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Inktroduction and motivakions



Inkroduction and motivations: EW &Cs

Precise measurements and predictions for multi-boson final states are fundamental to constrain SM £EW qauge «toupiihgs

» 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 Wyy the LO already contains the W Wyy vertex),
to investigate potential anomalous QGCs.

Triboson processes are now measured at the LHC and provide dominant background to other key SM processes.
[ATLAS: Phys. Rev. Lett. 115, 031802, Phys. Lett. B 848 (2024) 138400, CMS: JHEP 10 (2017) 072, JHEP 10 (2021) 174 (Wyy); ATLAS: 2509.14070, CMS: Phys. Rev. Lett. 132, 121901 (W Wy)]

They feature Large NLO QCD K-fackors, ranging from ~1.4 (ZZy) up to ~3.8 (Wyy). [Bozietal. 2011), Bozzi et al. (2010), Alwall etal. (2014)]

Two-loop amplitudes are the current bottleneck towards NNLO QCD predictions.

They are not available 1in general (exceptions: yyy and Wyy) and 1n any case must be 1n a format suitable for implementation and
(relatively fast) numerical evaluation. [Chawdhry etal. (2020), Abreu et al. (2023)] [Badger et al. (2024)]



Introduction: ingredients of our computations

4+ Dipole subtraction to handle purely NLO singularities [cCatani, Seymour (1998)]

+ g~subtraction formalisna as implemented in the MATRIX framework [Grazzini, Kallweit, Wiesemann (2018)
[Catani, Grazzini (2007)]

4+ The required Born, one-loop and one-loop-squared amplitudes are generated with:
» OPENLOOPS2 (default) [Buccionietal. 2019)]

» RECOLAZ (check against OL2 and 1-loop squared for WWy and Wyy) [Denner etal. 2017)]
+ Wyy:
¢+ WAA&MF? library for the two-loop, leading-color QCD amplitudes [Badger et al. 2024)]

4+ PentagonFunctions++ library [Chicherin, Sotikov (2020) + Zoia (2022)]



Wyy produc&i,ov\ ot the LHC



Wyy prcdwc&iov\ ot the LHC: overview

4+ Observation by both ATLAS and CMS at \/E = 8, 13 TeV [ATLAS: Phys. Rev. Lett. 115, 031802, Phys. Lett. B 848 (2024) 138400, CMS: JHEP 10 (2017) 072, JHEP 10 (2021) 174]

4+ Irreducible background to associate WH production when the Higgs decays into two photons

+ Large NLO QCD corrections due to radiation-zero and the opening of a large gg-channel [Bozzi et al. 2011, Baur et al. (1997), Mikaelian et al. (1979)]

+ Two-loop QCD amplitudes available in the leading-color appraximaﬁom (LCA) [Badger etal. (2024)]

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

4+ First NNLO QCD predictions for triboson production involving massive external legs [PG. Grazzini, Kallweit, Savoini (2026)]



Wyy production: fiducial cross sections

o[fb] W*yy W=yy Wryy
LO 2.011+48% | 1.596>3% | 3.607+> 1%
NLO | 6.983*78% | 5066+82% | 12049+80%
NNLO | 8.55(2)*1>% | 7.33(2)™44% | 15.88(3)75>7%
[ATLA]S() 13.8 £2.4

+ K\1 o ~ 3.6, n line with the literature (gg-channel + radiation-zero)

+ Impact of the different channels on the combined Wyy cross section:

+NLO:gg ~43% gqg ~ 57 %

+NNLO:gg~39% gqg~55% gg~—0.7T%

4+ NNLO residual scale uncertainty reduced below 5 %

|
|

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

LCA? Even with 6(20%) missing subleading- |
. color terms we would still be accurate up to |
few permille!

rest ~ 7%



Wyr production: r.,, dependence

It 1s well-know how photon-i1solation 1in general induces significant power corrections 1n the fiducial cross section.
[Grazzini, Kallweit, Wiesemann (2018), Ebert, Tackmann (2020)]

For triphoton production, it has been shown how the MATRIX extrapolation procedure allows to control these power corrections at
the permille leVel, [Kallweit, Sotnikov, Wiesemann ((2021)]

This 1s the case also for Wyy production (even more complicated phase-space):
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Wyy production: differential results

pp — Lvpyy (WAy) @ 13 TeV pp = pur =Hp/2 pp — Lvpyy (Way) @ 13 TeV pp = ur =Hp/2
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[PG, Grazzini, Kallweit, Savoini (2026)]

4+ Pattern similar to other diboson and triboson processes: sizeable NNLO corrections not captured by the NLO scale-variation 1n the bulk

+ Radiation-zero patteri evident from the Ay distribution, with a huge Ky; o ~ 7.5 in the bulk

+ Kynio ~ 1.23 1n the bulk of the differential cross sections



Cownclusions



Cownclusions

4+ 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
4+ LCA amplitudes available for Wyy

+ Dedicated C++ library to achieve a reliable numerical integration
+ Two-loop QCD amplitudes evaluated 1n less than 6s for phase-space point, suitable for pheno studies

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

+ In our fiducial region we find ~ 23 % NNLQO corrections which, even assuming 0(20%) uncertainty from missing subleading-

color contributions, can be considered accurate at permille level

4+ Scale uncertainties reduced downto ~ 5%



Backup slides



Wyy produc!:f.ov\ at the LHC: two-loop structure ........

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

4+ Bare amplitude A 6(L) defined as (for W¥yy with outgoing external momenta):

1L

_ 1t
MP(15.23,4,5,67) = €giy | (4m)e 7= | 51 AP(132,3,4,5,67)

further decomposed according to

the source of photon radiation

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

(DJec _ (1),N. 2)Jc _ a2 4 (2),N? (2),N_n, 2)lc _ (2),N,
A6,l. = NCA6,i A6,i = N A6,l. + NCan6,i A6,q = NCAM

+ The amplitude for W™yy can be obtained from W¥yy:

— ~Ahy ghy =— — ~A=h2 =N —
A6(L)(1Jf,2u,3}/3,4},4,5/,6;) — A6(L)(2;{,1d,3y 4 4,6y»5;)(zj><—>[ji]

4 The finite remainders F 6(? are then computed by subtracting the UV and IR singularities from the bare amplitudes A"

(Catani’s scheme)

N/

F 6(L) — 2 F6(L') — Z ("ng)@’) mi(L)( £), ("j]@) —

Master Integrals (in terms
of the Pentagon functions)



Wyy production ot the LHC: WAAamp Library

4+ Compute F 6(2) =2R(( O | P }(up = 1) with rescaled momenta for better stability and recover full scale dependence at the end

+ Large numerical cancellations 1n the coefficients, high-precision and rescue systems required: default 1s qp (coetficients)+dp (PFs)

1. F éz)(lﬁ,Zd,3y,4y,5y,6g) = F éz)(la,Zd,4y,3y,5y,6g): compute both y-orderings (34/43) and use that with the smallest ratio to Born r

2. If r;, and r,4 agree less than a user-defined number of digits, we move to op+dp
for both orderings

1000 B MATRIX vs Mathematica

3. If op+dp did not improve the result the problem might be in the PFs, we move to op+qp
100 £

4+ On average, it requires ~ J.6s for phase space point

Count

10k

0 2 4 6 8 10 12 14
F of digits in agreement



