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Introduction: Why VBS interesting?

Xi Wang

 Test of electroweak sector of the Standard Model (SM) at the TeV scale 

 Sensitive to Anomalous Quartic Gauge Couplings(aQGC) 

 Can used to set limits on effective field theory (EFT) operators 

 Measurable key process linked with Electroweak Symmetry Breaking (EWSB) 

Without a “light” SM Higgs boson ( ) VBS would violate unitarity. mH ≤ 1TeV

3ATLAS VBS measurements
arXiv:1412.8367

https://arxiv.org/abs/1412.8367


Topology of vector boson scattering

Xi Wang

 VBS signature 

 Energetic and forward jets 

 Large rapidity separation,  

 Large invariant mass,  

 Centrality 

 Low hadronic activity in the central region(color singlet exchange) 

 Key discrimination for EWK  and VBS components 

 VBS experimental challenges 

 Rare process and large variety of background processes 

 Forward jets identification 

 VBS can not be directly extracted to due gauge invariance 

 EWK  in VBS enhanced phase space 

 Interference with QCD  production

Δηjj

Mjj

VV + jj

→ VV + jj

VV + jj
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VBS measurement progresses at ATLAS

Xi Wang

 SM VBS processes in the ATLAS experiment in different channels

Channel Final state Luminosity Date Journal Reference

2019-08-22 Phys. Rev. D 100 (2019) 032007 

2012-05-10 Phys. Lett. B 816 (2021) 136190

2022-08-26 JHEP 06 (2023) 082

2023-05-30 Phys. Lett. B 846 (2023) 138222

2023-02-09 Nature Phys. 19(2023) 237

2023-11-16 Phys. Lett. B 855 (2024) 138764

2023-12-01 JHEP 04 (2024) 026

2024-03-07 Submitted to JHEP, arXiv:2403.04869

2024-03-05 Submitted to EPJC, arXiv:2403.02809

2024-03-22 Accepted by JHEP, arXiv:2403.15296WZ + jj

140fb−1

lνll + jj

Wγ + jj lνγ + jj 140fb−1

W+W− + jj eνμν + jj

140fb−1

W±W± + jj

ZZ + jj llll + jj 139fb−1

139fb−1

Zγ + jj 140fb−1ννγ + jj

lνlν + jj

llγ + jj 140fb−1Zγ + jj
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γγ → WW(γ − induced)

ZZ + jj 2l2ν + jj 139fb−1

VV + jj semi − leptonic 35fb−1

eνμν 139fb−1

Today’s topics

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.032007
https://www.sciencedirect.com/science/article/pii/S0370269321001301
https://link.springer.com/article/10.1007/JHEP06(2023)082
https://www.sciencedirect.com/science/article/pii/S0370269323005567
https://www.nature.com/articles/s41567-022-01757-y
https://www.sciencedirect.com/science/article/pii/S0370269324003228
https://link.springer.com/article/10.1007/JHEP04(2024)026
https://arxiv.org/abs/2403.04869
https://arxiv.org/abs/2403.02809
https://arxiv.org/abs/2403.15296


: Introduction and selectionsZZ + jj

Xi Wang

 Differential cross section for EW  and strong  processes  

are measured to study SM VBS process and access the accuracy of  

the perturbative QCD calculations.  

 Event selection criteria: 

·Two SFOS lepton pairs with smallest  

 Leading pair with highest ,   

 , ,  

 VBS enhanced region with low centrality ( ) 

 VBS suppressed region with high centrality ( ) 

 Non-prompt background estimated by lepton fake efficiency 

 (light flavor decays) and (tight flavor decays) 

  applied to CR with one or more leptons falling 
    to meet the signal lepton definition

ZZjj ZZ jj

|m12 − mZ | + |m34 − mZ |
|yij | m4l > 130 GeV

pT, j1(2)
> 40(30) GeV mjj > 300 GeV ΔYjj > 2

ξ < 0.4
ξ > 0.4

Z + jets tt
f /(1 − f )

Feynman diagrams for EW 𝑍 𝑍𝑗𝑗 production (left) and strong 𝑍 𝑍𝑗𝑗 production (right)

Predicted and observed yields measured in VBS-enhanced region and VBS-suppressed region

JHEP 01 (2024) 004
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https://link.springer.com/article/10.1007/JHEP01(2024)004


Xi Wang

 Differential cross-sections measured in VBS-enhanced 

and VBS-suppressed regions with various variables 

VBS observables 

Polarization, charge conjugation and parity observables 

QCD-sensitive observables 

: Differential measurements and EFTZZ + jj

 most  
tightly constrained

OT,0 and OT,1

JHEP 01 (2024) 004
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 Observable  and  in VBS-enhanced region are used  

to limit EFT operators

m4l mjj

Wilson coefficients  as a function of a cut-off scale, EcfT,0

https://link.springer.com/article/10.1007/JHEP01(2024)004


: Introduction and selectionsW±W± + jj

Xi Wang

 In the SM, couplings to the Higgs boson prevent the divergence of longitudinally  

     polarised VBS amplitudes at high energies and unitarity violation at the TeV scale 

 Background Estimation: 

 Dominant background comes from  (22% SR) 

 Data-driven method: non-prompt lepton and electron charge misidentification backgrounds 

Event selection criteria:

WZ /γ* jj

JHEP04(2024)026
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largest ratio of EWK/Strong XS

Reduce Drell − Yan process

https://link.springer.com/article/10.1007/JHEP04(2024)026


 EW(inclusive)  signal strength are extracted in the fiducial region 

 Differential Cross section extraction 

 

W±W±jj

mll, mjjj, mT, Ngapjets, ξj3(Zeppenfeld )

: Differential measurements and uncertaintiesW±W± + jj

Xi Wang

JHEP04(2024)026

 Systematic uncertainties  

non-prompt background estimate(dominant) 

QCD modeling(reweighing  to data) mjj
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https://link.springer.com/article/10.1007/JHEP04(2024)026


 3 types of EFT operator related to  

 Four Higgs boson covariant derivatives ( ) 

 Two Higgs boson covariant derivatives and two field-
strength tensors ( )  

 Four field-strength tensors ( ) 

 Cut-off scale energy scan and 2-D limits 
 Better limits are on 

W±W±jj
OS0,1,2

OM0,1,7

OT0,1,2

OT

: Limits on EFT and  productionW±W± + jj H++

Xi Wang

 A quintuplet of fermiophobic Higgs bosons (H±±, 
H±, and H0) （GM model） 

 Excess for the 450GeV mass 

      point (global significance 2.5 )σ

JHEP04(2024)026
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https://www.sciencedirect.com/science/article/pii/0550321385903256?via=ihub
https://link.springer.com/article/10.1007/JHEP04(2024)026


: Introduction and selectionsW+W− + jj

Xi Wang

 First observation of  ( ) at ATLAS 

 Two neural networks(final states with 2 jets and 3 jets) are trained 

 to distinguish signal from largest background: top and QCD WW production 

 Event selection criteria:  

Two signal regions: 2 jets and 3 jets 

(differ by the radiation of an additional gluon) 

 Top CR: same cuts as the SR except for requiring one of  

the two leading jets to be a 𝑏-jet.

EWK W+W−jj 140fb−1

Reduce Drell-Yan events

arXiv: 2403.04869
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Suppress Higgs boson mediated 𝑊 boson pairs via VBF

https://arxiv.org/abs/2403.04869


: Uncertainties and observed resultsW+W− + jj

Xi Wang

 A profile likelihood fit is performed on the NN output observable,  

simultaneously in SR and CR 

 Main uncertainties impact 

Theoretical: Top quark, EWK, MC stats 

Experimental: The calibration of jets 

The observed and expected signal significance are 7.1  and 6.2  

The signal strength obtained from the fit is:  

The observed(expected) fiducial cross-section is 

σ σ

μ = 1.21+0.23
−0.21

2.7 ± 0.5fb (2.20+0.14
−0.13fb)

arXiv: 2403.04869
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https://arxiv.org/abs/2403.04869


: Introduction and selectionsWZ + jj

Xi Wang

 Integrated and differential cross sections for electroweak and inclusive   are measured. 

 Events containing exactly 3 leptons and 2 jets are selected. 

 Backgrounds: 

 Dominant irreducible backgrounds are ZZ and  

 Reducible backgrounds with non-prompt or fake leptons:  

, , ,  and  (Matrix method) 

 SR( ), SR( ), b-CR, ZZ-CR 

 BDT: as final discriminant to separate electroweak and strong  production modes, 

Adversarial-NN: trained to regress the classification output to reconstruct  in order to  

reduce the modelling uncertainties from .

W±Z jj

tt + V

Z + jets Zγ t t Wt W W

Njets = 2 Njets > = 3

W±Z jj

mjj

mjj

arXiv: 2403.15296

The post-fit distributions in SR and CRs
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EWK QCD

https://arxiv.org/abs/2403.15296


: Integrated and differential measurementsWZ + jj

Xi Wang

  and  integrated measurements 

 : A good agreement of the MC predictions with the measured 

 : The integrated cross-section is measured to be lower than  

 the prediction from both MC event generators by a factor of 0.7 

 

  differential cross-section measurements 

 sensitive to aQGC: , ,  

 the kinematics of jets: , , ,  

 the jet activity in the gap: ,  

 BDT score

WZ jj − EW WZ jj − Strong

WZ jj − EW

WZ jj − QCD

WZ jj

Σpl
T Δϕ(W, Z ) mWZ

T

NpT>40GeV
jets Δyjj mjj Δϕjj

Ngap
jets zj3

arXiv: 2403.15296
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https://arxiv.org/abs/2403.15296


: Dim-8 EFT limitsWZ + jj

Xi Wang

 A two-dimensional combination of the BDT score, separating  from  

 events, and  observable is used to look for dimension-8 EFT contributions. 

 No deviation with respect to the SM predictions is observed and the expected and  

observed 95% confidence level (CL) lower and upper limits on the given Wilson coefficients 

 Coefficients associated to the  and  operators are the most tight constraint. 

 The unitarity bounds from Ref. are used with only one non-zero Wilson coefficient in the  cut-off energy figure.

WZ jj − EW

WZ jj − QCD mWZ
T

OT0
OT1

mWZ

arXiv: 2403.15296
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.113003
https://arxiv.org/abs/2403.15296


: Introduction and selectionsWγ + jj

Xi Wang

 Full run2 data at  is used 

 To observe  production  
 To measure a fiducial and differential cross section 

 Background estimation 

 Dominated by  

 Data-driven methods: , , , pileup 
 Neural Network is used to classify signal and background processes. 
 SR, CRa, CRb, CRc regions with  are defined for signal extraction.

s = 13TeV

EW Wγjj

QCD Wγjj
j → e/μ j → γ e → γ

mjj > 1000 GeV

arXiv: 2403.02809
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https://arxiv.org/abs/2403.02809


: Signal extraction and differential cross sectionWγ + jj

Xi Wang

 Signal extraction 

 Observed(expected) significance well above six standard deviations  

 Measured signal strength  (using Sherpa) 

 Measured fiducial cross section  

 Differential cross section measurements 

 Unfolded using an iterative Bayesian method  

 Measured in 

(6.3σ)

μEW = 1.5 ± 0.5

σEW = 13.2 ± 2.5fb

Mjj, pT
jj , ΔΦjj, Mlγ, pT

l , ΔΦlγ

Large signal modeling uncertainty 
from the choice of event generator

arXiv: 2403.02809
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https://arxiv.org/abs/2403.02809


: EFT interpretationWγ + jj

Xi Wang

 The most stringent expected limit on each coefficient is obtained from either the  distribution.  

 The D-8 and interference terms are generated at LO using MadGraph5+Pythia8, with the same PDF and parameter tunes for modeling as the 
SM terms. 

 Clipping technique is used for the limits on the Dim-8 Wilson coefficients. 

 The constraints on the  and  operators represent the first such limits at the LHC.

pT
jj or pT

l

fT3
fT4

Expected and observed 95% CL limits for specified  cut-off valuesMWγExpected and observed 95% CL limits of the tensor-type operator coupling fT3

arXiv: 2403.02809
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https://arxiv.org/abs/2403.02809


Summary

Xi Wang

 ATLAS collaboration has made significant advancements in vector boson scattering physics. VBS 
has proven to be an essential tool for testing the Standard Model and exploring new physics. 

 New observation and differential cross section measurements are presented. Limits are set on the 
corresponding EFT dim-8 operators. 

 New analyses underway, stay tuned for Run 3 upcoming results! 

 More data with  

 Precise theory predictions for signal and background 

 constraints on EFT operators 

 Finding new physical characters via VBS processes

s = 13.6TeV
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Thanks for your attention



Vector boson scattering in LHC

Xi Wang

 Vector-boson reconstruction 

 fully leptonic channels:  

 not large branch ratio for W(20%) and Z(6.7%) ,  leptons not considered due to the secondary decays. 

 cleanest final states and satisfactorily cover the phase spaces of all VBS processes 

 : golden channel in the study of VBS 

 Semi-leptonic channels:  

Even larger cross sections but overwhelmingly dominated by single-boson processes ->negligible sensitivity compare to fully leptonic channels 

 Boosted vector bosons  

most stringent limits on the Wilson coefficients of EFT operators 

 Fully hadronic channels: 

 Dominant multi-jet background 

 Two boosted gauge bosons 

 Even better sensitivities than semi-leptonic channels on EFT operators, there are no public LHC analyses 

τ

same − sign W±W±jj

pT(qq ) ≳ 220GeV
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: Systematic uncertainties and differential cross sectionsZZ + jj

Xi Wang

 Systematic uncertainties                                                 Differential cross-section measurements 
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: SelectionsZZ + jj

Xi Wang

 the centrality of the four-lepton system 

Selection table
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: Limits on EFTW±W± + jj

Xi Wang

 Expected and observed limits on the Wilson coefficients

JHEP04(2024)026
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https://link.springer.com/article/10.1007/JHEP04(2024)026


: Differential measurements and uncertaintiesW±W± + jj

Xi Wang ATLAS VBS measurements

 The agreement is worse for mT where an overprediction of the data in the region 170 < mT < 210 
GeV and underprediction in the region 310 < mT < 410 GeV are observed, which follow the 
behaviour at the reconstructed level.

25
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: Additional differential cross section resultsWZ + jj
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Xi Wang ATLAS VBS measurements

 Cross sections for different regions

: Additional cross section resultsWZ + jj
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: Fiducial regionsWγ + jj

Xi Wang ATLAS VBS measurements

 Definition of fiducial regions
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