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Motivation
• Higgs Boson measurements are stringent tests of the Standard Model

• BSM physics can manifest through Higgs coupling modifiers ( ) with 
effects up to few percents

κ
see e.g. Peskin, 1207.2516 [hep-ph]

[CMS, JHEP 01 (2021) 148]

[ATLAS, ATL-PHYS-PUB-2018-054]

±4 %±10 %

https://arxiv.org/abs/1207.2516
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-054/
https://link.springer.com/article/10.1007/JHEP01(2021)148
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Why  ?ttH(H → bb̄)
•  :  probes  coupling at tree level;      :  largest BR pp → tt̄H tH H → bb̄ ( ∼ 58% )

• Challenging theoretically and experimentally:

tt̄ + jets
tt̄V
V + jets
⋯

Backgrounds
Irreducible 
background

tt̄bb̄

Signal

tt̄H(H → bb̄)

- smearing of Higgs peak in  
distribution

M(bb̄)

- challenges in top reconstruction 
& “prompt -jet” identificationb

Combinatorial background:
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Challenges in : modelling of backgroundsttH(H → bb̄)
[CMS, JHEP 07 (2020) 125]

[ATLAS, JHEP 04 (2019) 046]

: theoretical challengesttbb̄

• Tension with  measurements 
  improve modelling

tt̄bb̄
↪

•  : main background to 
 for 

tt̄bb̄
tt̄H(H → bb̄) Nbjets ≥ 4

[CMS, JHEP 03 (2019) 026]

https://link.springer.com/article/10.1007/JHEP07(2020)125
https://link.springer.com/article/10.1007/JHEP04(2019)046
https://link.springer.com/article/10.1007/JHEP03(2019)026
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 Theory status

tt̄H
State of the art:  NLO 
(QCD + EW) + NNLL

][Catani et al. ’21]

[  first steps towards NNLO QCD:* 

gq/qq/qq′ /qq̄′ → tt̄H

State of the art:  NLO QCD

tt̄bb̄
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 Theory status

State of the art:  NLO QCD

tt̄bb̄

Focus: recent developments 
on off-shell calculations

tt̄H
State of the art:  NLO 
(QCD + EW) + NNLL

][Catani et al. ’21]

[  first steps towards NNLO QCD:* 

gq/qq/qq′ /qq̄′ → tt̄H



G. Bevilacqua                                                     SM@LHC’22                                                                       7

The off-shell perspective

• Genuine multiscale process!

• Example:    @  gg → tt̄bb̄ 𝒪(α4α4
s )

“Off-shell” = DR + SR + NR + interferences + Breit-Wigner effects

“Double Resonant” “Single Resonant” “Non Resonant”
NWA

Off-shell

• Complete matrix elements at fixed perturbative order:

  - release limit   [Narrow Width Approximation]↪ Γt /mt → 0
     - include non-factorizable contributions
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I.  Production of Higgs boson in association with tt̄
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Predictions for pp → e+ νe μ− ν̄μ b b̄ H
[Stremmer and Worek, JHEP 02 (2022) 196]

Dynamical scaleFixed scale
mt + mH /2

•  K-factor = HT /2 → 1.23

[NNPDF3.1]

   scale uncertainties

Fiducial cross sections

<

• Impact of scale choice and theory uncertainties

Scale vs PDF uncertainties 

𝒪(1% − 2%)

HT /2

https://link.springer.com/article/10.1007/JHEP02(2022)196
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Predictions for pp → e+ νe μ− ν̄μ b b̄ H
[Stremmer and Worek, JHEP 02 (2022) 196]

• Scale vs PDF uncertainties at differential level

• PDF uncertainties smaller than scale dependence at the bulk, but comparable in 
high-energy tails of dimensionful observables

𝒪(5%)

https://link.springer.com/article/10.1007/JHEP02(2022)196
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Predictions for pp → e+ νe μ− ν̄μ b b̄ H
[Stremmer and Worek, JHEP 02 (2022) 196]

• Off-shell effects for top-quark and W decays

scale uncertainties

• Off-shell effects:

   globally→ −0.5 %
  up to differentially→ +10 %

•
largerlarger scaleNWALOdec →
uncertainties

https://link.springer.com/article/10.1007/JHEP02(2022)196
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Predictions for pp → e+ νe μ− ν̄μ b b̄ H(H → bb̄)
[Stremmer and Worek, JHEP 02 (2022) 196]

• Impact of QCD corrections to  decayH → bb̄

• NLO QCD modelling of  influences scale uncertaintiesH → bb̄
45 % (LO) 15 % (NLOLOdecH

) 10 % (NLO)→ →ΔRb1b2
≈ 3 :↪

• Enhancements up to for small  and 30 % Mb1b2
ΔRb1b2

https://link.springer.com/article/10.1007/JHEP02(2022)196
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II.  Irreducible QCD background to tt̄H(H → bb̄)
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Predictions for pp → e+ νe μ− ν̄μ b b̄ b b̄

• Fiducial cross sections      s = 13 TeV

Theory uncertainties:
  - Scale : 
  - PDF  : 

𝒪(20%)
𝒪(1% − 2%)

[NNPDF 3.1]

[NNPDF 3.1]

[GB, Bi, Hartanto, Kraus, Lupattelli and Worek, JHEP 08 (2021) 008]

gg → e+νeμ−ν̄μbb̄bb̄
μ0 = 173.34 GeV

[Denner, Lang, Pellen, Phys. 
Rev. D 104 (2021), 056018]

∼ 0.5 %

https://link.springer.com/article/10.1007/JHEP08(2021)008
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.056018
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.056018
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.056018
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: differential cross sectionstt̄bb̄

• PDF uncertainties systematically smaller than scale (but can reach 10% in tails)

• Theory uncertainties at differential level

[Denner, Lang, Pellen, Phys. Rev. D 
104 (2021), 056018]

[GB, Bi, Hartanto, Kraus, Lupattelli, 
Worek, JHEP 08 (2021) 008]

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.056018
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.056018
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.056018
https://link.springer.com/article/10.1007/JHEP08(2021)008


G. Bevilacqua                                                     SM@LHC’22                                                                       16

: impact of initial-state  quark contributionstt̄bb̄ b

LO

impact: ~0.2%

NLO

impact: ~1%

[GB, Bi, Hartanto, Kraus, Lupattelli and Worek, JHEP 08 (2021) 008]

vs“Charge blind” “Charge aware”

Cannot distinguish 
- from -jetsb b̄

Can distinguish 
- from -jetsb b̄

https://link.springer.com/article/10.1007/JHEP08(2021)008
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: comparing modelling approachestt̄bb̄
[GB, Bi, Hartanto, Kraus, Lupattelli and Worek, 2202.11186 [hep-ph]]

• Impact of off-shell effects and decay modelling accuracy

• Complete off-shell effects:  +0.5 %

NWAfull

NWA LOdec, prod

NWA LOdec

NWA prod

•  agrees well with Off-shell 
[but scale uncertainties are larger]
NWALOdec

Interplay among different resonant 
contributions to NWAfull

↪

https://arxiv.org/abs/2202.11186
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: impact of off-shell effectstt̄bb̄
[GB, Bi, Hartanto, Kraus, Lupattelli and Worek, 2202.11186 [hep-ph]]

• Threshold observables are naturally more sensitive to off-shell effects:

• For most observables, off-shell effects are few permille also differentially

Mmin(e+b) < m2
t − m2

W ≈ 153 GeVLONWA →

SR rise

https://arxiv.org/abs/2202.11186
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: prompt -jet identificationtt̄bb̄ b

• Labelling prompt -jets in  is not free of ambiguities in a 
full calculation (combinatorial background, interferences…)

b tt̄bb̄

prompt 
-jetsb

[GB, Bi, Hartanto, Kraus, Lupattelli and Worek, 2202.11186 [hep-ph]]

• Kinematic-based prescription: reconstruct top quarks and 
prompt ’s according to minimum principle for :b Q

• Results consistent with expectations from NN studies

[Jang et al, 2103.09129 [hep-ex]][GB et al, 2202.11186 [hep-ph]]

prompt

non-prompt

https://arxiv.org/abs/2202.11186
https://arxiv.org/abs/2103.09129
https://arxiv.org/abs/2202.11186
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: comparison with ATLAS resultstt̄bb̄

• ATLAS cuts:

HELAC-NLO (5FS):   fb20.0 ± 4.3

[GB et al, JHEP 08 (2021) 008]

• All predictions are compatible
    within theoretical uncertainties

• Very good agreement with the
    experimental result

[ATLAS, JHEP 04 (2019) 046]

https://link.springer.com/article/10.1007/JHEP08(2021)008
https://link.springer.com/article/10.1007/JHEP04(2019)046
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Summary

• Remarkable progress in off-shell  calculations in past yearstt̄ + X

• Next step: combine  and  into state-of-the-art pheno studytt̄H(H → bb̄) tt̄bb̄

-  Off-shell effects for  and  can reach  differentiallyt W 𝒪(10%)

-  NLO QCD modelling of  decay impacts  distributionsH → bb̄ Mbb , ΔRbb

-  Scale and PDF uncertainties become comparable in high-energy tails

tt̄H(H → bb̄)

tt̄bb̄

-  Kinematics-based prescription can help to categorise prompt -jets b
-  NWA is doing fine for most distributions of interest (but not for threshold obs.)

-  Good agreement with ATLAS results

• We have examined some recent developments concerning  and 
 (dilepton channel)

tt̄H(H → bb̄)
tt̄bb̄
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Backup slides
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: impact of initial-state  quark contributionstt̄bb̄ b

• Contributions induced by initial state b-quarks are suppressed by PDFs

• Comparing two different approaches of identifying b-jets:

[see e.g.  ATLAS-
CONF-2018-022]“Charge blind” “Charge aware”vs

Cannot distinguish 
- from -jetsb b̄

Can distinguish 
- from -jetsb b̄

Born Real

• How good is the approximation of neglecting b-initiated contributions ?

https://cds.cern.ch/record/2622370
https://cds.cern.ch/record/2622370
https://cds.cern.ch/record/2622370
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 : impact of off-shell effectstt̄bb̄
[GB, Bi, Hartanto, Kraus, Lupattelli and Worek, 2202.11186 [hep-ph]]

https://arxiv.org/abs/2202.11186
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[GB, Bi, Hartanto, Kraus, Lupattelli and Worek, 2202.11186 [hep-ph]]

: prompt -jet identificationtt̄bb̄ b

• Kinematical differences between  pairs 
belonging to prompt and non-prompt categories

bb̄

prompt 
-jetsb

https://arxiv.org/abs/2202.11186

