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Vector Boson Scattering(VBS)
 Standard Model predicts self-interactions between the electroweak gauge bosons

 These self-couplings can involve either three or four gauge bosons at a single vertex, known as triple 
and quartic gauge couplings, respectively.

 EWK WZjj production (signal)

 Fully leptonic final state which contains three leptons and two jets

 Characteristic kinematic signature with the products of two bosons produced centrally and two 
forward jets with large spatial separation in rapidity and a high invariant mass

 Challenging separation between the signal and the backgrounds
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EWK WZjj productions

Study of 

electroweak 

symmetry 

breaking through 

the vector boson 

self-couplings



Vector Boson Scattering(VBS) (2)
 Backgrounds:

 Reducible background: 𝑍 + 𝑗𝑒𝑡𝑠, 𝑍𝛾, 𝑡 ҧ𝑡 and 𝑊𝑡

 Irreducible background:𝑊𝑍𝑗𝑗 − 𝑄𝐶𝐷, 𝑡 ҧ𝑡𝑉, 𝑡𝑍, 𝑉𝑉𝑉, 𝑍𝑍𝑗𝑗 − 𝑄𝐶𝐷 and 𝑍𝑍𝑗𝑗 −𝐸𝑊𝐾
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• At least one “fake” lepton

• Matrix method technique

• At least three prompt 

leptons in the final 

state

• Simultaneous fit in 

dedicated CRs

Main 

background
Fit in SR

• Presence of gluons

• Low rapidity separation and low 

invariant mass of the two jets system

WZjj probes:

Explore the 

existence of New 

Physics through 

deviations from SM
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Effective Field Theory (1)
 There are two methods to look for physics beyond the Standard Model (BSM). 

 Look for new particles (model-dependent)

 Look for new interactions of SM particles (model-independent)

 We use the second method and we try to notice deviations in the tails of the 

distributions of some kinematical variables.
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Effective Field Theory (2)
 The Effective Field Theory (EFT) is the natural way to expand the SM such that the gauge 

symmetries are respected

 The EFT provides a way to search for effects of BSM

 Construction of an EFT Lagrangian:

 SM: general theory of quark and lepton fields and their interactions with vector boson and the Higgs fields

 Extend the theory: Add operators of higher dimension

 The EFT Lagrangian can be expressed as:

Where: Λ is the scale of new physics

𝑂
𝑖

(6)
, 𝑂

𝑖

(8)
are the Lorentz and gauge invariant dimension-6 and dimension-8 operators

𝑐𝑖
(6)

, 𝑐𝑖
(8)

are the dimensionless Wilson coefficients of the dimension-6 and 8 effective operators 

 Λ can be assumed as common to all the coefficients, the Wilson coefficients can be written as: 
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Energy scale of the 

interaction must be 

E < Λ



Effective Field Theory (3)
 We use the dimension-8 operators because they are dominant in anomalous QGC 

 In order to avoid the production of large amounts of Monte Carlo samples, we will profit from the 
decomposition method
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They are divided into three 

categories: Longitudinal (LS), 

transverse (LT) and mixed (LM)

SM term

Interference term 
between SM-EFT

(Linear term)

Pure EFT 

contribution

(Quadratic term)

Interference 
term between 
EFT operators
(Cross term)



Strategy and results for the 
extraction of truth level limits9



Procedure for the extraction of truth level limits

 For the unfolded WZjj measurements the Fiducial WZjj-EW phase space is used and a 

Rivet routine was created 

 The asymptotic approximation is used in order to extract the truth level  limits

 Limits are extracted using seven different kinematical variables trying one kinematical 

variable at a time in order to define the most sensitive to dimension-8 operators 

 The binning used for each kinematical variable is the one used in the respective 

differential distribution which is guided by the minimum required statistics for each bin

 Extraction of expected 95% CL lower and upper limits on the aQGC for two different 

cases: 

 1) using one aQGC operator at a time setting all the other anomalous couplings to the SM value 

and

 2) using simultaneously two aQGC operators of the same family and setting all the other 

anomalous couplings to SM value

 Both experimental and theory uncertainties that affect the 𝑊𝑍𝑗𝑗 SM and EFT processes 

are taken into account

 The EFTFun tool implemented based on the decomposition property of the EFT samples, is 

used for the extraction of the limits
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https://rivet.hepforge.org/analyses/ATLAS_2018_I1711223.html
https://gitlab.cern.ch/eft-tools/eft-fun/blob/master/EFTfit.md


Results for truth level limits (1)11

The transverse mass of 

the diboson system

𝑀𝑇
𝑊𝑍 gives the best 

expected limits for all 

the operators

Expected lower 
and upper 95% CL 
limits on the Wilson 

coefficients

Input measurements: 
unfolded distributions

Work in progress

Work in progress



Results for truth level limits (4)
 Limits on aQGC Wilson coefficients are also derived fitting two parameters 

simultaneously

 The 𝑀𝑇
𝑊𝑍 gives the best expected limits
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Work in progress

Work in progress



Strategy and results for the extraction 

of reconstructed level limits13



Procedure for the extraction of reconstructed level 

limits
 For the reconstructed measurements the phase space of the WZjj VBS signal region 

is used

 Optimization of the binning of the kinematical variables

 The asymptotic approximation is used in order to extract the truth limits 

 To maximally profit from the sensitive kinematical variables two variables relatively 

uncorrelated are selected. This template is created by binning two kinematical 

variables simultaneously. 

 Also a comparison between the limits derived using the two-variable fit template 

and the limits derived using only one kinematical variable is done 

 The limits are extracted using one operator at a time

 The experimental and theory uncertainties that affect the 𝑊𝑍𝑗𝑗 process are taken 

into account 

 The tool used for the extraction of the limits is the EFTFun tool 
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https://gitlab.cern.ch/eft-tools/eft-fun/blob/master/EFTfit.md


Binning Optimization 
 After performing  a binning optimization, the results for the 

optimized binnings are:

 For the 𝑀𝑇
𝑊𝑍 and the 𝑀𝑗𝑗the CMS binning will be used for 

comparison reasons, as the differences in the 95 % CL limits 
when using either the optimized binning or this binning are 
negligible.

15 Work in progress

Work in progress

Work in progress

https://www.sciencedirect.com/science/article/pii/S037026932030513X


Results for reconstructed level limits (1)
 Extraction of the limits using

 one dimensional distribution (𝑀𝑇
𝑊𝑍) in the fit

 two-dimensional distibutions (𝑀𝑇
𝑊𝑍- 𝑀𝑗𝑗 and 𝑀𝑇

𝑊𝑍- BDT score) in the fit

 Create two-dimensional templates by binning two kinematic variables simultaneously 

 Create one dimension by ’unrolling’ the bin contents
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Work in progress Work in progress



Results for reconstructed level limits (2)17

The two dimensional 

template

of the 𝑀𝑇
𝑊𝑍 with the 

BDT score gives the 

best expected limits

Expected lower 
and upper 95% CL 
limits on the Wilson 

coefficients

Work in progress



Results for reconstructed level limits (5)
 EFT is not a complete model

 the presence of non-zero aQGCs will violate tree-level unitarity at sufficiently high energy

 More physical limits can be obtained using the clipping method by:

 cutting the EFT integration at the unitarity limit and

 keeping the SM predictions at invariant mass of parton level WZ, even above the unitarity
limit 
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Work in progress Work in progress
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Discussion (1)
 Comparison between truth and reconstructed level expected 95% CL lower and 

upper limits on the aQGC Wilson coefficients of the corresponding dimension-8 

operators

 Kinematical variable: 𝑀𝑇
𝑊𝑍

 Binning: the one used for the extraction of the truth level limits
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The reconstructed level 

limits are better than the 

truth level limits

Work in progress



Discussion (2)
 Comparison of the reconstructed level expected 95% CL lower and upper limits of 

this study with the CMS experiment

 Kinematical variable: two dimensional template of  𝑀𝑇
𝑊𝑍- 𝑀𝑗𝑗

 Binning: the one used for the extraction of the reconstructed level limits
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A direct comparison of 

the two results cannot be 

made as the CMS 

experiment is using an 

older version of the Eboli-

Garcia model.

Work in progress

https://www.sciencedirect.com/science/article/pii/S037026932030513X
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Conclusion
 Conclusions

 Truth level 

 Results on single operator 95% C.L. expected limits for some dimension-8 operators for the WZjj VBS fully leptonic channel 
were presented corresponding to full Run2 luminosity (139 fb-1)

 Results on 95% C.L. expected limits using two operators simultaneously for some dimension-8 operators for the WZjj VBS fully 
leptonic channel were presented corresponding to full Run2 luminosity (139 fb-1)

 Limits are extracted using seven different kinematical variables assuming one kinematical variable at a time in order 
to obtain which is the most sensitive to dimension-8 operators

 The transverse mass of the diboson system𝑀𝑇
𝑊𝑍 gives the best expected limits for all the operators

 Reconstructed level

 Binning optimization

 Results on single operator 95% C.L. expected limits for some dimension-8 operators for the WZjj VBS fully leptonic channel 
were presented corresponding to full Run2 luminosity (139 fb-1)

 Extraction of the limits using

 one dimensional distribution (𝑀𝑇
𝑊𝑍) in the fit

 two-dimensional distibutions (𝑀𝑇
𝑊𝑍- 𝑀𝑗𝑗 and 𝑀𝑇

𝑊𝑍- BDT score) in the fit

 The two dimensional template of the 𝑀𝑇
𝑊𝑍 with the BDT score gives the best expected limits

 clipping method

 Comparison of expected truth and reconstructed level limits 

 Comparison of expected reconstructed level limits between ATLAS and CMS experiments
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Next steps
 Next steps:

 All issues of the analysis have been addressed and unblinding will start very soon. 

 Extraction of observed limits from differential and reconstructed distibutions

 All these results will be published soon 

 Extracted limits will be available for combination with other analyses

 Run3 WZ VBS analysis

 We are planning to perform a complete study of both dim-6 and dim-8 operators for the WZjj

VBS channel using the new SmeftFR v3 
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https://www.fuw.edu.pl/smeft/
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Phase space defitinion for the cross section measurements
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Figure 2: Example diagram of tZ j production at LO in QCD.

sections/VBSTheoryPredictions302

Stateof theart theory predictions for WZj j−EW production now includeQCD and electroweak corrections303

up to NLO [15]. But these arefixed-order calculation and are not yet available in MC event generators304

interfaced to parton showers. Only recently afirst attempt to match NLO QCD calculations of electroweak305

W±Zj j production to parton showers hasbeen performed [16]. But noneof these predictions are presently306

available for exactly our measurement phase space. Therefore we are reporting below pure LO cross307

sections from the MC event generators used in the analysis. Details of the settings used for the MC308

generators aredetailed in section 3.2.1.309

Thecrosssection for WZj j−EW production predicted by MadGr aph+Pyt hia, for agiven flavour channel,310

in theWZj j−EW fiducial phase-spacedefined in section 2.2 is:311

σMadGr aph+Pyt hia
W Z j j −EW = 0.370± 0.001 (stat.)+0.006

−0.006 (PDF)+0.030
−0.026 (scale) fb . (2)

For comparisons, thesamecross section predicted by MadGr aph+Her wig is:312

σMadGr aph+Herwig
W Z j j −EW = 0.354± 0.001 (stat.) fb, (3)

and predicted by Sher pa is:313

σSher pa
W Z j j −EW = 0.3237 ± 0.0008 (stat.) fb . (4)

Thecross section for WZj j−QCD production can becalculated at theNLO level in QCD and merged to314

parton shower using MadGr aph+Pyt hia, as detailed in section 3.2.2. This calculated cross-section, for a315

given flavour channel, in theWZj j−EW fiducial phase-space is:316

σMadGr aph+Pyt hia
W Z j j −QCD = 1.5145 ± 0.0086 (stat.)+0.016

−0.016 (PDF)+0.086
−0.147 (scale) fb . (5)

In the WZj j−EW fiducial region the cross section of the interference contribution is calculated at LO317

using MadGr aph+Pyt hia to beσfid., WZjj−INT th. = 0.0226± 0.0002 (stat.) fb. It thereforerepresents6.1%318

of theWZj j−EW contribution.319

The evolution of the WZj j−QCD and WZj j−EW cross sections in the fiducial phase space are also320

presented asa function of the invariant mass of the two tagging jets mj j and of the jet multiplicity Njets in321

Tables 2 and 3, respectively.322

15th June2021 – 16:58 12

Concerning the three leptons

Concerning the two jets

Electroweak WZjj cross section prediction by MadGraph+Pythia8:

(our signal MC sample)



Baseline event selection:
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WZ Event selection

FCTight

Object selection



Define the SR and the three background CR:

+ one ZZ CR defined by 

inverting the 4th lepton veto
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Global WZjj strategy
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WZjj selection

L.Portales

● WZjj events are first required to pass the inclusive selection (slide 5)

● The WZjj event selection is then done by applying cuts in the table

● Fiducial phase space is finally divided in 3 orthogonal regions for the template fit 

SR (WZjj-EW)QCD-CR (WZjj-QCD)

 b-CR (tt + V)

mJJ > 500 GeV

Nb-jet = 0

mJJ < 500 GeV

Nb-jet = 0

Nb-jet > 0

Highest pT jet is first selected as first tagging jet,

Second tagging jet selected from jets in opposite hemisphere

b-CR (ttV and tZ)

Signal region: where 

the measurement is 

done

QCD-CR

Not used in the 

cross section 

measurement

No impact on any 

result other than 

the expected 

sensitivity
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WZjj selection

L.Portales

● WZjj events are first required to pass the inclusive selection (slide 5)

● The WZjj event selection is then done by applying cuts in the table

● Fiducial phase space is finally divided in 3 orthogonal regions for the template fit 

SR (WZjj-EW)QCD-CR (WZjj-QCD)

 b-CR (tt + V)

mJJ > 500 GeV

Nb-jet = 0

mJJ < 500 GeV

Nb-jet = 0

Nb-jet > 0

Highest pT jet is first selected as first tagging jet,

Second tagging jet selected from jets in opposite hemisphere




