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• Multiboson production at the LHC – an introduction

• Vector boson scattering (VBS)

– Theoretical motivation

– Experimental challenges

• Recent results (and not only)

– First WZjj differential cross section measurement

– ZZ(vvll)jj observation

– Polarized VBS with WWjj

• A glance to the future

Overview
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Vector Boson Scattering

Electroweak diboson production via Vector Boson Scattering (VBS):
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For longitudinally polarized bosons

• Diverging cross section when not 
including Higgs-related diagrams

• VLVL → VLVL production as an direct 
study of the Higgs sector

• Ideally: studies as a function of the 
system’s energy

without higgs diagrams

without quartic coupling

full calculation



Vector Boson Scattering

Electroweak diboson production via Vector Boson Scattering (VBS):
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Quartic gauge bosons’ couplings (QGC)

• Only accessible via the electroweak 
diboson (and triboson) production

• Different from SM predictions could 
occur in the presence of new physics

✓ experimentally accessible using 
sensitive kinematical variables

Effect from 
new physics



EFT for VBS analyses

Anomalous triple and quartic gauge boson couplings on a EFT frame

Gauge boson interactions 
as described by the 
Standard Model

Higher order corrections
describing modifications caused by  
non-SM effects
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Operators corresponding to quartic 
gauge boson couplings (QGC)

• A variety of operators exist, covering all types of QGC

• Non zero value for any of their coefficients would be sign of new physics 



Electroweak VVjj production

Electroweak VVjj production:

(including vector boson scattering)

• Characteristic kinematic signature

• Challenging S/B

Main background:

• QCD VVjj production

• Different kinematic signature

• Important criterion for most VBS analysis 
strategies VVjj-QCD

VBS

VVjj-EW
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Electroweak 
couplings α6

EW and strong 
couplings α4αs

2



VBS @ NLO (and beyond)

InterferenceVVjj-EW VVjj-QCD

VVjj-EW VVjj-QCD? ?

Adding higher order corrections makes VVjj-EW and VVjj-QCD separation obsolete

• Currently: include interference into the signal or background 

• Alternative solution: make inclusive measurement creating ah high VVjj-EW purity 
phase space
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NLO

corrections



VBS: kinematic signature

Characteristics of a typical VBS event:

• Two high energy forward jets (tagging jets)

• Generally central diboson products

• Suppressed hadronic activity in between the tagging jets

typically
>500 GeV

https://arxiv.org/abs/hep-ph/9605444
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https://arxiv.org/abs/hep-ph/9605444
https://arxiv.org/abs/hep-ph/9605444
https://arxiv.org/abs/hep-ph/9605444


VBS: kinematic signature

suppressed 
hadronic activity
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VBS (leptonic) channels

Non exhaustive list of VBS channels:   (fb)

• W±W ± : first observation in 2018 (PRL 123 (2019) 161801 and PRL 120 (2018) 081801)

considered as 
background
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Experimental signature:
• 2 same sign leptons
• 2 hadronic jets

Challenge: two neutrinos in the final state

𝐸𝑊

𝑄𝐶𝐷
≅ 2.5

P. Anger thesis: https://cds.cern.ch/record/1753849 

W±

W±

https://journals.aps.org/prl/references/10.1103/PhysRevLett.123.161801
https://journals.aps.org/prl/references/10.1103/PhysRevLett.123.161801
https://journals.aps.org/prl/references/10.1103/PhysRevLett.123.161801
https://journals.aps.org/prl/references/10.1103/PhysRevLett.123.161801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.081801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.081801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.081801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.081801
https://cds.cern.ch/record/1753849
https://cds.cern.ch/record/1753849
https://cds.cern.ch/record/1753849


VBS (leptonic) channels

Non exhaustive list of VBS channels:   (fb)

• WZ:  first observation in 2018 (Phys. Lett. B 793 (2019) 469 and PLB 809 (2020) 135710 )

considered as 
background
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Experimental signature:
• 2 opposite sign leptons
• 1 lepton
• 2 hadronic jets

Challenge: high QCD background

𝐸𝑊

𝑄𝐶𝐷
≅ 0.33

P. Anger thesis: https://cds.cern.ch/record/1753849 

https://www.sciencedirect.com/science/article/pii/S0370269319303211
http://dx.doi.org/10.1016/j.physletb.2020.135710
https://cds.cern.ch/record/1753849
https://cds.cern.ch/record/1753849
https://cds.cern.ch/record/1753849


VBS (leptonic) channels

Non exhaustive list of VBS channels:   (fb)

• ZZ:  first observation in 2021 (Nature Phys. 19 (2023) 237)

considered as 
background
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Experimental signature:
• 2 opposite sign leptons (can be neutrinos)
• 2 opposite sign leptons
• 2 hadronic jets

Challenges: very low cross section
possible presence of neutrinos

𝐸𝑊

𝑄𝐶𝐷
≅ 0.57

P. Anger thesis: https://cds.cern.ch/record/1753849 

https://www.nature.com/articles/s41567-022-01757-y
https://cds.cern.ch/record/1753849
https://cds.cern.ch/record/1753849
https://cds.cern.ch/record/1753849


The Large Hadron Collider timeline
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First observation of the electroweak W±W ±jj production by both ATLAS and CMS
• ATLAS : Phys. Rev. Lett. 123 (2019) 161801
• CMS : Phys. Rev. Lett. 120 (2018) 081801

First observation of the electroweak WZjj production by ATLAS
• Phys. Lett. B 793 (2019) 469

ATLAS:36.1 fb-1

CMS: 35.9 fb-1

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.161801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.081801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.081801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.081801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.081801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.081801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.081801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.081801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.081801
https://www.sciencedirect.com/science/article/pii/S0370269319303211
https://www.sciencedirect.com/science/article/pii/S0370269319303211


The Large Hadron Collider timeline
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First observation of ZZjj-EW production by ATLAS
Nature Phys. 19 (2023) 237

First observation of Zγjj-EW production by CMS and ATLAS
ATLAS: JHEP 07 (2017) 107
CMS: PRD 104 (2021) 072001

Simultaneous measurement of WW and WZ by CMS
PLB 809 (2020) 135710

ATLAS:140 fb-1

CMS: 137 fb-1

acces to neutral quartic couplings

Focus on the three analyses 
presented in the following pages

https://www.nature.com/articles/s41567-022-01757-y
https://link.springer.com/article/10.1007/JHEP07(2017)107
http://dx.doi.org/10.1103/PhysRevD.104.072001
http://dx.doi.org/10.1016/j.physletb.2020.135710


Full Run 2 WZjj analysis results (ATLAS)
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Integrated cross section measurement:

• Simultaneous WZjj-QCD measurement in a 
typical VBS phase space

Same main source of uncertainty

• Guidelines for further 
improvement



Full Run 2 WZjj analysis results (ATLAS)
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500 < mjj < 1300 GeV 

Differential WZjj-EW cross section 
measurement:

1300 < mjj < 2000 GeV mjj >2000 GeV
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Full Run 2 WZjj analysis results (ATLAS)

aQGC analysis using:

- BDT for WZjj-EW separation

- mT
WZ for aQGC impact

JHEP 06 (2024) 192

https://link.springer.com/article/10.1007/JHEP06(2024)192
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Full Run 2 ZZ(llνν)jj analysis results (ATLAS)

Inclusive ZZ(llνν)jj measurement in a 
VBS-like phase space

Exploit Z(ll) and Z(νν) back-to-back 
topology



20

Full Run 2 ZZ(llνν)jj analysis results (ATLAS)

Sensitivity to neutral aQGC operators

2511.15569 

https://arxiv.org/abs/2511.15569
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W±W ±jj-EW polarization analysis (ATLAS)

Goal:

• Measure polarized W±W ±jj-EW

• Use “inclusive DNN” to isolate the electroweak process

• Use different DNNs to isolate WL
±WL

± and WL
±W ± (based on kinematics)

Phys. Rev. Lett. 135 (2025) 111802

https://journals.aps.org/prl/abstract/10.1103/bpln-ccql
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W±W ± jj polarization analysis (ATLAS)

DNN score for 𝑊L± 𝑊L± 𝑗 𝑗 DNN score for 𝑊L± 𝑊 ± 𝑗 𝑗

No evidence (as expected)
95% CL upper limit on 𝜎*B(𝑊L±𝑊L± 𝑗 𝑗):
0.45 fb (0.70 fb expected) 

Observed significance: 3.3𝜎
𝜎*B (𝑊L±𝑊 ± 𝑗 𝑗) = 0.88 ± 0.30 fb
SM prediction: 1.18 ± 0.29 fb



The Large Hadron Collider further in the future
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Hundreds of WLZL→WLZL
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Without any analysis improvement
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Multiboson production at ee colliders

• Jorge de Blas et al. Global SMEFT Fits at Future Colliders. 
arXiv : 2206.08326

• Jorge de Blas et al. On the future of Higgs, electroweak and 
diboson measurements at lepton colliders.                  
Journal of High Energy Physics 2019.12

• Eugenia Celada et al. Mapping the SMEFT at High-Energy 
Colliders : from LEP and the (HL-)LHC to the FCC-ee.  
arXiv : 2404.12809

Inclusive diboson production: VERY high precision on aTGC

Vector boson scattering

• But needs a high center-of-mass energy…



Conclusions

Run 2 has been a very productive period for multiboson analyses

➢ Vector boson scattering production

• first observed during Run 2 of the LHC into several diboson channels

• allows the quartic gauge boson couplings

• indirect study of the Higgs section through polarized VBS

➢ Most recent results

• Deeper and more precise measurements using increasing integrated luminosity

• First VBS analyses with polarized boson(s)

• Future: Novel analysis technics could allow to exceed simple prospective

Run 3 results ongoing

These analyses has been the result of long, fruitful collaborations

(COST, Erasmus+, Terascale research network…)

25


	Slide 1: Electroweak Physics with Multiboson Production at the LHC: Past, Present, and Future   HEP 2023 – NTUA, Athens
	Slide 2: Overview
	Slide 3
	Slide 4: Vector Boson Scattering
	Slide 5: Vector Boson Scattering
	Slide 6: EFT for VBS analyses
	Slide 7: Electroweak VVjj production
	Slide 8: VBS @ NLO (and beyond)
	Slide 9: VBS: kinematic signature
	Slide 10: VBS: kinematic signature
	Slide 11: VBS (leptonic) channels
	Slide 12: VBS (leptonic) channels
	Slide 13: VBS (leptonic) channels
	Slide 14
	Slide 15
	Slide 16: Full Run 2 WZjj analysis results (ATLAS)
	Slide 17: Full Run 2 WZjj analysis results (ATLAS)
	Slide 18: Full Run 2 WZjj analysis results (ATLAS)
	Slide 19: Full Run 2 ZZ(llνν)jj analysis results (ATLAS)
	Slide 20: Full Run 2 ZZ(llνν)jj analysis results (ATLAS)
	Slide 21: W±W ±jj-EW polarization analysis (ATLAS)
	Slide 22: W±W ± jj polarization analysis (ATLAS)
	Slide 23
	Slide 24: Multiboson production at ee colliders
	Slide 25: Conclusions

