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Instead of Introduction
§ NLO corrections for stable top quarks

• General idea about size of NLO QCD corrections
• Can not provide reliable description of top quark decay products & radiation pattern

§ For more realistic studies decays are needed
 
• NLO QCD for pp → ttj + PS  ➾  Corrections to production & Top decays in parton shower approximation & omitting 

(even LO) tt spin correlations 

• NLO QCD for pp → ttj + LO decays + PS ➾  Top decays @ LO before matched to parton shower programs & LO tt spin 
correlations 

• NLO QCD for pp → ttj + LO decays  ➾  Top decays @ LO & LO tt spin correlations 

• NLO QCD in NWA for pp → ttj  ➾  NLO QCD corrections to top production & decays & NLO tt spin correlations

• NLO QCD with complete off-shell effects of top quarks for pp → ttj  ➾  Additionally to previous effects  ➾  Resonant & 
non-resonant diagrams  & Interference effects & Off-shell t & W described by Breit-Wigner propagators
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Full Off-Shell Predictions 

§ Modelling of unstable particles based on tt 



4

Full Off-Shell Predictions 

§ Modelling of unstable particles based on tt 



5

Full Off-Shell Predictions 

§ Modelling of unstable particles based on tt 



6

Full Off-Shell Predictions 

§ Modelling of unstable particles based on tt 



7

Full Off-Shell Predictions 

§ Modelling of unstable particles based on tt 



8

On-Shell Predictions 

§ Modelling of unstable particles based on tt 

§ Good approximation for very 
inclusive observables
• Integrated cross sections
• Angular distributions
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ü Full off-shell = DR + SR + NR + interferences + Breit-Wigner propagators  ➾  @ NLO QCD  

ü NWA = DR restricts unstable t & W to on-shell states  ➾  @ NLO QCD

ü NWALO  =  NLO QCD corrections to ttj production only 

Off-Shell versus On-Shell Predictions 

§ Modelling of unstable particles based on pp → tt 
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Off-Shell Predictions for TTJ

§ pp → ttj with leptonic decays @  

§ 2 → 5 process from QCD point of view  ➾  pp → WWbbj 

§ Diagrams with complete off-shell effects for t & W for gg initial state: 

• LO:  508 
• Real emission: 4447

<latexit sha1_base64="Rrw0k7Io7NysiqFQHafmsSRSq0k="></latexit>

pp ! e+⌫eµ
�⌫̄µbb̄j +X

<latexit sha1_base64="fiedhwwjfK1ShU3AsNZBiJDNEf4=">AAACFHicbZDLSgMxFIYz9VbrbdSlm2ARKkKZKaW6LLhxZwV7gU5bzqRpG5q5kGSEMsxDuPFV3LhQxK0Ld76N6XQW2nog8PH/5yQnvxtyJpVlfRu5tfWNza38dmFnd2//wDw8askgEoQ2ScAD0XFBUs582lRMcdoJBQXP5bTtTq/nfvuBCskC/17NQtrzYOyzESOgtDQwL5z0jtjlEU3i2CHA8W1ScoCHExjIfhUvsF89TwZm0SpbaeFVsDMooqwaA/PLGQYk8qivCAcpu7YVql4MQjHCaVJwIklDIFMY065GHzwqe3G6UILPtDLEo0Do4yucqr8nYvCknHmu7vRATeSyNxf/87qRGl31YuaHkaI+WTw0ijhWAZ4nhIdMUKL4TAMQwfSumExAAFE6x4IOwV7+8iq0KmW7Vq7dVYv1ShZHHp2gU1RCNrpEdXSDGqiJCHpEz+gVvRlPxovxbnwsWnNGNnOM/pTx+QOvBJ6F</latexit>

O(↵4
s↵

4)

§ Why do we not make 
such calculations for 
all processes?
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Off-Shell Predictions for TTJ

NWA  for ttj (on-shell top-quark 
production) 

– up to pentagons  ! 

Full calculations for ttj 
– up to heptagons !

§ gg channel comprises 39 180 one-loop diagrams  ➾  According to QGRAF

§ Most complicated ones are 1155 hexagons & 120 heptagons

§ Tensor integrals up to rank six

P. Nogueira, J. Comput. Phys. 105 (1993) 279

No cross-talk between 
ttj production & top-

quark decays

factorizable & non-
factorizable 

QCD corrections 
included 

<latexit sha1_base64="Rrw0k7Io7NysiqFQHafmsSRSq0k="></latexit>

pp ! e+⌫eµ
�⌫̄µbb̄j +X
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§ Modelling of unstable particles in di-lepton channel for ttj @ LHC

• Full off-shell = DR + SR + NR + interferences + Breit-Wigner propagators
• NWA = DR restricts unstable t & W to on-shell states 

§ Understand two approaches & compare them 

§ Generally full off-shell predictions impact: 

• IR-safe (integrated) cross sections  ➾  Normalisation in BSM  ➾  pp → tt + A pseudoscalar Higgs boson 
• IR-safe (differential) observables  ➾  Shape of dimensionful distributions  ➾  high pT & kinematical edges 
• SM parameter extraction  ➾  mt  
• BSM exclusion limits  ➾  pp → tt + DM @ LHC with SM background processes pp → tt & pp → ttZ
• New Physics  signal modelling  ➾  pp → ttH with anomalous couplings  ➾ pp → ttH in SMEFT 
• Definition of pp → tW & pp → tt  ➾  Diagram removal versus Diagram subtraction
• Final systematic uncertainties 
• Matching to parton shower programs  ➾  Resonant aware matching is required  

Off-Shell Versus On-Shell Predictions 
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HELAC-NLO

HELAC-1LOOP
CUTTOOLS

ONELOOP

HELAC-DIPOLES

KALEU

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

Comput. Phys. Commun. 184 (2013) 986

Czakon, Papadopoulos, Worek, JHEP 08 (2009) 085
Bevilacqua, Czakon, Kubocz, Worek, JHEP 10 (2013) 204

van Hameren, Comput. Phys. Commun. 182 (2011) 2427

van Hameren, Papadopoulos,  Pittau, 
JHEP 09 (2009) 106

Ossola, Papadopoulos, Pittau, Nucl. Phys. B 763 (2007) 147
Ossola, Papadopoulos, Pittau, JHEP 03 (2008) 042

van Hameren, e-Print: 1003.4953 [hep-ph]

§ Full Off-shell & NWA  Results  ➾  Output

• Predictions stored as partially unweighted “events”  ➾  ROOT-Ntuples Files & Les Houches Files
• Each “event” provided with supplementary matrix element & PDF information
• Results for different scale settings & PDF choices by can be obtained by reweighting
• Different observables and/or binning can be provided + more exclusive cuts  ➾  With caveat
  

Bern, Dixon, Febres Cordero, Hoeche, Ita, Kosower, Maitre, Comput. Phys. Commun. 185 (2014) 1443

HELAC-NLO
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Scale Dependence  
<latexit sha1_base64="Rrw0k7Io7NysiqFQHafmsSRSq0k="></latexit>

pp ! e+⌫eµ
�⌫̄µbb̄j +X

G. Bevilacqua, H. B. Hartanto, M. Kraus, M. Worek, JHEP 11 (2016) 098
G. Bevilacqua, H. B. Hartanto, M. Kraus, M. Worek,  Phys. Rev. Lett. 116 (2016) 5, 052003§ Integrated cross section @ LHC 13 TeV

§ Scales: 

§ LO contributions:

<latexit sha1_base64="afrUotn8jfKblIdNEz79YoEP63s=">AAACHnicbZDLSgMxFIYz9VbrbdSlm2ARXJQ6U7S6KRRE6bJKb9ApQyZN29BkZkgyQhn6JG58FTcuFBFc6duYmXahrQdy+PjPOcnJ74WMSmVZ30ZmZXVtfSO7mdva3tndM/cPWjKIBCZNHLBAdDwkCaM+aSqqGOmEgiDuMdL2xtdJvf1AhKSB31CTkPQ4Gvp0QDFSWnLNCye9I/ZYRKaxwyP3vpLk2zRbFe6qglOAN27jrJRALYGpa+atopUGXAZ7Dnkwj7prfjr9AEec+AozJGXXtkLVi5FQFDMyzTmRJCHCYzQkXY0+4kT24nS1KTzRSh8OAqGPr2Cq/p6IEZdywj3dyZEaycVaIv5X60ZqcNWLqR9Givh49tAgYlAFMPEK9qkgWLGJBoQF1btCPEICYaUdzWkT7MUvL0OrVLTLxfLdeb5qze3IgiNwDE6BDS5BFdRAHTQBBo/gGbyCN+PJeDHejY9Za8aYzxyCP2F8/QCMjKC8</latexit>

µR = µF = µ0 = mt, ET /2, HT /2

<latexit sha1_base64="vFj43pesbH0Cl24uPuzpeD+xlAI="></latexit>

gg : 72%, gq : 18%, gq̄ : 6%, qq̄ : 4%

<latexit sha1_base64="cMpm4m0e8rFVkDmpXL3zrW11es0=">AAACFnicbVDLSsNAFJ34rPUVdelmsAiCtSQi1Y1QEMFlhb6gCWEynbZDJw9mboQS8hVu/BU3LhRxK+78G6dtFtp6YOBwzn3N8WPBFVjWt7G0vLK6tl7YKG5ube/smnv7LRUlkrImjUQkOz5RTPCQNYGDYJ1YMhL4grX90c3Ebz8wqXgUNmAcMzcgg5D3OSWgJc88c6YzUl8QOsrSW69xHXhpo+yUITvNGXZ8IlPIsswzS1bFmgIvEjsnJZSj7plfTi+iScBCoIIo1bWtGNyUSOBUsKzoJIrFejMZsK6mIQmYctPpSRk+1koP9yOpXwh4qv7uSEmg1DjwdWVAYKjmvYn4n9dNoH/lpjyME2AhnS3qJwJDhCcZ4R6XjIIYa0Ko5PpWTIdEEgo6yaIOwZ7/8iJpnVfsaqV6f1GqWXkcBXSIjtAJstElqqE7VEdNRNEjekav6M14Ml6Md+NjVrpk5D0H6A+Mzx8wnp9X</latexit>

ET = mT, t +mT, t̄

<latexit sha1_base64="BDutNqz1YkQ30vJPJttilmVl6qY=">AAACHHicbVBLSwMxGMzWV62vqkcvwSIIlrKrUr0IBS89VugLunXJptk2NNkNSVYoy/4QL/4VLx4U8eJB8N+YbnvQ1oHAMPO9Mr5gVGnb/rZyK6tr6xv5zcLW9s7uXnH/oK2iWGLSwhGLZNdHijAakpammpGukARxn5GOP76d+p0HIhWNwqaeCNLnaBjSgGKkjeQVL9xsRuIzhMdpUveaN9BVMfcoFF7SLLtlmp4Jr3mfuJJDTpVKU69Ysit2BrhMnDkpgTkaXvHTHUQ45iTUmCGleo4tdD9BUlPMSFpwY0WE2Y+GpGdoiDhR/SQ7LIUnRhnAIJLmhRpm6u+OBHGlJtw3lRzpkVr0puJ/Xi/WwXU/oaGINQnxbFEQM6gjOE0KDqgkWLOJIQhLam6FeIQkwtrkWTAhOItfXibt84pTrVTvLks1ex5HHhyBY3AKHHAFaqAOGqAFMHgEz+AVvFlP1ov1bn3MSnPWvOcQ/IH19QMOTaHu</latexit>

HT =
X

i

pT, i + p
miss
T
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Scale Dependence  
<latexit sha1_base64="Rrw0k7Io7NysiqFQHafmsSRSq0k="></latexit>

pp ! e+⌫eµ
�⌫̄µbb̄j +X

G. Bevilacqua, H. B. Hartanto, M. Kraus, M. Worek, JHEP 11 (2016) 098
G. Bevilacqua, H. B. Hartanto, M. Kraus, M. Worek,  Phys. Rev. Lett. 116 (2016) 5, 052003

§ Integrated cross section @ LHC 13 TeV
 

<latexit sha1_base64="afrUotn8jfKblIdNEz79YoEP63s=">AAACHnicbZDLSgMxFIYz9VbrbdSlm2ARXJQ6U7S6KRRE6bJKb9ApQyZN29BkZkgyQhn6JG58FTcuFBFc6duYmXahrQdy+PjPOcnJ74WMSmVZ30ZmZXVtfSO7mdva3tndM/cPWjKIBCZNHLBAdDwkCaM+aSqqGOmEgiDuMdL2xtdJvf1AhKSB31CTkPQ4Gvp0QDFSWnLNCye9I/ZYRKaxwyP3vpLk2zRbFe6qglOAN27jrJRALYGpa+atopUGXAZ7Dnkwj7prfjr9AEec+AozJGXXtkLVi5FQFDMyzTmRJCHCYzQkXY0+4kT24nS1KTzRSh8OAqGPr2Cq/p6IEZdywj3dyZEaycVaIv5X60ZqcNWLqR9Givh49tAgYlAFMPEK9qkgWLGJBoQF1btCPEICYaUdzWkT7MUvL0OrVLTLxfLdeb5qze3IgiNwDE6BDS5BFdRAHTQBBo/gGbyCN+PJeDHejY9Za8aYzxyCP2F8/QCMjKC8</latexit>

µR = µF = µ0 = mt, ET /2, HT /2

§ scale variation fully driven by 
changes in µR independently of 
scale choice

§ 7-point scale variation and 3-point 
scale variation would give similar 
results 
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<latexit sha1_base64="Rrw0k7Io7NysiqFQHafmsSRSq0k="></latexit>

pp ! e+⌫eµ
�⌫̄µbb̄j +XScale & PDF Uncertainties  

§ Size of NLO corrections for CT14 NLO 

§ PDFs: CT14, MMHT14, NNPDF3.0

§ Integrated fiducial cross sections for 68% C.L.
<latexit sha1_base64="I5dnaGvRkwxjhBCSsKlRmxwFUI4=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEVzUpUt0IBTddVugLmhAm00k7dPJgHkIJwY2/4saFIm79Cnf+jdM0C209cOFwzr1z5x4/YVRIy/o2SmvrG5tb5e3Kzu7e/oF5eNQTseKYdHHMYj7wkSCMRqQrqWRkkHCCQp+Rvj+9m/v9B8IFjaOOnCXEDdE4ogHFSGrJM0+c/I3UZ4pkqRMqz7pteZ3LeuaZVatm5YCrxC5IFRRoe+aXM4qxCkkkMUNCDG0rkW6KuKSYkaziKEEShKdoTIaaRigkwk3z9Rk818oIBjHXFUmYq78nUhQKMQt93RkiORHL3lz8zxsqGdy4KY0SJUmEF4sCxaCM4TwPOKKcYMlmmiDMqf4rxBPEEZY6tYoOwV4+eZX06jW7UWvcX1Wb9SKOMjgFZ+AC2OAaNEELtEEXYPAInsEreDOejBfj3fhYtJaMYuYY/IHx+QP17JcZ</latexit>

µ0 = HT /2

<latexit sha1_base64="PHd+Qh6Kitm5d9Z4EpmKfTGMh4Y="></latexit>

µ0 = mt K = 0.88 � 12%

µ0 = ET /2 K = 1.10 + 10%

µ0 = HT /2 K = 1.12 + 12%

<latexit sha1_base64="7vedpDYqfidpz42xgfvfuR0qxHc=">AAACIHicbZBNS8MwGMdTX+d8q3r0EhyChzHbIZvHgSAep7gXWEtJs2wLS9qSpMIo/She/CpePCiiN/00pl0PuvlA4Mf//zzJk78fMSqVZX0ZK6tr6xubpa3y9s7u3r55cNiVYSww6eCQhaLvI0kYDUhHUcVIPxIEcZ+Rnj+9yvzeAxGShsG9mkXE5Wgc0BHFSGnJM5tOfkfiM4SnaZLY53WHx54FHUZgRndV6FRzus6kuZumnlmxalZecBnsAiqgqLZnfjrDEMecBAozJOXAtiLlJkgoihlJy04sSaR3QGMy0BggTqSb5Mul8FQrQzgKhT6Bgrn6eyJBXMoZ93UnR2oiF71M/M8bxGp06SY0iGJFAjx/aBQzqEKYpQWHVBCs2EwDwoLqXSGeIIGw0pmWdQj24peXoVuv2Y1a4/ai0qoXcZTAMTgBZ8AGTdACN6ANOgCDR/AMXsGb8WS8GO/Gx7x1xShmjsCfMr5/AMSyogo=</latexit>

1/2µ0  µR, µF  2µ0

<latexit sha1_base64="kbt75mNYGkBH+DYaTXLMsFXJLCM=">AAACE3icbVDLS8MwHE7na85X1aOX4BDEw9YWmR4Hgnic4h6wlpJm6RaWPkhSYZT+D178V7x4UMSrF2/+N6ZdD7r5QcKX7/fM58WMCmkY31plZXVtfaO6Wdva3tnd0/cPeiJKOCZdHLGIDzwkCKMh6UoqGRnEnKDAY6TvTa/yeP+BcEGj8F7OYuIEaBxSn2IkleTqZ3bRI/UYwtMsTc2mBW1GoB0k7l0zv6+Lt5Vlrl43GkYBuEzMktRBiY6rf9mjCCcBCSVmSIihacTSSRGXFDOS1exEkFiNRWMyVDREARFOWuyTwROljKAfcXVCCQv1d0WKAiFmgacyAyQnYjGWi//Fhon0L52UhnEiSYjng/yEQRnB3CA4opxgyWaKIMyp2hXiCeIIS2VjTZlgLn55mfSshtlqtG7P622rtKMKjsAxOAUmuABtcAM6oAsweATP4BW8aU/ai/aufcxTK1pZcwj+QPv8AZYknUk=</latexit>

1/2  µR/µF  2

7-point scale variation

G. Bevilacqua, H. B. Hartanto, M. Kraus, M. Worek, JHEP 11 (2016) 098
G. Bevilacqua, H. B. Hartanto, M. Kraus, M. Worek,  Phys. Rev. Lett. 116 (2016) 5, 052003
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Differential Distributions
<latexit sha1_base64="Rrw0k7Io7NysiqFQHafmsSRSq0k="></latexit>

pp ! e+⌫eµ
�⌫̄µbb̄j +X

§ 16 differential cross section distributions have been examined, here are just few examples…

§ Dimensionful observable: pT(b) with µ0= mt

§ NLO do not simply rescale shape of LO pT(b) 
§ NLO corrections up to -55% 
§ pT(b) properly described only via NLO
§ Negative NLO results in high pT tails  
§ LO higher than NLO in pT tails 

§ Dynamic scale should depend on  pT  of hardest 
jet & top-quark decay products é

§ Asymptotic freedom  ➾  𝛼s  ê in tails
§ Dependence on 𝛼s @ LO ≫ @ NLO
§ Would drive positive NLO/LO ratio in this 

region

G. Bevilacqua, H. B. Hartanto, M. Kraus, M. Worek, JHEP 11 (2016) 098
G. Bevilacqua, H. B. Hartanto, M. Kraus, M. Worek,  Phys. Rev. Lett. 116 (2016) 5, 052003
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<latexit sha1_base64="Rrw0k7Io7NysiqFQHafmsSRSq0k="></latexit>

pp ! e+⌫eµ
�⌫̄µbb̄j +X

§ Dimensionful observable: pT(b) with all 3 scale settings

§ Positive corrections below 20% when µF = µR = µ0 = ½ ET or µF = µR = µ0 = ½ HT used instead 

Differential Distributions
G. Bevilacqua, H. B. Hartanto, M. Kraus, M. Worek, JHEP 11 (2016) 098
G. Bevilacqua, H. B. Hartanto, M. Kraus, M. Worek,  Phys. Rev. Lett. 116 (2016) 5, 052003
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<latexit sha1_base64="Rrw0k7Io7NysiqFQHafmsSRSq0k="></latexit>

pp ! e+⌫eµ
�⌫̄µbb̄j +X

§ Dimensionful observable: pT(t) with all 3 scale settings

Differential Distributions
G. Bevilacqua, H. B. Hartanto, M. Kraus, M. Worek, JHEP 11 (2016) 098
G. Bevilacqua, H. B. Hartanto, M. Kraus, M. Worek,  Phys. Rev. Lett. 116 (2016) 5, 052003
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<latexit sha1_base64="Rrw0k7Io7NysiqFQHafmsSRSq0k="></latexit>

pp ! e+⌫eµ
�⌫̄µbb̄j +X

§ Dimensionful observable: pT(j1) with all 3 scale settings

Differential Distributions
G. Bevilacqua, H. B. Hartanto, M. Kraus, M. Worek, JHEP 11 (2016) 098
G. Bevilacqua, H. B. Hartanto, M. Kraus, M. Worek,  Phys. Rev. Lett. 116 (2016) 5, 052003
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<latexit sha1_base64="Rrw0k7Io7NysiqFQHafmsSRSq0k="></latexit>

pp ! e+⌫eµ
�⌫̄µbb̄j +X

§ Dimensionless observable: y(b) with µ0= mt

Differential Distributions

§ Negative, moderate 10%  ➾  But quite stable 
NLO corrections

§ Receives contributions from various scale settings  
➾  Also from these sensitive to threshold for tt 
production

§ For µF = µR = µ0 = mt effects of phase-space regions 
close to ttj threshold dominate

G. Bevilacqua, H. B. Hartanto, M. Kraus, M. Worek, JHEP 11 (2016) 098
G. Bevilacqua, H. B. Hartanto, M. Kraus, M. Worek,  Phys. Rev. Lett. 116 (2016) 5, 052003
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<latexit sha1_base64="Rrw0k7Io7NysiqFQHafmsSRSq0k="></latexit>

pp ! e+⌫eµ
�⌫̄µbb̄j +X

§ Dimensionless observable: y(b) with all 3 scale settings

§ Replaced by positive moderate NLO corrections for dynamical scale settings 

Differential Distributions
G. Bevilacqua, H. B. Hartanto, M. Kraus, M. Worek, JHEP 11 (2016) 098
G. Bevilacqua, H. B. Hartanto, M. Kraus, M. Worek,  Phys. Rev. Lett. 116 (2016) 5, 052003
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Scale & PDF Uncertainties  

§ Upper panel  
•  NLO prediction for three different PDF sets at µF = µR = µ0

§ Middle panel 
• NLO scale-dependence band normalized to central CT14 NLO prediction 

§ Lower panel  
• PDF uncertainties obtained for each PDF set separately  ➾  Normalized to central NLO prediction 

with CT14 PDF set

<latexit sha1_base64="Rrw0k7Io7NysiqFQHafmsSRSq0k="></latexit>

pp ! e+⌫eµ
�⌫̄µbb̄j +X

G. Bevilacqua, H. B. Hartanto, M. Kraus, M. Worek, JHEP 11 (2016) 098
G. Bevilacqua, H. B. Hartanto, M. Kraus, M. Worek,  Phys. Rev. Lett. 116 (2016) 5, 052003
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Scale & PDF Uncertainties  
<latexit sha1_base64="Rrw0k7Io7NysiqFQHafmsSRSq0k="></latexit>

pp ! e+⌫eµ
�⌫̄µbb̄j +X

§ pT(b)  ➾  For µ0 = ½ HT  scale uncertainties have reached almost 10% ➾ PDF uncertainties stayed below 6% 

§ y(b)  ➾  For µ0 = ½ HT scale uncertainties are below 8%  ➾  PDF uncertainties are below 5% 

§ Scale uncertainties dominant source of theoretical uncertainties 

G. Bevilacqua, H. B. Hartanto, M. Kraus, M. Worek, JHEP 11 (2016) 098
G. Bevilacqua, H. B. Hartanto, M. Kraus, M. Worek,  Phys. Rev. Lett. 116 (2016) 5, 052003
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Applications  

§ Alternative method for mt

§ mt  from normalized differential cross section 
for pp → ttj

§ R  has been calculated using pp → ttj @ NLO 
in QCD + POWHEG matched with PYTHIA

§ Theoretical uncertainties & PDF uncertainties 
affect mt extraction < 1 GeV 

§ Worth looking at …

S. Alioli, P. Fernandez, J. Fuster, A. Irles, S. O. Moch, P. Uwer, M. Vos, 
Eur. Phys. J. C 73 (2013) 2438
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Off-Shell Versus On-Shell Predictions 

§ Normalised ρs differential distribution

§ Three different theoretical descriptions 

• Relative size of NLO QCD corrections
• Relative size of full off-shell t & W effects
• Relative size of corrections to top-quark decays 

<latexit sha1_base64="Rrw0k7Io7NysiqFQHafmsSRSq0k="></latexit>

pp ! e+⌫eµ
�⌫̄µbb̄j +X

Full case for five different top quark masses 

G. Bevilacqua, H. B. Hartanto, M. Kraus, M. Schulze, M. Worek,  JHEP 03 (2018) 169

Shape differences @ differential level

Normalisation differences @ integrated level

§ Full off-shell effects change NLO cross section by 2%
§ Consistent with uncertainty of NWA  ➾ 
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Off-Shell Versus On-Shell Predictions 

§ Normalised ρs differential distribution

§ Three different theoretical descriptions 

• Relative size of NLO QCD corrections
• Relative size of full off-shell t & W effects
• Relative size of corrections to top-quark decays 
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Full case for five different top quark masses 
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Shape differences @ differential level

Normalisation differences @ integrated level

§ Full off-shell effects change NLO cross section by 2%
§ Consistent with uncertainty of NWA  ➾ 
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Off-Shell Versus On-Shell Predictions 
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Luminosity of 2.5 fb−1 & mt
in = 173.2 GeV

§ Agreement within 0.8σ − 1.3σ between various theoretical 
descriptions & pseudo-data

§ 68 % C.L. (1σ) statistical error  ➾ Still large  ➾  0.96 – 1.80

§ Averaged minimal 𝜒2/d.o.f is of order of 1

§ Number of standard deviations for each p-value 

§ Top quark mass shift  ➾  Depending on theory used various 
mass shifts are observed

• 2.0 – 2.5 GeV mass shift is visible for NWA with µ0 = mt  if 
pseudo data obtained from full off-shell case with µ0 = ½ HT 

• 1.2 – 2.0 GeV mass shift is visible for NWA with µ0 = mt  if 
pseudo data obtained from full off-shell case with µ0 = mt 

• For NWAProd. substantial deviation  ➾  3.2 – 3.8 GeV 

Sa
m

e b
in

 si
ze

D
iff

er
en

t b
in

 si
ze



29

Off-Shell Versus On-Shell Predictions 
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Luminosity of 25 fb−1 & mt
in = 173.2 GeV

§ For higher luminosity despite diminished quality of 𝜒2/d.o.f
fit mass shifts persist

• Up to 2.5 GeV for NWA with µ0 = mt  when pseudo-data 
are generated from full off-shell case with µ0 = ½ HT 

• Up to 2.0 GeV for NWA with µ0 = mt when pseudo-data 
are generated from full off-shell case with µ0 = mt 

§ Statistical error  ➾  0.3 – 0.4 GeV only

§ NWA case is disfavoured at  4σ − 5σ level

§ NWAProd. at  2σ − 5σ level

§ Full off-shell case with µ0 = mt at  3σ − 4σ level

§ Off-shell effects and non-resonant contributions of t & W are not 
negligible for top-quark mass extraction

§ Scale setting plays important role
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Scale & PDF Uncertainties  

§ Simultaneous variation of renormalisation & factorisation scales up & down by factor of 2 around central value µ0

§ For µ0 = ½ HT  & µ0 = ½ ET theoretical uncertainties stemming from scale variation ➾  0.6 GeV – 1.2 GeV

§ For µ0 = mt  they are larger  ➾  2.1 GeV – 2.8 GeV

§ PDF uncertainties  ➾  0.4 GeV – 0.7 GeV 

§ Comparison with ATLAS  ➾  New setup  ➾  Full 7-point scale variation & internal PDF uncertainties for NNPDF3.0 with 
𝛼s variations, CT18, PDF4LHC21 for 7 different top-quark masses

Default setup 
with µ0 = ½ HT 
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Summary 

§ Complete description for pp → ttj process with HELAC-NLO for di-lepton channel 
•  “resonant” and “non-resonant”  contributions at NLO QCD 

§ Various scale settings: µ0 = ½ HT  &  µ0 = ½ ET  &  µ0 = mt
§ µ0 = ½ HT “better” than µ0 = ½ ET  ➾  Booth stabilizes high pT tails but µ0 = ½ HT gives smaller error 

§ Scale & PDF uncertainties for σ & various dσ/dX

§ Further studies are needed:
• Bottom-mass effects  ➾  Comparisons between Five- & Four-Flavor schemes

§ Phenomenological applications  ➾  Alternative method for mt extraction  
• Shape-based mt measurement (e.g.  end point of Me+b and/or ρs) 
• Relies on precise modeling of top-quark decays
• Off-shell effects and non-resonant contributions of t & W are not negligible for top-quark mass extraction
• Scale setting plays important role
• Predictions for pp → ttj should go beyond simple approximation of  factorizing top quark production & 

decays
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Normalised ρs distribution 

§ Various binnings used in mt extraction from normalised ρs distribution

§ Three cases are shown: 
• 5 equal size intervals
• ATLAS intervals
• CMS intervals

§ The latter two optimised for l+jets & di-lepton channels @ 7 TeV & 8 TeV 

G. Bevilacqua, H. B. Hartanto, M. Kraus, M. Schulze, M. Worek,  JHEP 03 (2018) 169



34

Comparison with ATLAS 
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Comparison with ATLAS 
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Normalised ρs distribution & TTJ @ NLO QCD 

Jets: 

Final-state quarks and 
gluons with pseudo-rapidity 
|y| < 5  recombined into jets 
using  anti-kT  jet algorithm 
with  R = 0.5

Requirement:  

Exactly 2 b-jets, at least one 
light-jet, 2 charged leptons & 
missing pT  ➾  Fairly 
inclusive cuts 
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Normalised ρs distribution & TTJ @ NLO QCD 

§ Different lepton generations

§ Same lepton interference 
effects neglected  ➾  per-mille 
level @ LO 

§ Top width for unstable W 
bosons, neglecting bottom 
quark mass 

§ All light quarks including b-
quarks & leptons are massless 

§ Contribution from b quarks in 
initial state neglected  ➾  
Effect < 1%  @ LO
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