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Overview
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๏ Important to probe vector boson couplings in the Standard Model through EWK vertex


๏ Sensitive to new physics through anomalous couplings, EFT interpretations


๏ Indirect test of Higgs mechanism, mass of W/Z boson given by Higgs boson


๏ Longitudinal polarization of W/Z boson given by the Higgs mechanism


๏ Test of fix-order perturbative QCD (pQCD) calculations, Parton shower effect through jet activities


๏ Included topics:


๏ no-VBS production of WW, ZZ, WZ and Zγ results


๏ Dedicated talks concerning vector boson scattering production/Triboson production on Wednesday

Triple Gauge Boson Coupling and Quartic Gauge Boson Coupling in the SM



W+W- Jet Inclusive
๏Fully leptonic final state: 

๏Clear signal, large statistics

๏Large backgrounds from ttbar production

๏First precision measurement in jet inclusive phase space!

W+W− → eνμν

Dedicated new data-driven method to estimate top quark events 
-> enabling precision mesurements!

‣Top quark background reduced by vetoing b-tagged jets

‣Drell-Yan background suppressed by requiring  > 85 GeVmeμ

1. Measure  in 1-b-jet and 2-b-jet control region

2. Parametrize  events in CR and SR using:


i. Total events yields: 

ii. B-tagging efficiency and acceptance: 

iii. B-jet correlation factor: 
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ATLAS-CONF-2023-012

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-012/


W+W- Jet Inclusive
ATLAS-CONF-2023-012

๏Fiducial and differential cross section measured

๏Fiducial XS measured by likelihood fit, extended to full phase space

๏Differential XS measured for 12 observables

๏Total uncertainty of 3.1%, dominated by Top modeling and fake background

Nice agreement comparing to theoritical predictions!
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-012/


WZ Production Measurement
CMS-SMP-20-014

๏ Electroweak process, sensitive to PDF of quarks


๏ Fully leptonic final state , clear signal


๏ Charge asymmetry   measurement


๏ W boson polarization measurements

๏ Observation of longitudinal polarized W boson in 

WZ production!

๏Fiducial and differential XS measured as functions of 

sensitive observables

๏ Constrain on AGC EFT parameters

WZ → lνll
σW+Z /σW−Z

Listed in backup
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https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-20-014/index.html


WZ Production Measurement
CMS-SMP-20-014

๏ Templates built for each cosine of polarization angles of W(Z) boson

๏ 6 templates in total, including inclusive charge, positively charged and negatively charged W boson

๏ Likelihood fit to data to extract polarization fraction

๏ Longitudinal Z boson observed with a high significance


๏ Longitudinal W boson observed with significance of 5.6σ obs (4.3σ exp) 6

https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-20-014/index.html


WZ Joint Polarization

Measured in WZ rest frame 

“Modified Helicity Coordinate System”

Decay angle of leptons defined in W(Z) rest frame

Helicity fraction definition in this measurement

4 categories defined by the two angular variable

Use dedicated DNN to separate the four combinations

Phys. Lett. B 843 (2023) 137895
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https://www.sciencedirect.com/science/article/pii/S0370269323002290?via=ihub


WZ Joint Polarization
๏Joint polarization measured by binned profile-likelihood fit to the DNN


๏First observation of   state with significance of 


๏ 


๏Compared to theoretical prediction with good agreement

f00 7.1σ obs (6.2σ exp)
f0T : 3.4σ (5.4σ), fT0 : 7.1σ (6.6σ), fTT : 11σ (9.7σ)

Individual polarization measured by fit on 
decay angle template built by reweighing 

W Z

Inclusive XS of WZ production also measured:
σ fid

W±Z→lνll = 64.6 ± 0.5 (stat.) ± 1.8 (syst.) ± 1.1 (lumi.) fb

Differential XS of several kinematics sensitive 
to polarization are also measured (see backup)

Phys. Lett. B 843 (2023) 137895
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f00 : 0.067 ± 0.010 (Data) , 0.058 ± 0.002 (NLO QCD)

https://www.sciencedirect.com/science/article/pii/S0370269323002290?via=ihub


Zγ+Jets Differential
JHEP 07 (2023) 072

๏First measurement concerning jet activities


๏Additional jets could come from gluon splitting, etc


๏Jet inclusive measurement: JHEP03(2020)054


๏Sensitive to QCD effects


๏Interested in ISR events (photon radiated from initial quarks)


๏FSR events simply Drell-Yan process

ISR FSR

FSR

ISR

๏Dedicated cut on  to suppress FSR


๏Require  to suppress Drell-Yan


๏Data-Driven estimate for jet-fake-photon and 
pile-up photon

mll + mllγ

mll > 40 GeV
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 JHEP03(2020)054

https://link.springer.com/article/10.1007/JHEP07(2023)072
https://link.springer.com/article/10.1007/JHEP03(2020)054
https://link.springer.com/article/10.1007/JHEP03(2020)054


Zγ+Jets Differential
JHEP 07 (2023) 072

๏ Fiducial differential XS measured for:


๏ 1D kinematic observables of lepton, jet and photon


๏ Pseudo-2D jet observables sensitive to fixed order perturbative QCD (pQCD) calculations


๏ 2D variables sensitive to Z boson polarization in Collins-Soper frame


๏ Overall good agreement with theory predictions


๏ NLO QCD improves both inclusive XS as well as the modeling of variables


๏ 


๏  

Measured : 533.7 ± 15.5 (total) fb ; sherpa LO : 438.9 ± 0.6 (stat) fb
Sherpa NLO : 479.5 ± 0.3 (stat) ; MiNNLOPS : 493.0 ± 3.0 (stat)
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https://link.springer.com/article/10.1007/JHEP07(2023)072
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.16.2219


ZZ->4l Angular Analysis
Evidence for  polarization stateZLZL

๏ Dedicated BDT template built for 3 polarization states

๏ Reweighted to latest  program calculation


๏ NLO QCD and EW correction

๏ Loop-induced  correction

MOCANLO

gg → ZZ

ZZ CP study

Angular observable: Tyz,1(3) = sinϕ1(3) × cosθ1(3)

Defined in ZZ rest frame

Mapped to 1D 
distribution

ATLAS-CONF-2023-038
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-038/


ZZ->4l Angular Analysis
ATLAS-CONF-2023-038

๏ Binned profile likelihood fit sum of reweighed 
BDT templates to data

๏ Significance of : 


๏ Fiducial XS: 
ZLZL 4.3σ obs (3.8σ exp)

σobs
ZLZL

= 2.44 ± 0.59 fb

Unfolded  to dataOTyz,1,Tyz,3

Reinterpreted to CP-odd aNTGC Model 12

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-038/


ZZ->4l Run 3
ATLAS-CONF-2023-062

๏ First ZZ measurement in Run 3


๏ Using data collected in 2022 ~ 29 fb-1


๏ Fiducial and differential XS measurements


๏ Fiducial XS extrapolated to full phase space total XS


๏ Differential XS measured for  and m4l pT
4l
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Both Z boson on-shell, agree with 
predictions within uncertainty

First point at 13.6  TeV!

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-062/


ZZ+Jets Differential
CMS-PAS-SMP-22-001

๏ Measurement of ZZ production 


๏ LO t-channel: s-channel forbidden at SM


๏ Gluon-gluon fusion via box diagram -> 10% contribution


๏ On-shell Z boson, leptonic decay


๏ Require 


๏ 


๏ Background extremely suppress by 4-lepton requirement


๏ Differential XS measured as functions of:


๏ Number of jets


๏ Kinematic variables of jets


๏  as a function of jet multiplicity

60 GeV < mZ1,Z2
< 120 GeV

ZZ → 2l2l′￼

m4l

14

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-22-001/index.html


ZZ+Jets Differential
CMS-PAS-SMP-22-001

Disagreement at 
high jet pt region

๏ Differential XS normalized to the fiducial XS


๏ Theory predictions over-estimate data


๏ Large discrepancy at high jet pt region


๏ Main systematic uncertainties: jet, QCD scales 
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-22-001/index.html


Search for γγ->VV
๏ Search for exclusive high-mass 


๏ Intact forward proton tagged by Precision Proton Spectrometer (PPS)

๏ Center-of-mass energy of di-photon collision determined event-by-event

๏ Events recorded by both CMS and TOTEM -> 100 fb-1


๏ Hadronically decaying W or Z bosons

๏ Boosted to two fat-jets


๏ 


๏  to separate WW/ZZ events


๏ SR defined based on jet-proton matching

γγ → W+W−, γγ → ZZ

mjj > 1126 GeV
mj1 + mj2 = 166.6 GeV

CMS-SMP-21-014
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https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-21-014/index.html


Search for γγ->VV
CMS-SMP-21-014

๏ Signal extracted by binned maximum-likelihood fit in 12 bins

๏ No excess of AQGC signal observed

๏ Upper limit set on dimension-6 AQGC operators 


๏ 15% improvement comparing to previous result

๏ Also translation to linear dimension-8 AQGC operators


๏ Upper limit on AQCG fiducial cross section:


๏ 


๏
σfid(pp → pWWp) < 67 (53+34

−19) fb
σfid(pp → pZZp) < 43 (62+33

−20) fb
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https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-21-014/index.html


Summary
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๏ Recent Diboson production cross section measurements and polarization measurements from 

ATLAS and CMS collaborations presented


๏ Several new techniques developed to improve precision and search for rare processes


๏ Machine Learning plays an more and more important role in the SM analysis!


๏ Data-driven methods to estimate backgrounds not well modeled by simulation


๏ Many new observations and evidences of longitudinal polarized vector boson


๏  state has been observed


๏ Evidence of  state, very close to observation


๏ So far good agreement with state-of-art calculations, no evidence of anomalous couplings


๏ Stay tuned for new Run 3 results!

WLZL

ZLZL



Backup Material
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W+W- Jet Inclusive
ATLAS-CONF-2023-012

Data-driven estimate method for top backgrounds

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-012/
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W+W- Jet Inclusive
ATLAS-CONF-2023-012

Systematic uncertainties breakdown for two observables

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-012/
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WZ Joint Polarization
Phys. Lett. B 843 (2023) 137895

Differential XS measurements of polarization sensitive observables

https://www.sciencedirect.com/science/article/pii/S0370269323002290?via=ihub
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WZ Joint Polarization
Phys. Lett. B 843 (2023) 137895

Measured joint helicity fractions

Measured individual helicity fractions

https://www.sciencedirect.com/science/article/pii/S0370269323002290?via=ihub
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WZ Production Measurement
CMS-SMP-20-014

https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-20-014/index.html
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WZ Production Measurement
CMS-SMP-20-014

Dimension-6 and Dimension-8 operators

Dimension-6 operators only

https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-20-014/index.html
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Zγ+Jets Differential
JHEP 07 (2023) 072

Hard variable: Non-zero at Leading Order QCD calculation

Resolution Variable: Vanish at Lead O
rder

https://link.springer.com/article/10.1007/JHEP07(2023)072
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ZZ->4l Angular Analysis
ATLAS-CONF-2023-038

Reweighing of signal polarization samples Definition of CP-odd observable

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-038/
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Search for γγ->VV
CMS-SMP-21-014

Dimension-8 operator:

Jet-proton matching

https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-21-014/index.html

