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Introduction and motivations



Precise measurements and predictions for multi-boson final states are fundamental to constrain SM EW gauge couplings 

• Trilinear gauge couplings are nowadays constrained within few percent 

• Quartic gauge couplings can be extracted from both diboson production via weak-boson 
scattering and triboson production (e.g. in  the LO already contains the  vertex), 
to investigate potential anomalous QGCs. 
 

 
Triboson processes are now measured at the LHC and provide dominant background to other key SM processes. 
 
 
They feature large NLO QCD K-factors, ranging from 1.4 ( ) up to 3.8 ( ). 
 
Two-loop amplitudes are the current bottleneck towards NNLO QCD predictions.  
They are not available in general (exceptions:  and ) and in any case must be in a format suitable for implementation and 
(relatively fast) numerical evaluation.
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Introduction and motivations: EW GCs
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Introduction: ingredients of our computations

✦ Dipole subtraction to handle purely NLO singularities 

✦ -subtraction formalism as implemented in the MATRIX framework 

✦ The required Born, one-loop and one-loop-squared amplitudes are generated with: 

‣ OPENLOOPS2 (default) 

‣ RECOLA2 (check against OL2 and 1-loop squared for  and ) 

✦ : 

✦ WAAamp library for the two-loop, leading-color QCD amplitudes 

✦ PentagonFunctions++ library

qT
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 production at the LHCWγγ



 production at the LHC: overviewWγγ

✦ Observation by both ATLAS and CMS at  

✦ Irreducible background to associate  production when the Higgs decays into two photons 

✦ Large NLO QCD corrections due to radiation-zero and the opening of a large -channel 

✦ Two-loop QCD amplitudes available in the  leading-color approximation (LCA) 

✦ Dedicated C++ library interfaced with MATRIX: (relatively) fast numerical evaluation of the two-loop (< 6s per psp) 

✦ First NNLO QCD predictions for triboson production involving massive external legs

s = 8, 13 TeV
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✦ , in line with the literature ( -channel + radiation-zero) 

✦ : sizeable corrections, with  

✦ Impact of the different channels on the combined  cross section: 

✦ NLO:  

✦ NNLO:  

✦ NNLO residual scale uncertainty reduced below 

KNLO ∼ 3.6 gq

KNNLO ∼ 1.23 H(2)/σNNLO ∼ 1 %

Wγγ

qq̄ ∼ 43 % gq ∼ 57 %

qq̄ ∼ 39 % gq ∼ 55 % gg ∼ − 0.7 % rest ∼ 7 %

5 %

LCA? Even with  missing subleading-
color terms we would still be accurate up to 

few permille!

𝒪(20%)

 production: fiducial cross sectionsWγγ

σ[fb]

[PG, Grazzini, Kallweit, Savoini (2026)]



 production:  dependenceWγγ rcut

[GP, Grazzini, Kallweit, Savoini (2025)]
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It is well-know how photon-isolation in general induces significant power corrections in the fiducial cross section.  
 
For triphoton production, it has been shown how the MATRIX extrapolation procedure allows to control these power corrections at 
the permille level. 
This is the case also for  production (even more complicated phase-space):Wγγ

[Grazzini, Kallweit, Wiesemann (2018), Ebert, Tackmann (2020)]

[Kallweit, Sotnikov, Wiesemann ((2021)]

[PG, Grazzini, Kallweit, Savoini (2026)]



✦ Pattern similar to other diboson and triboson processes: sizeable NNLO corrections not captured by the NLO scale-variation in the bulk 

✦ Radiation-zero pattern evident from the  distribution, with a huge  in the bulk 

✦  in the bulk of the differential cross sections

Δy KNLO ∼ 7.5

KNNLO ∼ 1.23

 production: differential resultsWγγ
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Conclusions



Conclusions
✦ Triboson processes are fundamental to constrain quartic gauge couplings 

✦ Two-loop amplitudes are the current bottleneck towards NNLO QCD predictions with many massive/off-shell external legs 

✦ LCA amplitudes available for  

✦ Dedicated C++ library to achieve a reliable numerical integration 

✦ Two-loop QCD amplitudes evaluated in less than 6s for phase-space point, suitable for pheno studies 

✦ First NNLO QCD predictions for triboson processes involving one massive external leg 

✦ In our fiducial region we find NNLO corrections which, even assuming  uncertainty from missing subleading-

color contributions, can be considered accurate at permille level 

✦ Scale uncertainties reduced down to 

Wγγ

∼ 23 % 𝒪(20%)

∼ 5 %
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[Badger et al. (2024)]

sparse matrices

rational coefficients (in terms of the twistors)Master Integrals (in terms 
of the Pentagon functions)

✦ Dimensional regularization, with four-dimensional external momenta and momentum-twistor parametrization 

✦ Bare amplitude  defined as (for  with outgoing external momenta):A(L)
6 W+γγ

M(L)
6 (1ū,2d,3γ,4γ,5ν,6ℓ̄) = e2g2

W [(4π)ϵe−ϵγE
αs

4π ]
L

δī1
i2

A(L)
6 (1ū,2d,3γ,4γ,5ν,6ℓ̄) further decomposed according to 

the source of photon radiation

✦ Final amplitudes are given in the leading-color approximation:

A(1),lc
6,i = NcA(1),Nc

6,i A(2),lc
6,i = N2

c A(2),N2
c

6,i + Ncnf A (2),Ncnf
6,i A(2),lc

6,q = NcA(2),Nc
6,q

✦ The amplitude for  can be obtained from :W−γγ W+γγ

A(L)
6 (1+

d̄ ,2−
u ,3h3

γ ,4h4
γ ,5−

ℓ ,6+
ν̄ ) = A(L)

6 (2+
ū ,1−

d ,3−h3
γ ,4−h4

γ ,6−
ν ,5+

ℓ̄)⟨ij⟩↔[ ji]

✦ The finite remainders  are then computed by subtracting the UV and IR singularities from the bare amplitudes  
(Catani’s scheme)

F(L)
6,i A(L)

6,i

F(L)
6 = ∑

i

F(L)
6,i = ∑

i

C̃(L)
i ( ⃗y) m(L)

i ( f ), C̃j( ⃗y) = ∑
k

rk( ⃗y)Sjk

 production at the LHC: two-loop structureWγγ



✦ Compute  with rescaled momenta for better stability and recover full scale dependence at the end 

✦ Large numerical cancellations in the coefficients, high-precision and rescue systems required: default is qp (coefficients)+dp (PFs) 

1. : compute both -orderings (34/43) and use that with the smallest ratio to Born  

2. If  and  agree less than a user-defined number of digits, we move to op+dp 
for both orderings 

3. If op+dp did not improve the result the problem might be in the PFs, we move to op+qp 

✦ On average, it requires  for phase space point

F(2)
6 = 2ℜ{⟨ℳ(0) |ℳ(2)⟩}(μR = 1)

F(2)
6 (1ū,2d,3γ,4γ,5ν,6ℓ̄) = F(2)

6 (1ū,2d,4γ,3γ,5ν,6ℓ̄) γ r

r34 r43

∼ 5.6s

 production at the LHC: WAAamp libraryWγγ
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