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Instead of Introduction 

▪ Latest theoretical results for  where   

• Not only are they impressive, but there are plenty of them 

▪ Tell story, hopefully interesting one  

• Full processes  ⇰  Phenomenological results  ⇰  Compared to LHC data  
• Various results for     
• NNLO QCD & NLO QCD  

My Goal 

▪ Precision & Accuracy  ⇰  Identify which effects are important & should be taken into account 
▪ Give a few examples for NLO QCD  results  
▪ Vital for SM top quark physics studies & BSM searches & SM Higgs boson measurements  ⇰   
▪ (Biased) Selection  ⇰  (Almost) Only fixed order calculations  ⇰  LHC 

tt̄ & tt̄ + X X = H, γ, W±, Z, j, bb̄, γγ, jj, W±j, …

pp → tt̄ & pp → tt̄ + X

pp → tt̄ + X
pp → tt̄H
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▪ SM  ⇰  Extremely fun & exciting & enjoyable time for 
people working on SM Physics  ⇰  QCD + EW  

▪ BSM  ⇰  Significant number of open questions remains & 
Search for new phenomena key aspect of LHC  

▪ BSM Direct Searches 
• Many proposals for New Physics 
• No model of New Physics really stands out 
• No obvious candidates to look for @ LHC 
•   ⇰  Important backgrounds for BSM 

▪ BSM Indirect Searches 
• New Physics as small corrections to SM reactions  
• Precision SM measurements @ LHC   

            ⇰  High Luminosity LHC  
• High Precision Theoretical Predictions 

            ⇰  Top Quark     

tt̄, tt̄ + jets, tt̄V

Instead of Introduction

CERN: LHC/ HL-LHC Plan (last update February 2022)
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▪ Top Quark  ⇰  Discovered at TeVatron in 1995  

▪ Heaviest observed particle  

▪ Substantial Yukawa coupling 

▪ Special relation with SM Higgs boson 

▪ Short lifetime  ⇰  Decay before bound states can be formed  

▪ Direct handle on top quark properties from its decay products  

Why Top Quark is so Special

World Combination ‘14 
ATLAS, CDF, CMS, D0

CMS Collaboration ‘22

mt = (173.34 ± 0.76) GeV

Yt = 2
mt

v
≈ 1

jb , pmiss
T , ℓ± & jets

mt = (171.77 ± 0.37) GeV
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ATLAS+CMS Preliminary  = 7-13 TeVs summary, topm

* Preliminary

WGtopLHC
June 2023

World comb. (Mar 2014) [2]
stat
total uncertainty

total  stat

 recoil)± syst ± total (stat ± topm        Ref.s
WGtopLHCLHC comb. (Sep 2013) 7 TeV  [1] 0.88)± 0.95 (0.35 ±173.29 

World comb. (Mar 2014) 1.96-7 TeV  [2] 0.67)± 0.76 (0.36 ±173.34 
ATLAS, l+jets 7 TeV  [3] 1.02)± 1.27 (0.75 ±172.33 
ATLAS, dilepton 7 TeV  [3] 1.30)± 1.41 (0.54 ±173.79 
ATLAS, all jets 7 TeV  [4] 1.2)± 1.8 (1.4 ±175.1 
ATLAS, single top 8 TeV  [5] 2.0)± 2.1 (0.7 ±172.2 
ATLAS, dilepton 8 TeV  [6] 0.74)± 0.85 (0.41 ±172.99 
ATLAS, all jets 8 TeV  [7] 1.01)± 1.15 (0.55 ±173.72 
ATLAS, l+jets 8 TeV  [8] 0.82)± 0.91 (0.39 ±172.08 
ATLAS comb. (Oct 2018) 7+8 TeV  [8] 0.41)± 0.48 (0.25 ±172.69 
ATLAS, leptonic invariant mass 13 TeV  [9] 0.25)± 0.66 ± 0.81 (0.39 ±174.41 
ATLAS, dilepton (*) 13 TeV  [10] 0.39)± 0.67 ± 0.80 (0.20 ±172.21 
CMS, l+jets 7 TeV  [11] 0.97)± 1.06 (0.43 ±173.49 
CMS, dilepton 7 TeV  [12] 1.46)± 1.52 (0.43 ±172.50 
CMS, all jets 7 TeV  [13] 1.23)± 1.41 (0.69 ±173.49 
CMS, l+jets 8 TeV  [14] 0.48)± 0.51 (0.16 ±172.35 
CMS, dilepton 8 TeV  [14] 1.22)± 1.23 (0.19 ±172.82 
CMS, all jets 8 TeV  [14] 0.59)± 0.64 (0.25 ±172.32 
CMS, single top 8 TeV  [15] 0.95)± 1.22 (0.77 ±172.95 
CMS comb. (Sep 2015) 7+8 TeV  [14] 0.47)± 0.48 (0.13 ±172.44 
CMS, l+jets 13 TeV  [16] 0.62)± 0.63 (0.08 ±172.25 
CMS, dilepton 13 TeV  [17] 0.69)± 0.70 (0.14 ±172.33 
CMS, all jets 13 TeV  [18] 0.70)± 0.73 (0.20 ±172.34 
CMS, single top 13 TeV  [19] 0.70)± 0.77 (0.32 ±172.13 
CMS, l+jets 13 TeV  [20] 0.37±171.77 
CMS, boosted 13 TeV  [21] 0.78)± 0.81 (0.22 ±172.76 

[1] ATLAS-CONF-2013-102
[2] arXiv:1403.4427
[3] EPJC 75 (2015) 330
[4] EPJC 75 (2015) 158
[5] ATLAS-CONF-2014-055
[6] PLB 761 (2016) 350
[7] JHEP 09 (2017) 118

[8] EPJC 79 (2019) 290
[9] arXiv:2209.00583
[10] ATLAS-CONF-2022-058
[11] JHEP 12 (2012) 105
[12] EPJC 72 (2012) 2202
[13] EPJC 74 (2014) 2758
[14] PRD 93 (2016) 072004

[15] EPJC 77 (2017) 354
[16] EPJC 78 (2018) 891
[17] EPJC 79 (2019) 368
[18] EPJC 79 (2019) 313
[19] arXiv:2108.10407
[20] arxiv:2302.01967
[21] arxiv:2211.01456



LHC as Top Quark Factory 
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Collider σtt  [pb] L  [ fb-1] Nevent

LHC7 TeV 180 5.0 9 x 105

LHC8 TeV 256 19.7 5 x 106

LHC13 TeV 835 139 1 x 108

HL-LHC14 TeV 987 3000 3 x 109

HE-LHC27 TeV 3840 15000 6 x 1010

Top quark pair production @ NNLO QCD with TOP++ 
CT14nnlo PDF  &  mt = 173.2 GeV 

𝜇R = 𝜇F = ½ mt  

Theoretical uncertainties: NNLO QCD: 5% - 6%  
NNLO QCD + NNLL: 3% - 4% 

Czakon, Mitov ‘14  

ATLAS & CMS



Precision Top Quark Physics
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Top quark produced via QCD interaction & Decay through weak interaction

6
SM : t ! Wb ⇡ 100%

Top Pair Branching Fractions

BR(t ! Wb) =
�(t ! Wb)

�(t ! Wq)
=

|Vtb|2

|Vtd|2 + |Vts|2 + |Vtb|2
⇡ 0.99

§ Top quark produced via QCD interaction & Decay through weak interaction 
§ Producing W-boson and a down-type quark (down, strange, or bottom)

<latexit sha1_base64="rjj7y6u0bhcSRRzusmRo1eI2/0M=">AAACHXicbVDLSgMxFM34rPU16tJNsAiCWGakqMuCG5cV7AM6Y0nSTBuaeZDcEcowP+LGX3HjQhEXbsS/MZ12oa0HLpyc+8i9hyZSaHCcb2tpeWV1bb20Ud7c2t7Ztff2WzpOFeNNFstYdSjRXIqIN0GA5J1EcRJSydt0dD3Jtx+40iKO7mCccD8kg0gEghEwUs+uZV4xJKMy5TnOkgR7EGPwKFEZ5MWjfX9q4owWGs3zvGdXnKpTAC8Sd0YqaIZGz/70+jFLQx4Bk0Trrusk4GdEgWCS52Uv1TwhbEQGvGtoREKu/axYLMfHRunjIFYmIsCF+rsjI6HW45CaypDAUM/nJuJ/uW4KwZWfiShJgUds+lGQSjy531iF+0JxBnJsCGFKmF0xGxJFGBhDy8YEd/7kRdI6r7oX1dptrVJ3ZnaU0CE6QifIRZeojm5QAzURQ4/oGb2iN+vJerHerY9p6ZI16zlAf2B9/QDalaJT</latexit>

pp ! tt̄ ! W+W�bb̄



▪ Infrared Structure of QCD 

• Extract SM parameters as precisely as possible   ⇰   
• Constraining gluon PDFs 
• Verify couplings to other particles  ⇰   

▪ Various IR-Safe Observables  

• Integrated & differential (fiducial) cross sections  

• Cross section ratios  
o More stable against radiative corrections  
o Reduced scale dependence  ⇰  Various uncertainties cancel in ratio 
o Enhanced predictive power  ⇰  Interesting to probe new physics @ LHC 

• Top quark charge asymmetry  ⇰ Differential & cumulative top quark charge asymmetries  ⇰  Lepton 
charge asymmetry, …  

αs & mt

γ, H, Z, W±

Precision Top Quark Physics
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ATLAS+CMS Preliminary
June 2023

* Preliminary

)-1 8.8 fb≤Tevatron combined 1.96 TeV (L 
)-1ATLAS combined dilepton, l+jets* 5.02 TeV (L = 257 pb

)-1, l+jets 5.02 TeV (L = 27.4-302 pbµCMS combined e
)-1 7 TeV (L = 5 fbµLHC combined e

)-1 8 TeV (L = 20 fbµLHC combined e
)-1 13 TeV (L = 140 fbµATLAS e

)-1 13 TeV (L = 35.9 fbµCMS e
)-1ATLAS l+jets 13 TeV (L = 139 fb

)-1CMS l+jets 13 TeV (L = 137 fb
)-1* 13.6 TeV (L = 11 fbµATLAS e

)-1CMS dilepton, l+jets 13.6 TeV (L = 1.2 fb

NNLO+NNLL, PDF4LHC21 (pp)
)pNNLO+NNLL, NNPDF3.0 (p

Czakon, Fiedler, Mitov, PRL 110 (2013) 252004
 0.001±) = 0.118 

Z
(Msα = 172.5 GeV, topm
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Top Quark Pair Production 
▪ NNLO + NNLL predictions for tt 

▪ NNLO Production & Decays 
• Narrow-width-approximation 
• di-lepton top quark decay channel 

▪ NNLO Production + LO decays + PS 
• MiNNLOPS 
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LHCtopWG  = 13 TeV (Nov. 2020)s

Eur. Phys. J. C 80 (2020) 754
-1ATLAS, L = 36.1 fb

Phys. Rev. D 100 (2019) 072002
-1CMS, L = 35.9 fb

ATLAS Powheg+Pythia8

CMS Powheg+Pythia8

Phys. Rev. Lett. 123 (2019) 082001
/4)T = H

F
µ = 

R
µNNLO (NNPDF3.1, 

0 /6π /3π /2π /3π2 /6π5 π
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 syst.⊕ATLAS stat.  syst.⊕CMS stat. 

Czakon, Fiedler, Mitov ‘13 
Czakon, Heymes, Mitov ‘16 ‘17  

Behring, Czakon, Mitov, Papanastasiou, Poncelet ’19 
Czakon, Mitov, Poncelet ‘21  

Catani, Devoto, Grazzini, Kallweit, Mazzitelli, Sargsyan ’19 
Catani, Devoto, Grazzini, Kallweit, Mazzitelli ‘19  

Mazzitelli, Monni, Nason, Re, Wiesemann, Zanderighi ’21 ‘22 

pp → t t̄

pp → t t̄ → W+W−bb̄ → ℓ+νℓ ℓ−ν̄ℓ bb̄
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▪ Normalised differential  cross section @ NNLO QCD 
▪ NWA  ⇰  Di-lepton channel  
▪ Azimuthal opening angle between two leptons 

▪ Inclusive  ⇰  Does not assume any selection cuts 
▪ Fiducial  ⇰  Based on the ATLAS selection cuts  

tt̄

Behring, Czakon, Mitov, Papanastasiou, Poncelet ’19 
Czakon, Mitov, Poncelet ‘20

Agreement

Tension

Proper modeling of top-quark production 	
& decay essential 

Top Quark Pair Production & Decays 

pp → t t̄ → W+W−bb̄ → ℓ+νℓ ℓ−ν̄ℓ bb̄

10

Precision 



▪ Normalised differential  cross section @ NLO QCD + PS 
▪ Full off-shell versus  ⇰  Di-lepton channel  

▪ Regions sensitive to interference between doubly & singly 
resonant top-quark pair production 

▪ Full off-shell prediction  models well all regions  

▪ Beyond top-quark mass traditional models of interference diverge

tt̄
t t̄ + tW(b)

ℓ+νℓℓ−ν̄ℓbb̄

ATLAS ’18 
ATL-PHYS-PUB-2021-042   

pp → t t̄ → W+W−bb̄ → ℓ+νℓ ℓ−ν̄ℓ bb̄

11

TT & TWB 

p values comparing data & various MC predictions 

Accuracy 



ATLAS ’18 
ATL-PHYS-PUB-2021-042  
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TT & TWB 

Important for proper modelling & tuning 

MadGraph5_aMC@NLO+Pythia 8 (left)  
Powheg+Pythia 8 (right) 

Accuracy 



▪ More exclusive final states are produced @ LHC 

Associated TT Production 

NLO QCD

Top quark physics and heavy flavor production  
Snowmass 2021
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 0.01(PDF) pb±(scale)  0.08− 
 0.07+   = 0.72Wttσ

JHEP 11 (2021) 29

EW
sub+NLOEW

leadFxFx@2J+NLO

 0.02(PDF) pb±(scale)  0.08− 
 0.07+   = 0.86Zttσ

EPJC 80 (2020) 428
NLO(QCD+EW)+NNLL

 20×(tot.) pb  0.002− 
 0.001+  20 = 0.038× 

γ+tWγttσ

JHEP 10 (2018) 158
NLO QCD

 5× 0.03(tot.) pb ± 5 = 0.15 × 
γttσ

MadGraph5_aMC@NLO
NLO QCD

 0.14(tot.) pb±  = 0.77 
γttσ

MadGraph5_aMC@NLO
NLO QCD

-1= 140 fbintATLAS, L
ATLAS-CONF-2023-019*

-1= 139 fbintATLAS, L
EPJC 81 (2021) 737

, Vis 1-1= 139 fbintATLAS, L
JHEP 09 (2020) 049

-1= 138.0 fbintCMS, L
arXiv:2208.06485

-1= 77.5 fbintCMS, L
JHEP 03 (2020) 056

, Vis 2-1= 138 fbintCMS, L
JHEP 05 (2022) 091

, Vis 3-1= 137 fbintCMS, L
JHEP 12 (2021) 180

 (syst.)± (stat.) ± meas.σ

 0.07 pb± 0.05 ±0.89 

 0.08 pb± 0.05 ±0.99 

 20× pb  0.0022−
 0.0026+ 0.0008  ±0.0396 

 0.05 pb± 0.04 ±0.87 

 0.06 pb± 0.05 ±0.95 

 5× 0.006 pb ± 0.003 ±0.175 

 0.048 pb± 0.007 ±0.798 

Wtt

Ztt

γtt dilepton

γtt l+jets

γ+tWγtt µe

total          stat.

ATLAS+CMS Preliminary
LHCtopWG  = 13 TeV, June 2023s

*preliminary

0 0.2 0.4 0.6 0.8 1 1.2 1.4
 [pb]Xttσ

▪ More exclusive final states are produced @ LHC 

Associated TT Production 

/ndf and p-values between measured normalised cross sections and  
various predictions from MC simulations and NLO calculation 

χ2
Bevilacqua, Hartanto, Kraus, Weber, Worek ’18 ‘19 ’20 

ATLAS Collaboration ‘20 

▪ NLO QCD full off-shell 
predictions for   
• Di-lepton channel 

tt̄γ

pp → t t̄ + X, X = γ, W±, Z

pp → ℓ+νℓ ℓ−ν̄ℓ bb̄ γ
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▪ More exclusive final states are produced @ LHC 

Associated TT Production pp → ℓ+νℓ ℓ−ν̄ℓ ℓ±νℓ bb̄

15

• Absolute and normalised cross-sections as function of   

• Off-shell results: Parton-level corrected to particle-level through bin-by-bin scaling factors that account for non-
perturbative effects, such as multi-parton interactions and hadronisation 

Hlep
T = pℓ+

T + pℓ−

T + pℓ±

T

Bevilacqua, Bi, Hartanto, Kraus, Worek ’20 ’21 ’22 
ATLAS Collaboration ‘23



▪ More exclusive final states are produced @ LHC 

Associated TT Production pp → ℓ+νℓ ℓ−ν̄ℓ ℓ±νℓ bb̄

16

• Absolute and normalised cross-sections as function of   

• Off-shell results: Parton-level corrected to particle-level through bin-by-bin scaling factors that account for non-
perturbative effects, such as multi-parton interactions and hadronisation

Δϕℓℓ

Bevilacqua, Bi, Hartanto, Kraus, Worek ’20 ’21 ’22 
ATLAS Collaboration ‘23
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Precision & Accuracy
• Modelling of unstable particles 
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• Modelling of unstable particles 
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• Modelling of unstable particles 
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• Modelling of unstable particles 
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Precision & Accuracy
• Modelling of unstable particles 
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Precision & Accuracy
• Modelling of unstable particles 

• NLO QCD correction separately to 
production & separately to top 
quark decays 

• NLO QCD nonfactorizable 
corrections missing   

• No cross-talk between production & 
decays & between 2 top-quark 
decays 

• NLO spin correlations
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Precision & Accuracy
• Modelling of unstable particles 

✓ Full off-shell = DR + SR + NR + interferences + Breit-Wigner propagators  

✓ NWA = DR restricts unstable t & W to on-shell states



Complexity for TTBB

Bevilacqua, Bi, Hartanto, Kraus, Lupattelli, Worek ’21 ‘22  

Examples of Octagon-, Heptagon- & Hexagon-Type of one-loop diagrams 

NLO ttbb

pp → e+νe μ−ν̄μ bb̄bb̄

gg → e+νe μ−ν̄μ bb̄bb̄ 24

HELAC-NLO



NLO QCD Corrections NLO ttZ

Bevilacqua, Hartanto, Kraus, Nasufi, Worek ‘22 

▪ NLO QCD Corrections Mandatory 

• Affect shape of various distributions 
• Impact theoretical uncertainties  

• NLO QCD corrections  ⇰  10% − 50% 
• Scale dependence reduced 

o 30% @ LO 
o 10% @ NLO 
o For dynamical scale setting  

pp → e+νe μ−ν̄μ bb̄ τ+τ−

HT = pT, b1
+ pT, b2

+ pT, e+ + pT, μ− + pT, τ+ + pT, τ− + pmiss
T

25



NLO QCD Corrections NLO ttbb

▪ Integrated fiducial cross sections  
plagued by large NLO QCD effects 

▪ Large NLO QCD corrections also @ 
differential level 

▪ NLO QCD corrections  ⇰  70% - 135% 

▪ Uncertainties  ⇰  10% - 25% 

Bevilacqua, Bi, Hartanto, Kraus, Lupattelli, Worek ’21 

pp → e+νe μ−ν̄μ bb̄bb̄

26



NLO QCD Corrections & Scale Setting  

▪ Fixed scale choice 

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

▪ Dynamical scale choice 

• Stabilises tails 
• NLO uncertainties bands within LO ones

Stremmer, Worek ‘22

NLO ttH

pp → e+νe μ−ν̄μ bb̄H

27



NLO QCD Corrections & Higgs decays  

Stremmer, Worek ‘22

▪ Full off-shell effects for  
▪ Higgs boson decays in NWA  

▪ H → bb  ⇰                                                ⇰  6% 

▪ 4 b-jets   ⇰  

t & W±

NLO ttH

pp → e+νe μ−ν̄μ bb̄H
pp → e+νe μ−ν̄μ bb̄H(H → bb̄)

𝒬ij = |Mbibj
− mH |

28



PDF Uncertainties  NLO ttH

Stremmer, Worek ‘22

Integrated level
Differential level

pp → e+νe μ−ν̄μ bb̄H
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PDF Uncertainties  

▪ PDF uncertainties for CT18 & MMHT14 similar  
▪ Factor of 2 larger than PDF uncertainties for NNPDF3.1 
▪ PDF uncertainties smaller than scale variation 

Bevilacqua, Hartanto, Kraus, Nasufi, Worek ‘22 

NLO ttZ

Integrated level

Differential level

pp → e+νe μ−ν̄μ bb̄ τ+τ−

30



How Good is NWA  
Bevilacqua, Bi, Hartanto, Kraus, Worek ’20

Integrated level 

▪ Full off-shell effects 0.2%   

▪ NLO QCD corrections to decays 3%-5%  

Differential level 

▪ Off-shell effects up to 60% - 70% 

▪ Substantial differences between NWA & NWALOdecay 

NLO ttW

pp → e+νe μ−ν̄μ e+νe bb̄

31



How Good is NWA  

Bevilacqua, Hartanto, Kraus, Weber, Worek ‘20

Dimensionful observables 

▪ Sensitive to non-factorizable top 
quark corrections 

▪ Effects up to 50% - 60%  

▪ Specific phase space regions   
• Kinematical edges 
• High pT regions 

NLO tt𝛾

pp → e+νe μ−ν̄μ bb̄ γ

32



Various Phase-Space Regions  

Bevilacqua, Hartanto, Kraus, Weber, Worek ‘20

Dimensionful observables 

▪ Sensitive to non-factorizable top 
quark corrections 

▪ Effects up to 50% − 60%  

▪ Specific phase space regions   
• Kinematical edges 
• High pT regions 

NLO tt𝛾

pp → e+νe μ−ν̄μ bb̄ γ

33



▪ Observables sensitive to off-
shell effects  ⇰  Substantial 
contributions from single top 
quark process 

▪ Dimensionless observables 
rather insensitive to top quark 
off-shell effects 

Bevilacqua, Hartanto, Kraus, Weber, Worek ‘20

Various Phase-Space Regions  NLO tt𝛾

pp → e+νe μ−ν̄μ bb̄ γ

34



Photon in Production & Decays 
Bevilacqua, Hartanto, Kraus, Weber, Worek ‘20

NLO tt𝛾

▪ For  
• 57%  ⇰  𝛾 emitted in production 
• 43%  ⇰  𝛾 emitted in decay stage 

▪ NLO QCD corrections to top quark decays  
• 12% - 17%

pT, b > 40 GeV

pp → e+νe μ−ν̄μ bb̄ γ

35



Photon in Production & Decays 

Bevilacqua, Hartanto, Kraus, Weber, Worek ‘20

NLO tt𝛾

Diverse picture

pp → e+νe μ−ν̄μ bb̄ γ

36
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Photons in Production & Decays 

Stremmer, Worek ‘23

NLO tt𝛾𝛾

pp → ℓ+νℓ ℓ−ν̄ℓ bb̄ γγ
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• Integrated fiducial cross-section level  

: 

• Mixed contribution at the level of 44%  

• Prod. contribution at the level of 40%  

• Decay contribution is about half the size 16%  

• Differential fiducial cross-section level 

• Various phase-space regions with various effects  

pT, b > 25 GeV, pT, γ > 25 GeV
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Photons in Production & Decays 

Stremmer, Worek ‘23

NLO tt𝛾𝛾

pp → ℓ−ν̄ℓ jj bb̄ γγ

38

• Integrated fiducial cross-section level  

with and without  

: 

• Prod. contribution at the level of 48%  ⇰  40% 

• Mixed contribution at the level of 40%  ⇰  43% 

• Decay contribution is about half the size 12%  ⇰ 17%

|mW − Mjj | < Qcut = 15 GeV

pT, b > 25 GeV, pT, j > 25 GeV, pT, γ > 25 GeV

lepton+jet



Charge blind b-tagging 

▪ Sensitive to absolute flavour of b-jet 
▪ Cannot distinguish between   jets 
▪ Recombination rules 

 

Charge aware b-tagging  

▪ Sensitive to charge of b-jet  
▪ Can distinguish between   jets 
▪ Recombination rules  

b & b̄

bg → b, b̄g → b̄, bb̄ → g, bb → g, b̄b̄ → g

b & b̄

bg → b, b̄g → b̄, bb̄ → g, bb → b, b̄b̄ → b̄

Initial State Bottom Quarks

Charge aware and charge blind schemes for b-jet tagging   

▪ Jets clustered with anti-kT algorithm with R = 0.4  
▪ 5 flavour scheme with massless b quarks  
▪ Two b-jet tagging variants are IR-safe @ NLO 
▪ Beyond NLO   

• flavor kT     

• flavor anti-kT

Banfi, Salam, Zanderighi ‘06 

Czakon, Mitov, Poncelet ’23 

Bevilacqua, Bi, Hartanto, Kraus, Lupattelli, Worek ‘21

pp → e+νe μ−ν̄μ bb̄ bb̄
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Initial State Bottom Quarks

Negligible contribution 

▪ Contributions induced by initial state can be safely 
neglected even in extreme phase space regions   

Bevilacqua, Bi, Hartanto, Kraus, Lupattelli, Worek ‘21

pp → e+νe μ−ν̄μ bb̄ bb̄
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Application I: BSM Exclusion Limits 

▪ BSM  ⇰  Kinematical edges & high pT regions 

▪   ⇰  Top quark backgrounds:  

▪ Observable  ⇰  

tt̄ + DM tt̄ & tt̄Z

MT2, W & MT2, t & pmiss
T

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

tt̄

Before & after applying additional cuts 

Hermann, Worek ‘21

NLO ttZ

pp → t t̄ + YS/PS → W+W−bb̄ + YS/PS → e+νe μ−ν̄μ bb̄ + χχ
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Application I: BSM Exclusion Limits 
Hermann, Worek ‘21

NLO ttZ

Comparison of signal strength exclusion limits

42



Application II: Top Charge Asymmetry 

Bevilacqua, Bi, Hartanto, Kraus, Nasufi, Worek ‘21

Searching for more precise observables 

•   charge asymmetry @ NLO for  At
c pp → tt̄W+

• Asymmetry larger than for    
• Top quark momenta must be reconstructed   
• Scale setting not important  ⇰  Fixed & 

dynamical scale choice gives similar results  
• Top-quark modelling important

pp → tt̄

NLO ttW
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Application II: Top Charge Asymmetry 

•  charge asymmetry @ NLO for   
• Directly measurable  ⇰  No need for top quark reconstruction 

Aℓ
c pp → tt̄W+

Differential & Cumulative    Aℓ
cBevilacqua, Bi, Hartanto, Kraus, Nasufi, Worek ‘21

NLO ttW
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Application III: Yukawa Coupling  NLO ttH

45

• Higgs characterisation framework 

Artoisenet et al. ’13,  Maltoni et al. ’14, Demartin et al. ’14, Demartin et al. ‘15

CP-even                         CP-odd

Mixing angle

Coupling choices:   
Ensure consistency with current experimental bounds (ggF, VBF) 

κAtt̄ = 2/3, κHtt̄ = 1, κHVV = 1

CP-even

CP-odd

CP-mixed

• Off-shell effects @ integrated fiducial level: 

• Small for CP-even and CP-mixed Higgs boson 
• Large effects for CP-odd Higgs boson

Hermann, Stremmer, Worek ‘22
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Scalar versus Pseudoscalar Production 

• Cross section for  with 
scalar & pseudoscalar mediators depending on 
the mass   

pp → bb̄ e+μ− νeν̄μ χχ̄

mY

Hermann, Worek ‘21 • Production of pseudoscalar in association with top 
quarks is suppressed compared to scalar for masses 
below ∼ 200 GeV if the two couplings 

 

• This difference can be understood when looking at 
  fragmentation functions 

•  momentum fraction that Higgs boson carries 

• Scalar fragmentation function has additional   

• Enhanced production of soft scalar compared to 
pseudoscalars 

κHtt̄ = κAtt̄ = 1

t → t + H/A

x

1/x

Dawson, Reina ‘98                          
Dittmaier, Krämer, Liao, Spira, Zerwas ’20

Haisch, Pani, Polesello ‘17 



Application III: Yukawa Coupling  NLO ttH

47

Hermann, Stremmer, Worek ‘22

CP-conserving 2HDM 

• CP-even 
• CP-mixed 
• CP-odd

• Cross sections in NWA symmetric with respect to  
 

• Equivalent to changing sign of  

• In full off-shell case symmetry is present if we set 
  

• Symmetry is broken if we take 

• Interference: Higgs boson radiated off W/Z  ⇰  SR 
& NR  ⇰ Higgs boson emitted top quarks  ⇰  DR 
& SR  

αCP → π − αCP

Yt

κHVV(αCP) = cos(αCP)

κHVV = 1
κHtt̄ = 1



Application III: Yukawa Coupling  NLO ttH

48Hermann, Stremmer, Worek ‘22

• CP-even 
• CP-mixed 
• CP-odd

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

Shape comparison

Off-shell effects 



Full Off-shell Effects Versus NWA  

▪ Impact on IR-safe (integrated) cross sections  ⇰  Normalisation  

▪ Impact on IR-safe (differential) cross sections  ⇰  Shape of distributions 

▪ Impact on SM observables  ⇰   

▪ Impact on SM parameter extraction  ⇰       

▪ Impact on BSM exclusion limits  ⇰    at the LHC with SM background processes 
  

▪ Impact on New Physics  ⇰  Impact on signal modelling  ⇰    with anomalous couplings 

▪ Subtraction of    from    and its impact on final experimental systematic uncertainties  

At
c, Aℓ

c

mt & Γt

pp → tt̄ + DM
pp → tt̄ & tt̄Z

pp → tt̄H

pp → tW pp → tt̄
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Summary

▪ Proper Modelling of Top-Quark production & decay essential 
▪ Already now in presence of inclusive cuts: 

▪ NNLO QCD for  in di-lepton channel 

▪ NLO QCD corrections to   
• Full-off-shell predictions:   
• NWA Results:  

  
▪ Important 

• Corrections to production & decays important  ⇰  NNLO & NLO  spin correlations  
• Possibility of using kinematic dependent  scales important  
• Complete off-shell effects important  ⇰  kinematical edges & high pT regions  

▪ Even more important for 
• Exclusive cuts & High luminosity measurements  
• New Physics searches & Exclusion limits  
• SM parameter extraction 

tt̄

pp → tt̄ & tt̄ + X
X = H, γ, W±, Z( → νℓν̄ℓ), Z( → ℓℓ), j, bb̄, W±j

X = jj, γγ

t t̄
μR & μF
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Backup Slides 
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▪ 3 different resonance histories  ⇰  Resolved jet at NLO gives 9 in total  

▪ Compute for each history Q and pick one that minimises Q   

▪ Double-resonant (DR) 

▪ Two single-resonant regions (SR) 

▪ Non-resonant region (NR)

Bevilacqua, Hartanto, Kraus, Weber, Worek ‘20

Various Phase – Space Regions  NLO tt𝛾

▪ boundary parameter 

• Determines size of resonant region 
for each reconstructed top quark 

• n = 5, 10, 15  
• For n = 15 

pp → e+νe μ−ν̄μ bb̄ γ
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ATLAS collaboration ’19 

CMS Collaboration ‘22

▪ Introduced in 2013 

▪ Used by ATLAS & CMS 
  

• ATLAS @ 8 TeV 

• CMS @ 13 TeV

Application IV: Top-Quark Mass NLO ttj

Bevilacqua, Hartanto, Kraus, Schulze, Worek ‘18

Alioli, Fernandez,  Fuster, Irles, Moch, 
Uwer, Vos ‘13  

mt = 171.1+1.2
−1.0 GeV

mt = 172.94 ± 1.37 GeV

53



Application IV: Top-Quark Mass NLO ttj

Bevilacqua, Hartanto, Kraus, Schulze, Worek ‘18

▪ Sensitivity to scaler 
setting and top quark 
modelling 

pp → e+νe μ−ν̄μ bb̄ j
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TTBB @ NLO
Bevilacqua, Bi, Hartanto, Kraus, Lupattelli, Worek’ 21

ATLAS Collaboration ‘19

▪ Higher with leptonic  decays into  
▪ For similar scale choice HELAC-NLO 

result is even higher ~ 21 fb 

τ± ℓ±▪ Comparison to ATLAS results 
▪  channel @ 13 TeV  
▪ Agreements within theoretical uncertainties  

eμ

pp → e+νe μ−ν̄μ bb̄bb̄ + X
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TWB

▪ Squared matrix element for producing   

▪ DR1 (without interference):  

▪ DR2 (with interference):  

▪ DR schemes based on removing contributions all 
over the phase space 

▪ They are not gauge invariant

tW−b̄

Demartin, Maier, Maltoni, Mawatari, Zaro ‘17 

▪ DS (diagram subtraction): 

▪ Local subtraction term  by definition must 
cancel exactly the resonant matrix element  
when the kinematics is exactly on top of the 
resonant pole 

▪ Be gauge invariant 
▪ Decrease quickly away from the resonant region 

C2t
|𝒜2t |

2


