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Outline of the Talk

1. Introduction 

2. Part I ð Fixed-order predictions: NLO QCD

3. Part II ð Fixed-order predictions: Complete NLO  

4. Part III ð Parton-shower based predictions: NLO + PS 
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Introduction
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Large Hadron Collider  

Á Current status:  LHC Run 3 @ 13.6 TeV

Á HL --LHC  planned from 2030 to 2041

We are 

here !LHC/ HL -LHC Plan (last update January 2025)

OPEN-PHO -CHART-2014-006

Overall view of the LHC

Run 1 Run 2 Run 3 HL -LHC

30 fb-1 190 fb-1 500 fb-1 3000 - 4000 fb-1

Integrated Luminosity   
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Key Physics Goals

Graphic borrowed from Gavin Salam - Amplitudes 2020

Á Understand better Standard Model  

Á Establish structure of Higgs sector 

Á Search for signs of new physics BSM

Á Direct searches

Å Many proposals for New Physics
Å No model of NP really stands out 
Å No obvious candidates to look for

Å Indirect searches

Å New Physics as small corrections 
to SM reactions

Á Precision SM measurements 

Å High Luminosity LHC

Á High Precision Theoretical 

Predictions

Å Top Quark &  Higgs boson 
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Key Physics Goals

Á A synergy between theory &  experiment is key to foster 
discoveries at the HL-LHC

Á Shed more light on Higgs -boson sector

Á On theory side, path to precision runs through several 
directions:

Å Perturbative accuracy of amplitude calculations
Å Numerical stability of integration &  subtraction of IR 

divergencies
Å Robust assessment of theoretical uncertainties

Á Modelling of realistic final states in fiducial phase -space 
regions
Å Multi -particle final states, resonant structures, é

Á Precision & Accuracy  Ÿ  Identify which effects are 
important &  should be taken into account

Pictorial representation of a pp Ƃ ttH  event 
as produced by an event generator

SHERPA, JHEP02(2009)007



Á More exclusive final states are produced @ LHC
Á Interactions between top quarks and other SM particles 

Á Only selected results for pp Ƃ tt  + X will be discussed in 
following slides 

Á Helac -Nlo  group delivered results for all these 
processes &  more 
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Top -Quark Pair P roduction +X @ LHC

SNOWMASS 21, Report of 
Energy Frontier Topical Group 

3, arXiv:2209.11267 [hep-ph]
Main Focus:

Å Modelling of realistic final states in 

fiducial phase -space regions 

State of the art: NLO



TT Production with Realistic Final States

Å Modelling of unstable particles 
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TT Production with Realistic Final States

Å Modelling of unstable particles 
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ÅNLO QCD correction 
separately to production & 
decays

ÅNonfactorizable  NLO
corrections are missing  

ÅNo cross-talk between 
production & decays

ÅNLO spin correlations



TT Production with Realistic Final States

Å Modelling of unstable particles 
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Á Full off -shell = DR + SR + NR + interferences + Breit-Wigner propagators 

Á NWA = DR contributions &  unstable t & W restricted to on-shell states
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TT Production with Realistic Final States

Á NLO QCD corrections to stable pp Ƃ tt+X  matched to parton-showers 

Å Decays via parton  shower without any spin correlations 

Å LO decays with approximate spin correlations

Å Double resonant contributions only

Å Breit-Wigner propagators for ὸ &  W

Å Single &  non-resonant contributions still missing as well as their 
interference effects

Å Scale settings &  theoretical uncertainties based on production 
stage only

Powheg -Box

MG5_aMC@NLO 

Powheg -Box + LO Decays

MG5_aMC@NLO + MadSpin

Á Dominant contributions resumed
Å Collinear parton splitting or soft gluon 

emission

Á Connection to non-perturbative aspects
Å Hadronic final states



15

Part I ï Fixed -order predictions: NLO QCD 
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How Good is NWA

Bevilacqua, Bi, Hartanto, Kraus, Worek , JHEP08(2020)043

Integrated level

Á Full off -shell effects 0.2% 

Á NLO QCD corrections to decays 3%-5%  

ὴὴO Ὡ’‘’Ὡ’ὦὦ

Differential level

Á Off -shell effects up to 60% - 70%

Á Substantial differences between NWA & NWA LOdecay
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How Good is NWA

Bevilacqua, Hartanto, Kraus, Weber, Worek , JHEP03(2020)154

Dimensionful observables

Á Substantial differences between 
NWA  &  NWA LOdecay   when ‎ only 
in production stage 

Á NLO + PS not suitable to describe 
pp Ƃ tt‎ process 

Á Off -shell effects up to 50% ĭ60% 

Á Specific phase space regions 
Å Kinematical edges
Å High pT regions

ὴὴO Ὡ’‘’ὦὦ‎
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Various Phase -Space Regions  

Bevilacqua, Hartanto, Kraus, Weber, Worek , JHEP03(2020)154

ὴὴO Ὡ’‘’ὦὦ‎

Dimensionful observables

Á Sensitive to non-factorizable 
top quark corrections

Á Effects up to 50% ĭ 60% 

Á Specific phase space regions 
Å Kinematical edges
Å High pT regions
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Competing Effects 

ATLAS, Phys. Rev. Lett. 121(2018)15, 152002

ὴὴO Љ’ЉЉ’Љὦὦ‎

Stremmer, Worek, JHEP07(2024)091 Bylund, Maltoni , Tsinikos , Vryonidou , Zhang, JHEP05(2016)052

Á Full off -shell effects relevant in high pT tails & for kinematical edges

Á Other relevant effects in the same phase-space regions  Ƃ  EW Sudakov logarithms  Ƃ  SMEFT contributions  

EW effects

SMEFT



20

Photon in Production & Decays 

ὴὴO Ὡ’‘’ὦὦ‎

Á Integrated level for ὴȟ τπ'Å6 Ǫ ὴȟ ςυ 'Å6: 

Å Prod. Contribution  at the level of 57%

Å Decay contribution at the level of 43%

Bevilacqua, Hartanto, Kraus, Weber, Worek , JHEP03(2020)154
Stremmer, Worek, JHEP08(2023)179

ὴὴO Љ’ЉЉ’Љὦὦ‎‎

Á Integrated level for ὴȟ ςυ 'Å6 Ǫ ὴȟ ςυ 'Å6:

Å Mixed contribution  at the level of 44% 

Å Prod. contribution at the level of 40% 

Å Decay contribution  is about half the size 16% 

Á Different phase-space regions with various effects
Á pp Ƃ tt‎(‎) process cannot be described correctly by 

standard  NLO+PS predictions 
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Part II ï Fixed -order predictions: Complete NLO  
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Complete NLO Corrections  

Stremmer, Worek, JHEP07(2024)091

ὴὴO Ὡ’‘’ὦὦ‎

Á EW Sudakov logarithms in NLO 2 leads to reduction in tails of up to 
10% compared to NLO QCD  result

Á Accidental cancellations between NLO 2 &  NLO 3  Ƃ  Should be 
considered together

Á NLO prd  approximation models complete NLO  result very well 
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Part III ï Parton -shower based predictions: 

NLO + PS 
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Parton -Shower Based Predictions 

Bevilacqua, Bi, Cordero, Hartanto, Kraus, Nasufi , Reina, Worek
Phys. Rev. D 105(2022)1, 014018

ὴὴO Ὡ’‘’Ὡ’ὦὦÁ Transverse momentum of opposite-sign lepton
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Á Full pp  Ƃ tt+X  versus pp Ƃ tt+X  + pp Ƃ tWb+X   Ƃ  Coherent sum versus incoherent sum  Ƃ  Comparison 
of various approaches important: 

Å Full off -shell = DR + SR + NR + interferences + Breit-Wigner propagators
Å NWA = DR restricts unstable t  &  W to on-shell states 
Å Parton-shower based predictions = pp Ƃ tt+X  production @ NLO + decays within parton  shower or 

decays @ LO + approximate spin correlations 
V Spin correlations important to probe  new physics scenarios  

Á Understand various theoretical approaches important as they can impact: 

Å IR-safe (integrated) cross sections:  Normalisation 
Å IR-safe (differential) cross section distributions:  Shape of distributions 
Å SM parameter extraction: mt   &  ῲt

Å SM observables:  Top Charge Asymmetry 
Å BSM exclusion limits:  pp Ƃ tt  + Dark Matter with backgrounds pp Ƃ tt  &  pp Ƃ ttZ  (Z Ƃ ’’)
Å New Physics Modelling:  pp Ƃ ttH  with anomalous couplings  Ƃ  pp Ƃ ttH  in SMEFT 
Å Systematic uncertainties:  Subtraction of pp Ƃ tWb  from pp Ƃ tt
ÅMatching to parton  showers:  Resonant aware matching when NLO decays are included 

Various Theoretical Predictions  
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Summary 
Á Proper Modelling of Top -Quark Production & Decay 

Essential

Å Already now in presence of inclusive cuts

Á NLO QCD  corrections to ὴὴO ὸὸǪ ὸὸ ὢ
Å Full -off -shell predictions:  

V ὢ Ὄȟ‎ȟὡ ȟὤᴼ’Љ’ЉȟὤᴼЉЉȟὮȟὦὦȟὡ Ὦ
Å NWA Results : ὢ ὮὮȟ‎‎ȟὸὸ

 

Á Important

Å Corrections to production &  decays important
Å Complete off -shell effects important

V kinematical edges & high pT

Å Same phase-space regions are also sensitive to 
V Subleading higher -order corrections
V New Physics effects 

Å Photon emissions must be  properly included at all stages
Å Matching to parton  showers  Ƃ  To be used in addition to 

accurate matrix -element predictions, not instead of them

Á Even More Important for

Å Exclusive cuts &  HL -LHC 
Å New Physics searches & Exclusion limits 
Å SM parameter extraction
Å SM observables 
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Backup 
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Application I: BSM Exclusion Limits 

Á BSM  Ÿ  Kinematical edges &  high pT regions

Á ὸὸ Ὀὓ Ƃ Top quark backgrounds: ὸὸǪ ὸὸὤ

Á Observable   Ÿ ὓ ȟ Ǫ ὓ ȟ Ǫ ὴ

Á After cuts 25% of events come from ὸὸ
Á NLO smaller uncertainties w.r.t LO, NLO + LO decays   

Before & after applying additional cuts

Hermann, Worek, Eur. Phys. J. C81(2021) 11, 1029

ὴὴO ὸὸ ὣȾ ᴼὡ ὡ ὦὦ ὣȾ ᴼὩ’‘’ὦὦ ……
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Application I: BSM Exclusion Limits 

Á Comparison of signal strength exclusion limits
Hermann, Worek, Eur. Phys. J. C81(2021)11, 1029
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Application II: Yukawa Coupling  

Á Higgs characterisation framework

Artoisenet et al., JHEP11(2013) 043
Maltoni et al. , Eur. Phys. J. C74(2014) 1, 2710

Demartin et al. , Eur. Phys. J. C74 (2014) 9, 3065
Demartin et al. , Eur. Phys. J. C75 (2015) 6, 267

CP-even CP-odd

Mixing angle

Coupling choices:  ‖ ςȾσǪ ‖ ρ Ǫ ‖ ρ
Ensure consistency with current experimental bounds ( ggF, VBF)

CP-even

CP-odd

CP-mixed

Á Off -shell effects @ integrated fiducial level:

Å Small for CP-evenand CP-mixedHiggs boson
Å Large effects for CP-oddHiggs boson

Hermann, Stremmer, Worek, JHEP09(2022) 138

ὴὴO Ὡ’‘’ὦὦὌ
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Application II: Yukawa Coupling  

Á CP-even
Á CP-mixed
Á CP-odd

Á Off -shell effects @ differential fiducial level:
Å Large effects on size and shape for CP-odd Higgs boson
Å Only small effects for CP-even and CP-mixed
Å Reason: SR contributions ~ tWHb production

Shape comparison

Off -shell effects 

Hermann, Worek, Eur. Phys. J. C81(2021) 11, 1029

ὴὴO Ὡ’‘’ὦὦὌ
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Application II: Yukawa Coupling  

Á Cross section for ὴὴO ὦὦὩ‘’’……with scalar &

pseudoscalar mediators depending on the mass  ά

Á Production of pseudoscalar in association with top quarks 
is suppressed compared to scalar for masses below Ḑ200 
GeV if the two couplings ‖ ‖ ρ

Á This difference can be understood when looking at ὸO ὸ
ὌȾὃ fragmentation functions

Á ὼmomentum fraction that Higgs boson carries

Á Scalar fragmentation function has additional ϳρὼ

Á Enhanced production of soft scalar compared to 
pseudoscalars 

Dawson, Reina, Phys. Rev. D 57(1998)5851

Haisch, Pani, Polesello, JHEP02(2017) 131

Hermann, Worek, Eur. Phys. J. C81 (2021) 11, 1029
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Application II I: Top Charge Asymmetry 

Bevilacqua, Bi, Hartanto, Kraus, Nasufi , Worek, Eur. Phys. J. C81 (2021) 7, 675

Searching for more precise observables 

Á ὃ chargeasymmetry @ NLO for ὴὴO ὸὸὡ

Á Asymmetry larger than for ὴὴO ὸὸ
Á Top quark momenta must be reconstructed  
Á Scale setting not important  Ƃ Fixed & dynamical scale 

choice gives similar results 
Á Top-quark modelling important
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NLO QCD Corrections & Scale Setting

Á Fixed scale choice

Å Perturbative instabilities in ~ TeV regions
Å LO & NLO uncertainties band do not overlap 
Å Scale uncertainties @ NLO larger than @ LO 
Å For some scale choices NLO results negative

Á Dynamical scale choice

Å Stabilizes tails  
Å NLO u ncertainties bands within LO ones

Stremmer, Worek, JHEP02(2022)196

ὴὴO Ὡ’‘’ὦὦὌ
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PDF Uncertainties

ὴὴO Ὡ’‘’ὦὦ††
Bevilacqua, Hartanto, Kraus, Nasufi , Worek, JHEP08(2022)060

Integrated level

Á PDF uncertainties for CT18 & MMHT 14 similar 
Á Factor of 2 larger than PDF uncertainties for NNPDF 3.1
Á PDF uncertainties smaller than scale variation  Ƃ  But are not constant over the 

phase space and can reach 10% for large pT

Differential level
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Comparisons with LHC Data  

ὴὴO Љ’ЉЉ’Љὦὦὦὦ

Bevilacqua, Bi, Hartanto, Kraus, Lupattelli , Worek, JHEP 08 (2021) 008 & Phys.Rev.D 107(2023)1, 014028

ATLAS Collaboration, JHEP01(2025)068

Á NLO QCD  full off -shell predictions for ὸὸὦὦƂ  Di-Lepton Channel

HELAC -NLO


