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Outline

Introduction

§ Motivations for ttbb @ LHC 
§ State-of-the-art
§ Need for precision 

Off-shell ttbb at NLO QCD 

§ Dominant theory uncertainties 
§ Size of QCD corrections
§ Impact of b-initiated subprocesses 

Summary & outlook 

<latexit sha1_base64="ki02y1wWfY1rr4HpWX1t5wYcykQ="></latexit>

pp ! e+⌫e µ
�⌫̄µ bb̄ bb̄ + X
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Motivations for ttbb @ LHC 
CMS Collaboration, JHEP 07 (2020) 125 

Measured ttbb cross section higher than Monte Carlo predictions
di-lepton & lepton+jet
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Motivations for ttbb @ LHC 
CMS Collaboration, Physics Letters B 803 (2020) 135285 

Measured ttbb cross section higher than Monte Carlo predictions
di-lepton & lepton+jet
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Motivations for ttbb @ LHC 

ATLAS Collaboration,  JHEP 04 (2019) 046

Measured ttbb cross section higher than Monte Carlo predictions
di-lepton & lepton+jet
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Full Off-Shell TTBB

§ Irreducible background for Higgs boson studied

§ ttH ⇰ Observation in 2018  

§ Top-Yukawa coupling Yt ⇰ Probed directly

§ ATLAS & CMS reported measurements for 
ttH(H → bb) decay channel of Higgs boson

Experimental Challenges 

§ Identification of candidates  for Higgs decay
§ Combinatorial background
§ Misidentification of light jets with b-jets
§ b-jet tagging
§ SM backgrounds 

<latexit sha1_base64="pjlMnPwqV5IDbK180Xmw+xzM3Vs="></latexit>

pp ! tt̄H ! tt̄bb̄ ! W
+
W

�
bb̄bb̄

Theory Challenges 

§ Two very different & distinctive scales
§ mt ⇰ tt production & top-quark decays
§ pT(b)  ⇰ Describes b-jets from g → bb splitting

§ Second calculation for off-shell ttbb in di-lepton 
channel  ⇰ Agreement with first calculations   

<latexit sha1_base64="ki02y1wWfY1rr4HpWX1t5wYcykQ="></latexit>

pp ! e+⌫e µ
�⌫̄µ bb̄ bb̄ + X

<latexit sha1_base64="gxKOXkbnwjCck+mqkWjwGFORze0="></latexit>

pp ! tt̄bb̄ & pp ! tt̄H ! tt̄bb̄

Denner, Lang, Pellen arXiv:2008.00918 [hep-ph]
Bevilacqua, Bi, Hartanto, Kraus, Lupattelli, Worek  arXiv:2105.08404 [hep-ph]
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Full Off-Shell ttbb

Bevilacqua, Bi, Hartanto, Kraus, Lupattelli, Worek  arXiv:2105.08404 [hep-ph]

Complete off-shell effects:

§ Off-shell top quarks & W gauge bosons described by Breit-Wigner propagators 
§ Double-, single- & non-resonant top-quark & W contributions included 
§ All interference effects incorporated at matrix element level

§ NLO QCD corrections to production & decays
§ Nonfactorizable NLO QCD corrections included  ⇰ Cross-talk between production & decays 
§ NLO spin correlations 
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Integrated fiducial cross sections for ttbb
Bevilacqua, Bi, Hartanto, Kraus, Lupattelli, Worek  

arXiv:2105.08404 [hep-ph]

§ Results for NNPDF3.1 LO & NLO with  𝛼s(mZ) = 0.118
§ LO NNPDF3.1 PDF set with 𝛼s(mZ) = 0.130 ⇰ K = 1.45 
§ Other PDF sets give K-factor ∈ ( 1.81 & 1.37 & 1.23 )
§ With jet veto of 50 GeV K = 1.11 & K = 1.23
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Full Off-Shell TTBB
§ Large but rather stable NLO 

corrections @ differential level
§ Dynamical scales important
§ PDF uncertainties small   

Bevilacqua, Bi, Hartanto, Kraus, Lupattelli, Worek  
arXiv:2105.08404 [hep-ph]
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TTBB @ NLO
Bevilacqua, Bi, Hartanto, Kraus, Lupattelli, Worek  arXiv:2105.08404 [hep-ph]

ATLAS Collaboration,  JHEP 04 (2019) 046

§ Higher with leptonic 𝜏 decays into l
§ For similar scale choice HELAC-NLO

result is even higher ~ 21 fb 

§ Comparison to ATLAS results
§ e𝜇 channel @ 13 TeV
§ Agreements within theoretical uncertainties  



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 

Initial State Bottom Quarks

§ Charge aware and charge blind schemes for b-jet tagging  

<latexit sha1_base64="D+Y7vCxH8l9GppwiC6vjQnUBHXY=">AAACBXicbVC7TsMwFHV4lvIKMMJgUYGYqqSqgLESC2OR6ENqosp2ndaq40S2g1RF6cDCr7AwgBAr/8DG3+CmGaDlSFc6Oude+96DY86Udpxva2V1bX1js7RV3t7Z3du3Dw7bKkokoS0S8Uh2MVKUM0FbmmlOu7GkKMScdvD4ZuZ3HqhULBL3ehJTP0RDwQJGkDZS3z7x8jdSzBOapRhOvfMp9DAySpb17YpTdXLAZeIWpAIKNPv2lzeISBJSoQlHSvVcJ9Z+iqRmhNOs7CWKxoiM0ZD2DBUopMpP8w0yeGaUAQwiaUpomKu/J1IUKjUJsekMkR6pRW8m/uf1Eh1c+ykTcaKpIPOPgoRDHcFZJHDAJCWaTwxBRDKzKyQjJBHRJriyCcFdPHmZtGtV97Jav6tXGrUijhI4BqfgArjgCjTALWiCFiDgETyDV/BmPVkv1rv1MW9dsYqZI/AH1ucPAHGY2g==</latexit>

b & b̄
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bg ! b , b̄g ! b̄ , bb̄ ! g , bb ! g , b̄b̄ ! g
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bg ! b , b̄g ! b̄ , bb̄ ! g , bb ! b , b̄b̄ ! b̄

§ Jets clustered with anti-kT algorithm with R = 0.4 
§ Two b-jet tagging variants are IR-safe @ NLO
§ Beyond NLO  

• flavor kT

• flavor anti-kT

Banfi, Salam, Zanderighi e-Print: hep-ph/0601139 [hep-ph]

Czakon TOP2021 
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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  arXiv:2105.08404 [hep-ph]
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NLO QCD corrections 
§ Corrections to production & decays
§ NLO tt spin correlations 
§ Kinematic-dependent  µR & µF scales 
§ Complete off-shell effects for top quarks 

Comparisons
§ NWA results  ⇰ Size of off-shell effects 
§ NWALOdec ⇰ Size of NLO QCD corrections to top decays 
§ Parton shower programs  ⇰ Modeling of top decays   

Identification
§ Prompt b-jets
§ b-jets from top quark decays

Our Full Off-shell Results 
§ Stored  ⇰ Ntuples Files  ⇰ Les Houches & ROOT Files
§ Used by ATLAS Collaboration for tt𝛾 ⇰ JHEP 09 (2020) 049

Summary 
<latexit sha1_base64="ki02y1wWfY1rr4HpWX1t5wYcykQ="></latexit>

pp ! e+⌫e µ
�⌫̄µ bb̄ bb̄ + X

https://link.springer.com/article/10.1007/JHEP09(2020)049?wt_mc=Internal.Event.1.SEM.ArticleAuthorIncrementalIssue&utm_source=ArticleAuthorIncrementalIssue&utm_medium=email&utm_content=AA_en_06082018&ArticleAuthorIncrementalIssue_20200911%23citeas
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ATLAS Collaboration JHEP 09 (2020) 049   

HELAC-NLO

eµ channel 

Summary ATLAS

HELAC-NLO

https://link.springer.com/article/10.1007/JHEP09(2020)049?wt_mc=Internal.Event.1.SEM.ArticleAuthorIncrementalIssue&utm_source=ArticleAuthorIncrementalIssue&utm_medium=email&utm_content=AA_en_06082018&ArticleAuthorIncrementalIssue_20200911%23citeas
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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 tt X + PS ⇰ Corrections to production & Top decays in parton shower approximation 
& omitting even LO tt spin correlations 

• NLO QCD for ttX + LO decays + PS ⇰ Top decays @ LO before matched to parton shower 
programs & Double resonant contributions only + Breit-Wigner propagators ⇰ LO tt spin correlations 

• NLO QCD in NWA ⇰ NLO QCD corrections to top production & decays & NLO tt spin correlations &
Double resonant contributions only & On-shell tops & W

• 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

Outlook  


