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Many thanks to Nikolas Kauer for all his work as Offshell Subgroup convener 
over the last ~ 8 years!
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A Step Back...

● Higgs width predicted in SM
✗ Direct measurement limited by detector resolution

● Sizeable contribution from high-energy regime: 10% of events in gg → H→VV 
 above the 2mV threshold.  

●

● Ratio of onshell and offshell production rates gives indirect measurement 

                          using 7 and 8 TeV data and cut-and-count analysis.
● Included in & improved on by experimental analyses.
● Highlights importance of exploring Higgs in high-energy regime. 
● Important dialogue between theory and experiment!

... to 2012

[Kauer, Passarino ‘12]

[Caola, Melnikov ‘13]
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Recent CMS Results
Nature Physics 18, 1329 (2022) 
[hep-ex/2202.06923]

● Consider                         and 
● Production modes: gluon fusion and 

electroweak production (VBF and VH)
● Observed evidence for offshell Higgs 

production at 3.6s. 
● Measure 

(assuming same couplings on- and offshell)
● Offshell gluon fusion signal strength:

● Offshell EW signal strength:

(at 68% C.L.)

https://arxiv.org/pdf/2202.06923.pdf
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Recent ATLAS Results
ATLAS-CONF-2022-068

● Consider                          and 
● Production modes: gluon fusion and 

electroweak production (VBF and VH)
● Observed evidence for offshell Higgs 

production at 3.2s. 
● Measure 

(assuming same couplings on- and offshell)
● Assuming SM width:

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-068/ATLAS-CONF-2022-068.pdf
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Recent ATLAS Results
ATLAS-CONF-2022-068

● Consider                          and 
● Production modes: gluon fusion and 

electroweak production (VBF and VH)
● Observed evidence for offshell Higgs 

production at 3.2s. 
● Measure 

(assuming same couplings on- and offshell)
● Assuming SM width:

● Both ATLAS and CMS measure Higgs width close to SM 
value with errors ~ 50-60%

● Remarkable progress in 10 years!
● Further improvements:

– Interpretations of results;
– Understanding/reducing theoretical/simulation uncertainties.

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-068/ATLAS-CONF-2022-068.pdf
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Offshell Higgs calculations

● Strong destructive interference 
at high energies.    

● Need to consider:
– Signal                   
– Background
– Interference
– Full (physical) result S+B+I

[Campbell, Ellis, Williams (‘13)]
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Higher order corrections: Status
● Corrections to background gg → VV very difficult to compute!
● Two-loop QCD amplitudes for gg → ZZ and gg → WW including massive 

quark effects now known.

● Substantial computing resources required: still not used in cross section 
calculations...

● Exact NLO corrections to gg → H → VV still not known:
– Approximations in heavy top limit or with reweighting of two-loop 

amplitudes.

– Matched to parton showers in POWHEG-BOX.

[Agarwal, Jones, von Manteuffel (‘20); Brønnum-Hansen, Chen (‘20,’21)]

[Campbell, Czakon, Ellis, Kirchner (‘15); Caola, Dowling, Melnikov, RR, Tancredi (‘15); Grazzini, Kallweit, Wiesemann, 
Yook (19, ‘20, ‘21)

[Alioli, Ferrario Ravasio, Lindert, RR (‘21)]
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Higher Order Corrections: Jet Merging

● Radiative corrections taken into account using jet merging:
– Up to 1 or 2 jets, generated according to matrix elements.

– Virtual corrections not included.

● PS matching:
– Hardest jet generated according to matrix elements.
– Softer jets generated through PS.
– Virtual corrections included.

● Combined study of jet merging and parton shower effects.
● Recent meeting in October.

https://indico.cern.ch/event/1210357/
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Jet Merging and Parton Shower Matching

●                                         generated with SHERPA 2.2.2. 
● Merged using MLM merging.

● Fixed order k-factors applied to mWW distribution at LO (generated with MG5+PYTHIA)
➔NLO sample differential in mWW

● SHERPA sample reweighted to mWW.

● Done separately for signal (S), background (B) and S+B+interferfence (SBI).

1-D reweighting looks promising...

Talk by B. Kortman

Highlight two studies:

https://indico.cern.ch/event/1210357/contributions/5090190/attachments/2529572/4351857/171022_BAKortman_gg4l_MC_HWWOffshellSubgroup.pdf
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Jet Merging and Parton Shower Matching
● Compare reweighted 0+1 jet merged SHERPA samples against 
POWHEG-BOX-gg4l+PHYTHIA.

● Not more than 5% difference in normalized distributions.
● Further studies: compare parton shower and merging scale uncertainties; compare 

samples in different jet multiplicities, ....

Talk by B. Kortman

https://indico.cern.ch/event/1210357/contributions/5090190/attachments/2529572/4351857/171022_BAKortman_gg4l_MC_HWWOffshellSubgroup.pdf
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Jet Merging and Parton Shower Matching

● Very large jet merging uncertainty, much 
smaller NLO uncertainty.

● Shape of merged 0+1jet similar to that of 
NLO+PS.

● Merging uncertainty is one of main systematics 
in recent ATLAS measurement – NLO+PS 
could lead to improved measurements.

● Preliminary comparisons for 
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Offshell Higgs simulation in CMS

Comparison of parton shower tools:
● LO generator with k-factors + parton shower:

➢ LO samples from JHUGen/MCFM for signal, background and interference.

➢ Apply NNLO signal k-factors for mZZ & N3LO normalization.

(Assumption: k-factors similar across signal, background and interference.)

➢ Generate jets using PYTHIA.

● NLO generator + parton shower:
➢ NLO samples for Higgs production from POWHEG using different Higgs 

masses, reweighted to NNLO in mZZ.

➢ Decay H →ZZ from JHUGen.

➢ Generate jets using PYTHIA.
➢ Reweighting of propagator to mH = 125 GeV using MELA.

[CMS Note] Talk by U. Sarica

https://cds.cern.ch/record/2826782
https://indico.cern.ch/event/1210357/contributions/5090188/attachments/2529732/4352150/20221017.pdf
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Offshell Higgs simulation in CMS

● Gluon fusion: extremely good agreement, 
 also in jet-binned distributions.
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Offshell Higgs simulation in CMS

● Decent agreement for VBF-like topology.
● Disagreement for VH-like topology.
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Summary

● Incredible progress in offshell studies over last decade:
– ATLAS and CMS have evidence for offshell production.
– ATLAS:                                   CMS:

● Identified relevant EFT operators for offshell production and 
assessed their impacts.

● Future plans: systematic identification of EFT operators which are 
most sensitive to offshell effects.

● Work in progress: comparison of simulation tools using parton 
shower matching and jet merging.

● Welcome new ideas and contributors!
● Twiki

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWGOFFSHELL?redirectedfrom=LHCPhysics.LHCHXSWGOFFSHELL
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THANK YOU FOR YOUR ATTENTION
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Higher Order Corrections: Jet Merging and 
PS

Use merging to simulate effect of additional radiation.
[Li et al. ‘20] [Talk by C. Li] 

● Merging of 0, 1- and 2-jet samples in gluon fusion  gg → ZZ.
● Higgs-mediated diagrams not (yet) included [work in progress].
● Z decay not included yet [work in progress] 
● MadGraph for matrix element simulation, matched to Pythia with MLM 

scheme.

Massive increase in 
computational time 
for 2 jet emission!

https://indico.cern.ch/event/966917/contributions/4072039/attachments/2128012/3583607/20.10.22_HXSWG_Jet%20merging%20in%20gg-_ZZ%20production.pdf
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Talk by J. Sandesara
● Includes prompt ZZ production as well as Higgs-mediated 

(“SBI”).
● Leptonic decays included*.
● MLM merging to Pythia.

* 2 jet sample has onshell Z decays and no 
spin correlations.

Higher Order Corrections: Jet Merging and 
PS

Use merging to simulate effect of additional radiation.

https://indico.cern.ch/event/966917/contributions/4072035/attachments/2128200/3583798/2jet_HXSWG_21Oct.pdf
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