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Outline

Top-quark production and decay1

• dilepton 
• lepton+jets 
• boosted top-quarks

Differential cross sections3

• inclusive 
• differential

Top-quark production in association with jets4

• dilepton 
• lepton+jets

Inclusive cross sections2
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2 Update of the global electroweak fit 9
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Figure 2: Contours at 68% and 95% CL obtained from scans of MW versus mt (top) and MW versus sin2✓`e↵
(bottom), for the fit including MH (blue) and excluding MH (grey), as compared to the direct measurements
(vertical and horizontal green bands and ellipses). The theoretical uncertainty of 0.5 GeV is added to the
direct top mass measurement. In both figures, the corresponding direct measurements are excluded from
the fit. In the case of sin2✓`e↵ , all partial and full Z width measurements are excluded as well (except in
case of the orange prediction), besides the asymmetry measurements.
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Top-quark position in SM

Top-quark mass – important Standard Model parameter 

Essential for testing the SM 

• pQCD precision tests 

• consistency of mt, mH, mW 

Defines Yukawa coupling to the 
Higgs boson: close to 1.0 

Constraining PDFs 

Important background in many BSM searches

The heaviest SM particle:   mt = 172.33 ± 0.49 GeV  (CMS combination) 

Life time (10-25s) shorter than hadronisation time scale (10-24s) 
  bare quark properties accessible:   mass, |Vtb|, spin, charge,…

EPJC74:3046

arXiv:1509.04044

http://link.springer.com/article/10.1140/epjc/s10052-014-3046-5
http://arxiv.org/abs/1509.04044
http://arxiv.org/abs/1509.04044
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Top-quark production

Top-quark pairs: via QCD interactions

LHC – top-quark factory
arXiv:1112.5675

dominant at LHC

Single top quarks: via EWK interactions see talk by Soureek Mitra
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NNLO+NNLLTop++(v2) √s=7 TeV √s=8 TeV √s=13 TeV √s=14 TeV
σ(pp→tt̅)  [pb] 177 ± 7% 253 ± 6% 832 ± 5% 985 ± 5%

Run I Run II

http://arxiv.org/pdf/1112.5675v4.pdf
https://indico.desy.de/contributionDisplay.py?contribId=88&confId=12482
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Top-quark decay

Almost exclusively decays:  t→bW 

W decay defines the tt final state

t→bW
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*  *  *

INCLUSIVE  CROSS  SECTIONS

• testing perturbative QCD predictions 

• related to fundamental SM parameters: mt, αs 

• searches for new physics
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Cross-sections overview:  ATLAS+CMS

 [pb]ttσ
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ATLAS+CMS Preliminary  = 7 TeV   s summary, 
tt

σ 

(*) Superseded by results shown below the line

WGtopLHC Mar 2016

NNLO+NNLL PRL 110 (2013) 252004, PDF4LHC
 = 172.5 GeVtopm

scale uncertainty
 uncertaintySα ⊕ PDF ⊕scale 

total  stat

(lumi)±(syst) ±(stat) ± 
tt

σ

Effect of LHC beam energy uncertainty: 3.3 pb 
(not included in the figure)

ATLAS, l+jets -1=0.7 fbintL 7 pb± 9 ± 4 ±179 

ATLAS, dilepton (*) -1=0.7 fbintL pb 7−
 8+   11−

 14+ 6 ±173 

ATLAS, all jets (*) -1=1.0 fbintL 6 pb± 78 ± 18 ±167 

ATLAS combined -1=0.7-1.0 fbintL 7 pb±  7−
 8+ 3 ±177 

CMS, l+jets (*) -1=0.8-1.1 fbintL 7 pb± 12 ± 3 ±164 

CMS, dilepton (*) -1=1.1 fbintL 8 pb± 16 ± 4 ±170 

 (*)µ+hadτCMS, -1=1.1 fbintL 9 pb± 26 ± 24 ±149 

CMS, all jets (*) -1=1.1 fbintL 8 pb± 40 ± 20 ±136 

CMS combined -1=0.8-1.1 fbintL 8 pb± 11 ±  2 ±166 

LHC combined (Sep 2012) -1=0.7-1.1 fbintL 6 pb±  8 ±  2 ±173 

νµX→ATLAS, l+jets, b -1=4.7 fbintL 3 pb± 17 ± 2 ±165 

, b-tagµATLAS, dilepton e -1=4.6 fbintL 3.6 pb± 4.2 ± 3.1 ±182.9 
miss
T-E

jets
, NµATLAS, dilepton e -1=4.6 fbintL 3.3 pb±  9.5−

 9.7+ 2.8 ±181.2 

+jetshadτATLAS, -1=1.7 fbintL 46 pb± 18 ±194 

ATLAS, all jets -1=4.7 fbintL 7 pb±  57−
 60+ 12 ±168 

+lhadτATLAS, -1=4.6 fbintL 3 pb± 23 ± 9 ±183 

CMS, l+jets -1=5.0 fbintL 3.6 pb± 12.0 ± 6.0 ±161.7 

µCMS, dilepton e -1=5.0 fbintL 3.8 pb±  4.0−
 4.5+ 2.1 ±173.6 

+lhadτCMS, -1=2.2 fbintL 3 pb± 22 ± 14 ±143 

+jetshadτCMS, -1=3.9 fbintL 3 pb± 32 ± 12 ±152 

CMS, all jets -1=3.5 fbintL 3 pb± 26 ± 10 ±139 
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ATLAS+CMS Preliminary  = 8 TeV   s summary, 
tt

σ WGtopLHC Mar 2016

NNLO+NNLL PRL 110 (2013) 252004, PDF4LHC
 = 172.5 GeVtopm

scale uncertainty
 uncertaintySα ⊕ PDF ⊕scale 

total  stat

(lumi)±(syst) ±(stat) ± 
tt

σ

Effect of LHC beam energy uncertainty: 4.2 pb 
(not included in the figure)

ATLAS, lepton+jets
PRD 91 (2015) 112013, -1=20.3 fbintL

 8 pb±  23−
 22+ 1 ±260 

CMS, lepton+jets
arXiv:1602.09024, -1=19.6 fbintL

 6.0 pb± 13.7 ± 3.8 ±228.5 

hτCMS, lepton+
PLB 739 (2014) 23, -1=19.6 fbintL

 7 pb± 24 ± 3 ±257 

µATLAS, dilepton e
EPJ C74 (2014) 3109, -1=20.3 fbintL

 7.5 pb± 5.5 ± 1.7 ±242.4 

)µ, eµµCMS, dilepton (ee, 
JHEP 02 (2014) 024, -1=5.3 fbintL

 6.2 pb± 11.3 ± 2.1 ±239.0 

 (Sep 2014)µLHC combined e
ATLAS-CONF-2014-054, CMS-PAS TOP-14-016, 

-1=5.3-20.3 fbintL

 6.2 pb± 5.7 ± 1.4 ±241.5 

µCMS, dilepton e
arXiv:1603.02303, -1=19.7 fbintL

 6.4 pb±  5.5−
 6.3+ 1.4 ±244.9 

CMS, all jets
arXiv:1509.06076, -1=18.4 fbintL  7.2 pb± 37.8 ± 6.1 ±275.6 

7 TeV:  173 pb ± 6% 8 TeV:  241.5 pb ± 3.5%

No tension with SM.  Precision driven by dilepton analyses.

Run I
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more on mt in talk by Simon Spannagel

8

Inclusive cross-section:  e + µ
Multidimensional fit to:      pT of the softest non-b-tagged jet 

Categorised by N b-tagged jets vs N add. jets:  12 categories in total

σtt = 244.9 ± 1.4 stat ± 6.3 syst ± 6.4 lumi pb     | 3.7% total

arXiv:1603.02303

√s=8 TeV

mt = 173.8 GeV ± 1% NNPDF3.0

↳ σtt also used to constrain top-squark 
production cross section

Run I

arXiv:1603.02303

https://indico.desy.de/contributionDisplay.py?sessionId=4&contribId=87&confId=12482
http://arxiv.org/abs/1603.02303
http://arxiv.org/abs/1603.02303
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CMS, l+jets 
CMS-PAS TOP-15-005 -1=42 pbintL
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Cross-sections overview:  ATLAS+CMS Run II

13 TeV:  ± 6.6%  Mar. 2016

The most recent CMS result not included:  covered in the following

Evolution with √s is well understood 

Measurements approaching the limit 
of theoretical precision
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Inclusive cross-section:  e + µ Run II

Using all 13TeV data recorded by CMS:  ℒint = 2.2 fb-1 

Counting high-purity eµ events:  rejecting Drell-Yan meµ > 20 GeV

• 2 isolated leptons:  e±µ∓ 

• ≥2 jets  (≥1 b-tagged) 

Main backgrounds: 
• single top quark: tW  (from MC) 
• Drell-Yan, fake e/µ (from Data) 

Dominant systematics: 
• trigger/lepton efficiencies, JES, b-tagging
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https://cds.cern.ch/record/2141738
https://cds.cern.ch/record/2141738
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*  *  *

DIFFERENTIAL  CROSS  SECTIONS

• additional constraints on SM parameters, new physics 

• top quarks need to be reconstructed 

• correction for detector + parton-shower effects  
needed for comparison to theory predictions 

• closer-to-experiment definitions can be used:  pseudotop
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Differential cross-section:  dilepton Run II

Normalised σtt vs  Njets,   mtt,    pT, y |t, tt 

Corrected for detector effects:  regularised unfolding
CMS-PAS-TOP-16-011 

In general good description by all considered NLO predictions 

Njets > 4 not well described by predictions:  parton-shower dominated 

Top-quark pT better described by Powheg v2 + Herwig++  as in Run I

https://cds.cern.ch/record/2141738
https://cds.cern.ch/record/2140061
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Differential cross-section:  lepton+jets Run II

Absolute σtt vs  Nadd. jets,   mtt,    pT, y |t, tt 

Measured with parton-level and particle-level definitions
CMS-PAS-TOP-16-008 
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• e/µ dressed 
with photons 

• all ν summed 

• jets, b jets

Dominant syst.: 
JES, PS modeling 

Conclusions 
similar to 
dilepton results

https://cds.cern.ch/record/2141738
https://cds.cern.ch/record/2141097
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Differential cross-section:  boosted top

Probing top quarks in the boosted regime:  pT > 400 GeV 

Decay products merged into jets:  lepton+jets

Run I

Measured with parton-level and particle-level definitions 

Similar top-quark pT trend as in non-boosted analyses 

Inclusive σtt underestimated in POWHEG by 14%, but consistent

σtt = 1.28 ± 0.09 stat+syst ± 0.10 PDF ± 0.09 Q2 ± 0.03 lumi pb particle

Cambridge-Aachen jets 
•   R = 0.8 

top tagging algorithm 
(jet substructure)

CMS-PAS-TOP-14-012

leptonic

hadronic

Anti-kT jets 
•   R = 0.5

https://cds.cern.ch/record/2045404
https://cds.cern.ch/record/2141097
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*  *  *

tt + (b) jets  CROSS  SECTIONS

• dominant background to the ttH(H→bb) production 

• ttbb – irreducible 

• background to various  
BSM signatures

mbb ̅ [GeV]mH0

b-
je

t p
ai

rs

ttbb

ttjj
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Inclusive cross-sections:  tt + (b) jets

Absolute σttjj, σttbb, σttbb/σttjj:  additional (b) jet pT > 40 GeV,   |η| < 2.5

Run I

PLB 746 (2015) 132Dileptonic SemileptonicCMS-PAS-TOP-13-016
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http://dx.doi.org/10.1016/j.physletb.2015.04.060
http://arxiv.org/abs/1510.03072
https://cds.cern.ch/record/2038631
http://arxiv.org/abs/1510.03072
http://link.springer.com/article/10.1007%2FJHEP07%282014%29135
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Differential cross-section:  tt + jets

Absolute σtt vs  Njets,   HT,   m, dR|jj,    pT, |η| |j1, j2 

Kinematic reconstruction of the tt sytem:  dileptonic channel

Run I
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Predictions normalised to data:  shapes reasonably described 

Absolute σtt underestimated:  as seen from inclusive measurements 

Dominant uncertainties: JES, µR, µF, hadronisation model 
• model dependence of the measurement needs to be reduced

arXiv:1510.03072 

http://arxiv.org/abs/1510.03072
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Differential cross-section:  tt + b jets

Absolute σtt vs  m, dR|bb,    pT, |η| |b1, b2 

B-jet assignment to the tt system by a BDT:  dileptonic channel

Run I
 [p

b]
|η

d|
vi

s
σd

0
0.02
0.04
0.06
0.08

0.1
0.12
0.14
0.16
0.18

Data
Madgraph+Pythia6
MC@NLO+Herwig6
Powheg+Pythia6
Powheg+Herwig6

 ( 8 TeV)-119.7 fb

CMS

|ηLeading add. b jet |
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4

D
at

a
Th

eo
ry

0

1

2  Syst.⊕Stat. 
Stat.

 [p
b/

G
eV

]
bb

dm
vi

s
σd

-510

-410

-310

Data
PowHel+Pythia6

 ( 8 TeV)-119.7 fb

CMS

 [GeV]bbm
50 100 150 200 250 300 350 400

D
at

a
Th

eo
ry

0
1
2
3  Syst.⊕Stat. 

Stat.

 [p
b/

G
eV

]
T

dp
vi

s
σd

-510

-410

-310

-210 Data
Madgraph+Pythia6
MC@NLO+Herwig6
Powheg+Pythia6
Powheg+Herwig6

 ( 8 TeV)-119.7 fb

CMS

 [GeV]
T

Leading add. b jet p
50 100 150 200 250 300 350 400

D
at

a
Th

eo
ry

0

1

2  Syst.⊕Stat. 
Stat.

Non-trivial signal definition:  many b jets in the final state 

mbb spectrum softer than mjj:  larger contribution from gg scattering 

First comparison to NLO calculation: identical signal definitions 

Statistically limited: will improve significantly with Run II data

arXiv:1510.03072 

http://arxiv.org/abs/1510.03072
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Summary

Important physics results still being extracted from Run I data

Run II top-quark measurements becoming competitive 
with Run I  in terms of statistical precision

No significant deviations from Standard Model observed so far

Exploring new kinematic regions boosted top

• NLO+PS simulations widely adopted now 
• particle-level signal definitions becoming more common

Modelling uncertainties becoming increasingly important

Reduction of systematic uncertainties is the primary goal of   
experiment- and theory-side efforts during Run II



 
Thank you 
for attention

✓
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Differential cross-section:  lepton+jets Run II

Particle-level top-quark definition CMS-PAS-TOP-16-008 

• 1 prompt e/µ lepton corrected for final-state radiation 

• clustering photons within a jet  [ anti-kT, R=0.1 ] 

•All prompt ν neutrinos:  origin not in a hadron decay 

•≥4 Jets:  all stable particles except prompt e/µ/ν  [ anti-kT, R=0.5 ] 

• ≥2 b jets:  ghost* b hadron included during the jet clustering  
     *b-hadron momentum scaled↓ to a negligible value

Finding permutation of jets minimising the equation:

2 3 Top quark proxy definition at particle level

NNLO cross section calculation [14] of 832 pb. For uncertainty estimations we use POWHEG
simulations with top quark masses of 169.5 GeV and 175.5 GeV and a simulation with POWHEG
combined with HERWIG++ [15] tune EE5C [16].

The main backgrounds are produced using the same techniques. MG5 AMC@NLO with
PYTHIA8 is used for the simulation of W boson production in association with jets, t-channel
single top, and Drell-Yan in association with jets. POWHEG with PYTHIA8 is used for the simula-
tion of single top associated production (tW) and PYTHIA8 is used for QCD multijet production.
The W boson and Drell-Yan backgrounds are normalized to their NNLO cross sections [17]. The
single top processes are normalized to NLO calculations [18] and the QCD multijet sample is
normalized to the LO calculation [10].

The effects of the detector are simulated using GEANT4 [19]. Afterwards, the same reconstruc-
tion algorithms as in the data are used. To correct the simulation to be in agreement with
the pileup conditions observed during the data taking the average number of pileup events
per bunch crossing is calculated from the measured instantaneous luminosity. The simulated
events are reweighted to follow this distribution.

3 Top quark proxy definition at particle level
The following list describes the definition of objects constructed from quasi-stable particles at
generator level and further used to construct the top quark proxies. In general, these objects
are constructed in a way that there is a corresponding measurable quantity.

• Electrons and muons that do not have their origin in a decay of a hadron are selected
and corrected for final state radiation. The anti-kt jet algorithm [20] with a distance
parameter of 0.1 is used to cluster these leptons and photons. Those photons that
are clustered together with a selected lepton are assumed to be radiative losses of
the lepton and their momenta are added to the lepton momentum. However, the
lepton is only selected if the contribution of the original pT is at least half of the
corrected pT.

• All neutrinos that do not have their origin in a decay of a hadron are selected.
• Jets are clustered by the anti-kt jet algorithm with a distance parameter of 0.4. All

stable particles excluding all neutrinos and the selected leptons together with their
radiative correction are considered.

• b jets are those jets that contain a b hadron. Although unstable, b hadrons are in-
cluded during the jet clustering, but their momenta are scaled down to a negligible
value. These preserves the information of their direction, but they have no impact
on the jet clustering itself.

Based on the invariant masses M of these objects we construct a pair of top quark proxies in the
`+jets channel. Events with exactly one electron or muon with pT(`) > 30 GeV and |h(`)| < 2.5
are selected. We sum the momenta of all selected neutrinos pN and find the permutation of
jets that minimizes Eq. 1 where pj1/2 are two light jet candidates, pb1/2 two b jet candidates. All
jets with pT > 25 GeV and |h| < 2.5 are considered. At least two b jets and a total number
of at least four jets are required. If there are more than two b jets, we allow b jets as decay
product of the proxy for the hadronically decaying W boson. The values of mt = 172.5 GeV
and mW = 80.4 GeV are used.

K2 = [M(pN + p` + pb1)� mt]
2 + [M(pj1 + pj2)� mW]2 + [M(pj1 + pj2 + pb2)� mt]

2 (1)mt mtmW

mt = 172.5 GeV     mW = 80.4 GeV

https://cds.cern.ch/record/2141738
https://cds.cern.ch/record/2141097
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Differential cross-section:  boosted top Run I

Particle-level top-quark definition

1 prompt e/µ lepton 

• pT > 45 GeV,  |η| < 2.1  

≥1 jet in the same hemisphere:  dR(l, jet) < π/2   [ anti-kT, R=0.5 ] 

• pT > 30 GeV,  |η| < 2.4 

≥1 fat jet in the opposite hemisphere:  dR(l, jet) > π/2   [ CA, R=0.8 ] 
• pT > 400 GeV,  |η| < 2.4

CMS-PAS-TOP-14-012

https://cds.cern.ch/record/2045404
https://cds.cern.ch/record/2141097

