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Total and Differential Cross Sections
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• We are well in the hadron collider precision measurement territory !!!
• …for a few years now

LHC σ(tt) [pb] L [fb-1] Nevent

7 TeV 172.676 5 8.6 x 105

8 TeV 246.652 19.7 4.8 x 106

13 TeV 807.296 2.3 1.8 x 106LHC Run 2

LHC Run 1



Search for Supersymmetry…
• An example of the importance of top-quark cross sections as background
• Search for supersymmetry in the vector-boson fusion topology in 

proton-proton collisions 

LHC @ 8 TeV
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Mass



Mass measurements
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… in view of projections for the LHC
Excellent prospects for mass measurements
despite reliance on a hadron collider

Measurements refer to the mass parameter of Monte Carlo’s
Usually pole mass (or close to it) 7



Standard model phase diagram…

Buttazzo et al. ‘13

Under	the	assumption	of	“the	great	desert”
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…one	of	the	many	reasons	for	interest	in	the	top-quark	mass
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Measurement precision viewed through mass determination

Giudice, Paradisi, Strumia `15

Top-quarks @ low energy
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Top-quark mass definitions

Taken from Hoang ’14 10



Ambiguity of the pole mass
• Pole mass defined by an asymptotic series

• Renormalon ambiguity: the series is not Borel summable
• Ambiguity proportional to ΛQCD , but with what coefficient ?
• Relation to MS mass up to 4-loops

• Recent estimate of the ambiguity

• …But the debate continues with an estimate at 250 MeV

Marquard, Smirnov, Smirnov, Steinhauser `15

Beneke, Marquard, Nason, Steinhauser arXiv:1605.03609

11Hoang, Lepenik, Preisser arXiv:1706.08526



Some alternative measurements with 
clean definitions
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 GeV-4.70 +5.20167.50 ), 1.96 TeVt(tσD0 
PLB 703 (2011) 422
MSTW08 approx. NNLO

 GeV-3.40 +3.30169.50 ), 1.96 TeVt(tσD0 
D0 Note 6453-CONF (2015)
MSTW08 NNLO

 GeV-3.20 +3.40172.80 ), 1.96 TeVt(tσD0 
PRD 94, 092004 (2016)
MSTW08 NNLO

 GeV-2.60 +2.50172.90 ), 7+8 TeVt(tσATLAS 
EPJC 74 (2014) 3109

 GeV-2.11 +2.28173.70 +j shape, 7 TeVtATLAS t
JHEP 10 (2015) 121

 GeV-1.80 +1.70173.80 ), 7+8 TeVt(tσCMS 
JHEP 08 (2016) 029
NNPDF3.0

 GeV-2.70 +2.40172.70 ) 13 TeVt(tσCMS 
arXiv:1701.06228 (2017)
CT14

 GeV-3.66 +4.52169.90 +j shape, 8 TeVtCMS t
TOP-13-006 (2016)

 GeV-0.76 +0.76173.34 World combination
ATLAS, CDF, CMS, D0
arXiv:1403.4427, standard measurements

February 2017Top-quark pole mass measurements



Decay	modelling



Decay Modeling @ NLO
§ Narrow-width approximation 

NLO corrections to both production and decay, neglecting    
non-factorizable corrections, including spin correlations at NLO
– Double differential angular distributions to probe spin correlations 

Bernreuther, Brandenburg, Si, Uwer `04

– Flexible Monte Carlo implementation, fully differential level
– Spin correlations of top anti-top via decay products
– pp → tt + X →  WWbb + X → lν lν bb + X (di-lepton)
– pp → tt + X →  WWbb + X → ud lν bb + X (lepton + jet)

Melnikov, Schulze `09

§ Can be implemented at NNLO in QCD
§ Decay at this level is already known

Gao, Li, Zhu `12

Brucherseifer, Caola, Melnikov `13 

14



Decay Modeling @ NLO
§ Off-shell effects through direct simulation of the final state lν lν bb

Denner, Dittmaier, Kallweit, Pozzorini `11 `12
Bevilacqua, MC, van Hameren, Papadopoulos,  Worek `11
Heinrich, Maier, Nisius, Schlenk, Winter `13

§ Off-shell effects with massive b-quarks (simultaneous top-pair and single-top)
Frederix `13
Cascioli, Kallweit, Maierhöfer, Pozzorini `13

§ Off-shell electroweak effects

§ More complicated processes
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Denner, Feger ’15, 
Denner, Lang, Pellen, Uccirati ’17 (including electroweak effects)  

Bevilacqua, Hartanto, Kraus, Worek ’16

lν lν bb + H
lν lν bb + jet

Denner, Pellen ’16



Effects on Total Rates (Fiducial)

Denner, Dittmaier, Kallweit, Pozzorini, Schulze `12

NWA Off-shell

Expected
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Finite Width Sensitive Observables

Denner, Dittmaier, Kallweit, Pozzorini, Schulze `12

§ Large effects easily found by reaching past kinematic end-points
17



First step towards NWA @ NNLO
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§ Exact matrix elements for everything but the production mechanism at NNLO QCD
Gao, Papanastasiou `17



High	precision



Perturbation theory convergence

Concurrent uncertainties:

Scales ~ 3%
pdf (at 68%cl) ~ 2-3%
αS (parametric) ~ 1.5%
mtop (parametric)   ~ 3%

Soft gluon resummation makes a 
difference:       5%  à 3%

MC, Fiedler, Mitov `13 20



MC,	Heymes,	Mitov `15	`16

…for differential distributions

21

Convergence with
fixed and dynamical scales
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Application: PDF fits
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MC, Hartland, Mitov, Nocera, Rojo `16
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Electroweak effects
§  Long history                                             Large Sudakov logarithms

Beennakker, Denner, Hollik, Mertig, Sack, Wackeroth `94
Bernreuther, Fücker, Si `05,`06
Moretti, Nolten, Ross `06
Kühn, Scharf, Uwer `05,`06,`14 
Pagani, Tsinikos, Zaro `16
Denner, Pellen `16

§ Combination with NNLO QCD MC, Heymes, Mitov, Pagani, Tsinikos, Zaro `17

log

2
(pTt/MW,Z)



Dominant QCD effects and resummation
soft	gluon	emission

large	effects

Coulomb	
attraction/repulsion

small	effects

t-channel	gluon	exchange
negligible	effects
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Bonciani, Catani, Mangano & Nason ’98
Moch, Uwer ’08, MC, Mitov, Sterman `09,
Beneke, Falgari, Schwinn `09,
Ahrens, Ferroglia, Neubert, Pecjak, Yang `10

§ Long history of soft gluon resummation



Effects in the “Tails”
§ Additionally to the potentially small gluon energies, mt is small
§ In this “boosted” regime there are two kinds of logs

§ Widely separated scales

§ Factorization possible

§ Notice that there are 5 (!) scales now

Ferroglia, Pecjak, Scott, Yang `13 
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Results for the LHC
Pecjak, Scott, Wang, Yang `15

§ Transverse momentum  
distribution modified by   
dynamical scales and
resummation

§ At low pT better description of 
CMS data, slightly worse 
for ATLAS (not shown)

§ Larger scale dependence ?

§ What’s going on with the 
invariant mass ?

§ Matching to NNLO in 
preparation

26



Conclusions



Top-Quark Physics

• Booming	topic	with	lots	of	applications	and	interest	outside	the	
QCD	community

• The	nearest	future	must	bring	high-precision	predictions	with	
decaying	top-quarks	at	least	in	the	narrow-width-approximation

• Resummation effects	in	boosted	topologies	to	be	studied	in	
conjunction	with	fixed	order	results

• Work	on	parton shower	modelling

• Improvements	of	PDFs
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