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• Vector Boson Scattering (VBS)
𝑉𝑉 → 𝑉𝑉, 𝑉 = 𝑊/𝑍

at LHC
• Initial 𝑉𝑉, radiated from incoming quarks
• Final 𝑉𝑉 + 2𝑗

• Two final state jets with large Δ𝜂 and 𝑚𝑗𝑗

– Electroweak (EW) – 𝑂(𝛼6)
– QCD Induced - 𝑂(𝛼4𝛼𝑆

2)
– Interference - 𝑂 𝛼5𝛼𝑆

• Electroweak Symmetry Breaking (EWSB)
– Probe the nature of EWSB in the framework of 

Standard Model (SM).

• Complimentary to direct Higgs boson 
measurement.
– Perturbative cross section of longitudinal VBS 

diverges without Higgs mechanism
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Vector Boson Scattering at LHC
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• 𝑾±𝑾±𝒋𝒋 and 𝑾𝒁𝒋𝒋
– (SMP-19-012) PLB 809 (2020) 135710

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

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

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

• 𝒁𝜸𝒋𝒋
– (SMP-20-016) CDS preliminary result
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Recent VBS measurements from CMS

https://arxiv.org/pdf/2005.01173.pdf
https://arxiv.org/pdf/2009.09429.pdf
https://arxiv.org/pdf/2008.10521.pdf
https://arxiv.org/pdf/2008.07013.pdf
http://cds.cern.ch/record/2759297?ln=en


• Fully leptonic final states

• Best 𝜎𝐸𝑊/𝜎𝑄𝐶𝐷 ratio for SS 𝑊𝑊
• Simultaneous fit in several signal regions (SRs) and control regions(CRs)

– 𝑊±𝑊± SR: 𝑚𝑗𝑗 −𝑚𝑙𝑙 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± ≫ 5𝜎; inclusive and differential cross section as functions of 𝑚𝑗𝑗, 𝑚𝑙𝑙 and 𝑝𝑇

𝑚𝑎𝑥 in fiducial region

– 𝑊𝑍: 6.8𝜎 obs. (5.3𝜎 exp.); inclusive and differential cross section as function of 𝑚𝑗𝑗 in fiducial region
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Same sign EW 𝑊𝑊𝑗𝑗 and 𝑊𝑍𝑗𝑗
CMS-SMP-19-012 (Phys. Lett. B 809 (2020) 135710)

Summary of selection requirements defining SRs
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Same sign EW 𝑊𝑊𝑗𝑗 and 𝑊𝑍𝑗𝑗

• Measured absolute 𝑊±𝑊± (left) and 𝑊𝑍
(right) cross section measurements in bins of 
𝑚𝑗𝑗

• Rivet analysis available
• First time for the VBS analysis
• Will be released in next release of rivet

Measured inclusive cross sections and the theoretical 
predictions with MadGraph5_aMC@NLO at LO

𝑊±𝑊± 𝑊𝑍



• First measurement of the EW production cross 
sections for polarized same-sign 𝑊±𝑊± pairs

• Signal sample 𝑊𝐿
±𝑊𝐿

± in center-of-mass frame of 
𝑊𝑊 and 𝑝𝑝

• Same selection and CRs as EW 𝑊±𝑊±
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Polarized same sign EW 𝑊𝑊𝑗𝑗
CMS-SMP-20-006 (Phys. Lett. B 812 (2020) 136018)

• Simultaneous fit in bins of two BDT discriminant variables

– 𝑊𝐿
±𝑊𝐿

±

• Signal BDT (𝑊𝐿
±𝑊𝐿

± vs 𝑊𝑇
±𝑊𝑋

±) and inclusive BDT (EW VBS vs Bkg.)

– 𝑊𝐿
±𝑊𝑋

±

• Signal BDT (𝑊𝐿
±𝑊𝑋

± vs 𝑊𝑇
±𝑊𝑇

±) and inclusive BDT (EW VBS vs Bkg.)

• 𝑚𝑗𝑗 and |Δ𝜂| are most powerful variables.

𝑊𝐿
±𝑊𝐿

± 𝑊𝐿
±𝑊𝑋

± 𝑊±𝑊±



• 𝑊𝑊 frame: Observed (expected) 
– Production cross section limit of 1.17 (0.88) fb for 𝑊𝐿

±𝑊𝐿
±

– Significance 2.3𝜎 (3.1𝜎) for 𝑊𝐿
±𝑊𝑋

±
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Polarized same sign EW 𝑊𝑊𝑗𝑗

• 𝑝𝑝 frame: Observed (expected)
– Production cross section limit of 1.06 (0.85) fb for 𝑊𝐿

±𝑊𝐿
±

– Significance 2.6𝜎 (2.9𝜎) for 𝑊𝐿
±𝑊𝑋

±

Profile likelihood scan as a function of the 𝑊𝐿
±𝑊𝐿

± cross section



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

• 2D distribution 𝑚𝑗𝑗 −𝑚𝑙𝛾

• Simultaneous fit SR and CR

7-12 Jun 2021 8WIN 2021

EW 𝑊𝜸𝑗𝑗
CMS-SMP-19-008 (Phys. Lett. B 811 (2020) 135988)

Signal significance and cross section
• Observed (expected) significance 5.3𝜎 4.8𝜎

(13 TeV + 8 TeV)

Fiducial cross section are measured as:

𝜎𝐸𝑊 = 20.4 ± 4.5 fb           𝜎𝐸𝑊
𝑡ℎ𝑒𝑜𝑟𝑦

= 17.0 ± 4.1 fb

𝜎𝐸𝑊+𝑄𝐶𝐷 = 108 ± 16 fb      𝜎𝐸𝑊+𝑄𝐶𝐷
𝑡ℎ𝑒𝑜𝑟𝑦

= 89.7 ± 13.9 fb



• Evidence of VBS ZZ production with fully leptonic final states

• Irreducible background 𝑞ത𝑞 → 𝑍𝑍𝑗𝑗 simulated in NLO, loop-
induced production 𝑔𝑔 → 𝑍𝑍𝑗𝑗 simulated at LO
– First time results for simulation based on matrix element for loop-

induced 𝑍𝑍 + 0,1,2 patron process at LO arxiv:2006.12860

• Signal events are extracted from the 𝐾𝐷 discriminant 
distribution (Similar sensitivity with BDT)

1 + 𝑐 𝑚4𝑙

𝑃𝑄𝐶𝐷 Ω4𝑙+𝑗𝑗 𝑚4𝑙

𝑃𝑉𝐵𝑆 Ω4𝑙+𝑗𝑗 𝑚4𝑙

−1

• Fiducial cross section is measured in the three phase-spaces
– 𝑍𝑍𝑗𝑗 inclusive
– Loose VBS-enriched
– Tight VBS-enriched
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EW 𝐙𝐙𝑗𝑗
CMS-SMP-20-001 (Phys. Lett. B 812 (2020) 135992)

https://arxiv.org/pdf/2006.12860.pdf


• Observed (expected) signal significance 4.0 (3.5) standard deviations.
• The fiducial cross section in three regions are measured
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EW 𝐙𝐙𝑗𝑗



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

• Simultaneous fit in CR and SR
– SR: 2D distribution 𝑚𝑗𝑗 − |Δ𝜂𝑗𝑗|

– CR: 1D distribution 𝑚𝑗𝑗

• Signal significance and cross section
– Observed (expected) significance ≫ 5 𝜎

– Fiducial cross section for EW and EW+QCD

– Differential cross section for EW/EW+QCD as functions of 

1D variables 𝑝𝑇
𝑙1, 𝑝𝑇

𝑗1 , 𝑝𝑇
𝛾

and 2D variable 𝑚𝑗𝑗 − |Δ𝜂𝑗𝑗|
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EW 𝐙γ𝑗𝑗
CMS-SMP-20-016 (Public Preliminary)

Dielectron
+ 𝛾(barrel)
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EW 𝐙γ𝑗𝑗

𝜎𝐸𝑊
𝑡ℎ𝑒𝑜𝑟𝑦

= 4.34 ± 0.26 𝑠𝑐𝑎𝑙𝑒 ± 0.06 𝑃𝐷𝐹 𝑓𝑏

𝜎𝐸𝑊
𝑓𝑖𝑑

= 5.21 ± 0.52 (𝑠𝑡𝑎𝑡) ± 0.56 (𝑠𝑦𝑠𝑡) 𝑓𝑏 = 5.21 ± 0.76 𝑓𝑏

𝜎𝐸𝑊+𝑄𝐶𝐷
𝑡ℎ𝑒𝑜𝑟𝑦

= 13.3 ± 1.72 (𝑠𝑐𝑎𝑙𝑒) ± 0.10 (𝑃𝐷𝐹) 𝑓𝑏

𝜎𝐸𝑊+𝑄𝐶𝐷
𝑓𝑖𝑑

= 14.7 ± 0.80 (𝑠𝑡𝑎𝑡) ± 1.26 (𝑠𝑦𝑠𝑡) 𝑓𝑏 = 14.7 ± 1.53 𝑓𝑏

Unfolded differential 
cross –section 
distribution as 

function of 𝑝𝑇
𝛾

for EW 
𝑍𝛾𝑗𝑗 (left) and for 
EW+QCD (right)

EW EW + QCD



• Limits on dimension-8 aQGC in all states using 
variables sensitive to Ƹ𝑠

• The most stringent limits to date on the aQGC
parameters.
– https://twiki.cern.ch/twiki/bin/view/CMSPublic/Phys

icsResultsSMPaTGC#aQGC_Results
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Anomalous coupling

Parameters Channel
Observed Limit 

(TeV-4)
∫ 𝐿dt

𝑓𝑀2
/Λ4 𝑊𝛾 [−2.8, 2.8] 35.9 fb-1

𝑓𝑀3
/Λ4 𝑊𝛾 [−4.4, 4.4] 35.9 fb-1

𝑓𝑀4
/Λ4 𝑊𝛾 [−5.0, 5.0] 35.9 fb-1

𝑓𝑀5
/Λ4 𝑊𝛾 [−8.3, 8.3] 35.9 fb-1

𝑓𝑇2/Λ
4 𝑊±𝑊±

𝑊𝑉 𝑍𝑉
[-0.38, 0.50]
[−0.28, 0.28]

137 fb-1

35 fb-1

𝑓𝑇5/Λ
4 𝑊𝛾 [−0.5, 0.5] 35.9 fb-1

𝑓𝑇6/Λ
4 𝑊𝛾 [−0.4, 0.4] 35.9 fb-1

𝑓𝑇7/Λ
4 𝑊𝛾 [−0.9, 0.9] 35.9 fb-1

𝑓𝑇8/Λ
4 𝑍𝑍 [-0.43, 0.43] 137 fb-1

𝑓𝑇9/Λ
4 𝑍𝛾 [-0.91 , 0.91] 137 fb-1

𝑊𝛾𝑊±𝑊±

𝑍𝑍
𝑍𝛾

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMPaTGC#aQGC_Results


• 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, most stringent 
limits are provided by VBS
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Summary

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsCombined

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsCombined

