements 

= 1.326 ± 0.024(stat) ± 0.015(syst) ± 0.049(lumi) ± 0.001(beam)Rtt̄

arXiv:1406.5375 

4.9% uncertainty

~6% theoretical uncertainty

http://arxiv.org/abs/1406.5375
http://arxiv.org/abs/1406.5375
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Fiducial cross section

Avoids systematic uncertainties associated with acceptance Aeμ

‣ extrapolation from the measured lepton phase space to full 

Fiducial acceptance Aeμ 

‣ fraction of simulated tt events with truth level electron and muon from W 
with pT>25 GeV and |η|<2.5  

‣ lepton 4-momenta are taken after FSR, including any photons within cone 
of ΔR<0.1 around lepton direction

‣ photons from hadron decays or from interactions with detector material 
are excluded  

36

inclusive

fiducial

‣ significant reduction 
of PDF and scale 
uncertainties

‣ 6% −11% smaller 
uncertainties

�eµ = Aeµ × Geµ

_
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Top quark mass extraction

theoretical prediction for tt cross section depends on mt

‣ mtpole is used in NNLO+NNLL QCD calculations
‣ directly measured mt may differ from pole mass by O(1 GeV) 
very weak experimental dependence of cross section on mt

optimal for mtpole extraction  

37

dσtt̄/dmt = −0.28%/GeV

 [GeV] pole

 t
m

140 150 160 170 180 190

Top quark pole mass from cross-section
compared to direct measurement

Direct reconstruction LHC+Tevatron 2014

ATLAS NNLO+NNLL: PDF4LHC, 7-8 TeV 2014

ATLAS NNLO+NNLL: PDF4LHC, 8 TeV 2014

ATLAS NNLO+NNLL: PDF4LHC, 7 TeV 2014

CMS NNLO+NNLL: NNPDF2.3, 7 TeV 2013

D0 approx NNLO: MSTW08, 1.96 TeV 2011

D0 approx NNLO: MSTW08, 1.96 TeV 2009

 0.8±173.3 

+2.5

- 2.6
172.9

 2.6±174.1 

 2.6±171.4 

+3.0

- 2.8
176.7

+5.2

- 4.7
167.5

+5.9

- 5.1
169.1

ATLAS

_
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1
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-1 = 20.3 fbintL

Observed limits Expected limits
All limits at 95% CL

=8 TeVs -1 = 20 fbintL =7 TeVs -1 = 4.7 fbintL
0L 1406.1122
1L [1407.0583]
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1L [1208.2590]
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-
-

Stop pair search

stop pair production with                    is similar to      with 
additional ETmiss  
‣ 10−20% larger acceptance for stop pairs due to different angular 

distributions 
similar kinematics if                   but small excess in measured

38

place limits using the difference between measured and theoretical 
cross sections

tt̄t̃1 → tχ̃0
1

σtt̄mt̃1 ≈ mt

mt̃1 < 177GeV
excluded



 

Top pair cross sections
precision measurement in eμ channel

simultaneous measurement of tt, WW and Z→ττ  
_
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Global test of SM predictions

40

4.6 fb-1 

7 TeV

eμ channel Simultaneous measurement of tt, W+W− and Z(ττ)
New possibility to test PDFs  

Process tt WW Z(ττ)
Njets

ETmiss

high low low

high high low

Processes are separated in 
Njets and ETmiss

Template fit in Njets−ETmiss 
parameter space

before fit

before fit

arXiv:1407.0573

_

http://arxiv.org/abs/1407.0573
http://arxiv.org/abs/1407.0573
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Global test of SM predictions

41

4.6 fb-1 

7 TeV

eμ channel Simultaneous measurement of tt, W+W− and Z(ττ)
New possibility to test PDFs  

Process tt WW Z(ττ)
Njets

ETmiss

high low low

high high low

Processes are separated in 
Njets and ETmiss

Template fit in Njets−ETmiss 
parameter space

3 free parameters
Njets=0, Njets≥1
20 bins in ETmiss

uncertainties affecting 
normalization are 
included in the fit via 
Gaussian constraints 
shape uncertainties are 
evaluated via pseudo-
experiments

before fit

before fit

arXiv:1407.0573

_

http://arxiv.org/abs/1407.0573
http://arxiv.org/abs/1407.0573
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Results

NLO QCD calculations using MCFM for fiducial measurement
‣ underestimate tt and Z(ττ) cross sections 
NNLO QCD calculations for tt and Z(ττ) agree with the 
measurement for all PDFs except JR09-NNLO and ABM11-
NNLO
‣ ABM11:  αS= 0.113 (0.116-0.117 for other PDFs)

42

NLO predictionNLO prediction NNLO predictions 
for tt and Z(ττ)

_

_

_

inclusive

fiducial

inclusive



 
Top pair differential cross sections

top quark and tt kinematics 
tt production with jets

_

_
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Events selection

single lepton triggers  
1 isolated electron or muon

pT>25 GeV, |η|<2.47 (2.5 for 
muons)

≥4 jets, pT>25 GeV, |η|<2.5

≥1 b-tag 

‣ MV1 multivariate discriminant 
‣ ~70% efficiency 
‣ <1% probability to tag a light jet

mTW > 35 GeV, ETmiss > 30 GeV
baseline tt model:  
‣ Alpgen+Herwig

44

l+jets channel 4.6 fb-1 7 TeV

lepton+jets

arXiv:1407.0371

_

http://arxiv.org/abs/1407.0371
http://arxiv.org/abs/1407.0371
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Events selection

single lepton triggers  
1 isolated electron or muon

pT>25 GeV, |η|<2.47 (2.5 for 
muons)

≥4 jets, pT>25 GeV, |η|<2.5

≥1 b-tag 

‣ MV1 multivariate discriminant 
‣ ~70% efficiency 
‣ <1% probability to tag a light jet

mTW > 35 GeV, ETmiss > 30 GeV
baseline tt model:  
‣ Alpgen+Herwig

45

l+jets channel 4.6 fb-1 7 TeV4.6 fb-1 7 TeV

_
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Events selection

single lepton triggers  
1 isolated electron or muon

pT>25 GeV, |η|<2.47 (2.5 for 
muons)

≥4 jets, pT>25 GeV, |η|<2.5

≥1 b-tag 

‣ MV1 multivariate discriminant 
‣ ~70% efficiency 
‣ <1% probability to tag a light jet

mTW > 35 GeV, ETmiss > 30 GeV
baseline tt model:  
‣ Alpgen+Herwig

46

l+jets channel 

study kinematics of tt system: 
         ,        , 

and top quark pT

compare different generators 
and NLO QCD predictions to 
unfolded data distributions

mtt̄ptt̄
T ytt̄

4.6 fb-1 7 TeV

_

_
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Event reconstruction and unfolding

47

 

W+

l+ ν

q
W−

q’−

b

b−

t

t−
hadronic top

leptonic top
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Top event reconstruction: l+jets

48

 

W+

l+ ν

q
W−

q’−

b

b−

t

t−
hadronic top

leptonic top

subtract 
background 

correct each bin for 
efficiency to pass selection 
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Top event reconstruction: l+jets

49

 

W+

l+ ν

q
W−

q’−

b

b−

t

t−
hadronic top

leptonic top

‣ correct for resolution effects (unfolding)
‣ regularized inversion of the migration 

matrix
‣ Singular Value Decomposition method

‣ resolution varies from 15% to 40% 
depending on the variable and bin

subtract 
background 

correct each bin for 
efficiency to pass selection 
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Results

Data is compared to 
several generators
‣ Alpgen+Herwig
‣ MC@NLO+Herwig
‣ Powheg+Herwig
‣ Powheg+Pythia

50

ATLAS default
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Results

Data is compared to 
several generators
‣ Alpgen+Herwig
‣ MC@NLO+Herwig
‣ Powheg+Herwig
‣ Powheg+Pythia

51

NLO QCD MCFM 
calculation with CT10
‣ nominal scale: μ=mt

‣ uncertainties: 
‣ CT10 error set
‣ independent variation of μR 

and μF by a factor of 2
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Results

Data is compared to 
several generators
‣ Alpgen+Herwig
‣ MC@NLO+Herwig
‣ Powheg+Herwig
‣ Powheg+Pythia

52

NLO QCD MCFM 
calculation with CT10
‣ nominal scale: μ=mt

‣ uncertainties: 
‣ CT10 error set
‣ independent variation of μR 

and μF by a factor of 2

NLO+NNLL QCD calculations 
with MSTW2008NNLO PDF
‣            JHEP 09 (2010) 097

‣            JHEP 09 (2010) 097       

‣           PRD D88 (2010) 114030

mtt̄

ptt̄
T

pt
T
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Results

Data is compared to 
several generators
‣ Alpgen+Herwig
‣ MC@NLO+Herwig
‣ Powheg+Herwig
‣ Powheg+Pythia

53

none of predictions provide good description of all variables

NLO QCD MCFM 
calculation with CT10
‣ nominal scale: μ=mt

‣ uncertainties: 
‣ CT10 error set
‣ independent variation of μR 

and μF by a factor of 2

MCFM NLO QCD  
with different PDFs
‣ MSTW2008NLO
‣ NNPDF2.3
‣ HERAPDF1.5

NLO+NNLL QCD calculations 
with MSTW2008NNLO PDF
‣            JHEP 09 (2010) 097

‣            JHEP 09 (2010) 097       

‣           PRD D88 (2010) 114030

mtt̄

ptt̄
T

pt
T
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Results: generators

MC@NLO and Powheg+Herwig 
are closer to data

Significant discrepancy in the tail 
between data and Alpgen+Herwig 
and Powheg+Pythia

54

pt
T ptt̄

T

Data is best described by 
MC@NLO
Powheg+Pythia disagrees 
with data
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Results: NLO and NLO+NNLL

Data is softer 
than NLO and 
NLO+NNLL 
QCD  
predictions

55

pt
T ptt̄

T

NLO QCD

NLO+NNLL QCD

NLO QCD

NLO+NNLL QCD
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Results: PDFs

Tension between data and MCFM calculation for all PDFs studied

56

pt
T ptt̄

T



 
Top pair differential cross sections

top quark and tt kinematics 
tt production with jets

_

_
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Jet multiplicity and transverse momentum

58

single lepton triggers  
1 isolated electron or muon

pT>25 GeV, |η|<2.47 (2.5 for 
muons)

≥3 jets, pT>25 GeV, |η|<2.5

≥1 b-tag 

l+jets channel 4.6 fb-1 7 TeV

mTW > 35 GeV, ETmiss > 30 GeV
additional cuts for jet pT 
measurement: 
‣ leading jet: pT>50 GeV
‣ second leading: pT>35 GeV
baseline tt model:  
‣ Powheg+Pythia

arXiv:1407.0891

_

http://arxiv.org/abs/1407.0891
http://arxiv.org/abs/1407.0891


E.Shabaina -- CERN-LHC seminar 16/09/2014

Jet multiplicity and transverse momentum

59

fiducial differential cross sections
‣ as a function of jet multiplicity
‣ jet pT thresholds: 25, 40, 60, 80 GeV

‣ as a function of jet transverse 
momentum
‣ up to fifth jet

‣ Bayesian unfolding algorithm
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njets spectra
Generators:
Alpgen+Pythia

Alpgen+Pythia (less 
radiation = αS Down)

Alpgen+Pythia (more 
radiation = αS Up)

Alpgen+Herwig

60

Alpgen+Pythia central 
deviates from data for ≥6 jets 
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njets spectra
Generators:
Alpgen+Pythia

Alpgen+Pythia (less 
radiation = αS Down)

Alpgen+Pythia (more 
radiation = αS Up)

Alpgen+Herwig

61

Alpgen+Pythia central 
deviates from data for ≥6 jets 

Alpgen+Pythia (less radiation 
= αS Down) provides the best 
description of data
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njets spectra

Generators:
Powheg+Pythia

Powheg(hdamp)+Pythia

MC@NLO

Alpgen+Pythia (less 
radiation = αS Down)

62

MC@NLO deviates from data 
for ≥5 jets 
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njets spectra

Generators:
Powheg+Pythia

Powheg(hdamp)+Pythia

MC@NLO

Alpgen+Pythia (less 
radiation = αS Down)

63

Powheg+Pythia provides a 
reasonable description of data

MC@NLO deviates from data 
for ≥5 jets 

Same order (NLO) generators 
show different behavior 
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njets spectra

Generators:
Powheg+Pythia

Powheg(hdamp)+Pythia

MC@NLO

Alpgen+Pythia (less 
radiation = αS Down)

64

Powheg+Pythia provides a 
reasonable description of data
Powheg(hdamp)+Pythia 
provides best description of 
data 

MC@NLO deviates from data 
for ≥5 jets 



E.Shabalina - CERN-LHC seminar 16/09/2014

jet pT spectra: leading jet

65

All generators agree for jet pT<100 
GeV for up to 4th jet

Disagreement at high-pT is due to 
ISR/FSR model variations between 
generators

Generators:
Alpgen+Pythia

Alpgen+Pythia (αS Down)

Alpgen+Pythia (αS Up)

Alpgen+Herwig
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jet pT spectra: leading jet

66

All generators agree for jet pT<100 
GeV for up to 4th jet

Disagreement at high-pT is due to 
ISR/FSR model variations between 
generators

Generators:
Alpgen+Pythia

Alpgen+Pythia (αS Down)

Alpgen+Pythia (αS Up)

Alpgen+Herwig

Alpgen+Pythia (αS Down) and 
Alpgen+Herwig provide best 
description of data at high-pT 
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jet pT spectra: leading jet
Generators:
Powheg+Pythia

Powheg(hdamp)+Pythia

MC@NLO

Alpgen+Pythia (less 
radiation = αS Down)

67

All generators agree for jet 
pT<100 GeV for up to 4th jet

Leading jet pT is best described 
by MC@NLO and Powheg
(hdamp)+Pythia 

Default Powheg+Pythia 
describes well pT of 2nd jet and 
higher  
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Leading jet vs 

Leading jet pT is correlated with tt system at high-pT 

68

_

ptt̄
T
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jet pT spectra: 5th jet

Generators:
Alpgen+Pythia
Alpgen+Pythia (αS Down)
Alpgen+Pythia (αS Up)
Alpgen+Herwig

69

Generators:
Powheg+Pythia
Powheg(hdamp)+Pythia
MC@NLO
Alpgen+Pythia (αS Down)
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jet pT spectra: 5th jet

70

Significant difference between generators in the description of 5th jet pT

Reflects different ISR/FSR models
Similar conclusions as for jet multiplicity
MC@NLO predicts softer 5th jet pT than observed in data 



 

Rare processes
evidence for ttV production

search for ttH production

_

_
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Associated production of tt with bosons

72

pb

_
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Associated production of tt with bosons

73

pb

tt̄H

Very rare processes

At 8 TeV                              - one in thousand top pairs

                                                 - one in two thousand pairs tt̄H

tt̄V(V = W,Z)

_

arXiv:1309.1947

http://arxiv.org/abs/1309.1947
http://arxiv.org/abs/1309.1947
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Production mechanisms and couplings

74

√s (TeV) 7 8 14
pb

fb

177 253 950

169 232 769

137 206 1121

86 130 611

tt̄W

tt̄Z
tt̄H

tt̄

ttX cross sections at NLO
JHEP 07 (2012) 052, JHEP 11 (2012) 056

_
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Production mechanisms and couplings

75

√s (TeV) 7 8 14
pb

fb

177 253 950

169 232 769

137 206 1121

86 130 611

tt̄W

tt̄Z
tt̄H

tt̄

ttX cross sections at NLO
JHEP 07 (2012) 052, JHEP 11 (2012) 056

Direct measurement of top coupling to 
gauge bosons in ttZ production via FSR

ISR production is similar for ttZ and ttW  

FSR

ISR

_ _

_

_
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Production mechanisms and couplings

76

√s (TeV) 7 8 14
pb

fb

177 253 950

169 232 769

137 206 1121

86 130 611

tt̄W

tt̄Z
tt̄H

tt̄

ttX cross sections at NLO
JHEP 07 (2012) 052, JHEP 11 (2012) 056

Direct measurement of top coupling to 
gauge bosons in ttZ production via FSR

ISR production is similar for ttZ and ttW  

FSR

ISR

Direct measurement of  top-Higgs Yukawa coupling 
Yt  in ttH production

σ(tt̄H) ∝ g
2
tt̄H

Higgsstrahlung 
from top quarks 

ttW and ttZ are often dominant and irreducible 
backgrounds for many searches and for ttH 

_

_

_ _
_

_

_ _



ttV final states

77

Ztt̄ Wtt̄
	  H

	  L 	  L

two opposite sign 
leptons 

outside Z mass window

tt̄+ jets 
background

	  L 	  L
2lOSZveto

	  L 	  L 	  H
	  L 	  H 	  L

_
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ttV final states

78

	  H

	  H Z + jets 
background

two opposite sign 
leptons 

inside Z mass window

outside Z mass window

2lOSZveto

2lOSZ

tt̄ tt̄
	  L 	  L
	  L 	  L

	  L 	  L

	  L 	  L 	  H
	  L 	  H 	  L

WZ

_
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ttV final states

79

	  H

	  H

2lOSZveto

2lOSZ

tt̄ tt̄
	  L 	  L
	  L 	  L

	  L 	  L lepton and 
charge misID

two same sign 
leptons 
2lSS

	  L 	  L 	  H
	  L 	  H 	  L

WZ

_
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ttV final states

80

	  H 	  L 	  L 	  H
	  L	  L 	  H

	  H

2lOSZveto

2lOSZ

tt̄ tt̄
	  L 	  L
	  L 	  L

	  L 	  L
2lSS

	  L 	  L 	  L 3lZveto

ttZ, ttH, lepton misID

WZ

_ _

_



E.Shabalina - CERN-LHC seminar 16/09/2014

ttV final states

81

	  H 	  L 	  L 	  H
	  L	  L 	  H

	  H

2lOSZveto

2lOSZ

tt̄ tt̄
	  L 	  L
	  L 	  L

	  L 	  L
2lSS

	  L 	  L 	  L 3lZveto

	  L 	  H 	  L 	  L three leptons
2 inside Z window 

3lZ

tZ, WZ, lepton misID

WZ

_
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ttV final states

82

	  H 	  L 	  L 	  H
	  L	  L 	  H

	  H

2lOSZveto

2lOSZ

tt̄ tt̄
	  L 	  L
	  L 	  L

	  L 	  L
2lSS

	  L 	  L 	  L 3lZveto

	  L 	  H 	  L 	  L
3lZ

	  L 	  L 	  L 	  L four leptons ZZ, lepton misID
not yet included 

WZ

_
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Analysis channels

83

	  H 	  L 	  L 	  H
	  L	  L 	  H

	  H

2lOSZveto

2lOSZ

tt̄ tt̄
	  L 	  L
	  L 	  L

	  L 	  L

2lSS

	  L 	  L 	  L
3lZveto

	  L 	  H 	  L 	  L 3lZ

Most sensitive channels for each process 

WZ
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3lZ

Z-mass window < 10 GeV

Leptons

pT > 15 GeV (leading 
lepton pT > 25 GeV)

Leptons
3rd leading electron 

pT > 20 GeV

Jets pT > 25 GeV

B-tagging 70% WP

Signal ttZ dominated

Main background tZ, WZ, fakes

Fit channels
Signal Region 

≥4j, 1b (SRZB1J4)
3j, ≥2b (SRZB2J3)
≥4j, ≥2b (SRZB2J4)

Trilepton channel (ttZ)

consistent with top quark mass

Low statistics but good S/B
Strategy: cut and count analysis

≥4 jets 
≥2b

_

_
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3lZveto 2µ

Z-mass window > 10 GeV

Leptons

pT > 15 GeV 
(leading lepton 
pT > 25 GeV)
3rd electron 
pT> 25 GeV

pT > 25 GeV

Additional cuts
HT>240 GeV, 

ETmiss > 40 GeV

Jets pT > 25 GeVpT > 25 GeV

B-tagging 70% WP70% WP

Signal ttW dominatedttW dominated

Main 
background

ttZ, ttH, fakes fakes

Fit channels
Signal Region 

2j+3j, ≥2b 
(SRWL3)

≥2j, ≥2b 
(SR2μSS)

Trilepton and SS dilepton (ttW)
Strategy: cut and count analysis

tt̄Z
tt̄W

control region

_

_ _

_
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Trilepton and SS dilepton (ttW)

tt̄W

control region

Trilepton and SS leptonic channel
95% CL observed (expected) 

significance:

:  2.8 σ (3.4 σ) 

:  3.0 σ (2.3 σ)tt̄W

tt̄Z

tt̄Z

Low statistics but good S/B
Strategy: cut and count analysis

_
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OS dilepton (ttW and ttZ)
Background dominated channels
Low S/B

1+2b 2b

3j

4j

≥5j

normalization HT

NN HT

NN NN

MVA analysis

__

Most 
sensitive 
region
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OS dilepton (ttW and ttZ)
Background dominated channels
Low S/B

MVA analysis

__

tt background model: Powheg+Pythia 
corrected based on the differential cross 
section measurement  

_

OS leptonic channel
95% CL observed (expected) 

significance:

:  1.4 σ (1.5 σ) 

:  0.3 σ (0.4 σ)tt̄W

tt̄Z

1+2b 2b

3j

4j

≥5j

normalization HT

NN HT

NN NN

Most 
sensitive 
region
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ttV combination results

89

Combination of 11 channels

‣ one of the signals set to SM 
and fit the other 

_
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ttV combination results

90

Combination of 11 channels

‣ independent fit of two signals ‣ one of the signals set to SM 
and fit the other 

‣ very small correlation 
between ttW and ttZ

_ _

_

ttZ
_

ttW
_
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ttV combination results

91

Combination of 11 channels

‣ independent fit of two signals ‣ one of the signals set to SM 
and fit the other 

‣ statistically limited 
measurement

‣ will benefit from adding 
more channels

‣ very small correlation 
between ttW and ttZ

8 TeV,  20.3 fb-1

ATLAS-CONF-2014-038

_ _

evidence for ttW and ttZ production
_ _

_

ttZ
_

ttW
_



 

Rare processes
evidence for ttV production

search for ttH production

_

_
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ttH(bb): analysis strategy

Event selection 
‣ Single lepton channel: 1 lepton (e or μ), from 

4 to ≥6 jets with 2 to ≥4 b-jets 
‣ Dilepton channel: 2 opposite-sign leptons 

(ee, μμ, eμ), from 2 to ≥4 jets with 2 to ≥4 
b-jets

Categorize events by jet and b-jet 
multiplicity
‣ take advantage of low S/B regions to 

constrain systematic uncertainties
‣ maximize sensitivity by separating regions 

with different S/√B 

Build multivariate discriminant from 
kinematic variables to separate signal 
from background in signal-rich regions 
Extract signal by simultaneous fit in jet 
and b-jet multiplicity bins 

93

8 TeV,  20.3 fb-1

Br(H → bb̄) = 0.58
for mH = 125 GeV

_ _
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ttH(bb): signal and control regions

94

8 TeV,  20.3 fb-1
single lepton channel

dilepton channel

Preliminary Simulation ATLAS
-1 L dt = 20.3 fb! = 8 TeV, s  = 125 GeVHm
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Background model

95

single lepton channel

tt̄cc̄

tt̄bb̄

tt̄+ light

dilepton channel

_

__ _

tt̄+ light

tt̄bb̄

tt̄cc̄

tt+jets: >95% of total background 
for ≥3 b-tag regions

ttbb is the same final state as ttH
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Background model

top pT and tt pT reweighted with 
correction factors obtained from 
differential cross section 
measurement at 7 TeV

96

single lepton channel

_

dilepton channel

__ _

tt̄cc̄ tt̄cc̄

tt̄+ lighttt̄+ light

tt̄bb̄ tt̄bb̄

ttbb/cc model in Powheg+Pythia is 
comparable to Madgraph (ME-PS MC)
ttbb/cc rate is calibrated to data in the 
fit using background dominated bins in 
signal-rich regions 
‣ 50% normalization uncertainty on ttbb/cc
‣ uncertainties due to generator 

‣ Powheg+Pythia vs Madgraph+Pythia
‣ uncertainties due to parton shower
‣ Powheg+Pythia vs Powheg+Herwig

_
baseline tt+jets model is Powheg+Pythia

_ _ _

_ _ _
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NN output
Signal extracted via binned likelihood fit to 6 signal and 9 control regions under 
S+B hypothesis single lepton channel

dilepton channel

Uncertainties 
included in the 
fit via nuisance 
parameters 

Fit reduces 
background 
uncertainty by a 
factor of ~5-6 in 
most sensitive 
regions
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ttH(bb) results 

Combination of single and dilepton 
channels

95% CL observed (expected) limit:

4.1 × SM (2.6 × SM) for mH = 125 GeV 

Best fit: signal strength μ = 1.7 ±1.4
ATLAS-CONF-2014-011

98

__ _

all bins of discriminant ordered
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ttH(γγ)

Combine tt selection with a 
requirement of 2 photons
‣ statistically limited
‣ small impact of systematics

‣ high purity ttH selection
Search for a resonance in m(γγ)

99

7 TeV, 4.5 fb-1, 8 TeV,  20.3 fb-1

_

Combination of leptonic and 
hadronic channels

95% CL observed (expected) limit:

6.7 × SM (4.9 × SM) 

for mH = 125.4 GeV
arXiv:1409.3122

Br(H → γγ) = 2.3× 10
−3

_

_
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           candidate event

100

tt̄H(γγ)

photons MET

electron

Jets

Leptonic 
selection
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Yukawa coupling strength
tH production is suppressed 
with respect to ttH 
‣ destructive interference between 

diagrams with Higgs emitted from 
W and Higgs emitted off top

In BSM theories Yt sign can be 
flipped
‣ increases tH cross section and 

H→γγ branching ratio
Set limit on inclusive Higgs 
production cross section as a 
function of strength parameter  
κt = Yt / YtSM

‣ κt changes cross sections of all 
Higgs production modes and B
(H→γγ) 

‣ set other couplings to SM value
‣ null hypothesis: B+ttH(SM)

101

Yt

+

_

_

95% CL lower and upper observed (expected) limits on κt: −1.3 and +8.0 (−1.2 and +7.8)

gHWW

_
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Yukawa coupling strength
tH production is suppressed 
with respect to ttH 
‣ destructive interference between 

diagrams with Higgs emitted from 
W and Higgs emitted off top

In BSM theories Yt sign can be 
flipped
‣ increases tH cross section and 

H→γγ branching ratio
Set limit on inclusive Higgs 
production cross section as a 
function of strength parameter  
κt = Yt / YtSM

‣ κt changes cross sections of all 
Higgs production modes and B
(H→γγ) 

‣ set other couplings to SM value
‣ null hypothesis: B+ttH(SM)
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Yt

+

_

_

95% CL lower and upper observed (expected) limits on κt: −1.3 and +8.0 (−1.2 and +7.8)

gHWW

_

arXiv:1409.3122
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Conclusions

Unprecedented precision of inclusive top pair cross section 
measurements: 
‣ agree with NNLO+NNLL QCD theoretical calculation
‣ match its precision 
Fiducial measurements allow to separate experimental and 
modelling uncertainties and reduce the uncertainty from the 
extrapolation to the inclusive phase space

Differential measurements reach also good precision and are 
important to test the top pair production mechanism

Significant progress is made in searches for rare processes 
‣ evidence for ttZ and ttW production
‣ ttH(bb): 95% CL observed (expected) limit: 4.1×SM (2.6×SM)

103

Top quark physics has entered the era of precision measurements

_ _

_ _
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Outlook

To improve modelling of top pair production close collaboration 
between theory and experiments is needed

‣ critical for observation of top pair production in association 
with boson and for new physics searches

104
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Outlook

To improve modelling of top pair production close collaboration 
between theory and experiments is needed

‣ critical for observation of top pair production in association 
with boson and for new physics searches

ATLAS has started the program to facilitate this collaboration

‣ measurements in the detector acceptance corrected to particle 
level to provide benchmarks for MC generator comparison

‣ Rivet can then be used to compare new MC models to data or 
to optimize free parameters in MC generators 

‣ Some examples: 
‣ measurement of the additional jet production (gap fraction)  
‣ presented today: measurement of jet multiplicities and jet pT spectra
‣ studies of Monte Carlo generators

‣ ATL-PHYS-PUB-2014-005 using gap fraction
‣ ATL-PHYS-PUB-2014-008 predictions for bottom and charm 
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Outlook

To improve modelling of top pair production close collaboration 
between theory and experiments is needed

‣ critical for observation of top pair production in association 
with boson and for new physics searches

ATLAS has started the program to facilitate this collaboration

‣ measurements in the detector acceptance corrected to particle 
level to provide benchmarks for MC generator comparison

‣ Rivet can then be used to compare new MC models to data or 
to optimize free parameters in MC generators 

‣ Some examples: 
‣ measurement of the additional jet production (gap fraction)  
‣ presented today: measurement of jet multiplicities and jet pT  spectra
‣ studies of Monte Carlo generators

‣ ATL-PHYS-PUB-2014-005 using gap fraction
‣ ATL-PHYS-PUB-2014-008 predictions for bottom and charm 

Looking forward to Run 2 data to increase sensitivity to rare 
processes 
‣ will give direct access to top quark couplings to bosons 

106
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http://top2014.cea.fr/

Many new exciting ATLAS 
results are expected

http://top2014.cea.fr/
http://top2014.cea.fr/
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Backup

108
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Signal modelling studies

109

alternative PS: Powheg+Pythia vs Powheg
+Herwig
alternative tune (Powheg+Pythia with alternative 
tune)

alternative generator (Alpgen+Herwig and 
Alpgen+Pythia) 
‣ large effect on leptonic efficiency 
‣ data agrees better with Powheg+Pythia

additional jet activity
‣ AcerMC+Pythia with variation of ISR/FSR 
‣ Alpgen+Pythia with variation of ISR/FSR
‣ large variations of lepton isolation efficiencies 
‣ motivated isolation measurement from data
‣ much smaller effect on 

smaller effect 
than with respect 
to MC@NLO

Alpgen predicts 
more central leptons�isoeµ

�IDeµ no additional uncertainty assigned
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tt cross section

Result is stable with respect to b-jet pT cut 

Demonstrates good understanding of the b-tagging 
correlation

110

_
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Fiducial cross section

111

N1 = Lσfid
tt̄ Geµ2�b(1 − Cb�b) + Nbkg

1

�eµ = Aeµ × Geµ

N2 = Lσfid
tt̄ GeµCb�

2
b + Nbkg

2
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Top mass extraction

112
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ttH(bb): signal discrimination 

Signal-rich regions: neural 
network NN trained to 
separate ttH from tt+jets
‣ event shape variables: centrality

‣ object pair properties: 

‣ object kinematics: 

‣ event kinematics:        ,

Dedicated NN in single lepton 
channel with 5 jets, 3 b-jets to 
separate tt+bb/cc from tt+light 

113

single lepton channel dilepton channel

pjet5T

∆ηmax ∆η
jj

HT N jet
pT>40

_ _

_ ___ _ _

examples of input variables to NN

C =
�

�,jets

pT /
�

�,jets

E

_ _
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ttH(bb): signal discrimination 

Signal-rich regions: neural 
network NN trained to 
separate ttH from tt+jets
‣ event shape variables: centrality

‣ object pair properties: 

‣ object kinematics: 

‣ event kinematics:        ,

Dedicated NN in single lepton 
channel with 5 jets, 3 b-jets to 
separate tt+bb/cc from tt+light 
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single lepton channel dilepton channel

pjet5T

∆ηmax ∆η
jj

HT N jet
pT>40

_ _

_ ___ _ _

examples of input variables to NN

C =
�

�,jets

pT /
�

�,jets

E

_ _
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ttH(bb): background modelling

114

single lepton channel dilepton channel

before fit

after fit

_ _
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ttH(bb): result

Effect of systematic 
uncertainties on the fitted 
signal strength

Dominating uncertainties 
comes from tt+jets and tt
+HF model

115
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ttH(γγ): analysis strategy
Event selection (8 TeV)
‣ diphoton trigger
‣ hadronic tt category: “or” of three 

selections (5 or ≥6 jets, 1 or ≥2 
b-jets with variable jet pT 
thresholds and b-tagging WP) 

‣ leptonic tt category: ≥1 lepton, 
≥1 b-jets, minimum ETmiss 

‣ 2 isolated high pT photons
‣ combined selection efficiency - 

15.3%

116

_

_

Signal is extracted via unbinned 
likelihood fit to both categories 
and 7 and 8 TeV

7 TeV, 4.5 fb-1, 8 TeV,  20.3 fb-1

Search for a resonance in m(γγ)
‣ describe m(γγ) for background 

with the exponential function
‣ same shape for 7 and 8 TeV and 

both categories
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ttV vs √s 

117

arXiv:1309.1947	  
[hep-‐ex]
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Systematics ttV

118
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Validation regions

119
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Results

120

largest normalization 
uncertainty 
‣ electron isolation
largest shape uncertainty
‣ ETmiss cell-out term
‣ dominates WW 
large shape effects on 
WW and Z(ττ) 
‣ overlap in Njets = 0
small shape effects in tt
‣ dominates Njets ≥1

Process tttt WWWW Z(ττZ(ττ)
cross section (pb)

uncertainty
statistical
systematic
luminosity

beam energy

181.2181.2 53.353.3 11741174
pb % pb % pb %

±2.8 1.5 ±2.7 5.0 ±24 2.1
+9.7−9.5 +5.4−5.3 +7.3−8.0 +13.8−14.9 +72−88 +6.1−7.5

±3.3 1.8 ±1.0 1.8 ±21 1.8
±3.3 1.8 ±0.5 1.0 ±9 0.8

6.1% 8.0%15.9%

after fit

after fit
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AIDA details

121
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Fiducial measurement 
dominated by experimental uncertainties
NLO calculations using MCFM
‣ error bars due to choice of scales (μR, μF)
‣ contours due to PDF set uncertainties
underestimate tt and Z(ττ) cross sections
consistent with WW cross section (gg 
→H→WW not included in prediction,  
5% effect)

122

ABM11-NLO

MSTW2008CPdeut-NLO

CT10-NLO

HERAPDF15-NLO

NNPDF23-NLO

ATLAS Best Fit

ATLAS 68% C.L.

ATLAS 90% C.L.
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Results: 

Data is best described by Alpgen
+Herwig and Powheg+Herwig

Data is softer than any of generators 
and NLO and NLO+NNLL predictions

HERAPDF 1.5 used in MCFM improves 
agreement with data

123

mtt̄
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Results:

Data is best described by Alpgen+Herwig 

Other three generators are equally bad 
at large rapidity

NNPDF 2.3 and HERAPDF 1.5 used in 
MCFM provide good description of data  

124

ytt̄
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Systematic uncertainties

125
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hdamp parameter

126

from P. Nason talk at TopLHC WG meeting on Dec.14 2011         
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Event reconstruction

127

W+

l+ ν

q
W−

q’−

b

b−

t

t−
 

Relate reconstructed objects to partons from top quark pair decay
Kinematic Likelihood Fitter event reconstruction 
choose object topology that best fits decay hypothesis

b-tag mt = mt̄



E.Shabaina -- CERN-LHC seminar 16/09/2014

Top event reconstruction: l+jets

128

W+

l+ ν

q
W−

q’−

b

b−

t

t−
 

Relate reconstructed objects to partons from top quark pair decay
Kinematic Likelihood Fitter event reconstruction 
choose object topology that best fits decay hypothesis

b-tag mt = mt̄

‣ Reconstructed objects are 
mapped to the response of 
partons via transfer functions (TF)
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Top event reconstruction: l+jets

129

W+

l+ ν

q
W−

q’−

b

b−

t

t−
 

Relate reconstructed objects to partons from top quark pair decay
Kinematic Likelihood Fitter event reconstruction 
choose object topology that best fits decay hypothesis

b-tag mt = mt̄

‣ Reconstructed objects are 
mapped to the response of 
partons via transfer functions (TF)

‣ Apply Breit-Wigner 
constraints to 
reconstructed mtop and mW
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Top event reconstruction: l+jets

130

W+

l+ ν

q
W−

q’−

b

b−

t

t−
 

Relate reconstructed objects to partons from top quark pair decay
Kinematic Likelihood Fitter event reconstruction 
choose object topology that best fits decay hypothesis

b-tag mt = mt̄

‣ Reconstructed objects are 
mapped to the response of 
partons via transfer functions (TF)

‣ Apply Breit-Wigner 
constraints to 
reconstructed mtop and mW

Take into account b-tagging 
information to construct event 
probability
‣ promote permutations with 

correct b-jet to b-quark 
assignment 

‣ penalize those with wrong 
assignments 
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Top event reconstruction: l+jets

131

W+

l+ ν

q
W−

q’−

b

b−

t

t−
 

Relate reconstructed objects to partons from top quark pair decay
Kinematic Likelihood Fitter event reconstruction 
choose object topology that best fits decay hypothesis

b-tag mt = mt̄

‣ Select well reconstructed 
events: log(L) > −50


