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vector boson scattering

2

Rapidity gap
BARRELENDCAP ENDCAP

large angular 
separation between 

tag jets

4   0   𝛥𝜂jj

low QCD activity between 
tag jets, since there’s no color 
flow between the two protons
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vector boson scattering

Access electroweak 
processes at hadron 

colliders, allowing for a 
direct check of the EWSB-

induced unitarisation with higgs

no higgs
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Rapidity gap
BARRELENDCAP ENDCAP

large angular 
separation between 

tag jets

4   0   𝛥𝜂jj

low QCD activity between 
tag jets, since there’s no color 
flow between the two protons

Produces a large number of diagrams 
for each process  

that offer many ways to constrain EFT 
operators

vector boson scattering

courtesy of G. Boldrini

see A. Apyan’s talk
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Rapidity gap
BARRELENDCAP ENDCAP

large angular 
separation between 

tag jets

4   0   𝛥𝜂jj

low QCD activity between 
tag jets, since there’s no color 
flow between the two protons

EW and QCD production 
coexistent in the signal 

region

• interfering
• the gauge-invariant cross-

section is the sum of the 
two contributions

• perform inclusive 
measurements

EW

QCD

see M. Zaro’s talk
vector boson scattering
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Rapidity gap
BARRELENDCAP ENDCAP

large angular 
separation between 

tag jets

4   0   𝛥𝜂jj

low QCD activity between 
tag jets, since there’s no color 
flow between the two protons

vector boson scattering

six-fermion final states have 
very low production cross 

sections
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Rapidity gap
BARRELENDCAP ENDCAP

large angular 
separation between 

tag jets

4   0   𝛥𝜂jj

low QCD activity between 
tag jets, since there’s no color 
flow between the two protons

vector boson scattering

Significantly reduce 
backgrounds with typical 

selections: 
 mjj > 500 GeV

Δηjj > 2.5
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background understanding

8

arxiv:2404.02711

inclusive ZZ → 4𝓁 + jets

importance of 
EW corrections

ATLAS: arxiv:2308.12324

m4ℓ

see G. Sorrentino’s and J Roloff’s talks

mjj

MET + jets

arxiv:2403.02793

https://arxiv.org/abs/2404.02711
https://arxiv.org/abs/2308.12324
https://arxiv.org/abs/2403.02793
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electroweak W𝛾 → 𝓁𝜈𝛾jj in ATLAS
• observation sensitivity fitting the distribution of two averaged DNNs 
• background control regions defined based on the jet counting in the rapidity gap 
• dimension-8 EFT limits (fT3 and fT4 studied for the first time)

9

statistically 
dominated, 

following 
dominant 

uncertainties are 
related to physics 

objects and 
theory modelling

arxiv:2403.02809

https://arxiv.org/abs/2403.02809
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EW W𝛾 → 𝓁𝜈𝛾jj in CMS

10

observed significance of 6.0 s.d.

arxiv:2212.12592

https://arxiv.org/abs/2212.12592
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EW Z𝛾 → 𝓁𝓁𝛾jj production
• cross-section measurements, unfolded distributions 
• limits on BSM quartic neutral gauge couplings 

11

arxiv:2305.19142
arxiv:2106.11082

EW component

EW + QCD component

ATLAS Z𝛾→𝜈𝜈𝛾 arxiv:2208.12741

https://arxiv.org/abs/2305.19142
https://arxiv.org/abs/2106.11082
https://arxiv.org/abs/2208.12741
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EW ZZ → 4𝓁 production
• NLO pQCD signal model 
• fit on multivariate discriminants (MD) 
• sensitivity larger than 5 s.d. 
• statistically dominated 

• inclusive fiducial cross-sections measurement:

12

arxiv:2004.10612 
CMS: arxiv:2008.07013

https://arxiv.org/abs/2004.10612
https://arxiv.org/abs/2008.07013
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EW WZ → 3𝓁𝜈 production
• extensive use of MVA techniques 
• main uncertainties from theory modelling and jet reco 
• dim-8 EFT limits comparable with CMS ones

13

arxiv:2403.15296

σEW = 0.37 ± 0.07 fb
σQCD = 1.09 ± 0.14 fb

unfolded BDT 
distribution, 

obtained training 
the same BDT at 

particle level, 
statistically 
dominated

https://arxiv.org/abs/2403.15296
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EW W+W− → 𝓁+𝜈𝓁−𝜈 cross-section

14

arxiv:2205.05711
arxiv:2403.04869

• DNN’s used in both collaborations to enhance signal sensitivity 
• ATLAS focussing on the e𝜇 final state only, also ee and 𝜇𝜇 considered in CMS 
• ATLAS simulates the EW signal at NLO pQCD precision with Powheg

Powheg

SHERPA NLO

https://arxiv.org/abs/2205.05711
https://arxiv.org/abs/2403.04869
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EW W±W± → 𝓁±𝜈𝓁±𝜈 from ATLAS
• cross-sections of the EW-only and EW+QCD components 
• data driven estimates of main backgrounds due to WZ and non-prompt leptons

15

ξj3 =
ηj3 − 1

2 (ηj1 + ηj2)

|ηj1 − ηj2 |

differential cross 
sections still 
statistically 
dominated

Monte Carlo 
generators 
slightly 
underestimate 
the measured 
cross-section

arxiv:2312.00420

https://arxiv.org/abs/2312.00420
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study of BSM physics

16

limits on Georgi - Machacek model 
parameters

limits on dimension-8  EFT operators
with cut-off regularisation

(CMS arxiv:2104.04762)

https://arxiv.org/abs/2104.04762
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EW W±W± → 𝓁±𝜈𝜏±𝜈 in CMS
• one of the two same-signed W-bosons decays to a hadronic 𝜏 lepton 

• Significance of SM process at 2.7 s.d., signal strength 1.44  
• first simultaneous extraction of dim-6 and dim-8 constraints on EFT BSM terms

+0.63
−0.56

17

CMS-PAS-SMP-22-008 

dim-6 including 
linear, BSM and 
mixed contributions, 
dim-8 including 
linear and BSM 
contributions

most 2D plots 
show little 

correlation 
between 

operators

see K. Potamianos’ talk

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-22-008/index.html
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W±W± → 𝓁±𝜈𝓁±𝜈 and WZ → 3𝓁𝜈 in CMS
• NLO EW and QCD corrections applied to the LO signal samples 
• data-driven backgrounds whenever the MC predictions are not reliable enough 
• BDT to separate the EW WZ and QCD WZ processes 

18

arxiv:2008.07013

likelihood-based 
unfolding

• limits on dimension-8 EFT operators

https://arxiv.org/abs/2008.07013
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W±W± and majorana neutrinos

19

• probe heavy Majorana neutrinos and the Weinberg operator at the LHC

arxiv:2206.08956
arxiv:2403.15016

https://arxiv.org/abs/2206.08956
https://arxiv.org/abs/2403.15016
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polarisation studies in CMS

20

arxiv:2009.09429

• EW production of same-sign WW boson pairs with at least one of the W bosons 
longitudinally polarized is measured with an observed significance of 2.3 s.d.

https://arxiv.org/abs/2009.09429
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semi-leptonic VBS WV in CMS

21

σtheory = 2.23+0.08
−0.11 (scale)  ± 0.05 (PDF) pb

σobserved = 1.90+0.53
−0.46 pb

μEW =
σobserved

σtheory
= 0.85 ± 0.12 (stat) +0.19

−0.17 (syst)

• resolved and merged hadronic V decay 
categories 

• W+jets and ttbar suppression with a DNN 
• data-driven estimate of residual 

backgrounds 
• significance close to the 5 s.d. level

arxiv:2112.05259

https://arxiv.org/abs/2112.05259
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the sign of the HVV couplings
• (BSM) discordant sign in HZZ and HWW couplings would lead to cross-section 

enhancements in VBS WH production

22

interfering diagrams

arxiv:2402.00426
arxiv:2405.16566

see A. de Wit’s talk

the SM case of  
and  having the 
same sign is largely 
favoured

κW
κZ

https://arxiv.org/abs/2402.00426
https://arxiv.org/abs/2405.16566
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VBF HH → 4b in ATLAS
• VBF signature + boosted Higgs boson tagging 
• particular sensitivity to anomalous  valuesκ2V

23

arxiv:2404.17193

in combination 
with the gluon 
fusion and VBF 
resolved results

see J. Alison’s talk

https://arxiv.org/abs/2404.17193
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LHC as a photon collider

24

pp(γγ) → p(*) WW p(*)

arxiv:2010.04019 
arxiv:2311.02725

pp(γγ) → p γγ p
see A. Gilbert’s talk

https://arxiv.org/abs/2010.04019
https://arxiv.org/abs/2311.02725
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exclusive J/   production in LHCbψ ϕ
• first observation of the direct production of  exotic 

states with no additional visible activity 
• non-resonant contribution shape parameters measured 

in a sideband region

χ

25

LHCb-PAPER-2023-043
in preparation

measured cross-sections

https://cds.cern.ch/record/2894679/files/Shchutska.pdf
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• a wide landscape of VBF + VBS final states studied at the LHC 
• room for improvement: final states still to be used, e.g. semi-leptonic ones, also 

for polarisation studies 
• did we squeeze all what we could from machine learning tools?

summary 1/4

26



P. Govoni - Experimental overview of VBS/VBF measurements at the LHC - LHCP 2024, Boston

summary 2/4

27

• on the understanding and use of the theory predictions: 
• different generators are not always compatible 
• need to fully exploit the existing precision calculations in the data analysis 
• understand how to match them in EFT and polarised studies 
• experimental collaborations not fully consistent yet

0 1 2 3 4 5

theoσ / expσProduction Cross Section Ratio:   

CMS PreliminaryAug 2023

All results at:
http://cern.ch/go/pNj7

https://arxiv.org/abs/1607.06975
https://arxiv.org/abs/1607.06975qqW  0.18± 0.08 ±0.84 -119.3 fb
https://arxiv.org/abs/1903.04040
https://arxiv.org/abs/1903.04040qqW  0.09± 0.02 ±0.91 -135.9 fb
https://arxiv.org/abs/1305.7389
https://arxiv.org/abs/1305.7389qqZ  0.32± 0.14 ±0.93 -15.0 fb
https://arxiv.org/abs/1410.3153
https://arxiv.org/abs/1410.3153qqZ  0.19± 0.07 ±0.84 -119.7 fb
https://arxiv.org/abs/1712.09814
https://arxiv.org/abs/1712.09814qqZ  0.10± 0.04 ±0.98 -135.9 fb
https://arxiv.org/abs/2112.05259
https://arxiv.org/abs/2112.05259WV  0.18± 0.12 ±0.85 -1138 fb
https://arxiv.org/abs/1604.04464
https://arxiv.org/abs/1604.04464WW→γγ  0.74± 0.00 ±1.74 -119.7 fb
https://arxiv.org/abs/1612.09256
https://arxiv.org/abs/1612.09256γqqW  0.56± 0.67 ±1.77 -119.7 fb
https://arxiv.org/abs/2212.12592
https://arxiv.org/abs/2212.12592γqqW  0.15± 0.11 ±0.89 -1138 fb
https://arxiv.org/abs/2205.05711
https://arxiv.org/abs/2205.05711os WW  0.17± 0.15 ±1.12 -1138 fb
https://arxiv.org/abs/1410.6315
https://arxiv.org/abs/1410.6315ss WW  0.18± 0.38 ±0.69 -119.4 fb
https://arxiv.org/abs/2005.01173
https://arxiv.org/abs/2005.01173ss WW  0.08± 0.11 ±1.20 -1137 fb
https://arxiv.org/abs/1702.03025
https://arxiv.org/abs/1702.03025γqqZ  0.48± 0.65 ±1.48 -119.7 fb
https://arxiv.org/abs/2106.11082
https://arxiv.org/abs/2106.11082γqqZ  0.13± 0.12 ±1.20 -1137 fb
https://arxiv.org/abs/2005.01173
https://arxiv.org/abs/2005.01173qqWZ  0.11± 0.31 ±1.46 -1137 fb
https://arxiv.org/abs/2008.07013
https://arxiv.org/abs/2008.07013qqZZ  0.13± 0.38 ±1.19 -1137 fb

7 TeV CMS measurement (stat,stat+sys) 
8 TeV CMS measurement (stat,stat+sys) 
13 TeV CMS measurement (stat,stat+sys) 

stat        sys

CMS EW measurements vs.
Theory

an overall systematic 
comparison between 
measurements and 
predictions across 
collaborations might be useful
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summary 3/4
• constraining power still th be exploited in global EFT fits

28

arxiv:2108.03199 ATL-PHYS-PUB-2023-002

dimension 6 SMEFT dimension 8 SMEFT

https://arxiv.org/abs/2108.03199
http://cds.cern.ch/record/2850667/files/ATL-PHYS-PUB-2023-002.pdf


P. Govoni - Experimental overview of VBS/VBF measurements at the LHC - LHCP 2024, Boston

summary 4/4
• the holy grail of the VBS longitudinal component measurement is still out of 

reach  
• future detectors expected to allow for a better control of the VBS topology 

• Run3 measurements still to be delivered!

29

ATL-PHYS-PUB-2018-052

CMS-PAS-FTR-21-001
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CMS-PAS-SMP-14-008

same-sign longitudinal 
WW VBS projections

http://cds.cern.ch/record/2220831?ln=en
https://cds.cern.ch/record/2652447/
https://inspirehep.net/literature/1920697
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The COMETA COST Action
• EU-funded initiative 
• one ideal place where to pursue these studies across collaborations and 

communities 
• legacy of the VBSCan COST Action 
• freshly started this year 
• everybody can join the works

30

https://cometa.web.cern.ch/

https://cometa.web.cern.ch/


P. Govoni - Experimental overview of VBS/VBF measurements at the LHC - LHCP 2024, Boston

The COMETA COST Action
• EU-funded initiative 
• one ideal place where to pursue these studies across collaborations and 

communities 
• daughter of the VBSCan COST Action 
• freshly started this year 
• everybody can join the works

31

https://cometa.web.cern.ch/

and when you think that this is boring…

https://cometa.web.cern.ch/


additional material
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single vector boson results
• CMS Coll., Measurement of electroweak production of a W boson and two forward jets 

in proton-proton collisions at 8 TeV https://arxiv.org/abs/1607.06975 

• ATLAS Coll., Measurements of electroweak Wjj production and constraints on 
anomalous gauge couplings with the ATLAS detector https://arxiv.org/abs/1703.04362 

• ATLAS Coll., Differential cross-section measurements for the electroweak production of 
dijets in association with a Z boson in proton-proton collisions at ATLAS https://
arxiv.org/abs/2006.15458 

• CMS Coll., Electroweak production of two jets in association with a Z boson in proton-
proton collisions at 13 TeV https://arxiv.org/abs/1712.09814 

• CMS Coll., Measurement of differential cross sections for the production of a Z boson in 
association with jets in proton-proton collisions at 13 TeV https://arxiv.org/abs/
2205.02872

33

https://arxiv.org/abs/1607.06975
https://arxiv.org/abs/1703.04362
https://arxiv.org/abs/2006.15458
https://arxiv.org/abs/2006.15458
https://arxiv.org/abs/1712.09814
https://arxiv.org/abs/2205.02872
https://arxiv.org/abs/2205.02872


P. Govoni - Experimental overview of VBS/VBF measurements at the LHC - LHCP 2024, Boston

W±W± → 𝓁±𝜈𝓁±𝜈 in the LHCb detector

• signature with one jet and two anti-muons

34

arxiv:1908.06805

a parton level feasibility study

https://arxiv.org/abs/1908.06805
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effective field theory
• add to the SM Lagrangian additional BSM terms 
• generic low-energy parameterisation of an unknown model that would become 

apparent at (too) high energies 

• simplistic realisation: choose a basis and associate operators to vertices in form of 
anomalous couplings

35

Dim 6 Dim 8

Pure 
Higgs field

Pure Field-
strength 
tensor

Mixed Higgs-field-
strength

QGC TGC HVV
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electroweak stairway to heaven

36

single W, Z

di-boson

tri-boson

VBF and VBS

1 100 104 106 𝜎 (fb)108

http://go.web.cern.ch/go/7LSN

http://go.web.cern.ch/go/7LSN
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measurements and predictions

37
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dimension-8 effects in vector boson scattering
• dimension-8 EFT interpretation of the fully leptonic 𝑊𝑍jj and same-sign 𝑊𝑊jj 

electroweak measurements  
• joint fit on MTWZ and m𝚤𝚤WW

38

1 TeV clipping to cope with 
unitarity constraints

ATL-PHYS-PUB-2023-002

http://cds.cern.ch/record/2850667/files/ATL-PHYS-PUB-2023-002.pdf
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dimension-6 EFT global fits

39

• two Wilson coefficients 
free to float 
simultaneously (the 
others are set to zero) 

• the combination and 
complementarity of 
different analysis 
channels allows for a 
narrower limit area 
definition arxiv:2108.03199

https://arxiv.org/abs/2108.03199
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dimension-6 operators

40

courtesy of 
 G. Boldrini



CMS W+W−



P. Govoni - Experimental overview of VBS/VBF measurements at the LHC - LHCP 2024, Boston

event yields

42
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uncertainties

43

impact on the 
cross-section



ATLAS W+W−
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event yields

45
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uncertainties

46



CMS semi-leptonic WV
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vector boson identification

48

R
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O
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ED
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ER

G
ED

 C
A

SE

the quarks due to the V decay 
originate two jets

the quarks due to the V decay are 
close enough to originate one 

single large jet

cartoons are courtesy of 
 D. Valsecchi



P. Govoni - Experimental overview of VBS/VBF measurements at the LHC - LHCP 2024, Boston

signal extraction: a deep neural network
• many variables that characterise the signal combined into a single discriminant 
• choose variables according to their importance (explainable AI)

49
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W+jets estimate
• measure the background cross-

section where no signal is 
expected 

• control region: sit away from the 
hadronic W invariant mass

50

mVZ

mV

signal

sideband

sideband

~85 GeV
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top background estimate
• select events with at least one b-quark in the final state

51
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the fit result

52
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the fit result

53

σtheory = 2.23+0.08
−0.11 (scale)  ± 0.05 (PDF) pb

σobserved = 1.90+0.53
−0.46 pb

μEW =
σobserved

σtheory
= 0.85 ± 0.12 (stat) +0.19

−0.17 (syst)
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consistency of the Standard Model
• two-dimensional fit: QCD- and EW-

induced VBS (at LO in perturbation 
theory) cross-sections fitted together

54



ATLAS W𝛾
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selections and rates

56

Expected number of events in the signal and 
control regions used for the fiducial cross-section 
measurement and observation of EW Wγ jj 
production.  
Statistical and systematic uncertainties are included 
for each component.  
The number of observed events in each region are 
included for comparison. The "non-prompt" 
background category includes non-prompt photons 
and fake leptons.
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DNN input variable example

57

Distribution of the predicted and observed yields for 
one of the three highest ranked variables in the NN after 
performing the profile likelihood fit, ξlγ.  
The observed data is represented by solid circles and the 
associated vertical error bar represents the statistical 
uncertainty of the data.  
The predicted yields comprise simulated EW Wγ jj signal, 
backgrounds from non-prompt photons and leptons that 
are estimated by using data-driven methods, and 
backgrounds that are estimated with simulation.  
The hashed band represents the quadrature sum of the 
statistical and systematic uncertainties.

ξlγ =
ylγ −

yj1
+ yj2

2

yj1 − yj2
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impact of uncertainties

58



CMS W𝛾
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EW production of Wγ with two jets
• analysis based on a 2D fit to 

maximise its sensitivity 
• control region to constrain the QCD 

Wγjj production 
• background due to jets 

misidentified as photons or 
electrons estimated from data with 
loose-to-tight ratios 

• irreducible backgrounds estimated 
with the simulation

60

arxiv:2212.12592

m𝓁𝛾 ∈ 
[30,80) GeV

[80,130) GeV

> 130 GeV

https://arxiv.org/abs/2212.12592
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measured unfolded cross-sections

61

observed significance of 6.0 s.d.
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limits on new physics

62

most stringent to date



ATLAS Z𝛾



P. Govoni - Experimental overview of VBS/VBF measurements at the LHC - LHCP 2024, Boston

event yields and systematics

64



CMS Z𝛾
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systematic uncertainties

66
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event yields

67



CMS same-sign WW 
with a tau lepton
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EFT limits

69

obtained with 
a fit on a 
DNN trained 
fo the dim-6 
case

obtained with 
a fit on a 
DNN trained 
fo the dim-8 
case



CMS same-sign WW 
and WZ
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uncertainties

71



P. Govoni - Experimental overview of VBS/VBF measurements at the LHC - LHCP 2024, Boston

event yields
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EFT interpretation
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ATLAS same-sign WW
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cross-section results
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σEW
fid = 2.92 ± 0.22 (stat) ± 0.13 (mod sys) ± 0.12 (exp sys) ± 0.06 (lum) fb

σEW+QCD
fid = 3.38 ± 0.22 (stat) ± 0.11 (mod sys) ± 0.14 (exp sys) ± 0.06 (lum) fb

QCD EW
- -

LO LO
LO LO
LO LO

NLO LO
NLO LO
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tag jet pair invariant mass
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EFT constraints

77



P. Govoni - Experimental overview of VBS/VBF measurements at the LHC - LHCP 2024, Boston

phase space region definitions
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control 
background 
uncertainties

correct mjj 
shape
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event rates

79



P. Govoni - Experimental overview of VBS/VBF measurements at the LHC - LHCP 2024, Boston

systematic uncertainties
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ATLAS WZ
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cross-sections in mjj bins
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mjj ∈  
500 - 1300 GeV

mjj ∈  
1300 - 2000 GeV

mjj ∈  
2000 - ∞ GeV
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EW WZ → 3𝓁𝜈 production
• MVA techniques used in SR 

and CR’s with non trivial 
uncertainty treatment 

• main uncertainties from 
theory modelling and jet 
reconstruction
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arxiv:2403.15296

https://arxiv.org/abs/2403.15296
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differential distributions and interpretation
• statistically dominated 
• unfolded BDT 

distribution, obtained 
training the same BDT 
at particle level 

• dimension-8 EFT 
limits (w/ and w/o 
unitarisation) 
comparable with CMS 
ones
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arxiv:2403.15296

https://arxiv.org/abs/2403.15296
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dimension-8 EFT operator limits
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• dominated by pure dimension-8 terms in the cross-section calculation 
• unitarisation cut-off set where the unitary bound and the experimental bound 

cross 

no unitarisation with unitarisation
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expected and observed event number
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post-fit numbers 
all sources of uncertainties included
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systematic uncertainties
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ATLAS VBF WH



P. Govoni - Experimental overview of VBS/VBF measurements at the LHC - LHCP 2024, Boston

event yields
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CMS VBF WH
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The CMS result
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The background yield estimated from data and 
signal yield (κW=−1, κZ=1) predicted by MC 
simulation in the BSM signal region



ATLAS exclusive WW
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systematics
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CMS exclusive 𝛾𝛾
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systematic uncertainties
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ATLAS ZZ
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event yields
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