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Outline

§ What’s so special about top quark physics ?

§ Status of theoretical predictions  ⇰ QCD

• State-of-the-art theoretical predictions 

§ Concentrate on modeling of top quark production & decays   

§ Disclaimer

• Fixed order NNLO & NLO theoretical predictions @ LHC13TeV

• Top quark with off-shell effects versus NWA

Testbed

<latexit sha1_base64="/bP5tZy53pac9qr398jIHnBmSyw="></latexit>

pp ! tt̄ & pp ! tt̄X , X = j, �,W±, Z(! ⌫⌫)

3

<latexit sha1_base64="riFiEDp67GFKw2hy797CjaP12Sg=">AAACG3icbVDLSgMxFM34rPVVdekmWARXZaZUdFlw47KCfUCnlDtp2oYmM0NyRyjD/Icbf8WNC0VcCS78G9NpF9p6IeRwzr3JuSeIpTDout/O2vrG5tZ2Yae4u7d/cFg6Om6ZKNGMN1kkI90JwHApQt5EgZJ3Ys1BBZK3g8nNTG8/cG1EFN7jNOY9BaNQDAUDtFS/VPXzN9JAJjxL/SCSAzNV9krjmPoYUfQD0Clm/giUAkqzrF8quxU3L7oKvAUok0U1+qVPfxCxRPEQmQRjup4bYy8FjYJJnhX9xPAY2ARGvGthCIqbXpr7yui5ZQZ0GGl7QqQ5+3siBWVmjm2nAhybZW1G/qd1Exxe91IRxgnykM0/GiaSzna2QdGB0JyhnFoATAvrlbIxaGBo4yzaELzllVdBq1rxLivuXa1cry3iKJBTckYuiEeuSJ3ckgZpEkYeyTN5JW/Ok/PivDsf89Y1ZzFzQv6U8/UDIXyiog==</latexit>

pp ! tt̄�
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Top Quark



Unlike the other quarks
§ Discovered at TeVatron in 1995 

§ Heaviest observed particle 

§ Substantial Yukawa coupling  ⇰ Special relation with the SM Higgs boson

§ Short lifetime                                 ⇰ Decay before bound states can be formed 

§ Direct handle on top quark properties from decay products

World Combination ‘14
ATLAS, CDF, CMS, D0

Yt =
p
2
mt

v
⇡ 1

<latexit sha1_base64="XxlG5WnaE6H8NJ8uKFb92Ji5Eng="></latexit>

b � jets, pmiss
T , `± & light � jets

<latexit sha1_base64="2OBvWhoqqItxSK7YoUAjjEWB0ko="></latexit>

mt = (173.34 ± 0.76)GeV

<latexit sha1_base64="fLfqktKNH6D6aEO62ngudp3j2rI="></latexit>

5

⌧ ⇡ 5⇥ 10�25 s
<latexit sha1_base64="Np41J9gjxQFUcu8EepDOqK1yauM=">AAACHnicbVDLSsNAFJ3UV62vqEs3g0VwY0lKiy4LblxWsA9oaplMJ+3QyYOZG7GE+CNu/BU3LhQRXOnfOE2z0NYDA4dz7muOGwmuwLK+jcLK6tr6RnGztLW9s7tn7h+0VRhLylo0FKHsukQxwQPWAg6CdSPJiO8K1nEnlzO/c8ek4mFwA9OI9X0yCrjHKQEtDcy6k81IXBGzNHGAxNghUSTDe1zHDnCfKWxbt8lZtZ7ih8SRPlZpOjDLVsXKgJeJnZMyytEcmJ/OMKSxzwKggijVs60I+gmRwKlgacmJFYsInZAR62kaEL23n2SnpfhEK0PshVK/AHCm/u5IiK/U1Hd1pU9grBa9mfif14vBu+gnPIhiYAGdL/JigSHEs6zwkEtGQUw1IVRyfSumYyIJBZ1oSYdgL355mbSrFduq2Ne1cqOWx1FER+gYnSIbnaMGukJN1EIUPaJn9IrejCfjxXg3PualBSPvOUR/YHz9AOqSokA=</latexit><latexit sha1_base64="Np41J9gjxQFUcu8EepDOqK1yauM=">AAACHnicbVDLSsNAFJ3UV62vqEs3g0VwY0lKiy4LblxWsA9oaplMJ+3QyYOZG7GE+CNu/BU3LhQRXOnfOE2z0NYDA4dz7muOGwmuwLK+jcLK6tr6RnGztLW9s7tn7h+0VRhLylo0FKHsukQxwQPWAg6CdSPJiO8K1nEnlzO/c8ek4mFwA9OI9X0yCrjHKQEtDcy6k81IXBGzNHGAxNghUSTDe1zHDnCfKWxbt8lZtZ7ih8SRPlZpOjDLVsXKgJeJnZMyytEcmJ/OMKSxzwKggijVs60I+gmRwKlgacmJFYsInZAR62kaEL23n2SnpfhEK0PshVK/AHCm/u5IiK/U1Hd1pU9grBa9mfif14vBu+gnPIhiYAGdL/JigSHEs6zwkEtGQUw1IVRyfSumYyIJBZ1oSYdgL355mbSrFduq2Ne1cqOWx1FER+gYnSIbnaMGukJN1EIUPaJn9IrejCfjxXg3PualBSPvOUR/YHz9AOqSokA=</latexit><latexit sha1_base64="Np41J9gjxQFUcu8EepDOqK1yauM=">AAACHnicbVDLSsNAFJ3UV62vqEs3g0VwY0lKiy4LblxWsA9oaplMJ+3QyYOZG7GE+CNu/BU3LhQRXOnfOE2z0NYDA4dz7muOGwmuwLK+jcLK6tr6RnGztLW9s7tn7h+0VRhLylo0FKHsukQxwQPWAg6CdSPJiO8K1nEnlzO/c8ek4mFwA9OI9X0yCrjHKQEtDcy6k81IXBGzNHGAxNghUSTDe1zHDnCfKWxbt8lZtZ7ih8SRPlZpOjDLVsXKgJeJnZMyytEcmJ/OMKSxzwKggijVs60I+gmRwKlgacmJFYsInZAR62kaEL23n2SnpfhEK0PshVK/AHCm/u5IiK/U1Hd1pU9grBa9mfif14vBu+gnPIhiYAGdL/JigSHEs6zwkEtGQUw1IVRyfSumYyIJBZ1oSYdgL355mbSrFduq2Ne1cqOWx1FER+gYnSIbnaMGukJN1EIUPaJn9IrejCfjxXg3PualBSPvOUR/YHz9AOqSokA=</latexit><latexit sha1_base64="Np41J9gjxQFUcu8EepDOqK1yauM=">AAACHnicbVDLSsNAFJ3UV62vqEs3g0VwY0lKiy4LblxWsA9oaplMJ+3QyYOZG7GE+CNu/BU3LhQRXOnfOE2z0NYDA4dz7muOGwmuwLK+jcLK6tr6RnGztLW9s7tn7h+0VRhLylo0FKHsukQxwQPWAg6CdSPJiO8K1nEnlzO/c8ek4mFwA9OI9X0yCrjHKQEtDcy6k81IXBGzNHGAxNghUSTDe1zHDnCfKWxbt8lZtZ7ih8SRPlZpOjDLVsXKgJeJnZMyytEcmJ/OMKSxzwKggijVs60I+gmRwKlgacmJFYsInZAR62kaEL23n2SnpfhEK0PshVK/AHCm/u5IiK/U1Hd1pU9grBa9mfif14vBu+gnPIhiYAGdL/JigSHEs6zwkEtGQUw1IVRyfSumYyIJBZ1oSYdgL355mbSrFduq2Ne1cqOWx1FER+gYnSIbnaMGukJN1EIUPaJn9IrejCfjxXg3PualBSPvOUR/YHz9AOqSokA=</latexit>



Production:
§ Production rate 
§ Differential distributions
§ New production mechanisms
§ …

Intrinsic properties:
§ Mass 
§ Charge
§ Lifetime
§ Width
§ …

Decays:
§ Decay channels (SM & new)
§ Couplings W, Z, γ& H
§ Spin correlations
§ …
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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)

pp ! tt̄ ! W+W�bb̄

<latexit sha1_base64="FPxjEqVopMK03xyhVU+tC+LsTfk=">AAACKHicbVDLSgMxFM3UV62vqks3wSIIYpmRgrqy4MZlBfuAzliSTNqGZh4kd4QyzOe48VfciCjSrV9iOu1CWy9ccnLuvcm5h8ZSaLDtiVVYWV1b3yhulra2d3b3yvsHLR0livEmi2SkOpRoLkXImyBA8k6sOAmo5G06up3W209caRGFDzCOuReQQSj6ghEwVK98k7r5IymVCc+wSyPp63FgjjSOsQsRBpcSlUKWX9qPZybPac7RLMt65YpdtfPAy8CZgwqaR6NXfnf9iCUBD4FJonXXsWPwUqJAMMmzkptoHhM2IgPeNTAkAddemmvM8IlhfNyPlMkQcM7+nkhJoKfqTWdAYKgXa1Pyv1o3gf6Vl4owToCHbPZRP5F4ur9xDftCcQZybABhShitmA2JIgyMtyVjgrO48jJoXVSdWvX6vlap1+Z2FNEROkanyEGXqI7uUAM1EUPP6BV9oE/rxXqzvqzJrLVgzWcO0Z+wvn8Aax2nWw==</latexit>
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Why top quark is special

§ Infrared structure of QCD  ⇰ Precision physics 

• Extract SM parameters as precisely as possible ⇰

• Constraining gluon PDFs

• Verify couplings to other particles  ⇰

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

• Top quark charge asymmetry, differential top quark charge asymmetries, …

• Lepton charge asymmetry, …  

↵s & mt

<latexit sha1_base64="H2ppeXHKMN6ASrMPITGB6kpEE1w=">AAACFnicbVBNS8MwGE7n15xfVY9egkPx4mhloN4GXjxOcB+wlpKm2RaWNiVJhVG6P+HFv+LFgyJexZv/xrTrQTcfCHl4nvd98+bxY0alsqxvo7Kyura+Ud2sbW3v7O6Z+wddyROBSQdzxkXfR5IwGpGOooqRfiwICn1Gev7kJvd7D0RIyqN7NY2JG6JRRIcUI6Ulzzx3ihmpzxKSpY7PWSCnob5SB7F4jDwJZ84pnMHQU1nmmXWrYRWAy8QuSR2UaHvmlxNwnIQkUpghKQe2FSs3RUJRzEhWcxJJYoQnaEQGmkYoJNJNi5UyeKKVAA650CdSsFB/d6QolPmyujJEaiwXvVz8zxskanjlpjSKE0UiPH9omDCoOMwzggEVBCs21QRhQfWuEI+RQFjpJGs6BHvxy8uke9Gwm43ru2a91SzjqIIjcAzOgA0uQQvcgjboAAwewTN4BW/Gk/FivBsf89KKUfYcgj8wPn8A082gWw==</latexit>

�,H, Z,W
±

<latexit sha1_base64="zq8jwCPZ7RwiwOSycrek9Qo0ZxU=">AAACFnicbVC7TsMwFHXKq5RXgJHFokJiKFWCKgFbJZaORaIP0YTKcdzWqp1EtoNURfkKFn6FhQGEWBEbf4OTZoCWI1k+Oufe6+vjRYxKZVnfRmlldW19o7xZ2dre2d0z9w+6MowFJh0cslD0PSQJowHpKKoY6UeCIO4x0vOm15nfeyBC0jC4VbOIuByNAzqiGCktDc0zJ5+ReCwmaeJ4IfPljOsrccaIc1SDrdpdDfbunYin6dCsWnUrB1wmdkGqoEB7aH45fohjTgKFGZJyYFuRchMkFMWMpBUnliRCeIrGZKBpgDiRbpKvlMITrfhwFAp9AgVz9XdHgrjMltWVHKmJXPQy8T9vEKvRpZvQIIoVCfD8oVHMoAphlhH0qSBYsZkmCAuqd4V4ggTCSidZ0SHYi19eJt3zut2oX900qs1GEUcZHIFjcApscAGaoAXaoAMweATP4BW8GU/Gi/FufMxLS0bRcwj+wPj8Adrin7w=</latexit>
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Why top quark is special

§ Background process to various SM studies ⇰ Higgs boson

§ Window to New Physics 
• Direct searches ⇰ Main background to many BSM scenarios
• Indirect searches  ⇰ Precision tests of top quark production, decays &

properties, rare decays, various top quark production modes

9

<latexit sha1_base64="InhZXQ3tqz4kexW+HzOL0nyQgss="></latexit>

b � jets, pmiss
T , `± & light � jets

DM production and supersymmetric partners of top quarks

Bevilacqua, Hartanto, 
Kraus, Weber,  Worek ‘19

Neutralino
LSP 
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LHC as Top Quark Factory

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 35.9 3 x 107

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: 5% - 6% & NNLO+NNLL: 3% - 4%

LHC Run 2

LHC Run 1

Czakon, Mitov ‘14  

High Luminosity 
High Energy 
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Setting the stage … 
… All that LO, NLO, NNLO & Jets 



§ Factorization is not exact   ⇰
§ Asymptotic freedom  ⇰ small at high
§ ⇰ Perturbation series in

Cross Section for Hard Scattering Process Initiated by two Hadrons
- Factorization Theorem -

Long distance (hadronic) physics 
absorbed into PDF

Short distance (partonic) physics

�tot(s) =
X

i,j

Z
�̂part.(ŝ = x1x2 s,↵s, Q

2/µ2) fi(x1, µ
2) fj(x2, µ

2) dx1 dx2 d�FS

Q ⇡ Mhad

Q � Mhad

O(Mhad/Q)
↵s Q

↵s�̂part.

�̂part. = �LO + ↵s�NLO + ↵2
s
�NNLO + . . .

arXiv:1512.05194 [hep-ph]

energy scale Q in GeV

12
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Various top quark decay channels

Gavin P. Salam, Towards Jetography ‘10

“A good jet definition can be applied to experimental measurements, to the output of parton-showering Monte 
Carlo and to partonic calculations, and the resulting jets provide a common representation of all these different 

kinds of events” 

“Projection to jets should be resilient to QCD effects”   

<latexit sha1_base64="InhZXQ3tqz4kexW+HzOL0nyQgss="></latexit>

b � jets, pmiss
T , `± & light � jets
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State-of-the-art NNLO QCD results 
for tt @LHC 



Top-Quark Pair Production

Summary of LHC and Tevatron measurements of tt
cross-section compared to NNLO QCD calculation 
complemented with NNLL resummation - TOP++

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

Stable top 
quarks

Normalization:
Czakon, Fiedler, Mitov ’13

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

Fully differential:
Czakon, Heymes, Mitov ‘16 

Catani, Devoto, Grazzini, 
Kallweit, Mazzitelli ‘19

15



The CMS and ATLAS results are compared to Powheg+Herwig6 and Powheg+Pythia8 
MC generators as well as the NLO & NNLO calculations

Top-Quark Pair Production

Full phase-space normalized differential tt cross-section  à pT(t)

16

Stable top 
quarks



Top-Quark Pair Production & Decays

Top quarks in NWA
di-lepton channel

Normalized differential tt cross-
section  ⇰ azimuthal opening angle 

between two leptons

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

17

Inclusive ⇰ does not assume any 
selection cuts

Fiducial ⇰ based on the ATLAS
selection cuts 

agreement

tension

Proper modeling of top-
quark production 
& decay essential 
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Normalized differential tt cross-section 
à azimuthal opening angle between two leptons

Comparison to Powheg & 
Mad-Graph5_aMC@NLO 

Comparison to NNLO QCD 
predictions in the NWA

LHCtopWG

Top-Quark Pair Production & Decays
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More exclusive final states  
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What about other processes ?

§ NNLO theoretical predictions only for tt ⇰ di-lepton channel 

§ Besides tt more exclusive final states can be accessed @ LHC

50
100
200
400
800

1600
3200
6400

8 13 27

tt-γ
tt-Z
tt-H

tt-W+

tt-W-

HELAC-PHEGAS
mt = 173.2 GeV
CT14llo PDF

σ
  [

fb
]

√s  [TeV] 

Stable top 
quarks

tt̄�, tt̄Z, tt̄H, tt̄W
+
, tt̄W

� @LHC

<latexit sha1_base64="whiQbKhy6fayh6oZnccvwF9oQfU="></latexit>

HELAC-PHEGAS
Cafarella, Papadopoulos, Worek ‘09
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tt-
tt-j

tt-γ
tt-Z
tt-H
tt-W+

tt-W-

HELAC-PHEGAS
mt = 173.2 GeV
CT14llo PDF

σ
  [

fb
]

√s  [TeV] 

tt, ttj, ttγ, ttZ, ttH, ttW+, ttW- @ LHC 

What about other processes ? Stable top 
quarks

HELAC-PHEGAS
Cafarella, Papadopoulos, Worek ‘09 21



Combined tt𝛾 + tW𝛾 production

ATLAS Collaboration ’20 
JHEP 09 (2020) 049  HELAC-NLOeµ channel 

22
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State-of-the-art NLO QCD results with 
off-shell top quarks  
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NWA & Off-Shell Effects 

Complete off-shell effects
§ Off-shell top quarks are described by Breit-Wigner propagators 
§ Double-, single- as well as non-resonant top-quark contributions are included 
§ All interference effects consistently incorporated at the matrix element level

NWA
§ Works in the limit  ⇰

§ Incorporates only double resonant contributions
§ Restricts the unstable top quarks (W gauge bosons) to on-shell states

�t/mt ! 0

<latexit sha1_base64="pR9QTj8+5T6z3N4zdpN+4mrGTMM=">AAACF3icbVC7TsMwFHXKq5RXgZHFokJiKgmqBGyVGGAsEn1ITRQ5rttatZPIvkGqovwFC7/CwgBCrLDxN7hpBmi5kuWjc+61zz1BLLgG2/62Siura+sb5c3K1vbO7l51/6Cjo0RR1qaRiFQvIJoJHrI2cBCsFytGZCBYN5hcz/TuA1OaR+E9TGPmSTIK+ZBTAobyq3U3fyMNRMKy1A0iMdBTaa7UvSFSEh/OpA/YhQjbGc78as2u23nhZeAUoIaKavnVL3cQ0USyEKggWvcdOwYvJQo4FSyruIlmMaETMmJ9A0MimfbS3FOGTwwzwMNImRMCztnfEymReubWdEoCY72ozcj/tH4Cw0sv5WGcAAvp/KNhIrDZchYSHnDFKIipAYQqbrxiOiaKUDBRVkwIzuLKy6BzXnca9au7Rq3ZKOIooyN0jE6Rgy5QE92iFmojih7RM3pFb9aT9WK9Wx/z1pJVzByiP2V9/gAHWaBj</latexit>

�t = 1.35159 GeV, mt = 173.2GeV, �t/mt ⇡ 0.008

<latexit sha1_base64="98khpRzuvka3jZ8ez+K1YmnJ6Mk="></latexit>

pp ! tt̄ ! W+W�bb̄ ! e+⌫eµ
�⌫̄µbb̄

<latexit sha1_base64="DBFw4z4FePrqUWxylQzn1c86hhY="></latexit>



two top-quark resonances          one top-quark resonance                 no top-quark resonances 

NWA & Off-Shell Effects 

§ Feynman Diagrams  ⇰ 628 @ LO for gg channel versus 38 in NWA
§ 8 diagrams with photon in production and 30 in decay stage

§ NLO ⇰ 4348 real emission & 36032 @ 1-loop for gg channel
§ Most complicated  ⇰ 90 heptagons & 958 hexagons

pp ! tt̄� + X @ O(↵3
s↵

5)

<latexit sha1_base64="amx55ri29N4TsfT5NZrHNWiTlrE="></latexit>

ttγ in NWA
up to pentagons  

ttγ full
up to heptagons
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pp ! tt̄�

<latexit sha1_base64="uQH6EHIFU0WcaaXXS3wivrSMoAE=">AAACGXicbVDLSgMxFM34rPVVdekmWARXZaYU1F3BjcsK9gGdUu6kaRuazAzJHaEM8xtu/BU3LhRxqSv/xnTahbZeCDmcc29y7gliKQy67reztr6xubVd2Cnu7u0fHJaOjlsmSjTjTRbJSHcCMFyKkDdRoOSdWHNQgeTtYHIz09sPXBsRhfc4jXlPwSgUQ8EALdUvuX7+RhrIhGepH0RyYKbKXmkc+xhR9APQKWb+CJQCmmX9UtmtuHnRVeAtQJksqtEvffqDiCWKh8gkGNP13Bh7KWgUTPKs6CeGx8AmMOJdC0NQ3PTS3FVGzy0zoMNI2xMizdnfEykoM/NrOxXg2CxrM/I/rZvg8KqXijBOkIds/tEwkXS2so2JDoTmDOXUAmBaWK+UjUEDQxtm0YbgLa+8ClrVilerXN/VyvXqIo4COSVn5IJ45JLUyS1pkCZh5JE8k1fy5jw5L8678zFvXXMWMyfkTzlfP1ZGolQ=</latexit>



§ Putting simply Γt ≠ 0 violates gauge invariance 

§ Gauge-invariant treatment  ⇰ Complex Mass Scheme 

§ In the amplitude the substitution is performed for top quark

§ All matrix elements evaluated using  complex masses 

§ Another non trivial aspect  ⇰ Evaluation of one-loop scalar integrals

§ Scalar integrals with complex masses  ⇰ Supported e.g. by ONELOOP

Denner, Dittmaier,  Roth, Wackeroth ‘99 
Denner, Dittmaier, Roth,  Wieders ’05

van Hameren ’11 

Top-Quark Resonances  

µ2
t = m2

t � imt�t
<latexit sha1_base64="MrBN3efCBHRpoXRhdnCykdsHNxY="></latexit>

(p/ � mt + i✏)�1 �! (p/ � µt + i✏)�1
<latexit sha1_base64="aukrbn9b/YiBGWAjD0QDlakHIF0="></latexit>
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HELAC-NLO

HELAC-NLO

HELAC-1LOOP
CUTTOOLS

ONELOOP

HELAC-DIPOLES

KALEU

Bevilacqua, Czakon, Garzelli, van 
Hameren, Kardos, Papadopoulos, 

Pittau, Worek ‘13

Czakon, Papadopoulos, Worek ’09
Bevilacqua, Czakon, Kubocz, Worek ‘13

van Hameren ‘11

van Hameren, Papadopoulos,  Pittau ‘09

Ossola, Papadopoulos, Pittau ‘08

van Hameren ‘10

§ Output:
• Theoretical predictions are stored in the form of the Ntuples Files and 

modified Les Houches & ROOT Files
• Kinematical cuts can be changed 
• New observables can be defined 
• Renormalization or factorization scales & PDF sets can be changed 

Bern, Dixon, Febres Cordero, 
Hoeche, Ita, Kosower, Maitre ‘14
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How Good Is the NWA ?

§ Should be accurate for sufficiently inclusive observables

§ Off-shell effects for integrated fiducial σtt ⇰ at few % level @ NLO in QCD

• tt (di-lepton) Denner, Dittmaier, Kallweit, Pozzorini ’11 ’12
Bevilacqua, Czakon, van Hameren, Papadopoulos, Worek ’11
Frederix ‘14
Heinrich, Maier, Nisius, Schlenk, Winter  ‘14
Denner, Pellen ’16 (EW+QCD)
Jezo, Lindert, Nason, Oleari, Pozzorini ’16 (PS)

• ttH (di-lepton) Denner, Feger ‘15
Denner, Lang, Pellen, Uccirati ’17 (EW+QCD)

• ttj (di-lepton) Bevilacqua, Hartanto, Kraus, Worek ’16 ‘18

• ttγ (di-lepton) Bevilacqua, Hartanto, Kraus, Weber, Worek ’18 ’19 ‘20

• ttZ, Z → 𝜈l𝜈l (di-lepton) Bevilacqua, Hartanto, Kraus, Weber, Worek ’19

• ttW± (di-lepton) Bevilacqua, Bi, Hartanto, Kraus, Worek ’20
Denner, Pelliccioli ‘20

• ttbb (di-lepton) Denner, Lang, Pellen ‘20 

28
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tt𝛾 production @ LHC

Questions:
§ Size of NLO QCD corrections    ⇰
§ Reduction of theoretical Uncertainties   ⇰
§ Applicability of the NWA   ⇰ Importance of off-shell effects 

�tt̄� , d�tt̄�/dX

<latexit sha1_base64="I4Jc+N5wNO4BgdjlZ1d5tJUJzHY="></latexit>

tt̄�/tt̄
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Stability w.r.t. pT,b cut 

§ NLO QCD corrections 
stable against pT,b cut

§ CT14 PDF uncertainties 
similar/smaller than 
difference between 
various PDF sets  (also at 
the differential level)

§ Similar results for pT,γ cut 

tt𝛾 with dynamical scale ¼ HT 

pp ! e+⌫eµ
�⌫̄µbb̄� @ LHC13TeV

<latexit sha1_base64="UFvV82KA/GyleV0D+YBkpRmH23g="></latexit>

HT = pT, e+ + pT, µ� + pT, jb + pT, jb + p
miss
T + pT, �

<latexit sha1_base64="ZhGJor21LYulrUbyh5wc0fTyb/o="></latexit>

Bevilacqua, Hartanto, Kraus, Weber, 
Worek ‘20

HELAC-NLO
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§ NLO Corrections up to - 43%
§ Theoretical uncertainties up to ± 56%

§ NLO Corrections up to + 8%
§ Error reduced down to ± 7%

Bevilacqua, Hartanto, Kraus, Weber, Worek ‘18

Dynamical scale very effective in stabilizing perturbative convergence !
Provides smaller theoretical error !

tt𝛾 with dynamical scale HT

µ0 = mt/2,CT14
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µ0 = HT /4,CT14
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e+⌫eµ
�⌫̄µbb̄� @ LHC13TeV
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§ Positive NLO corrections up to 13%
§ NLO error bands within LO
§ Theoretical error up to ± 8%

tt𝛾 with dynamical scale HT

Not all differential K-factors 
are flat even with 𝜇0 = ¼ HT !

µ0 = HT /4,CT14
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Bevilacqua, Hartanto, Kraus, Weber, Worek ‘18

e+⌫eµ
�⌫̄µbb̄� @ LHC13TeV
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§ Fiducial integrated 𝜎tt𝛾with dynamical scale  ⇰ theoretical error of ± 6%

§ Fiducial differential  d𝜎tt𝛾 /dX ⇰ theoretical error ± (10% - 30%)

§ Can we decrease theoretical error even further for ttγ without going to NNLO ?

§ Answer is yes ! 

§ 𝜎ttγ /𝜎tt we have ± (1% - 3%) ⇰ Differential cross section ratios ± (1% - 6%) 

§ High precision comparable to NNLO QCD results for top quark physics !

§ Processes need to be correlated  ⇰ top quark pair production excellent candidate 

§ Similar dynamical scale choice need to be implemented for µ1 & µ2 !
33
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tt𝛾 & tt

Bevilacqua, Hartanto, Kraus, Weber, Worek ‘19

e+⌫eµ
�⌫̄µbb̄� @ LHC13TeV

<latexit sha1_base64="3DgpjyMxtrMYLDK47Jf6pC4kKwU="></latexit>
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ttbb & ttjj Stable top quarks

Bevilacqua, Worek ‘14

§ Different jet kinematics makes the ttbb and 
ttjj processes uncorrelated in several 
observables

§ Scale uncertainty is not significantly reduced 
when taking ratio of cross sections

tt̄bb̄ & tt̄jj @ LHC8TeV

<latexit sha1_base64="i6YtX7ZLI8zWF+6WagQ3WfuRR7I="></latexit>

HELAC-NLO



Bevilacqua, Hartanto, Kraus, Weber, Worek ‘19

tt𝛾/tt

§ Uncertainties stable against pT,𝛾 cut  ⇰ 25 GeV increased to 50 GeV

§ Our best NLO QCD predictions with dynamical scale choice: 

HELAC-NLO
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Differential Cross Section Ratio

Bevilacqua, Hartanto, Kraus, Weber, Worek ‘19

Theoretical uncertainties:

± (1% − 4%)
dynamical scale

± (20% − 25%)
fixed scale  

§ Should be compared to uncertainties for absolute differential cross section
• up to ± 10% for µ0 = HT / 4  &  up to ± 50% for µ0 = mt / 2

§ When different scales are used in numerator and denominator up to ± 60% 

e+⌫eµ
�⌫̄µbb̄� @ LHC13TeV

<latexit sha1_base64="3DgpjyMxtrMYLDK47Jf6pC4kKwU="></latexit>
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Fiducial Cross Section for tt𝛾

Bevilacqua, Hartanto, Kraus, Weber, Worek ‘20

Various approaches for the modelling 
of top quark production & decays

§ Off-shell effects 3% 

§ Consistent with Γt /mt ≈ 0.8%

§ 57% ⇰ 𝛾 emitted in production
§ 43%  ⇰ 𝛾 emitted in decay stage

§ For pT,b > 25 GeV it is 50%-50%

§ NLO QCD corrections to top quark 
decays are negative and not small 

§ 17% ⇰ 𝜇0 = ½ mt  
§ 12% ⇰ 𝜇0 = ¼ HT

§ Theoretical uncertainties not 
underestimated for the full NWA 

§ They increase for NWALOdecay

e+⌫eµ
�⌫̄µbb̄� @ LHC13TeV

<latexit sha1_base64="3DgpjyMxtrMYLDK47Jf6pC4kKwU="></latexit>
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How Good Is the NWA ?

§ Dimensionful observables are sensitive to non-factorizable top quark 
corrections  ⇰ Tens of per cent in specific phase-space regions 

§ Kinematical thresholds / edges & high pT regions

Bevilacqua, Hartanto, Kraus, Weber, Worek ‘20

e+⌫eµ
�⌫̄µbb̄� @ LHC13TeV

<latexit sha1_base64="3DgpjyMxtrMYLDK47Jf6pC4kKwU="></latexit>
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How Good Is the NWA ?

§ Dimensionful observables are sensitive to non-factorizable top quark 
corrections  ⇰ Tens of per cent in specific phase-space regions 

§ Kinematical edges & high pT regions

Bevilacqua, Hartanto, Kraus, Weber, Worek ‘20

HELAC-NLO

e+⌫eµ
�⌫̄µbb̄� @ LHC13TeV

<latexit sha1_base64="+NrwEkmC6haxFsEovC2wLBeRa8E="></latexit>
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§ Off-shell effects: 
• High pT region of various dimensionful observables
• Vicinity of kinematical edges 
• Contribute up to 50% − 60% 

Various Phase-space Regions   

Bevilacqua, Hartanto, Kraus, Weber, Worek ‘20

e+⌫eµ
�⌫̄µbb̄� @ LHC13TeV

<latexit sha1_base64="3DgpjyMxtrMYLDK47Jf6pC4kKwU="></latexit>

HELAC-NLO
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§ Observables sensitive to top quark off-shell effects  ⇰ Substantial contributions 
from single top quark process

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

Various Phase-space Regions   

Bevilacqua, Hartanto, Kraus, Weber, Worek ‘20

e+⌫eµ
�⌫̄µbb̄� @ LHC13TeV

<latexit sha1_base64="3DgpjyMxtrMYLDK47Jf6pC4kKwU="></latexit>

HELAC-NLO
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𝛾 in Production & Decays  ⇰ Differential Level

§ Diverse picture

§ Photon emission in 
decays can be reduced
• HT > 400 GeV
• pT(𝛾) > 50 GeV

Bevilacqua, Hartanto, Kraus, Weber, Worek ‘20

HELAC-NLO
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ttW± production @ LHC

§ Background process for ttH ⇰ Multi-lepton final state
§ Higher normalization for ttW when compared to SM predictions 

given by multipurpose MC programs  ⇰ 30%−70%
§ Problems with modeling of the final states in the phase space 

regions dominated by ttW
ATLAS-CONF-2019-045
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ttW with dynamical scale
HELAC-NLO

<latexit sha1_base64="HudhTGC++QlBpXTnH8Dpqezeujk="></latexit>

pp ! e+⌫e µ
�⌫̄µ bb̄ e+⌫e@ LHC13TeV

Bevilacqua, Bi, Hartanto, Kraus, 
Worek ‘20 

§ Top-quark off-shell 
effects 30% − 70%

§ Large discrepancies 
between full NWA 
description & NWALOdecay

§ Differences also in 
regions currently 
scrutinised by ATLAS 
& CMS experiments
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ttZ production @ LHC

§ Irreducible background process for tt̄ + pmiss
T
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ttZ (Z → 𝜈𝜈) with dynamical scale

§ Searches of new physics  ⇰

§ New physics observables  ⇰

tt̄ + pmiss
T

<latexit sha1_base64="A7mkODv5xwIJkErWIC0Od2gtq+M=">AAACF3icbVDLSsNAFJ34rPUVdekmWARBKIkU1F3BjcsKfUETw2Q6bYdOHszcCGXIX7jxV9y4UMSt7vwbJ2kW2npgmMM59965c4KEMwm2/W2srK6tb2xWtqrbO7t7++bBYVfGqSC0Q2Iei36AJeUsoh1gwGk/ERSHAae9YHqT+70HKiSLozbMEuqFeByxESMYtOSbdbeYoQKe0ky5QcyHchbqS4EbYKEgO0/89r0KmZRZlvlmza7bBaxl4pSkhkq0fPPLHcYkDWkEhGMpB46dgKewAEY4zapuKmmCyRSP6UDTCIdUeqrYKbNOtTK0RrHQJwKrUH93KBzKfFtdGWKYyEUvF//zBimMrjzFoiQFGpH5Q6OUWxBbeUjWkAlKgM80wUQwvatFJlhgAjrKqg7BWfzyMule1J1G/fquUWs2yjgq6BidoDPkoEvURLeohTqIoEf0jF7Rm/FkvBjvxse8dMUoe47QHxifP1jloeQ=</latexit>

p
miss
T , cos`` ,��``,�y`` ,HT , ET
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HELAC-NLO

Bevilacqua, Hartanto, 
Kraus, Weber,  Worek ‘19

e+⌫e µ
�⌫̄µ bb̄ ⌫̄⌧⌫⌧@ LHC13TeV

<latexit sha1_base64="iV3Wl1/4T5CwfyZ1siqeq3XQo0A="></latexit>

§ Uncertainties 
reduced when 
going from LO to 
NLO  

§ Substantial non-
flat K-factors



ttZ (Z → 𝜈𝜈) with dynamical scale
§ Searches of new physics  ⇰

§ New physics observables  ⇰

tt̄ + pmiss
T

<latexit sha1_base64="A7mkODv5xwIJkErWIC0Od2gtq+M=">AAACF3icbVDLSsNAFJ34rPUVdekmWARBKIkU1F3BjcsKfUETw2Q6bYdOHszcCGXIX7jxV9y4UMSt7vwbJ2kW2npgmMM59965c4KEMwm2/W2srK6tb2xWtqrbO7t7++bBYVfGqSC0Q2Iei36AJeUsoh1gwGk/ERSHAae9YHqT+70HKiSLozbMEuqFeByxESMYtOSbdbeYoQKe0ky5QcyHchbqS4EbYKEgO0/89r0KmZRZlvlmza7bBaxl4pSkhkq0fPPLHcYkDWkEhGMpB46dgKewAEY4zapuKmmCyRSP6UDTCIdUeqrYKbNOtTK0RrHQJwKrUH93KBzKfFtdGWKYyEUvF//zBimMrjzFoiQFGpH5Q6OUWxBbeUjWkAlKgM80wUQwvatFJlhgAjrKqg7BWfzyMule1J1G/fquUWs2yjgq6BidoDPkoEvURLeohTqIoEf0jF7Rm/FkvBjvxse8dMUoe47QHxifP1jloeQ=</latexit>

Bevilacqua, Hartanto, 
Kraus, Weber,  Worek ‘19

§ Reducible and 
irreducible 
backgrounds

§ tt production 
process does not 
exhibit long enough 
tails in pTmiss

§ Might impact 
exclusion limits

p
miss
T , cos`` ,��``,�y`` ,HT , ET
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e+⌫e µ
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§ NLO corrections for stable top quarks ⇰ General idea about size of NLO 
corrections. Can not provide reliable description of top quark decay products 
and radiation pattern

• NLO QCD
• NLO electroweak

§ For more realistic studies decays are needed:

• NLO QCD for ttV + PS ⇰ Corrections to production & Top decays in 
parton shower approximation & omitting even LO tt spin correlations 

• NLO QCD for ttV + LO decays + PS ⇰ Top decays @ LO  before 
matched to parton shower programs & LO tt spin correlations 

• NLO QCD in NWA ⇰ NLO QCD corrections to top production & decays 
& NLO tt spin correlations

• NLO QCD complete off-shell effects of top quarks  ⇰ Additionally to the 
previous point ⇰ Resonant & non-resonant diagrams  & Interference 
effects & Off-shell top quarks described by Breit-Wigner propagators

Theoretical Predictions For ttV

49



§ Proper modeling of top quark production & decay essential already now in 
presence of inclusive cuts:

§ NLO QCD corrections to ttV
• At least full NWA or better yet complete off-shell effects for top quarks

1. Corrections to production & decays  ⇰ NLO tt spin correlations 
2. Possibility of using kinematic-dependent  µR & µF scales 
3. Complete off-shell effects for top quarks

§ Even more important for: 
• Exclusive cuts & High luminosity measurements 
• New Physics searches & Might impact exclusion limits 
• SM parameter extraction

§ Top quarks play important role in virtually every LHC analysis ⇰ SM & BSM

§ Lots of data, sophisticated analyses, precision measurements  ⇰ Should be 
compared to state-of-the-art theoretical predictions

§ Our full off-shell results for tt, ttj, tt𝛾, ttZ, ttW ±

• Stored  ⇰ Ntuples Files  ⇰ Les Houches & ROOT Files
• tt𝛾 ⇰ Used by ATLAS Collaboration ⇰ JHEP 09 (2020) 049

Summary
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Various Phase-space Regions  

Bevilacqua, Hartanto, Kraus, Weber, Worek ‘20

§ 3 different resonance histories  ⇰ Resolved jet at NLO gives 9 in total 

§ Compute for each history Q and pick the one that minimises the Q value 

§ Double-resonant (DR):

§ Two single-resonant regions (SR): 

§ Non-resonant region (NR):

e+⌫eµ
�⌫̄µbb̄� @ LHC13TeV

<latexit sha1_base64="+NrwEkmC6haxFsEovC2wLBeRa8E="></latexit>
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Various Phase-space Regions  

Bevilacqua, Hartanto, Kraus, Weber, Worek ‘20

§ n = 15  ⇰ Boundaries outside which effects of 𝜞t in BW propagator < 1%

§ DR region is set to for mt = 173.2 GeV

§ Contributions at the integrated cross section level for these 3 regions

§ DR contribution to full 𝜎tt𝛾 ⇰ 88%  ⇰ SR comprises 12% ⇰ NR only 0.5%

§ Should we instead use n = 5 

§ DR = 64%, SR = 33%, NR = 3% 

e+⌫eµ
�⌫̄µbb̄� @ LHC13TeV

<latexit sha1_base64="3DgpjyMxtrMYLDK47Jf6pC4kKwU="></latexit>
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§ Cuts on the transverse momenta and the rapidity of two recombined b-jets, 
which we assume to be always tagged  ⇰ Anti-kT with R = 0.4 

§ Isolated hard photon                                                                              

§ Basic selection cuts for charged leptons to ensure that they are observed inside 
the detector and well separated from each other 

§ Charged leptons are well separated from the isolated photon and from b-jets 

tt𝛾



§ Different lepton generations

§ Interference effects neglected  ⇰ Per-mille level  @ LO

§ Contribution from b quarks in the initial state neglected ⇰ Effect < 0.1% @ LO

§ 2 b-jets, one photon, two charged leptons & pTmiss

§ Photon:  

§ Isolation condition for photon ⇰ Reject event if

§ For hard photon                                       ⇰ Predictions decreased by 3%

§ Electroweak coupling in the Gµ scheme  ⇰ Account for some electroweak effects 

§ Kinematics-independent & kinematic-dependent scale:

R  R�j with R�j = 0.4
<latexit sha1_base64="fejm9kB0gxtNY0GHC1EwnBCHz9o=">AAACJ3icbZDLSgMxFIYz9VbrrerSTbAIroYZKehGKbhxWYu9QKcMmfS0jSYzQ5JRyjA+jRtfxY2gIrr0TUwvC9t6IPDx/+ckJ38Qc6a043xbuaXlldW1/HphY3Nre6e4u9dQUSIp1GnEI9kKiALOQqhrpjm0YglEBByawd3lyG/eg1QsCm/0MIaOIP2Q9Rgl2kh+8cIb35EGPIEsrXkccM1PvT4RguDbDD+mnhT4gemB4Rnr3LHLmV8sObYzLrwI7hRKaFpVv/jmdSOaCAg15USptuvEupMSqRnlkBW8REFM6B3pQ9tgSASoTjreMcNHRuniXiTNCTUeq38nUiKUGorAdAqiB2reG4n/ee1E9846KQvjRENIJw/1Eo51hEeh4S6TQDUfGiBUMrMrpgMiCdUm2oIJwZ3/8iI0TmzXsd3rcqlSnsaRRwfoEB0jF52iCrpCVVRHFD2hF/SOPqxn69X6tL4mrTlrOrOPZsr6+QVWyKYZ</latexit><latexit sha1_base64="fejm9kB0gxtNY0GHC1EwnBCHz9o=">AAACJ3icbZDLSgMxFIYz9VbrrerSTbAIroYZKehGKbhxWYu9QKcMmfS0jSYzQ5JRyjA+jRtfxY2gIrr0TUwvC9t6IPDx/+ckJ38Qc6a043xbuaXlldW1/HphY3Nre6e4u9dQUSIp1GnEI9kKiALOQqhrpjm0YglEBByawd3lyG/eg1QsCm/0MIaOIP2Q9Rgl2kh+8cIb35EGPIEsrXkccM1PvT4RguDbDD+mnhT4gemB4Rnr3LHLmV8sObYzLrwI7hRKaFpVv/jmdSOaCAg15USptuvEupMSqRnlkBW8REFM6B3pQ9tgSASoTjreMcNHRuniXiTNCTUeq38nUiKUGorAdAqiB2reG4n/ee1E9846KQvjRENIJw/1Eo51hEeh4S6TQDUfGiBUMrMrpgMiCdUm2oIJwZ3/8iI0TmzXsd3rcqlSnsaRRwfoEB0jF52iCrpCVVRHFD2hF/SOPqxn69X6tL4mrTlrOrOPZsr6+QVWyKYZ</latexit><latexit sha1_base64="fejm9kB0gxtNY0GHC1EwnBCHz9o=">AAACJ3icbZDLSgMxFIYz9VbrrerSTbAIroYZKehGKbhxWYu9QKcMmfS0jSYzQ5JRyjA+jRtfxY2gIrr0TUwvC9t6IPDx/+ckJ38Qc6a043xbuaXlldW1/HphY3Nre6e4u9dQUSIp1GnEI9kKiALOQqhrpjm0YglEBByawd3lyG/eg1QsCm/0MIaOIP2Q9Rgl2kh+8cIb35EGPIEsrXkccM1PvT4RguDbDD+mnhT4gemB4Rnr3LHLmV8sObYzLrwI7hRKaFpVv/jmdSOaCAg15USptuvEupMSqRnlkBW8REFM6B3pQ9tgSASoTjreMcNHRuniXiTNCTUeq38nUiKUGorAdAqiB2reG4n/ee1E9846KQvjRENIJw/1Eo51hEeh4S6TQDUfGiBUMrMrpgMiCdUm2oIJwZ3/8iI0TmzXsd3rcqlSnsaRRwfoEB0jF52iCrpCVVRHFD2hF/SOPqxn69X6tL4mrTlrOrOPZsr6+QVWyKYZ</latexit><latexit sha1_base64="fejm9kB0gxtNY0GHC1EwnBCHz9o=">AAACJ3icbZDLSgMxFIYz9VbrrerSTbAIroYZKehGKbhxWYu9QKcMmfS0jSYzQ5JRyjA+jRtfxY2gIrr0TUwvC9t6IPDx/+ckJ38Qc6a043xbuaXlldW1/HphY3Nre6e4u9dQUSIp1GnEI9kKiALOQqhrpjm0YglEBByawd3lyG/eg1QsCm/0MIaOIP2Q9Rgl2kh+8cIb35EGPIEsrXkccM1PvT4RguDbDD+mnhT4gemB4Rnr3LHLmV8sObYzLrwI7hRKaFpVv/jmdSOaCAg15USptuvEupMSqRnlkBW8REFM6B3pQ9tgSASoTjreMcNHRuniXiTNCTUeq38nUiKUGorAdAqiB2reG4n/ee1E9846KQvjRENIJw/1Eo51hEeh4S6TQDUfGiBUMrMrpgMiCdUm2oIJwZ3/8iI0TmzXsd3rcqlSnsaRRwfoEB0jF52iCrpCVVRHFD2hF/SOPqxn69X6tL4mrTlrOrOPZsr6+QVWyKYZ</latexit>

↵ = ↵(0) = 1/137
<latexit sha1_base64="N1vGVL/wK3Orngta0Gch1H9Wvr0=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiCVpcRQqSyVKrEwFok+pCaqHNdprTpOZDtIVdQfYOFXWBhAiJWdjb/BTTNA4UiWj8659/r6+DFnSjvOl1VYWV1b3yhulra2d3b37P2DjooSSWibRDySPR8rypmgbc00p71YUhz6nHb9yfXc795TqVgk7vQ0pl6IR4IFjGBtpIF94mYzUp8ndJa6mMdj3FhcFeesgc7RZX02sMtO1ckA/xKUkzLI0RrYn+4wIklIhSYcK9VHTqy9FEvNCKezkpsoGmMywSPaN1TgkCovzTaZwVOjDGEQSXOEhpn6syPFoVLT0DeVIdZjtezNxf+8fqKDKy9lIk40FWTxUJBwqCM4jwYOmaRE86khmEhmdoVkjCUm2gRYMiGg5S//JZ2LKnKq6LZWbtbyOIrgCByDCkCgDprgBrRAGxDwAJ7AC3i1Hq1n6816X5QWrLznEPyC9fENF4ia0g==</latexit><latexit sha1_base64="N1vGVL/wK3Orngta0Gch1H9Wvr0=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiCVpcRQqSyVKrEwFok+pCaqHNdprTpOZDtIVdQfYOFXWBhAiJWdjb/BTTNA4UiWj8659/r6+DFnSjvOl1VYWV1b3yhulra2d3b37P2DjooSSWibRDySPR8rypmgbc00p71YUhz6nHb9yfXc795TqVgk7vQ0pl6IR4IFjGBtpIF94mYzUp8ndJa6mMdj3FhcFeesgc7RZX02sMtO1ckA/xKUkzLI0RrYn+4wIklIhSYcK9VHTqy9FEvNCKezkpsoGmMywSPaN1TgkCovzTaZwVOjDGEQSXOEhpn6syPFoVLT0DeVIdZjtezNxf+8fqKDKy9lIk40FWTxUJBwqCM4jwYOmaRE86khmEhmdoVkjCUm2gRYMiGg5S//JZ2LKnKq6LZWbtbyOIrgCByDCkCgDprgBrRAGxDwAJ7AC3i1Hq1n6816X5QWrLznEPyC9fENF4ia0g==</latexit><latexit sha1_base64="N1vGVL/wK3Orngta0Gch1H9Wvr0=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiCVpcRQqSyVKrEwFok+pCaqHNdprTpOZDtIVdQfYOFXWBhAiJWdjb/BTTNA4UiWj8659/r6+DFnSjvOl1VYWV1b3yhulra2d3b37P2DjooSSWibRDySPR8rypmgbc00p71YUhz6nHb9yfXc795TqVgk7vQ0pl6IR4IFjGBtpIF94mYzUp8ndJa6mMdj3FhcFeesgc7RZX02sMtO1ckA/xKUkzLI0RrYn+4wIklIhSYcK9VHTqy9FEvNCKezkpsoGmMywSPaN1TgkCovzTaZwVOjDGEQSXOEhpn6syPFoVLT0DeVIdZjtezNxf+8fqKDKy9lIk40FWTxUJBwqCM4jwYOmaRE86khmEhmdoVkjCUm2gRYMiGg5S//JZ2LKnKq6LZWbtbyOIrgCByDCkCgDprgBrRAGxDwAJ7AC3i1Hq1n6816X5QWrLznEPyC9fENF4ia0g==</latexit><latexit sha1_base64="N1vGVL/wK3Orngta0Gch1H9Wvr0=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiCVpcRQqSyVKrEwFok+pCaqHNdprTpOZDtIVdQfYOFXWBhAiJWdjb/BTTNA4UiWj8659/r6+DFnSjvOl1VYWV1b3yhulra2d3b37P2DjooSSWibRDySPR8rypmgbc00p71YUhz6nHb9yfXc795TqVgk7vQ0pl6IR4IFjGBtpIF94mYzUp8ndJa6mMdj3FhcFeesgc7RZX02sMtO1ckA/xKUkzLI0RrYn+4wIklIhSYcK9VHTqy9FEvNCKezkpsoGmMywSPaN1TgkCovzTaZwVOjDGEQSXOEhpn6syPFoVLT0DeVIdZjtezNxf+8fqKDKy9lIk40FWTxUJBwqCM4jwYOmaRE86khmEhmdoVkjCUm2gRYMiGg5S//JZ2LKnKq6LZWbtbyOIrgCByDCkCgDprgBrRAGxDwAJ7AC3i1Hq1n6816X5QWrLznEPyC9fENF4ia0g==</latexit>

Frixione ‘98

µ0 = mt/2, HT /4
<latexit sha1_base64="ARIpAjC0wSLHY5sBiF6pjU3UcNk=">AAACCXicbZBNS8MwGMfT+TbnW9Wjl+AQPMjWjoFehIGXHSfsDdZS0izdwpK2JKkwSq9e/CpePCji1W/gzW9j1vWgmw8Efvz/z5M8+fsxo1JZ1rdR2tjc2t4p71b29g8Oj8zjk76MEoFJD0csEkMfScJoSHqKKkaGsSCI+4wM/Nndwh88ECFpFHbVPCYuR5OQBhQjpSXPhE5+R+qzhGSpwxPPuuWeqjeuYNvr1puZZ1atmpUXXAe7gCooquOZX844wgknocIMSTmyrVi5KRKKYkayipNIEiM8QxMy0hgiTqSb5ltk8EIrYxhEQp9QwVz9PZEiLuWc+7qTIzWVq95C/M8bJSq4cVMaxokiIV4+FCQMqgguYoFjKghWbK4BYUH1rhBPkUBY6fAqOgR79cvr0G/UbM33zWqrWcRRBmfgHFwCG1yDFmiDDugBDB7BM3gFb8aT8WK8Gx/L1pJRzJyCP2V8/gAuUplF</latexit><latexit sha1_base64="ARIpAjC0wSLHY5sBiF6pjU3UcNk=">AAACCXicbZBNS8MwGMfT+TbnW9Wjl+AQPMjWjoFehIGXHSfsDdZS0izdwpK2JKkwSq9e/CpePCji1W/gzW9j1vWgmw8Efvz/z5M8+fsxo1JZ1rdR2tjc2t4p71b29g8Oj8zjk76MEoFJD0csEkMfScJoSHqKKkaGsSCI+4wM/Nndwh88ECFpFHbVPCYuR5OQBhQjpSXPhE5+R+qzhGSpwxPPuuWeqjeuYNvr1puZZ1atmpUXXAe7gCooquOZX844wgknocIMSTmyrVi5KRKKYkayipNIEiM8QxMy0hgiTqSb5ltk8EIrYxhEQp9QwVz9PZEiLuWc+7qTIzWVq95C/M8bJSq4cVMaxokiIV4+FCQMqgguYoFjKghWbK4BYUH1rhBPkUBY6fAqOgR79cvr0G/UbM33zWqrWcRRBmfgHFwCG1yDFmiDDugBDB7BM3gFb8aT8WK8Gx/L1pJRzJyCP2V8/gAuUplF</latexit><latexit sha1_base64="ARIpAjC0wSLHY5sBiF6pjU3UcNk=">AAACCXicbZBNS8MwGMfT+TbnW9Wjl+AQPMjWjoFehIGXHSfsDdZS0izdwpK2JKkwSq9e/CpePCji1W/gzW9j1vWgmw8Efvz/z5M8+fsxo1JZ1rdR2tjc2t4p71b29g8Oj8zjk76MEoFJD0csEkMfScJoSHqKKkaGsSCI+4wM/Nndwh88ECFpFHbVPCYuR5OQBhQjpSXPhE5+R+qzhGSpwxPPuuWeqjeuYNvr1puZZ1atmpUXXAe7gCooquOZX844wgknocIMSTmyrVi5KRKKYkayipNIEiM8QxMy0hgiTqSb5ltk8EIrYxhEQp9QwVz9PZEiLuWc+7qTIzWVq95C/M8bJSq4cVMaxokiIV4+FCQMqgguYoFjKghWbK4BYUH1rhBPkUBY6fAqOgR79cvr0G/UbM33zWqrWcRRBmfgHFwCG1yDFmiDDugBDB7BM3gFb8aT8WK8Gx/L1pJRzJyCP2V8/gAuUplF</latexit><latexit sha1_base64="ARIpAjC0wSLHY5sBiF6pjU3UcNk=">AAACCXicbZBNS8MwGMfT+TbnW9Wjl+AQPMjWjoFehIGXHSfsDdZS0izdwpK2JKkwSq9e/CpePCji1W/gzW9j1vWgmw8Efvz/z5M8+fsxo1JZ1rdR2tjc2t4p71b29g8Oj8zjk76MEoFJD0csEkMfScJoSHqKKkaGsSCI+4wM/Nndwh88ECFpFHbVPCYuR5OQBhQjpSXPhE5+R+qzhGSpwxPPuuWeqjeuYNvr1puZZ1atmpUXXAe7gCooquOZX844wgknocIMSTmyrVi5KRKKYkayipNIEiM8QxMy0hgiTqSb5ltk8EIrYxhEQp9QwVz9PZEiLuWc+7qTIzWVq95C/M8bJSq4cVMaxokiIV4+FCQMqgguYoFjKghWbK4BYUH1rhBPkUBY6fAqOgR79cvr0G/UbM33zWqrWcRRBmfgHFwCG1yDFmiDDugBDB7BM3gFb8aT8WK8Gx/L1pJRzJyCP2V8/gAuUplF</latexit>

pT (�) > 25 GeV, |y� | < 2.5
<latexit sha1_base64="vaOlasLznwrUieLV6diXLItRyAM="></latexit><latexit sha1_base64="vaOlasLznwrUieLV6diXLItRyAM="></latexit><latexit sha1_base64="vaOlasLznwrUieLV6diXLItRyAM="></latexit><latexit sha1_base64="vaOlasLznwrUieLV6diXLItRyAM="></latexit>

pp ! e+⌫eµ
�⌫̄µbb̄� @ LHC13TeV

<latexit sha1_base64="AamcwALEy3yt9aPUMa/nCOtIXQE="></latexit>

X

i

ET,i ⇥(R�R�i)  ET,�

✓
1� cos(R)

1� cos(R�j)

◆

<latexit sha1_base64="MmmaoKr6U+2Gfl0dyzA7ws6jm1s="></latexit><latexit sha1_base64="MmmaoKr6U+2Gfl0dyzA7ws6jm1s="></latexit><latexit sha1_base64="MmmaoKr6U+2Gfl0dyzA7ws6jm1s="></latexit><latexit sha1_base64="MmmaoKr6U+2Gfl0dyzA7ws6jm1s="></latexit>

tt𝛾

55



ttW with dynamical & fixed scale HELAC-NLO

Bevilacqua, Bi, Hartanto, Kraus, Worek ‘20 

Results for various approaches for modelling of 
top quark production and decays

§ Complete top-quark off-
shell effects  ⇰ 0.2%

§ NLO QCD corrections to 
top-quark decays ⇰ 3% for 
fixed scale  ⇰ 5% for 
dynamical scale

§ Theoretical uncertainties are 
similar for off-shell case and 
NWA  ⇰ 6% − 7% 

§ For NWALOdecay ⇰ Rise up 
to 10% − 11%
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§ Finite W width contributions included in matrix elements & in top quark width   
§ Top width for unstable W bosons, neglecting bottom quark mass @ LO & NLO

§ In the limit                    

Top Quark Width

M. Jezabek, J. H. Kühn ’89
A. Denner, et al.  ‘12

�W �! 0
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top quark width with W gauge boson off-shell effects included

top-quark width with the on-shell W gauge boson

Top Quark Width


