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Introduction & Motivation
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• Signal: six fermions final state at leading order 


• Irreducible background: QCD-induced 


• Interference: between EW and QCD 

• Reducible background due to mis-ID of final state particles

• Significant systematic uncertainties from jet energy reconstruction and background 

modeling 

𝒪(α6)
𝒪(α4α2

s )
𝒪(α5αs)
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Three-gauge-boson couplings

+ four-gauge-boson couplings

+ Higgs couplings

arxiv.org/abs/hep-ph/9711302

Introduction & Motivation
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Important process to investigate electroweak symmetry breaking(EWSB)

 Probe the nature of EW symmetry breaking

 Unitarity preservation visible only in VV scattering


Complimentary to direct Higgs Boson measurement


The perturbative cross section of longitudinal VBS (￼ ) 

diverges, if there was no Higgs boson or a similar mechanics

Sensitive to anomalous coupling 


Triple and quartic gauge coupling


VLVL → VLVL

ℒEFT = ℒSM + ∑
i

c(6)
i

Λ2
𝒪(6) +

c(8)
i

Λ2
𝒪(8) + . . . .

￼WLWL → WLWL
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Recent VBS measurements from CMS
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CADI Analysis Journal

SMP-20-016 Zγjj CDS preliminary result

SMP-20-006 Polarized W±W±jj PLB 812 (2020) 136018

SMP-20-001 ZZjj PLB 812 (2020) 135992

SMP-19-008 Wγjj (2016 data) PLB 811 (2020) 135988

SMP-19-012  W±W±jj and WZjj PLB 809 (2020) 135710

SMP-18-007 Zγjj (2016 data) JHEP 06 (2020) 076

SMP-18-006 VVjj (2016 data) PLB 798 (2019)134985

SMP-18-001 WZjj (2016 data) PLB 795 (2019) 281

SMP-17-004 W±W±jj (2016 data) PRL 120 081801 (2018)

SMP-17-006 ZZjj (2016 data) PLB 774 (2017) 682

SMP-16-018 Zjj (2016 data) EPJC 78 (2018) 589

http://cds.cern.ch/record/2759297?ln=en
https://arxiv.org/pdf/2009.09429.pdf
https://arxiv.org/pdf/2008.07013.pdf
https://arxiv.org/pdf/2008.10521.pdf
https://arxiv.org/pdf/2005.01173.pdf
http://arxiv.org/abs/2002.09902
http://arxiv.org/abs/1905.07445
https://arxiv.org/abs/1901.04060
https://arxiv.org/abs/1709.05822
https://arxiv.org/abs/1708.02812
https://arxiv.org/abs/1712.09814
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 EW same-sign W±W±jj and WZjj production
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CMS-SMP-19-012  (Phys. Lett. B 809 (2020) 135710)

• Measurement of VBS W±W± and VBS WZ with fully leptonic final states


• Simultaneous fit in several signal regions (SRs) and control regions(CRs)

 W±W± SR:   2D distributions


 WZ SR: BDT discriminant variable

 CRs to estimate the normalization of non-prompt leptons, tZq, and ZZ 
background processes


• Signal significance and cross section

 W±W±:  ; inclusive and differential cross section as functions of 
￼ , ￼  and ￼  in fiducial region

 WZ:  6.8￼  obs. (5.3￼  exp.); inclusive and differential cross section as 
function of ￼  in fiducial region

mjj − mll

≫ 5σ
mjj mll pmax

T
σ σ

mjj
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 EW same-sign W±W±jj and WZjj production
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 Polarized EW same-sign W±W±jj production
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CMS-SMP-20-006  (Phys. Lett. B 812 (2020) 136018)
• First measurement of the EW production cross sections for 

polarized same-sign W±W± boson pairs (based on SMP-19-012)


• Signal sample  simulated in WW/pp center-of-mass frame


• Simultaneous fit in bins of two BDT discriminant variables


  : signal BDT (   vs ) and inclusive BDT 

(VBS vs Bkg.)


  : signal BDT (   vs ) and inclusive BDT 

(VBS vs Bkg.)

 Selection and CRs are same as EW W±W± production 
(SMP-19-012)


• Signal significance and cross section

 WW frame 

 pp frame 

W±
L W±

L

W±
L W±

L W±
L W±

L W±
T W±

X

W±
L W±

X W±
L W±

X W±
T W±

T
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Observed (expected) limit of 1.17 (0.88) fb for  ; 

Observed (expected) significance 2.3  (3.1 ) for  
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 EW Wγjj production
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CMS-SMP-19-008  (Phys. Lett. B 811 (2020) 135988)
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• First observation of the VBS Wγ production with leptonic final 
states


• Signal events are extracted from 2D -  distribution


 Simultaneous fit in the CR and SR


• Signal significance and cross section


 Observed (expected) significance 5.3  (4.8 ) (13 TeV+8TeV)

 Fiducial cross section are measured as:


          


        

mjj mlγ

σ σ

σEW = 20.4 ± 4.5 fb σtheory
EW = 17.0 ± 4.1 fb

σEW+QCD = 108 ± 16 fb σtheory
EW+QCD = 89.7 ± 13.9 fb
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 EW ZZjj production

￼10

• Evidence of VBS ZZ production with fully leptonic final states


• Irreducible background ￼ ￼ ZZjj simulated in NLO, loop-induced 

production gg ￼  ZZjj simulated at LO

 K-factor from higher order applied


• Signal events are extracted from the ￼  discriminant distribution.


 A matrix-element discriminant ￼  is used to separate the 
signal and QCD background. (Similar sensitivity with BDT).





• Fiducial cross section is measured in the three phase-spaces

 ZZjj inclusive

 Loose VBS-enriched

 Tight VBS-enriched

qq̄→
→

KD

KD

[1 + c(m4l)
PQCD( ⃗Ω4l+jj |m4l)

P(VBS)( ⃗Ω4l+jj |m4l)
]−1

CMS-SMP-20-001  (Phys. Lett. B 812 (2020) 135992)
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 EW ZZjj production
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• The high signal purity contribution is visible at large discriminant values

• Observed (expected) signal significance 4.0 (3.5) standard deviations.

• The fiducial cross section in three regions are measured 
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 EW Zγjj production
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CMS-SMP-20-016 Preliminary result available

• First observation of the VBS Zγ production with 
leptonic final states


• Simultaneous fit in the control region(CR) and signal 
region(SR)


 SR: 2D -  distribution


 CR: 1D  distribution


• Signal significance and cross section


 Observed (expected) significance far than 5 

 Fiducial cross section for EW and EW+QCD

 Differential cross section for EW/EW+QCD as 

functions of 1D variables , ,  and 2D 

variable -
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 EW Zγjj production
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Anomalous coupling
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• Limits on aQGCs are set by EFT approach. 

• Dimension-8 operators that can modify the VVjj production through aQGCs are 

considered

• The di-boson system is sensitive to aQGCs

• The most stringent limits to date on the aQGC parameters:


  and  from Wγ

  from ZZ

  from Zγ

  from W±W± is competitive with WV ZV.
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Summary
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• The first polarized  same-sign W±W±  measurement


• The first observation of EW production of WZ (CMS), Zγ and Wγ


• Fiducial cross-sections are measured in all channels


• Differential cross sections as functions of interesting variables are 
measured in EW production of W±W±, WZ, and Zγ


• AQGC limits on dimension 8 operators are set

Several of the most stringent limits are provided by VBS


