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Most papers published in 2020-2021 
New results unveiled in Moriond ‘23

Span several orders of magnitude!
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Diboson cross section measurements at  
several center of mass energies ( )s
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• SMP-22-001: Measurement of the



• SMP-21-014:  and 


• SMP-20-014: Measurement of the  
process


• SMP-18-010:  polarization in Z-boson 
decays

ZZ(4l) + jets

γγ → W+W− γγ → ZZ

WZ

τ
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When an AI thinks about 
“Dibosons at the precision realm”
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https://cds.cern.ch/record/2859350?ln=en
https://arxiv.org/abs/2211.16320
https://link.springer.com/article/10.1007/JHEP07(2022)032
https://cds.cern.ch/record/2848665?ln=en


Measurement of the ZZ process 

• Measurement of ZZ  production in 4 lepton final state

• No s-channel production — forbidden in the SM

• Loop effects — up to 10% contribution


• Inclusive cross section studied in detail previously

• First differential cross sections measured as a function of:

• number of jets and properties of the jets (  and )


• invariant mass of the highest    and the second highest 
 jets


•  of the highest    and the second highest  jets


•  as a function of different jet multiplicities 

• New results compared with the state-of-the-art next-to-next-

to-leading order (NNLO) and parton shower (PS) predictions 
using MiNNLOPS
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Hot off the press!
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Measurement of the ZZ process 

• Predictions over-estimate data → largest discrepancy for highest  jet with 
 < 100 GeV


• Shape of distributions described well by predictions → normalization is not

• Large uncertainty from QCD scales — envelope of  and  scale variations 

pT
pT

μF μR
1/4 < μR/μF < 4

Data agrees with prediction Data disagrees with prediction

Hot off the press!

Contribution of each source of systematic uncertainty in normalized differential cross section
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Measurement of the ZZ process — Unfolded distributions 
• Differential cross 

sections normalized to 
the fiducial cross 
sections


• On-shell Z-boson 
requirement applied 
( )


• Comparisons with:

• Madgraph5_aMC@NLO 

( )+MCFM 
( )+POWHEG 
( ) 

• POWHEG ( )
+MCFM ( )
+POWHEG ( ) 
• Both predictions include 

Madgraph electro-weak 
corrections 


• NNLO+PS

• NNLO+PS with electroweak 

corrections

60 < mZ1,Z2
< 120

qq̄ → ZZ
gg → ZZ
H → ZZ

qq̄ → ZZ
gg → ZZ

H → ZZ

Hot off the press!



• Both protons tagged by the precision proton 
spectrometer (PPS)


• The  process allows the study of the 
quartic coupling


• Events selected based on properties of jets, the 
protons and their correlation


• First search for anomalous high-mass  
and  using reconstructed forward protons


• Limits 15-20x more stringent than previous 
results 

γγ → WW

γγ → WW
γγ → ZZ

Search for exclusive  and  
production in final states with jets and forward protons 

γγ → WW γγ → ZZ
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Measurement of the WZ process 

Multiboson Interactions, 2021
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• Electroweak process: sensitive to the PDFs of u and d quarks; 
relatively unaffected by the gluon 


• High WZ cross section makes it the dominant process that 
can be studied in the trilepton final state


• Ratio of  cross section is one of the most precisely 

measurable quantities 


• Constitutes first measurement of longitudinally polarized  
W-bosons

W+Z
W−Z
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CMS  (13 TeV)-1137 fb

LO EWK×NLO QCD
POWHEG+NNPDF31

NLO EWK×NNLO QCD
MATRIX+NNPDF31

NLO EWK×NNLO QCD
MATRIX+PDF4LHC15

NLO EWK×NNLO QCD
MATRIX+CT14

Best fit

Statistical uncertainty

Systematic uncertainty

https://doi.org/10.1007/JHEP07(2022)032


θW: angular distance 
between the momenta of 
the W boson and the 
charged lepton from its 
primary decay

θl,W

W

Z

ℓ

ν

Measuring the W polarization in WZ processes 
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• Unfolded distributions of sensitive variables well modeled 

• Simulated signal samples normalized to NNLO cross sections

Measurement of the WZ process 
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Effective Field Theory 

CP conserving

CP non-conserving

• Limits computed taking interference with SM (Λ-2) + pure BSM (Λ-4) into account

• Improvement over limits from W+W- analysis (taking luminosity scaling into account) 

for Cw and Cwww
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 polarization in Z-boson decaysτ

Helicity states of incoming quarks and outgoing  leptons: thin arrows show direction of movement, thick arrows show helicityτ
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• Polarization of  leptons is measured in  events

• Differential cross section of the  in lowest order is expressed as:


• Forward-backward asymmetry defined in terms of  and 

• Polarization defined in terms of  and 


• Simplified when 

τ Z → ττ
qq̄ → Z → τ+τ−
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 polarization in Z-boson decaysτ
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• Tau spin observables constructed from several decay angles

• Optimal observable to measure  helicity → polarimetric vector 


• Final-state dependent variable

• Largest source of uncertainty from QCD normalization


• Measured value of  polarization:  = -0.144 ± 0.006 (stat) ± 0.014 (syst)

• In agreement with LEP, SLD, ATLAS


• More precise than the previous ATLAS measurement, almost matches precision of single LEP experiments

• Weak mixing angle  = 0.2319 ± 0.0019 (0.8% precision)
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Outlook

• Several diboson (  and photon initiated processes) analyses with novel methods presented 


• Comprehensive exploration of final states with a  lepton production through the decay of Z bosons


• Diboson physics is being performed at the precision realm


• Enabling stringent tests of the electroweak gauge sector of the Standard Model

ZZ, WZ

τ



Additional Material
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Measurement of the ZZ process 

• Monte Carlo samples

• Samples generated at NLO with Madgraph5_aMC@NLO and POWHEG

•  simulated at LO with MCFM

• Cross sections of these samples → normalized to the cross section at NNLO for  (k-

factor of 1.1)

• Cross section NLO in QCD for  (k-factor of 1.7)


• nNNLO+PS: NNLO predictions for quark initiated channel combined with parton showers using 
the MiNNLOPS method 


• NLO predictions for loop induced gluon fusion channel matched to parton showers

• Spin correlations, interferences and off-shell effects are included by calculating the full process 



• Unfolding

• Used D’agostini’s method (RooUnfold toolkit)

gg → ZZ
qq̄ → ZZ

gg → ZZ

pp → ℓ+ℓ−ℓ′￼+ℓ′￼−



Measurement of the ZZ process 

• Measurement of ZZ  production in 4 lepton final state

• No s-channel production — forbidden in the SM

• Loop effects — up to 10% contribution


• On-shell requirement on both Z-boson candidates

• Inclusive cross section studied in detail

• First differential cross sections measured as a function of:

• number of jets

• transverse momentum ( )


• pseudorapidity ( )


• invariant mass of the highest    and the second highest 
 jets


•  of the highest    and the second highest  jets


•  as a function of different jet multiplicities 
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Measurement of the ZZ process 



20

Search for exclusive  and  
production in final states with jets and forward protons 

γγ → WW γγ → ZZ
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 polarization in Z-boson decaysτ

https://cds.cern.ch/record/2848665/files/SMP-18-010-pas.pdf
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 polarization in Z-boson decaysτ

https://cds.cern.ch/record/2848665/files/SMP-18-010-pas.pdf
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https://cds.cern.ch/record/2848665/files/SMP-18-010-pas.pdf
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https://cds.cern.ch/record/2848665/files/SMP-18-010-pas.pdf
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https://cds.cern.ch/record/2848665/files/SMP-18-010-pas.pdf
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https://cds.cern.ch/record/1464097/files/CERN-THESIS-2012-091.pdf

 polarization in Z-boson decaysτ


