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● Observation of Higgs Boson
○ Consistent with the SM , within current uncertainties!
○ W and Z gauge bosons acquire longitudinal 

polarization via the Brout-Englert-Higgs mechanism :  
three goldstone bosons H± and H0 “eaten up” by W 
and Z 

       
  𝑸. Higgs Boson lone player responsible for Electroweak Symmetry Breaking ?
● Measurements of vector boson scattering (VBS) processes → Key process to 

experimentally probe  nature of EWSB
○ complementary to direct Higgs boson measurements

● The LHC makes it possible to measure many rare  processes predicted by the SM

Introduction & Motivation
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Overview of VBS Measurement
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● VBS topology
○ two  energetic forward jets in opposite hemisphere
○ large dijet mass and ∆ηjj

● Experimental Analysis 
○ Select VV events with VBS-like jets
○ Estimate non-VV backgrounds

■ Non prompt/fake (reducible)
● Selected due to mis-ID ⟹from data

■ Prompt (irreducible)
● Selected without mis-ID ⟹ from MC

○ Measurements 
■ Inclusive and Differential Cross section Measurements
■ Search for anomalous Quartic Gauge Couplings

Kaur Sandeep                                                                                                                                                            ICHEP 2020

jj



W±W± & WZ VBS Full Run II : Overview

● Why W±W±jj ?

○ EW production dominant over 
QCD-induced

○ Distinct same-sign (SS) lepton state with 
low background

● Why WZjj ?

○ Sensitive to charged resonances or 
couplings

○ Clean signature but higher background 
compared to W±W± 
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EWK production

QCD production
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arXiv:2005.01173● First simultaneous W±W±jj  & WZjj analyses using fully leptonic final 
states

Submitted to Phys. Lett. B 
 

https://arxiv.org/abs/2005.01173


W±W± & WZ VBS: Event Selection & Background Estimation
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● WZ SR is dominated by QCD WZ events after 
the kinematic selection 

● MultiVariate Analysis  for WZ → enhance WZ 
EWK production w.r.t  large WZ QCD production 

● Overall good separation between EWK signal and 
background

EVENT SELECTION IN SIGNAL REGIONS

Category Estimation

Non Prompt From Data-Driven technique 

Wrong sign From charge mis-ID scale factors and 
simulated opposite sign events

QCD WZ[*], ZZ[*], 
tZq[*], WW QCD, WW 
DPS, VVV

From simulation

BACKGROUND ESTIMATION :
➔ Backgrounds estimated from simulation 

marked with [*]   have normalization 
assessed from data, others are normalized 
to the best theoretical cross section 
prediction
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W±W± & WZ VBS: Analysis Strategy 

➔ Statistical analysis by simultaneously fitting signal yields in WW & WZ signal regions as well as background 
yields  in control Regions (Non prompt, WZb(tZq) and ZZ) , to assess normalization from data

WW SR WZ SR WW SR 
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EWK WZ  :  6.8 (5.3) σ
EWK WW :  far above 5 σ

W±W± & WZ VBS Full Run II : Results

Absolute  and normalized - WW (EWK+QCD) 
differential cross section measurements on mjj (left 
plot), mll & pT

max and WZ (EWK+QCD) differential 
cross section measurements on mjj(right plot)

Significance    Observed(Expected)
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Inclusive Fiducial Cross section Measurements 



➔ First measurements of EW production cross sections of polarized W±W±

◆ First analysis of its kind with real Data
◆ One of the high profile analyses for HL-LHC

➔ Signal : SM EW WL
± WL

± , WL
± WT

± , WT
± WT

±       MadGraph5_aMC@NLO 2.7.2       
➔ Event Selection & Background Estimation 

◆ same as unpolarized WW VBS analysis     
➔ 2 sets of results based on frame of defining helicity eigenstates

◆  W±W±  COM Frame
◆  Initial state parton parton frame   

➔ Multivariate Analysis
◆ Two Signal BDTs  

● to measure WLWL and WXWT component 
● to measure WLWX and WTWT component 

◆ Inclusive BDT
● to separate EW W±W±  from SM bkg 

                                                                     
                                                        
                
 

Polarized W±W± VBS Full Run II : Overview
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CMS-PAS-SMP-20-006
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➔ Analysis Strategy  : simultaneous fit 
◆ WW SR(2D distribution) 

●  5 bins(inclusive BDT) x 5 bins (signal BDT)  
◆  Remaining CRs

● same as unpolarized WW VBS analysis

http://cds.cern.ch/record/2724972?ln=en


Expected Yields in Longitudinal Component Analysis 

Polarized W±W± VBS Full Run II : Distributions
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            Inclusive BDT 

Uncertainties on Cross section Measurements

Two different fits because there is not enough sensitivity to fit the three of them at the same time for now



➔ Fiducial cross sections Measurement 
◆ W±W±  COM Frame     

● Observed (expected) upper limit: 1.17 (0.88)fb
● Observed (expected) significance (WL

± WX
± ) : 2.3 (3.1) σ

◆ Initial state parton parton frame   

● Observed(expected) upper limit :  1.06 (0.85) fb     
● Observed (expected) significance (WL

± WX
± ) : 2.6 (2.9) σ

                                                                                                                                                                                                                                                                                                             

Polarized W±W± VBS Full Run II : Results
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ZZ VBS Full Run II : Overview

● Measurement of  EW ZZjj production using 4ℓ events
○ Really clean , fully reconstructable final state
○ Small instrumental background

● Challenges 
○ Small cross-section
○ Large QCD induced background

● Background Estimation
○ Irreducible Backgrounds

■ QCD ZZ , ttZ , VVZ        From MC
○ Reducible Backgrounds (Z+X)

■ Z+jets , tt+jets , WZ+jets       Data Driven
● Making use of a matrix-element discriminant (KD) to 

enhance EW production
○ BDT was also studied -  gave consistent results

● Define three regions to measure EW production
○ ZZjj inclusive
○ VBS-enriched loose
○ VBS-enriched tight
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CMS-PAS-SMP-20-001

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-20-001/index.html


ZZ VBS Full Run II : Results
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Distributions in inclusive ZZjj region

Significance  Observed (expected)
EWK ZZ       : 4.0 (3.5) σ

Cross-section
Measurements→
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● Wγ VBS : Larger cross-section 
● Backgrounds

○ QCD Wγjj 
■ From Simulation

○ Fake Photon , Fake Lepton, Double Fake
■ Data-driven

○ Diboson, ttγ, SingleTop, QCD Zγ, e      γ
■ From Simulation

Wγ VBS 2016 dataset : Overview
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EWK production
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 Yields in EW Signal Region

QCD production

CMS-PAS-SMP-19-008

Low mjj control Region 

http://cds.cern.ch/record/2718822?ln=en


Wγ VBS 2016 dataset : Results
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Post-fit 2D distributions
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Fiducial Cross-section MeasurementsSignificance  Observed (Expected)
EW Wγ          5.3  (4.8)

Combining  13 TeV  + 8TeV results



Searches for Anomalous Couplings
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aQGCs : Overview 
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● Traces of heavy states from Beyond Standard Model Physics can be parameterized in terms of 
the Effective Field Theory (EFT) approach. 

● In this analysis, limits on aQGCs are set via EFT approach. Dimension-8 operators that can 
modify VVjj production through aQGCs are considered; one at a time

W±W± WZ ZZ Wγ
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● It is well known that EFT amplitudes grow with MVV and  this growth is unphysical above a 
certain scale Λ; this sets the limit of validity of EFT approach

● This scale  derived from partial wave unitarity condition (as function of Wilson coefficients )
● Above Λ , since the data is consistent with SM, we replace prediction of EFT amplitudes with SM 

in that region; this leads to conservative bounds on EFT Wilson coefficients  [*]

● The technique is known as “Clipping”, and essentially means using EFT only in the region it is 
valid!

● Implementation of “Clipping” in CMS Results
● For aqgc simulation, events violating unitarity (vary with operator values) are rejected ~ max 

80%(WW) & max 50%(WZ). Data & SM processes are not affected.
● Limits on WW or/and WZ aQGC are reported in this way also for the first time

aQGCs: Unitarity Issue 

17[*] Eur. Phys. J. C (2018) 78: 403  Eur. Phys. J. C 80, 181 (2020)
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https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-018-5885-y
https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-020-7728-x
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aQGCs : Results

W±W± & WZ without considering unitarity bounds

W±W± & WZ with considering unitarity bounds

ZZ

Wγ
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Summary
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● Latest CMS results on EW scattering of WW, WZ, ZZ and Wγ presented
● Inclusive cross sections Measurements 
● First Measurement of polarized WW EW cross sections
● First Differential cross sections measurements of W±W± jj & WZjj processes 

on several distributions 
● Limits on dim-8 Wilson coefficients are set for anomalous quartic gauge 

couplings within the EFT validity for the first time
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BACK UP
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◆ Overall good separation between EWK WZ and QCD WZ

   VV variable

       

      jj variables         

V-j mix variables

MVA for WZ
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● Multivariate analysis → enhance WZ EWK production w.r.t  large WZ QCD production 
● 13 Input variables retained ; BDT Gradient chosen from ROC curve

Note: Larger set of discriminating observables studied  but  variables improving  sensitivity &  showing  some S/B separation retained.
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W±W± & WZ VBS: Analysis Strategy & Yields
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W±W± & WZ VBS Full Run II : Results

● Absolute  and normalized - WW (EWK+QCD) differential cross section measurements on mjj (shown below), 
mll & pT

max and WZ (EWK+QCD) differential cross section measurements on mjj(shown below)
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➔ Multivariate Analysis
◆ Two Signal BDTs : same set of variables for both 

● to measure WLWL and WXWT component
● to measure WLWX and WTWT component

◆ Inclusive BDT
● to separate EW W±W±  from SM bkg 
● Variables : mjj,  |Δηjj|, ΔΦjj, pT

j1, pT
j2, pT

j1,  pT
ℓ1, pT

miss, pT
ℓℓ, z*

ℓ1  and  z*
ℓ2

                                                                     
                                                        
                
 

Polarized W±W± VBS Full Run II : Overview
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● Zγ VBS : Larger cross-section & sensitive 
to pure neutral aQGCs

● Backgrounds
○ QCD Zγjj  <- From Simulation
○ Fake Photon <- From template fit method, 

data-driven
○ Diboson, ttγ, SingleTop, QCD Wγ <- From 

Simulation
● Theoretical uncertainties        Largest 

impact on the measurement 

Zγ VBS 2016 dataset : Overview
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EWK production

Kaur Sandeep                                                                                                                                                            ICHEP 2020

JHEP06(2020)076

Dimuon + Barrel Photon Dielectron + Barrel Photon

 Yields in EW Signal Region

QCD production

https://link.springer.com/article/10.1007/JHEP06(2020)076


Zγ VBS 2016 dataset : Results
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Dimuon + Barrel Photon Dielectron + Barrel Photon

Post-fit 2D distributions
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Fiducial Cross-section Measurements

Theoretically predicted: σEW= 4.97 ±0.25 (scale) ±0.14 (PDF) fb

Significance  Observed (Expected)
EW Zγ          4.7  (5.5)

Combining  13 TeV  + 8TeV results



aQGCs : Results

● Analyses improve constraints on wide range of operators
○ Limits without considering unitarization shown here
○ Limits on WW or/and WZ aQGC evaluated after “clipping” as well (backup)
○ Unitarity Bounds provided for ZZ and Zγ (backup)
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Production Cross section Ratio
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