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• Recent Run 2 ATLAS and CMS VBS results at √s of 13 TeV 
• Using datasets with integrated luminosity of 36 fb-1  

• Measurements of EW production of W±W± by ATLAS and CMS
• ATLAS-CONF-2018-030, PRL. 120, 081801 (2018)
• Evidence by ATLAS and CMS in Run-2
• Events with two same sign leptons in association with two jets

• Measurements of EW production of W±Z by ATLAS and CMS 
• ATLAS-CONF-2018-033, CMS-PAS-SMP-18-001 
• Events with three leptons in association with two jets 

• Measurement of EW ZZ production by CMS
• Phys. Lett. B 774 (2017) 682 
• Events with four leptons in association with two jets

Recent LHC results
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• VVjj process cross section at leading-order (LO): 

• Pure EW contribution at O(𝛼6)  

• VBS and irreducible EW (separately not gauge-invariant) 

• QCD induced contribution at O(𝛼4𝛼s2)  

• Interference of the EW and QCD amplitudes contributes at O(𝛼5𝛼s)  

• O(+1%) in typical fiducial region

Vector boson scattering
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• Recent Run 2 ATLAS and CMS VBS results at √s of 13 TeV 
• Measurements of W±W± and WZ SM EW production fiducial cross sections 

• Need for reliable predictions: higher orders, parton showers, 
approximations, etc.

Recent LHC results
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• Study of the semileptonic WV and ZV VBS processes 
• Benefit from the large hadronic branching fraction of W or Z boson 
• Ability to fully reconstruct the WV mass 

• Up to quadratic ambiguity  
• See previous talk 

• W±Vjj includes contributions from:
• W±W±jj, W±Wjj, and W±Zjj VBS processes

• ZVjj also includes contributions from ZZjj
• W/Z in VBS events can be highly boosted

• Main challenges of the WVjj channel:
• Large backgrounds from W+jets and top
• Difficult to separate WW and WZ production

Semileptonic final states
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• W/Z in VBS events can be highly boosted
• Particular interest for anomalous couplings 
• Influence of higher order operators most prominent at: 

• Large boson pT 
• Large di-boson invariant mass 

• Large radius V-jets 
• V-jet tagging via substructure techniques 

• Before computing the mass  
• Remove pileup and soft wide angle radiation

Boosted W/Z
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PRL 120 (2018) 071802



• Boosted V-tagging techniques still rapidly advancing  
• Active advances with deep neutral networks and boosted decision trees 
• Large factors in background suppression appear within reach

Experimental challenge: boost
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Ian Moult: BOOST16



• LHC during 2015-2018: on average 15-40 pileup 
• Pileup affects missing energy, jet substructure, lepton isolation, etc. 

• Different techniques to mitigate the effect of pileup in ATLAS and CMS 
• Examples: Jet vertex tagger in ATLAS and Puppi in CMS 

• HL-LHC 

Pileup mitigation
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• Large backgrounds from W+jets 
• Determine ratio fo simulated to data distributions in sideband 
• Extrapolate to signal region using transfer function (from simulation) 
• Accounts for data-MC differences in shape and normalization

Background estimation
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• ATLAS measurement of WVjj at 8 TeV 
• Resolved and merged V-jets considered 

• Leptonic W reconstructed from the neutrino solution 
• Optimized for AQGC sensitivity 

• mjj>800 GeV, boson centrality, pT balance, etc. requirements  
• Leptonic W reconstructed from the neutrino solution 

•

ATLAS 8 TeV measurement
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Phys. Rev. D 95 032001 (2017) 



• Use transverse mass of the WV system to search for AQGC signal 

• Resolved category is split by charge

ATLAS 8 TeV measurement
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• Resolved category  
• No excess seen

ATLAS 8 TeV measurement
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• More stringent limits than the corresponding W±W± and WZ leptonic 
channels 

• Boosted category improves the limits by 40%

ATLAS 8 TeV measurement
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• Measurements of VBS cross sections of O(1fb) in leptonic channels 
• Measurements are statistically limited 
• Current 13 TeV results using dataset of 36 fb-1  

• ATLAS and CMS have accumulated ~30 fb-1  at √s of 7/8 TeV and ~150 fb-1  

at √s of 13 TeV 
• Semileptonic measurements at 13 TeV to come

LHC Run 2
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• First measurements of the VBS processes by ATLAS and CMS 
• In leptonic channels 

• Many measurements yet to come with full run-2 data sample 
• Including semileptonic channels 
• Expect more than 150 fb-1 by the end of the year 

• Semileptonic channels not sensitive to SM EW production yet 
• But give stringent limits on AQGC 

• Use of boosted jets in anomalous coupling studies

Summary
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ADDITIONAL MATERIAL

09/20/18  16



• Vector boson scattering (VBS) at the LHC 
• Interaction of massive vector bosons (W, Z) radiated by partons of the 

incoming protons 
• Probe the non-Abelian gauge structure of the EW interactions 

• Key process to investigate electroweak symmetry breaking 

• Typical signature of VBS events: 2 energetic jets and four fermions 
• The scattering diagram can be mediated by Higgs boson 

• Interaction of longitudinally polarized bosons is of particular interest

Vector boson scattering

 1709/20/18



• VBS events at LHC have distinct event topology  
• Two energetic jets with large di-jet mass (mjj) and pseudorapidity 

separation |Δyjj| 
• “Centrality” of the diboson system with respect to the two forward 

jets  
• Common feature of all VBS signatures: 

• Example of W+W+ 
• Cuts to enhance the EW contribution 

• mjj and |Δyjj| requirements 
• ‘Centrality’ requirements

Experimental signature
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Ballestrero, et al.; 1803.07943
Phys. Rev. D 54 (1996) 6680

Interference 

QCD EW 



• W±W± has the largest ratio of EW production to QCD initiated production
• Double charge structure of the leptonic final state
• QCD consists of diagrams with a gluon connecting the quark lines (no 

diagrams with gluon-gluon or quark-gluon)

Same-sign WW
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• Measurement performed in ee, μμ, and eμ final states
• Major backgrounds (non-prompt leptons and QCD+EW WZ) estimated 

from data (use low mjj  for the WWjj QCD enhanced control region)
• Signal extracted from a fit to mjj and mll  distributions (and control 

region)
• Major uncertainties: jet energy scale/resolution, background modeling

• Observed (expected) significance is 5.5 (5.7) standard deviations

CMS same-sign WW
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• Measurement performed in ee, μμ, and eμ final states
• Major backgrounds (non-prompt leptons and QCD+EW WZ) estimated 

from data (use low mjj  for the WWjj QCD enhanced control region)  
• Signal extracted from a fit to mjj distribution in signal and control region
• Major uncertainties: jet energy scale/resolution, background modeling

• Observed (expected) significance is 6.9 (4.6) standard deviations

ATLAS same-sign WW
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• ATLAS and CMS fiducial definitions  
• Main differences from jet pT and MET requirements 

• CMS cross section:  
• The predicted cross section calculated at LO using Madgraph

• ATLAS cross section:  
• The predicted cross section calculated at LO using Sherpa

Cross section measurement
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σmeas = 3.83 ± 0.66(stat) ± 0.35(syst)fb
σpred = 4.25 ± 0.27fb

σmeas = 2.91 ± 0.50(stat) ± 0.27(syst)fb
σpred = 2.01 ± 0.28fb



• What about theory predictions? How consistent are different theory 
predictions? 

• CMS uses Madgraph, ATLAS uses SHERPA 
• The interference contribution is not included (O(1%)) 

• Powheg includes NLO QCD corrections. What about NLO EW corrections? 
• Need for reliable predictions: higher orders, parton showers, 

approximations, etc.

Theory predictions
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• Same sign WW is the only diboson process with full NLO computation (EW 
and QCD) 

• EW corrections are large and negative (~-15%) in the fiducial region 
• Common feature for the VBS at LHC? 

• Meaningless distinction between EW signal and QCD background at NLO

NLO corrections
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• Measurement performed in three lepton final states
• Major background (QCD WZ) estimated from data (use low mjj  for the 

WWjj QCD enhanced control region)
• BDT trained to separate WZ EW signal from other processes

• Observed (expected) significance is 5.6 (3.3) standard deviations

ATLAS WZ
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Control region



• Fiducial cross section: 
• Sherpa
• Madgraph
• Differential cross sections in the VBS fiducial phase space

ATLAS WZ
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σmeas = 0.57 ± 0.14(stat) ± 0.05(syst) ± 0.04(th.)fb
σpred = 0.32 ± 0.03fb
σpred = 0.37 ± 0.01(stat)fb

mjj mT Njets



• Measurement performed in three lepton final states
• Major background (QCD WZ) estimated from data (use low mjj  for the 

WWjj QCD enhanced control region)
• Signal extraction using 2D mjj and |Δyjj|distributions

• Observed (expected) significance is 1.9 (2.7) standard deviations

CMS WZ
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• Measured WZjj QCD+EW cross section in VBS enhanced phase space 

• Theory prediction computed using Madgraph at LO 

• What about NLO corrections for WZ? 

• Talk by Matthieu Pellen at QCD@LHC 2018 
• Large corrections (similar to W±W± )!

CMS WZ
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• ZZjj measurement in fully leptonic final state 
• Small cross section but clean signature 

• Exploit BDT to enhance the sensitivity 

• Observed (expected) significance is 2.7 (1.6) standard deviations

CMS ZZ
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• Search for anomalous quartic gauge couplings 
• Enhancement of cross section at large diboson mass 

• Use effective field theory (presented without unitarity bounds):

Anomalous couplings
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Same-sign WW yields
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CMS

ATLAS



ATLAS and CMS WZ
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ATLAS WZ 
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CMS WZ 
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