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Plan

1. Precision at high orders
2. Sophisticated decay modelling

From M. Schulze, LHCP `18
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Total and differential cross sections
• 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 180 5 9 x 105

8 TeV 256 20 5 x 106

13 TeV 835 36 3 x 107
LHC Run 2

LHC Run 1
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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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Precision at high orders
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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 6



MC, Heymes, Mitov `15 `16

… for differential distributions

Convergence with
fixed and dynamical scales
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Application: PDF fits

 ( GeV )XM
210 310

G
lu

on
 - 

G
lu

on
 L

um
in

os
ity

 (R
el

 E
rr)

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14
Baseline

+ top-quark differential

+ inclusive jets

NNLO, global fits, LHC 13 TeV

 ( GeV )XM
210 310

G
lu

on
 - 

G
lu

on
 L

um
in

os
ity

0.8

0.85

0.9

0.95

1

1.05

1.1

1.15

1.2
Baseline

+ top-quark differential

NNLO, global fits, LHC 13 TeV

MC, Hartland, Mitov, Nocera, Rojo `16
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First step towards NWA @ NNLO
§ Exact matrix elements for everything but the production mechanism at NNLO QCD

Gao, Papanastasiou `17
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Exact NWA results @ NNLO
§ Contributions

Behring, MC, Mitov, Papanastasiou, Poncelet `18 10



Exact NWA results @ NNLO
§ Application in case of data/theory discrepancies

Behring, MC, Mitov, Papanastasiou, Poncelet `18 11



Exact NWA results @ NNLO
§ Application in case of potentially noticeable effects in data

Behring, MC, Mitov, Papanastasiou, Poncelet `18
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Exact NWA results @ NNLO

Behring, MC, Mitov, Papanastasiou, Poncelet `19 13

§ Fine-tuned analysis reveals shortcomings in full phase space extrapolation 

Negligible sensitivity to:
1. Top quark mass
2. Parton Distribution Functions
3. Electroweak effects
4. Radiation in the decay
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Exact NWA results @ NNLO

Behring, MC, Mitov, Papanastasiou, Poncelet `19 15

§ Importance of spin correlations

§ Impact on other observables



Exact NWA results @ NNLO
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§ Further work



Electroweak effects for on-shell tops
§ 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

log2(pTt/MW,Z)
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QCD x EW effects for on-shell tops
§ Comparison with data after combination
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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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Moch, Uwer ’08, MC, Mitov, Sterman `09,
Beneke, Falgari, Schwinn `09,
Ahrens, Ferroglia, Neubert, Pecjak, Yang `10

§ Long history of soft gluon resummation
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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
Pecjak, Scott, Wang, Yang `16 
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Matched NNLO+NNLL` results
MC, Ferroglia, Heymes, Mitov, Pecjak, Scott, Wang, Yang `18
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Matched NNLO+NNLL` results
MC, Ferroglia, Heymes, Mitov, Pecjak, Scott, Wang, Yang `18
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Another resummation: pT of the pair

Li, Li, Shao, Yang, Zhu `13
Catani, Grazzini, Torre `14

Plot taken from Li et al.
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Sophisticated decay modelling
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Decay Modeling @ NLO
§ Off-shell effects through direct simulation of the final state 

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 effects in the semi-leptonic channel

§ Off-shell electroweak effects

§ More complicated processes
Denner, Feger ’15,  
Denner, Lang, Pellen, Uccirati ’17

Bevilacqua, Hartanto, Kraus, Worek ’16

Denner, Pellen ’16

Bevilacqua, Hartanto, Kraus, Weber, Worek ’18
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Denner, Pellen ’18
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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 27



Finite Width Sensitive Observables
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Heinrich, Maier, Nisius, Schlenk, Schulze, Scyboz, Winter ‘18

Off-shell, NWA, PS

pp ! tt̄ ! e+⌫e µ
�⌫̄µ bb̄ @ 13 TeV LHC

<latexit sha1_base64="Z/H+Pjb1+Xuy5vywV6ANJk5k/2Y="></latexit>



Off-shell matching to parton showers

Jezo, Lindert, Nason, Oleari and Pozzorini ‘16 29



Conclusions
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An example open problem
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v Merging off-shell top quark effects @ NLO in QCD with NNLO QCD top quark predictions for pp à tt in 
di-lepton channel 

v Determination of the top quark mass from leptonic observables à Fiducial σtt

v Various tt NLO generators interfaced 
to PS used

v dσtt /dX modeled poorly by NLO+PS

v The most precise result obtained from 
fixed-order NLO predictions

v Measurements limited by theory 
uncertainties stemming from
modeling of top quark decays !  

p`+

T , p``
T ,M`` , (E

`+ + E`�) , (p`+

T + p`�

T ) , ⌘`+ , ⌘`` ,��``
<latexit sha1_base64="zG73sBmhbf/5Q6VMTu3oBoMkDVw="></latexit>

mt = 172.2 ± 0.9 (stat.) ± 0.8 (syst.)± 1.2 (th.) GeV
<latexit sha1_base64="2E2RE6CLj7nolwSOCpvrdxu2P6Q="></latexit>
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Precision improvement through ratios: ttγ/tt
v 1% − 3% precision for Integrated Cross Section Ratios 
v Differential Ratios with 1% − 6% precision:
v Such high precision has only been reserved till now for NNLO !

Bevilacqua, Hartanto, Kraus, Weber, Worek ‘19

Mbb̄ ,M`` ,��`` , pT, `1
<latexit sha1_base64="Zh3JBP7ywvfucPZXxgGrOeN0PG0="></latexit>

Off-shell Tops
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Merging vs Fixed Order
v On-shell tops and EW corrections included

MC, Gütschow, Lindert, Mitov, Pagani, Papanastasiou, Schönherr, Tsinikos, Zaro ‘19

Not described at Fixed Order

Large discrepancies to Merging



Top-quark physics

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

• Fixed-order perturbation theory and resummation rather 
well understood

• Nevertheless, lots of work necessary for reliable 
predictions in the case of decay modelling

• How to include the knowledge in Monte Carlo event 
generators?
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