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▸ Multi-boson measurements is an important test of the 
electro-weak (EW) sector of the Standard Model (SM) 

▸ Production cross-sections known up to NNLO in QCD  

▸ direct test of higher order perturbative QCD calculations  

▸ Non-abelian nature of the EW gauge group  

▸  vector-boson self coupling —> any deviations can be an 
indication of new physics 

▸ Backgrounds to many BSM processes 

▸ Important to understand them precisely

Motivation 2
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)-1 5.0 fb≤7 TeV CMS measurement (L 
)-1 19.6 fb≤8 TeV CMS measurement (L 
)-1 137 fb≤13 TeV CMS measurement (L 

Theory prediction

Recent results
▸ Spans several orders of cross-section. Very low cross-section for many multi-

boson processes 

▸ From ~300 pb for dibosons to ~0.0003 pb for vector boson scattering 
(VBS) 

▸ Multitude of interesting multi-boson measurements from CMS in run 2 

▸ Vγ (V=W,Z): SMP-20-005 (differential Wγ), arXive:2102.02283 
(inclusive Wγ) 

▸ VV  (V=W,Z) 

▸ WW: PRD 102 (2020) 092001  

▸ WZ: SMP-20-014 

▸ ZZ: EPJC 81 (2021) 200 

▸ VVV  (V=W,Z): PLB 125 (2020) 151802 

▸ Vγγ (V=W,Z): SMP-19-013 

▸ VBS 

▸ Vγ (V=W,Z): PLB 811 (2020) 135988 (Wγ),SMP-20-016 (Zγ) 

▸ Polarized same-sign WW: PLB 812 (2020) 136018 

▸ Same-sign WW and WZ: PLB 809 (2020) 135710 

▸ ZZ: PLB 812 (2020) 135992

Multiboson
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5.02 TeV as well 
SMP-20-012

Covered today: 
Wγ (differential), WZ, Vγγ,  
Zγ (VBS), WW (VBS) and 
5.02 TeV di-boson results
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-20-005/index.html
https://arxiv.org/abs/2102.02283
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-18-004/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-20-014/index.html
https://link.springer.com/article/10.1140/epjc/s10052-020-08817-8
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.151802
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-19-013/index.html
https://www.sciencedirect.com/science/article/pii/S0370269320307917?via=ihub
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-20-016/index.html
https://www.sciencedirect.com/science/article/pii/S0370269320308212?via=ihub
https://www.sciencedirect.com/science/article/pii/S037026932030513X?via=ihub
https://www.sciencedirect.com/science/article/pii/S0370269320307954?via=ihub
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-20-012/index.html


▸ Event selection: muon (electron) with pT > 30 (35 GeV), PTγ > 30 GeV, 
MET > 40 GeV 

▸ Backgrounds: Z/γ* (ll)γ, ttγ, WVγ, single t+γ (simulation). Non-prompt: 
data-driven 

▸ Differential cross-sections measured for various kinematic variables 

▸ Measured in the following fiducial region:

Wγ differential cross-section

▸ Tendency towards prediction 
from MATRIX especially at 
high pT

4 SMP-20-005

With baseline 
selection

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-20-005/index.html


▸ Interference resurrection:  

▸ Due to different helicity states of the SM and the 
BSM components, interference is not detectable in 
inclusive observables.  

▸ Resurrected by looking at the angular distributions 

▸ Constraints on C3W derived by parameterizing the 
fiducial cross-section PTγ  and |φf|  

▸ By including the |φf| variable, sensitivity improves 
by a factor of 10

Wγ EFT constraints

▸ EFT interpretation by adding higher-dimensional order  

▸ Important parameter is C3W

Measurement consistent with C3W = 0 5
 SMP-20-005

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-20-005/index.html


▸ Higher cross-section, purity of multi-leptonic final state 

▸ Because of nature of pp collisions  

▸ Sizeable asymmetry between different charged final states 

▸ Sensitive to the pdfs of u and d quarks 

▸ Event selection: 3 tight leptons with at least one opposite sign 
same flavour. Events are categorized in to eee, eeμ, μμe, μμμ

Cross-section measurement Charge asymmetry ratio

Combined cross-section: 
50.6 +/- 0.8 (stat) +/- 1.5 (sys) +/- 1.1 (lumi) +/- 0.5 (theo) pb 

MATRIX with NNLO QCD + NLO EWK : 50.7+1.1-1.0 (pb)

▸ Following measurements: 

▸ Total and differential cross-sections 

▸ Charge asymmetry and polarization 

▸ Anomalous couplings
σ(pp—>W+Z)/σ(pp—>W-Z): 
1.41 +/- 0.04 (stat) +/- 0.01 (sys) +/- 0.01 (lumi) 

MATRIX with NNLO QCD + NLO EWK : 1.427+0.002-0.002

WZ production and charge asymmetry (leptonic) 6 SMP-20-014

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-20-014/index.html


▸ Resonant (non-resonant) diboson pair production leads to preferentially longitudinally (transverse) polarized vector 
bosons 

▸   Any anomalies —> sign of new physics!

WZ polarization (leptonic)

and similarly for Z boson

▸ First observation of 
longitudinally polarized W  
boson with observed 
(expected) significance of 5.6 
(4.3)σ 

▸ Longitudinally polarized Z 
boson with observed 
significance above 5 σ

7 SMP-20-014

Angle between boson and the  
charged lepton 

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-20-014/index.html


▸ Studied using dimension-6 EFT : 5 parameters

WZ anomalous (leptonic)

CP conserving

CP violating

▸ M(WZ) is used to search for 
the anomalous couplings 

▸ Twice more stringent 
constraints on the coupling 
parameters

8 SMP-20-014

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-20-014/index.html


WW, WZ and ZZ at 5.02 TeV (leptonic)
▸ First measurement at 5.02 TeV using 304 pb-1 of pp data (low PU runs) 

▸ WW: Two tight leptons with opposite sign  

▸ In WZ, two categories with 3l and two muon with same sign  

▸ In ZZ, two categories with 4l and another with 2l2ν 

▸ Background estimation:  

▸ DY, tt, single top and VV: simulation 

▸ Backgrounds with one or more non-prompt leptons: data driven approach 

▸ Dominated by the statistical uncertainties

▸ Measurements compatible 
with NNLO QCD X NLO EW

9SMP-20-012

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-20-012/index.html


Wγγ and Zγγ production

▸ First measurement of Vγγ measurements at 13 TeV 

▸ Rare process - cross-section O(10 fb) 

▸ Event selection: exactly one lepton (for W selection) and 2 opposite sign, same flavor for Z selection. At least 2 photons.  

▸ Backgrounds: tγ, ttγ, ttγγ, VVγ (simulation). Non-prompt: data driven estimate 

▸ Inclusive cross-section measurement from ML fit to the diphoton transverse momentum distribution

SM

Good agreement 
with the SM expectation

Expected cross-section: using MADGRAPH_aMC@NLO  
Wγγ : 18.70 +/- 0.03 (stat) +/- 0.12 (PDF, scale) 
Zγγ : 5.96 +/- 0.01 (stat) +/- 0.06 (PDF, scale)

10SMP-19-013

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-19-013/index.html


Wγγ and Zγγ anomalous quartic gauge coupling measurements

▸ aQGC is parameterized using dimension-8 EFT 
approach 

▸ Diphoton transverse momentum distribution is used 
to probe the aQGCs 

▸ Sensitivity to new physics essentially comes from 
high pT tail

BSM

Probed for the first time using Zγγ 
channel
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SMP-19-013

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-19-013/index.html


Zγ vector boson scattering (leptonic)
▸ First observation and measurement of EWK VBS Zγ 

production 

▸ Following measurements done: 

▸ Cross-section measurement for EWK Zγjj  

▸ Differential cross-section 

▸ Anomalous couplings 

▸ Event selection: 2 electrons (muons) with pT > 25 
(20) GeV, PTγ > 20 GeV + VBS selection 

▸ Observed significance for EWK Zγ  is more than 5σ
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Dimuon channel with γ in the EB

Measured cross-section for EWK Zγ only:  
5.21 +/- 0.52(stat) +/- 0.56(sys) fb 
Theoretical (LO): 4.34 +/- 0.26 (scale) +/- 0.06 (PDF) fb

Differential

SMP-20-016

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-20-016/index.html


Polarized WW vector boson scattering 

▸ The unitarity of VV—>VV scattering is restored by mH=125 GeV 

▸ Any deviation from the SM expectations would point to new interactions in the EWSB 
sector 

▸ First measurement of production cross sections for polarized same sign WW scattering 

▸ Measurement of WLWL, WXWT, WLWX and WTWT processes 

▸ Event selection: same-sign leptons, moderate MET, two jets with VBF selection 

▸ Different kinematics depending on the polarization of the W boson 

▸ Machine learning techniques to exploit kinematic differences to separate different 
polarized scattering processes

VBS

13
 PLB 812 (2020) 136018

https://www.sciencedirect.com/science/article/pii/S0370269320308212?via=ihub


Polarized WW vector boson scattering 
▸ Maximum likelihood fit of 2 BDTs used to extract the 

cross-section  

▸ Signal BDTs targeting differences between different 
polarization 

▸ Inclusive BDT: EWK WW vs non VBS

▸ Observed (expected) significance of 2.3 (3.1) 
standard deviations for WLWX production 

▸ Observed (expected) 95% CL UL on the 
cross-section of WLWL is 1.17 (0.88) fb 

14 PLB 812 (2020) 136018

https://www.sciencedirect.com/science/article/pii/S0370269320308212?via=ihub


Summary

▸ Multi-boson measurements to probe the EWK sector of 
the SM - several presented today 

▸ Several key measurements done during run 2 of the LHC 

▸ No significant deviations so far 

▸ Tighter constraints on anomalous coupling parameters 

▸ More challenges ahead for run 3 and HL-LHC with these 
much improved measurements and constraints!
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BACKUP
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Wγ differential analysis

▸ Variable used in the 
analysis is  

▸ φf = φ if |φ| < π/2 

▸ φf = π - φ if φ > π/2 

▸  φf = -(π - φ) if φ < 
-π/2
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LO 2—>2 LO with upto 2 additional jets



Wγ differential distributions 18



Wγ uncertainties 19



WZ cross-section measurement

Cross-section 
measurement

Charge asymmetry 
measurement
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WZ: consistency with the PDFs and polarization extraction

▸ Consistency with 
NNPDF30_nlo_as118 
with one sided p-value 
of p=0.747 ▸ MC templates for the polarization 

extraction
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WZ differential
Best fit values: both quadratic and linear

Best fit values: only linear (i.e. interference)
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WZ uncertainties 23



Wγγ and Zγγ 24



Zγ vector boson scattering 25



Zγ vector boson scattering (anomalous couplings) 26



WW (same sign) + 2jets

▸ Signal BDT to 
separate the 
polarization of W’s

▸ Event 
selection
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WW (same sign) + 2 jets
▸ Variables for inclusive BDT training
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▸ Uncertainties

▸ Yields



WW (same sign) + 2 jets
▸ Profile likelihood scan 

as a function of the 
WLWL cross-section

▸ Measured cross-section in 
parton-parton CM frame.
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