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Outline
● Lots of progress over last two years:

➢ Higher-order predictions (add one “N”) calculated.
➢ Other approximations / issues being addressed.

● Gluon fusion: 
➢ Hjj at NLO using FTApprox.
➢ Top mass contribution; impact of aN3LO pdfs; mass scheme uncertainties.

● VBF: 
➢ NLL matching.
➢ Non-factorizable NNLO corrections; EW Hjj production in PS.

● VH
➢ N3LO cross sections; VH+j @ NNLO; VH (+ decay) NNLO+PS.
➢ gg → ZH.

● ttH
➢ NNLO corrections.
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Gluon Fusion



  4

Gluon Fusion



  5

Gluon Fusion



  6

Gluon Fusion



  7

Vector boson fusion
● Les Houches 2019 

study published:
[2105.11399]

● Extensive study of:
✔ NNLO and NLO+PS results (NNLOJET, 
HERWIG, PYTHIA, SHERPA, POWHEG)

✔ Different PS approaches (additive/multiplicative 
matching) 

✔ Dependence on jet radius
✔ High-pT region
✔ Discrimination between VBF, VH and ggF 

production modes

● Generally good agreement between NNLO 
and NLO+PS.

● Global jet veto preferable to central jet veto.

https://arxiv.org/pdf/2105.11399.pdf
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Vector boson fusion

● A lot of activity in last ~ 2 years!
●  NNLO results beyond factorization approximation:

➢ Leading eikonal approximation (two-loop): non-factorizable effects: -0.5% to -1% 

➢ Real-real and real-virtual results negligible. 

[Liu, Penin, Melnikov, ‘19]

[Asteriadis, Brønnum-Hansen, Melnikov ‘23]

➢ Next-to-leading eikonal corrections: -15% to -30% of 
leading eikonal approximation. 

 

➢ “Since the non-factorizable contribution itself is just O(1) 
percent of the total WBF cross section, the remaining 
uncertainties stemming from the imprecise knowledge of 
the two-loop virtual amplitude are irrelevant.”

[Long, Melnikov, Quarroz ‘23]

[VBF Subgroup Workshop, Nov ‘22]

Gluon Fusion

https://arxiv.org/pdf/1906.10899.pdf
https://arxiv.org/pdf/2305.08016.pdf
https://arxiv.org/pdf/2305.12937.pdf
https://indico.cern.ch/event/1186109/timetable/#20221021.detailed
https://arxiv.org/pdf/2305.08016.pdf
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Vector boson fusion
● NNLO including Higgs decay

[Asteriadis, Caola, Melnikov, RR, ‘21]

➢ NNLO results with H→ bb decay:
• Scale uncertainty and perturbative convergence better 

than for stable Higgs.
• Impact of decay ~ 3% at NNLO – comparable with 

size of NNLO corrections.
• Effects milder with H → WW → leptons, can be 

captured by overall k-factor.

https://arxiv.org/pdf/2110.02818.pdf
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Vector boson fusion
● PS results at NLL:

➢ NLL-accurate resummation 
for global and non-global 
observables in VBF.

➢ Two-jet observables: mild 
dependence on NLL shower, 
agreement with LL shower.

➢ Three-jet observables: 
discrepancies as high as 10% 
between LL and NLL showers.

[Van Beekveld, Ferrario Ravasio, ‘23]

https://arxiv.org/pdf/2305.08645.pdf
https://arxiv.org/pdf/2305.08645.pdf
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Vector boson fusion

➢ First PS prediction using EW H+jj 
production in both t- and s-channel.

➢ H+2,3 jets at NLO; H+4 jets at LO

➢ Matching and merging in Herwig7.

➢ Good agreement between matching and 
merging for 2-jet observables.

➢ Disagreements as high as 20% for 
third-jet observables.

➢ NLO-QCD and NLO-EW matched to 
PS in POWHEG-BOX

[Chen, Figy, Plätzer ‘21]

● PS results beyond the VBF approximation:

[Jäger, Scheller, ‘22]

https://arxiv.org/pdf/2208.00013.pdf
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Vector boson fusion
● Non-perturbative soft QCD effects:

➢ Not clear how to quantify uncertainties.
➢ Variation of MPI and color-reconnection parameters : uncertainty in third-jet observables 

comparable to perturbative uncertainties.

[Bittrich et al., ‘21]

● Matching and merging in PYTHIA
➢ Comparison of DGLAP and dipole recoil showers with antenna shower in VINCIA.
➢ At LO, large discrepancies between DGLAP and dipole/antenna showers in observables sensitive to 

additional radiation.
➢ Discrepancies persist at NLO for observables sensitive to > 3 jet multiplicities.
➢ Higher multiplicity matrix elements included through CKKW-L scheme.

[Höche et al., ‘21]

https://arxiv.org/pdf/2106.10987.pdf
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VH Production
● Inclusive cross section computed to N3LO

● Scale uncertainties < 0.5%.
● Scale uncertainties similar to NNLO and N3LO results lie outside of 

NNLO scale variations.
● Error budget dominated by PDF and strong coupling determination.
● Publicly available in n3loxs.

[Baglio, Duhr, Mistlberger, Szafron ‘22]

https://arxiv.org/pdf/2209.06138.pdf
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VH Production
● NLO corrections to gg → ZH computed

➢ Two-loop amplitudes computed exactly 
by [Chen et al ‘20]

➢ Two-loop amplitudes also available in 
several expansions*.

➢ Now combined and used for pheno study.
➢ Very large k-factors ~ 2.
➢ Results consistent with 

[Wang, Xu, Xu, Wang ‘21] using small 
mZ and mH expansion.

➢ Top mass scheme dependence also large.

[Chen et al., ‘22]

* [Hasselhuhn, Luthe, Steinhauser ‘16; Davies, Mishima, Steinhauser ‘20; Alasfar et al, ‘21; Bellafronte et al ‘22; Wang et al ‘20; 
Wang, Xu, Xu, Yang ‘21 ]

https://arxiv.org/pdf/2107.08206.pdf
https://arxiv.org/pdf/2204.05225.pdf
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VH Production
● NNLO matched to PS using MINNLOPS

● NNLO+PS accuracy for H→bb decay in 
WH production

● Increases cross section relative to MINLO’ 
by ~ 5% (inclusive and with fiducial cuts).

● Scale uncertainties reduced using 
MINNLOPS, 

● MINNLOPS result does not lie in correlated 
scale uncertainty band of MINLO’ – 
uncorrelated production and decay scale 
uncertainties preferable.

● Effect of jet definition also studied (using 
massive b-quarks in shower allows use of 
anti-kT) 

[Zanoli et al, ‘21]

https://arxiv.org/pdf/2112.04168.pdf
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VH Production
● VH+j production computed to NNLO QCD

● Inclusive production in WH+j: NNLO corrections ~ percent 
and constant across distributions

● Inclusive production in ZH+j: shape distortion from gluon-
induced heavy quark loops.

● These increase the inclusive NNLO cross section by ~ 15%.
● Larger corrections in exclusive production.

[Gauld et al, ‘22]

https://arxiv.org/pdf/2110.12992.pdf
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VH Production

● H→ bb decay first observed in VH production.
● NNLO results for VH(→ bb) employed flavour-kT algorithm.
● Significant effects from jet algorithm:

➢ H→bb with massive b-quarks & anti-kT vs. H→bb massless with flavor kT 

● A natural testing-ground for new generation 
of flavor-sensitive jet algorithms?

[Banfi, Salam, Zanderighi ‘07]

[Behring et al, ‘22]
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HH/ZH Expansions
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ttH production
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Conclusions

Comments & suggestions for LH studies are welcome!

● Remarkable progress from all directions  – congratulations!
● No time to mention:

➢ Higgs decay
➢ EFT / anomalous couplings in Higgs sector
➢ Offshell Higgs
➢ ...

● What we have learned tells us what we still don’t understand – many interesting 
things to explore!
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Great to be back at Les Houches!
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