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Motivations

Consistent with Standard Model 

predictions:

• ATLAS: 1.8, 1.7 standard deviations;

• CMS: 1.3, 1.1 standard deviations.

HL-LHC→ reduction of experimental

uncertainties.

Accuracy of theoretical predictions

must improve as well!
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State-of-the-art 𝑡 ҧ𝑡𝑡 ҧ𝑡 theory
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• First calculations of NLO QCD corrections in [Bevilacqua, Worek ’12]

• Matched with parton shower and studied in aMC@NLO [Alwall et al. ’14][Maltoni, Pagani, Tsinikos ’15]

• Full set of EW corrections added in [Frederix, Pagani, Zaro ’17]

• Spin correlations in LO top quark decays within the framework of Powheg Box [Jezo, Krauss ’21]

• Effect of soft-gluon corrections at NLO+NLL’ in the absolute-mass threshold formalism studied for the 

first time in [van Beekveld, Kulesza, Moreno Valero ’22]

• Spin correlations in NLO top quark decays using NWA [Stremmer, Worek ’24]

• Effect of soft-gluon corrections at NLO+NLL’ in the invariant-mass threshold formalism [presented today]
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• Observable: invariant mass 𝑑𝜎/𝑑𝑄

• Threshold variable: ො𝜌 = 𝑄2/𝑠

• Threshold limit: ො𝜌 → 1
• Enhancement of the cross section

• Factorization in Mellin space

• RGEs ⇒ inclusion of all orders

• Transform back to momentum space
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NLL’ accuracy

Matching to NLO: NLO+NLL’

NLO obtained with MG5_aMC@NLO. (JHEP 07 (2014) 079 - JHEP 07 (2018) 185)
It includes also EW corrections.
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Results – Invariant-Mass distribution

• Change in shape substantial

• NLL’ corrections vary in range 

[8%,25%]

• NLL’ corrections increasingly 

positive with 𝑄

• Scale uncertainty substantially

reduced
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• Better convergence (3% differences at most)

• Lower overall scale uncertainty

• Central values differ up to 36%

Results – Invariant-Mass distribution
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Results – Integrated cross section
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Results – Comparing with experimental data

𝜇0 = 𝑄/2:

• 1.8 𝛔 from CMS

• 2.2 𝛔 from ATLAS

𝜇0 = 𝑀/2:

• 1.5 𝛔 from CMS

• 2.0 𝛔 from ATLAS 24

+29.3%

-24.4%
+24.9%

-22.6%
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• I presented the most accurate QCD predictions for 𝑡 ҧ𝑡𝑡 ҧ𝑡 to date. The NLO results have been combined with 

NLL’  (NLO+NLL’), and thus include all-order corrections in the soft gluon emission limit.

• The NLL’ corrections reduce the theoretical uncertainty and improve the convergence of the predictions.

• For the first time, soft-gluon corrections to the invariant mass distribution Q of the 𝑡 ҧ𝑡𝑡 ҧ𝑡 system have been 

obtained.
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Outlook

• The new theoretical predictions are in agreement with the experimental results. However, both the 

theoretical uncertainty and the experimental error are still quite large. With HL-LHC, further effort from 

theory side is needed.

• Next step: performing the calculation at NLO+NNLL accuracy.
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A complicated calculation

Color decomposition of the amplitude

Soft radiation sensitive to overall color structure of hard process

⟹ 𝐻 and 𝑆 are matrices in colour space:

• 𝑞ത𝑞 channel: 6-dimensional colour space

• 𝑔𝑔 channel: 14-dimensional colour space

Color decomposed amplitudes extracted from custom version of OpenLoops (Eur. Phys. J. C 79 (2019) 866)

Diagonalization of soft anomalous dimension

Diagonalization necessary to get rid of

path-ordering operator. Performed for every

phase-space point.



Invariant-Mass distribution (additional scales)



Approximate NLO

• 𝑁𝐿𝐿′ expanded reproduces 𝑁𝐿𝑂𝑛𝑜 𝑞𝑔 reliably, both at 

the differential and integrated level.

• 𝑞𝑔 contribution to the cross section is very small.

• Differences between 𝑁𝐿𝐿′ȁ𝑁𝐿𝑂 and 𝑁𝐿𝑂𝑛𝑜 𝑞𝑔 do not 

exceed 3%.

• Differences between 𝑁𝐿𝐿′ȁ𝑁𝐿𝑂 and 𝑁𝐿𝑂 are at most 6%.
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