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Motivations

Higgs Boson measurements are stringent tests of the Standard Model
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• BSM physics can manifest through Higgs couplings modifications

→

[CMS, JHEP 01 (2021) 148]

[ATLAS, ATL-PHYS-PUB-2018-054]
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[Peskin, arXiv:1207.02516]
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Why tt̄H(H → bb̄)?

• pp → tt̄H probes top Yukawa at tree-level & H → bb̄ has largest BR (∼ 58%)

• Challengeing for theory and experiment

Signal

tt̄H(H → bb̄)

Irreducible
Background

tt̄bb̄

Backgrounds

tt̄ + jets

tt̄V
V + jets

· · ·

Combinatorical background

Top, Higgs reconstruction

→ prompt b jet identification
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Theoretical Challenges
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• tt̄bb̄ is main background to tt̄H(H → bb̄) for Nbjets ≥ 4

• Tension with tt̄bb̄ measurements

→ Improve modelling

[CMS, JHEP 03 (2019) 026]

[ATLAS, JHEP 04 (2019) 046]
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Theory Status

NLO QCD fixed order

pp → tt̄bb̄ [Bredenstein, Denner, Dittmaier, Pozzorini ’08,’09,’10]

[Bevilacqua, Czakon, Papadopoulos, Pittau, Worek ’09]

[Worek ’12] [Bevilacqua, Worek ’14]

pp → tt̄bb̄j [Buccioni, Kallweit, Pozzorini, Zoller ’19]

pp → e+νeµ
−ν̄µbb̄bb̄ [Denner, Lang, Pellen ’20]

[Bevilacqua, Bi, Hartanto, MK, Lupattelli, Worek ’21,‘22]

NLO + PS

- POWHEG matching [Kardos, Trócsányi ’14]

[Garzelli, Kardos, Trócsányi ’15]

[Bevilacqua, Garzelli, Kardos ’17]

[Ježo, Lindert, Moretti, Pozzorini ’18]

- MC@NLO matching [Cascioli, Maierhöfer, Moretti, Pozzorini, Siegert ’14]
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Beyond Stable Top Quarks

• Complete matrix elements at fixed perturbative order:

◦ release limit Γt/mt → 0 (Narrow Width Approximation)

◦ include non-factorizable contributions

• Example: gg → tt̄bb̄ @ O(α4
sα

4)

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

• Genuine multi-scale process!

t

t̄

t̄

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

off-shell

5



A very challenging Calculation!

A glimpse at the complexity of pp → e+νeµ
−ν̄µbb̄bb̄

⇒ Computation performed with HELAC-NLO
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The HELAC-NLO framework

– reweighting for multiple scale/PDFs

– flexible cuts, histogramming, ...
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Validation

Comparison with results from Denner, Lang, Pellen ’20

Integrated cross section

σNLO
HELAC = 10.28(1)+18%

−21% fb σNLO
DLP = 10.28(8)+18%

−21% fb

Differential distributions
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Excellent agreement!

[Bevilacqua, Bi, Hartanto, MK, Lupattelli, Worek ’21]
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Predictions for pp → e+νeµ
−ν̄µbb̄bb̄

• Fiducial cross sections
√
s = 13 TeV

pT (`) > 20 GeV , pT (b) > 25 GeV , |y(`)| < 2.5 , |y(b)| < 2.5

• Large NLO corrections

• 20% scale uncertainty

• mild pT (b) dependence

for µ0 = HT/3

• dominanted by real radiation

• pvetoT (j) = 50 GeV

K = 1.11 & K = 1.23

[Bevilacqua, Bi, Hartanto, MK, Lupattelli, Worek ’21]

[NNPDF 3.1]

[NNPDF 3.1]
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tt̄bb̄: Differential distributions
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• Large shape distortions (+90%− 135%)

• Scale dependence: ±20− 30%
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• PDF uncertainties small-ish (≤ 10%)

[Bevilacqua, Bi, Hartanto, MK, Lupattelli, Worek ’21]
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tt̄bb̄: impact of initial-state b quark contributions

[Bevilacqua, Bi, Hartanto, MK, Lupattelli, Worek ’21]
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tt̄bb̄: comparing modelling approaches

[Bevilacqua, Bi, Hartanto, MK, Lupattelli, Worek arXiv:2202.11186]

[Slide by Giuseppe Bevilacqua]
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tt̄bb̄: prompt b jet identification

• Labelling prompt b jets in tt̄bb̄ is not free of

ambiguities! (interferences, decays,...)

• Kinematical prescription: reconstruct top quarks

and prompt b jets by minimizing

Q = |M(t)−mt | × |M(t̄)−mt | ×
∣∣Mprompt(bb)

∣∣
• Results consistent with Neural Network studies
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tt̄bb̄: Impact of off-shell Effects

• For most observables: off-shell effects are few permille effects

• Threshold observables are naturally more sensistive

LONWA → Mmin ≤
√
m2

t −m2
W ≈ 153 GeV MT2(t) = minν

[
max{M2

T (pT (e+Xt), pT (ν1),

M2
T (pT (µ−Xt̄), pT (ν2)}

]

SR rise!
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tt̄bb̄: Comparison with ATLAS Results

Comparison to ATLAS measurement
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Theoretical predictions σeµ+4b [fb]

Sherpa + OpenLoops (4FS) 17.2± 4.2

Powheg-Box + Pythia 8 (4FS) 16.5

PowHel + Pythia 8 (5FS) 18.7

PowHel + Pythia 8 (4FS) 18.2

Experimental result (ATLAS) 25± 6.5

HELAC-NLO (5FS): 20.0± 4.3 fb

• Very good agreement with

experimental result!

• All predictions are compatible within

theoretical uncertainties

[ATLAS, JHEP 04 (2019) 046]
[MK et al, JHEP 08 (2021) 008]
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Summary

Summary:

• NLO QCD corrections for full off-shell pp → tb̄bb̄

◦ Large NLO corrections ∼ 89%

◦ Scale uncertainties ∼ 20− 30%

• Full agreement with [Denner, Lang, Pellen ’20]

• Good agreement with ATLAS results

• NWA is doing great for most distributions of interest

• Kinematical prescription can help to categorise prompt b jets

Outlook:

• combine tt̄bb̄ with tt̄H(H → bb̄) for state-of-the-art pheno study
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