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Introduction

• Sensitive to anomalous quartic coupling: probe aQGC, test SM, search for new 
physics

• Vector boson scattering (VBS) measurements offers an 
important way to probe electroweak symmetry breaking.

• Measure VBS via the corresponding EW productions.

• The presence of the Higgs boson prevents the VBS 
amplitudes from violating unitarity at the TeV scale.

𝜎[𝑛𝑏] 𝜎[𝑛𝑏]
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VVjj productions 

• VBS topology:
- Two hard forward jets with large 𝑚!!

and large Δ𝜂!!
- Sensitive variables: Δ𝜂!!, 𝑚!! — search 

for VBS

EW-VVjj QCD-VVjj

• VVjj category: 
- EW-VVjj (including VBS)
- QCD-VVjj

ssWWjj, 8TeVPhys. Rev. Lett. 113, 141803

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.141803


4
Jing Chen
Page .

VBS measurements
CMS

𝑊±𝑊±jj 5.5(5.7)𝜎
PRL 120 (2018) 081801

𝑊𝑍𝑗𝑗
6.8(5.3)𝜎

Phys. Lett. B 809 (2020) 
135710

𝑍𝑍𝑗𝑗
4.0(3.5)𝜎

Phys. Lett. B 812 (2020) 
135992

𝑍𝛾jj 3.9(5.2)𝜎
JHEP 06 (2020) 076

4.1(3.8)𝜎 Phys. Lett. B 803 (2020) 135341

6.5(4.4)𝜎Phys. Rev. Lett. 123 (2019) 161801
5.3(3.2)𝜎
5.5(4.3)𝜎

Phys. Lett. B 793 (2019) 469
arXiv:2004.10612

Phys. Rev. D 100 (2019) 0320072.7(2.5)𝜎

ATLAS

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.081801
http://dx.doi.org/10.1016/j.physletb.2020.135710
http://dx.doi.org/10.1016/j.physletb.2020.135992
http://dx.doi.org/10.1007/JHEP06(2020)076
https://www.sciencedirect.com/science/article/pii/S0370269320301453?via=ihub
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.161801
https://www.sciencedirect.com/science/article/pii/S0370269319303211
https://arxiv.org/abs/2004.10612
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.032007
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Same-sign WWjj Phys. Rev. Lett. 123 (2019) 161801

• 13TeV, 36.1𝑓𝑏"#

• Dilepton channel

• Significance: 6.5𝜎(4.4𝜎)

• Cross-sections:
- Measured:
- Predicted:

𝜎"#$ = 2.89%&.()*&.+, 𝑠𝑡𝑎𝑡. %&.--
*&.-((𝑒𝑥𝑝. 𝑠𝑦𝑠𝑡. )%&.,.*&.,( 𝑚𝑜𝑑 𝑠𝑦𝑠𝑡. %&.&.

*&.&) 𝑙𝑢𝑚𝑖 𝑓𝑏
2.01"$.&'($.''𝑓𝑏 (Sherpa) 3.08"$.)*($.)+𝑓𝑏 (Powheg+Pythia8)

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.161801
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WZjj Phys. Lett. B 793 (2019) 469

• 13TeV, 36.1𝑓𝑏!"

• WZ decay leptonically

• Significance: 5.3𝜎(3.2𝜎)

• Cross-section

𝜎,-. = 0.57"$.#'($.#) 𝑠𝑡𝑎𝑡. "$.$)
($.$+(𝑒𝑥𝑝. 𝑠𝑦𝑠𝑡. )"$.$)($.$+

𝑚𝑜𝑑 𝑠𝑦𝑠𝑡. "$.$#
($.$# 𝑙𝑢𝑚𝑖 𝑓𝑏

https://www.sciencedirect.com/science/article/pii/S0370269319303211
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ZZjj arXiv:2004.10612

- Combine 𝑙𝑙𝑙𝑙𝑗𝑗 and 𝑙𝑙𝜈𝜈𝑗𝑗, fit the 
multivariate analysis (MVA) output to 
extract the significance of EW 
component and signal strength (𝜇/0).

• Full Run2 datasets (139𝑓𝑏"#)

• Evidence on EW-ZZjj production

• Two channels: 𝑙𝑙𝑙𝑙𝑗𝑗, 𝑙𝑙𝜈𝜈𝑗𝑗
• Measure the inclusive ZZjj cross-

section (EW + QCD) - 𝑙𝑙𝑙𝑙𝑗𝑗: QCD background, fake lepton 
background, WWZ…

- 𝑙𝑙𝜈𝜈𝑗𝑗: Non-Resonant background, WZ 
background, Z+jets background, ZZ →
𝑙𝑙𝑙𝑙,VVV, ttV, ttVV

• Backgrounds:

https://arxiv.org/abs/2004.10612
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ZZjj arXiv:2004.10612

• The definition of fiducial regions are 
very similar with detector-level 
selections by using particle-level 
physics objects. 

• Fiducial cross-sections for the 
inclusive production of the EW and 
QCD processes are measured 
separately in individual channels.

𝐶 =
𝑁.1213245"61716
𝑁89"25:2;

𝒍𝒍𝒍𝒍𝒋𝒋 C factor 0.699 ± 0.031

𝒍𝒍𝝂𝝂𝒋𝒋 C factor 0.216± 0.012
𝜎 =

𝑁.<2< − 𝑁=<3>?54:@.
ℒ×𝐶

• Event yields:

• Cross-sections:

https://arxiv.org/abs/2004.10612
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ZZjj
arXiv:2004.10612

• Observed and expected distributions:
- Multivariate discriminants (MDs) are used to further separate the EW signal from the 

backgrounds.
- Data distributions are consistent with predict ones.

• To extract EW process, a profile likelihood fit is performed on Gradient Boosted 
Decision Tree (BDTG) response.

• Significance: 5.5𝜎(4.3𝜎) 𝜎/0"AABB = 𝜇/0×𝜎CD = 0.82 ± 0.21𝑓𝑏

https://arxiv.org/abs/2004.10612
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Summary

• Based on the precision measurement, we can move to the longitudinal 
polarization measurement, aQGC searches …

• The observation of EW-ZZjj production is a new milestone reached in 
the study of EW-VVjj production. 

• VBS ssWWjj, WZjj, ZZjj processes had been observed. More precise 
measurements  will come with full Run2 datasets.

• VBS Z𝛾jj measurements can be found in Despoina Sampsonidou‘s talk.

https://indico.ihep.ac.cn/event/14560/session/32/contribution/202
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EW-VVjj production at 13TeV

Philipp Anger's thesis

Production cross-
section for EW and 
QCD VVjj production:

-All results are 
obtained from 
SHERPA

-Pre-VBS cuts 
applied

https://cds.cern.ch/record/1753849?ln=en
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ssWWjj
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WZjj
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ZZjj
• Theoretical uncertainties:

• Experimental uncertainties:
- luminosity: 1.7%.
- The momentum scale and resolution of leptons and jets, lepton reconstruction and 
selection efficiencies, trigger selection efficiency, the calculation of the 𝐸EF-GG soft-term, 
the pile-up correction, and the b-jet identification efficiency: 5-10%.
- Jet pile-up uncertainty.

- Generator modelling uncertainty: estimated by comparing Sherpa with MadGraph5
_aMC@NLO 2.6.1 predictions at particle level. 

- PDF, QCD scale, 𝜶𝒔, parton showering (PS).
- Interference effect between the EW and QCD 
processes is 6.8%(2.3%) in 𝑙𝑙𝑙𝑙𝑗𝑗(𝑙𝑙𝜈𝜈𝑗𝑗) channel. 
Treat as an extra uncertainty in the EW signal 
predictions. 


