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based on



Higgs Physics at the LHC
Higgs boson discovery in 2012 → from discovery to precision measurements

study its fundamental properties 
explore connection to Beyond Standard Model (BSM) physics



bbH production at the LHC
● One of the main single Higgs production mode

→ contributes at ~1% to σH,SM

● b-tagging kills the production rate
→ yet to be observed

● Bottom-Yukawa enhancement: 2HDM/MSSM
● Irreducible background to HH searches⇒ (H→bb)(H→ττ), (H→bb)(H→γγ) channels

 

arXiv:1610.07922 [hep-ph]
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pp→bbH cross sections 
Contributions from different Yukawa couplings [Hamilton,Nason,Re,Zanderighi(2013)]

[Deutschmann,Maltoni,Wiesemann,Zaro(2018)]
[Manzoni,Mazzeo,Mazzitelli,Wiesemann,Zaro(2023)]

[Biello,Mazzitelli,Sankar,Wiesemann,Zanderighi(2025)]



Work in
Heavy-top limit

Contributions from different Yukawa couplings [Hamilton,Nason,Re,Zanderighi(2013)]
[Deutschmann,Maltoni,Wiesemann,Zaro(2018)]

[Manzoni,Mazzeo,Mazzitelli,Wiesemann,Zaro(2023)]
[Biello,Mazzitelli,Sankar,Wiesemann,Zanderighi(2025)]

pp→bbH cross sections 



NNLO(+PS) HEFT prediction for yt2 contribution is desirable
pp→bbH: 2→3 scattering process, actively studied in the last couple of years

pp→bbH cross sections 

Biello etal. Modelling bbH production for the LHC at 13.6 TeV, arXiv:2510.18815[hep-ph]



 pp→ jjj 

[Badger,C`zakon,HBH,Moodie,Peraro,Poncelet,Zoia(2023)]

[Czakon,Mitov,Poncelet(2021)][Chen,Gehrmann,
Glover,Huss,Marcoli(2022)]Alvarez,Cantero,

Czakon,Llorente,Mitov,Poncelet(2023)]
[Czakon,Poncelet(2025)]

 pp→ γjj 

pp→γγγ, pp→γγj,pp→Wbb,
pp→Wγγ, pp→Zbb, pp→Hbb

[Buonocore,Devoto,Grazzini,Kallweit,Mazzitelli,Rottoli,Savoini(2022)]
[Catani,Devoto,Grazzini,Kallweit,Mazzitelli,Savoini(2020)][Biello,Savoini,
Signorile-Signorile,Wiesemann(2026)][Becchetti,Canko,Chen,Chestnov,

Delto,Ditsch,Grazzini, Kallweit,Peraro,Pozzoli,Savoini,Tancredi,Zoia(2026)]

One of the precision calculation frontiers at the LHC:
NNLO QCD for 2→3 scattering process

pp→ttW, pp→ttH 

[Chawdhry,Czakon,Mitov,Poncelet(2019)]
[Kallweit,Sotnikov,Wiesemann(2020)]

[Czakon,Mitov,Poncelet(2020)]
[HBH,Poncelet,Popescu,Zoia(2022)]

[Buonocore,Devoto,Kallweit,Mazzitelli,Rottoli,Savoini(2022)]
[Mazzitelli,Sotnikov,Wiesemann(2024)]

[Buccioni,Chen,Feng,Gehrmann,Huss,Marcolli(2025)]
[Garbarino,Grazzini,Kallweit,Savoini(2025)]

[Biello,Mazzitelli,Sankar,Wiesemann,Zanderighi(2025)]

approximated two-loop amplitudes 
(massification) for massive b quark calculation

approximated two-loop amplitudes
(soft approximation and massification)

& fully numerical approach

 pp→ ttj 

[Badger,Brancaccio,Becchetti,Czakon,
HBH,Poncelet,Zoia(2025)]



highly non-trivial for multi-scale process!!

NNLO subtraction scheme to cancel IR singularities
applied to 2→3 process: STRIPPER, Antenna Subtraction, qT-subtraction

Remaining bottleneck: two-loop five-point amplitudes

NNLO QCD corrections: ingredients

[Czakon(2010)][Gehrmann,Gehrmann-de Ridder,Glover(2005)][Catani,Grazzini(2007)]

One-loop amplitudes highly automatized: OpenLoops,Recola,MadLoop,Helac-1loop,etc

δNNLO:

Double-Virtual (VV) Real-Virtual (RV) Double-Real (RR)

NNLO+PS applied to 2→3 process: MiNNLOPS (massive coloured pair+colourless)
[Monni,Nason,Re,Wiesemann,Zanderighi(2022)]



massless one external mass

pentagon functions for massless 
and one-external mass

pp→ttj: leading colour pp→ttH: leading colour, Nf  
[Badger,Becchetti,Chaubey,

Marzucca(2022)]
[Badger,Becchetti,Giraudo,

Zoia(2024)]
[Becchetti,Dlapa,Zoia(2025)][Febres Cordero,Figueiredo,Kraus,

             Page,Reina(2023)]

[Abreu,Canko,Chicherin,Ita,Kardos,Moriello,
Page,Papadopoulos,Smirnov,Sotnikov,Syrrakos,

Tomassini,Tschernow,Wever,Zeng,Zoia
(2015-2023)]

[Abreu,Chicherin,Dixon,Gehrmann,Henn,
Herrmann,LoPresti,Papadopoulos,Page,
Sotnikov,Tomassini,Wasser,Wever,Zeng,

Zhang,Zoia(2015-2020)]

[Gehrmann,Henn,Lo Presti(2018)]
[Chicherin,Sotnikov(2020)][Chicherin,

Sotnikov,Zoia(2021)][Abreu,Chicherin,Ita,
Page,Sotnikov,Tschernow,Zoia(2023)]

two external masses
(planar)

[Jiang,Liu,Xu,Yang(2024)]
[Abreu,Chicherin,Sotnikov,Zoia(2024)]

State-of-the art: two-loop five-point integrals

elliptic

pp→ttW: leading colour 

[Becchetti,Canko,
Chestnov,Peraro,

Pozzoli,Zoia(2025)]

elliptic

ellipticelliptic



● pp→γγγ
● pp→γγj
● pp→γjj
● pp→jjj

● pp→Wbb (leading colour, massless b)
● pp→Wjj (leading colour)
● pp→Hbb (yb-term, full colour, massless b)
● pp→Wγj (leading colour)
● pp→Wγγ (analytic l.c., numerical s.l.c.)
● pp→Hbb (yt-term, leading colour, mb=0, HTL)
● pp→Hjj (leading colour, HTL)
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[Abreu,Page,Pascual,Sotnikov(2020)][Chawdhry,Czakon,Mitov,Poncelet(2021)]
[Abreu,De Laurentis,Ita,Klinkert,Page,Sotnikov(2023)]
[Agarwal,Buccioni,von Manteuffel,Tancredi(2021)][Chawdhry,Czakon,Mitov,Poncelet(2021)]
[Badger,Brönnum-Hansen,Chicherin,Gehrmann,HBH,Henn,Marcoli,Moodie,Peraro,Zoia(2021)]

[Badger,Czakon,HBH,Moodie,Peraro,Poncelet,Zoia(2023)]

[Abreu,Febres Cordero,Ita,Page,Sotnikov(2021)][De Laurentis,Ita,Klinkert,Sotnikov(2023)]
[Agarwal,Buccioni,Devoto,Gambuti,von Manteuffel,Tancredi(2023)][De Laurentis,Ita,Sotnikov(2023)]

[Badger,HBH,Zoia(2021)]
[HBH,Poncelet,Popescu,Zoia(2022)]
[Abreu,Febres Cordero,Ita,Klinkert,Page,Sotnikov(2022)]
[De Laurentis,Ita,Page,Sotnikov(2025)]
[Badger,HBH,Krys,Zoia(2021)]
[Badger,HBH,Poncelet,Wu,Zhang,Zoia(2024)]

[Badger,HBH,Krys,Zoia(2022)]

[Badger,HBH,Wu,Zhang,Zoia(2024)]

[HBH,Poncelet(2026)]

[DeLaurentis,Ita,Kuschke,Ruf,Sotnikov(2026)]

State-of-the art: analytic two-loop five-point amplitudes



● pp→ttj (leading colour)
● pp→Wbb (leading colour, massive b)
● pp→Zbb (leading colour, massive b)
● pp→Hbb (leading colour, massive b)
● pp→Htt (leading colour)
● pp→Wtt (leading colour)
● pp→Wtt (leading colour, fully numerical)In
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[Badger,Brancaccio,Becchetti,Czakon,HBH,Poncelet,Zoia(2025)]

State-of-the art: analytic two-loop five-point amplitudes

[Buonocore,Devoto,Kallweit,Mazzitelli,Rottoli,Savoini(2022)]

[Mazzitelli,Sotnikov,Wiesemann(2024)]

[Biello,Mazzitelli,Sankar,Wiesemann,Zanderighi(2025)]

[Devoto,Grazzini,Kallweit,Mazzitelli,Savoini(2024)]
[Biello,Savoini,Signorile-Signorile,Wiesemann(2026)]
[Buonocore,Devoto,Grazzini,Kallweit,Mazzitelli,
 Rottoli,Savoini(2022)]

[Becchetti,Canko,Chen,Chestnov,Delto,Ditsch,Grazzini,
 Kallweit,Peraro,Pozzoli,Savoini,Tancredi,Zoia(2026)]

see Jim Canko’s talk
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[Badger,Brancaccio,Becchetti,Czakon,HBH,Poncelet,Zoia(2025)]

State-of-the art: analytic two-loop five-point amplitudes

[Buonocore,Devoto,Kallweit,Mazzitelli,Rottoli,Savoini(2022)]

[Mazzitelli,Sotnikov,Wiesemann(2024)]

[Biello,Mazzitelli,Sankar,Wiesemann,Zanderighi(2025)]

[Devoto,Grazzini,Kallweit,Mazzitelli,Savoini(2024)]
[Biello,Savoini,Signorile-Signorile,Wiesemann(2026)]
[Buonocore,Devoto,Grazzini,Kallweit,Mazzitelli,
 Rottoli,Savoini(2022)]

[Becchetti,Canko,Chen,Chestnov,Delto,Ditsch,Grazzini,
 Kallweit,Peraro,Pozzoli,Savoini,Tancredi,Zoia(2026)]

capture leading contributions in mQ/Q using massification procedure [Mitov,Moch(2007)]

Z[q]: universal, perturbative factor, obtained from the ratio of massive to massless γ*qq form factors

power supressed
terms neglected

see Jim Canko’s talk



Challenges:
● Analytic → obtaining canonical basis of Feynman master integrals
                  → determination of special functions:    fi = ln, Lin, Elliptic
                  → intricate branch cuts
                  → efficient evaluation for physical kinematics

● Algebraic → expression swell in the intermediate stage
                  → high-degree rational functions in ri for multiscale process

Finite remainder → subtract universal UV/IR singularities

⇒ analytic pole cancellation, simplest representation of the amplitude

[Catani][Becher,Neubert][Gardi,Magnea]

Multi-loop scattering amplitudes



A basis of special functions: pentagon function approach

Inputs: 
✔ canonical DEs
✔ high-precision boundary values of MIs at a random (boundary) point (AMFlow[Liu,Ma(2020)])

[Gehrmann,Henn,Lo Presti(2018)][Chicherin,Sotnikov(2020)][Chicherin,Sotnikov,Zoia(2021)]
[Abreu,Chicherin,Ita,Page,Sotnikov,Tschernow,Zoia(2023)]

Credit: Simone Zoia (https://www.physik.uzh.ch/dam/jcr:89cf407b-5202-463a-8985-e1947084478e/zoia_UZH_2024.pdf)

Why? analytic cancellation of UV+IR poles
simplification of finite remainders

efficient numerical evaluation

“canonical” basis basis of special functions
see Mattia Pozzolli’s and Jim Canko’s talks



Taming algebraic complexity: analytics from numerics

Illustration by Gaia Fontana

Replace algebraic operations with 
numerical evaluation over finite fields
Reconstruct analytic expressions from 

numerical samples

From Simone Zoia’s Moriond 2024 talk



[Badger,HBH,Poncelet,Wu,Zhang,Zoia;arXiv:2412.06519]

Colour decomposition in terms of partial amplitudes

(Nc,nf) decomposition

mb=0
yb≠0

Two-loop amplitudes for pp→bbH (yb contribution)



[Badger,HBH,Poncelet,Wu,Zhang,Zoia;arXiv:2412.06519]

Colour decomposition in terms of partial amplitudes

(Nc,nf) decomposition

Leading-colour approximation

Two-loop amplitudes for pp→bbH (yb contribution)

mb=0
yb≠0



[Badger,HBH,Poncelet,Wu,Zhang,Zoia;arXiv:2412.06519]

IBP reduction to master integrals: solving linear system of eqs for all integral families
Solve IBP systems numerically over FF, permute the solutions, chain to the next stage of computation

Two-loop amplitudes for pp→bbH (yb contribution)

planar

non-planar



[Badger,HBH,Poncelet,Wu,Zhang,Zoia;arXiv:2412.06519]

Analytic reconstruction data

exploit relations of rational coefficients
among different partial amplitudes

Subleading colour terms:
- more complicated rational coeffs

- slower evaluation time 

N/D: max polynomial degrees
in the numerator/denominator

Two-loop amplitudes for pp→bbH (yb contribution)



[Badger,HBH,Poncelet,Wu,Zhang,Zoia;arXiv:2412.06519]
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Analytic reconstruction data
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among different partial amplitudes

Subleading colour terms:
- more complicated rational coeffs

- slower evaluation time 



[Badger,HBH,Poncelet,Wu,Zhang,Zoia;arXiv:2412.06519]

Analytic reconstruction data

Two-loop amplitudes for pp→bbH (yb contribution)

Analytic reconstruction data

exploit relations of rational coefficients
among different partial amplitudes

Subleading colour terms:
- more complicated rational coeffs

- slower evaluation time 



V. Sotnikov, QCD meets Gravity 2023

YES!!
(at the level of bare amplitude)

!!! need to check for other processes !!!

[Badger,HBH,Poncelet,Wu,Zhang,Zoia;arXiv:2412.06519]

Analytic structure of the full-colour amplitude

Two-loop amplitudes for pp→bbH (yb contribution)

see G. Papathanasiou’s talk



NNLO+PS predictions for pp→bbH (yb contribution)
NNLO calculation with massive b matched to parton shower using MiNNLO+PS

[Biello,Mazzitelli,Sankar,Wiesemann,Zanderighi;arXiv:2412.09510]

Final state signatures: inclusive, at least 1 b jet, at least 2 b jets
→ our two-loop amplitudes with massless b + massification

≥ 0 b jets ≥ 1 b jets ≥ 2 b jets



NNLO+PS predictions for pp→bbH (yb contribution)
[Biello,Mazzitelli,Sankar,Wiesemann,Zanderighi;arXiv:2412.09510]

4FS vs 5FS
good agreement at 

NNLO QCD

≥ 0 b jets ≥ 0 b jets

5 flavour scheme:  typically Q2≫mb2 →  treat bottom quark as massless, 
                                  active flavour in proton PDF, absorb log(Q2/mb2) in b-quark PDF
4 flavour scheme: full bottom-quark mass dependence, only appear in the final state



Assessment of two-loop subleading colour effects

size of corrections <5% but 
~20x more expensive to evaluate

NNLO+PS predictions for pp→bbH (yb contribution)
[Biello,Mazzitelli,Sankar,Wiesemann,Zanderighi;arXiv:2412.09510], Christian Biello’s Dissertation (2025)



[HBH,Poncelet;arXiv:2603.29480]
Two-loop amplitudes for pp→bbH (yt)

Colour decomposition in terms of partial amplitudes (exactly the same as yt amplitude)

(Nc,nf) decomposition (exactly the same as yb amplitude)

mb=0



Leading colour two-loop amplitudes for pp→bbH (yt)

Colour decomposition in terms of partial amplitudes (exactly the same as yb amplitude)

(Nc,nf) decomposition (exactly the same as yb amplitude)

[HBH,Poncelet;arXiv:2603.29480]

mb=0



Leading colour two-loop amplitudes for pp→bbH (yt)
[HBH,Poncelet;arXiv:2603.29480]

IBP reduction to master integrals



Leading colour two-loop amplitudes for pp→bbH (yt)
[HBH,Poncelet;arXiv:2603.29480]

Analytic reconstruction data

numerator degrees already quite
high at leading colour

reconstructing subleading colour 
contributions will be 

significantly more challenging



Leading colour two-loop amplitudes for pp→bbH (yt)
[HBH,Poncelet;arXiv:2603.29480]

C++ implementation to compute 
two-loop hard functions

(interfaced to PentagonFunctions++)

Ready for pheno application!!

Also available as pp→Hjj subprocesses
from [DeLaurentis,Ita,Kuschke,Ruf,Sotnikov(2026)]

Rescue system: evaluate hard functions 
at a rescaled point,

switch to higher precision if necessary



Summary
● Two-loop amplitude for pp→bbH: yb (massless b, full colour) 

                                                    yt (massless b, heavy-top-limit, leading colour)
● Enabled NNLO+PS bbH (yb) computation (massive b via massification)
● yt2 bbH at NNLO+PS in HEFT is foreseen
● Beyond HEFT?

Analytic approach will be extremely challenging 
→ numerical or semi-numerical approach

see C. Papadopoulos’, A. Spourdalakis’ 
and D. Canko’s talks



Summary
● Two-loop amplitude for pp→bbH: yb (massless b, full colour) 

                                                    yt (massless b, heavy-top-limit, leading colour)
● Enabled NNLO+PS bbH (yb) computation (massive b via massification)
● yt2 bbH at NNLO+PS in HEFT is foreseen
● Beyond HEFT?

Analytic approach will be extremely challenging 
→ numerical or semi-numerical approach

see C. Papadopoulos’, A. Spourdalakis’ 
and D. Canko’s talks

Thank you for your attention!!



Back-up slides



Subleading colour contribution
pp→γjj pp→Wγγ

[Badger,Czakon,HBH,Moodie,Peraro,Poncelet,Zoia(2023)] [Badger,HBH,Wu,Zhang,Zoia(2024)]



need to reduce the complexity of the rational coefficients!!
● set one of the kinematic variables to one (s12 = 1 or x1 = 1)
● find linear relations among coefficients and reconstruct the simpler ones

we can supply ansatz → 

● guess the denominators → from letters 
● on-the-fly univariate partial fraction → one fewer variable, lower degrees

● factor matching: letters, spinor products/strings
● reconstructed expressions can be further simplifed: MultivariateApart, pfd-parallel

Optimising analytic reconstruction 
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