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Higgs
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and Z bosons
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allowed

Goldstone equivalence
theorem

“At high energy, longitudinal
vector bosons are analogous to

goldstone bosons”

Motivation
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Longitudinal polarization of electroweak
gauge bosons is a direct consequence of
the EWSB
Important test of the Higgs mechanism
Particularly interesting: longitudinal VBS

[quantumdiaries.org]

[J. Manjarrés Ramos, LHCP2022]

https://www.quantumdiaries.org/2011/10/10/who-ate-the-higgs/goldstone-eaten-four/
https://indico.cern.ch/event/1109611/contributions/4789870/attachments/2446425/4192090/JManjarres_EWK_polarization.pdf


What is vector boson polarization?
Alignment of a particle’s spin with its momentum

Transverse polarization (T): (anti-)aligned (            )
Longitudinal polarization (0/L): orthogonal (         )

Vector boson polarization
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Right-handed Left-handed

Helicity: 

Helicity is not Lorentz-invariant
reference-frame needs to be defined for all polarization measurements

How to measure vector boson polarization?
Parity violation in weak interactions       

              effects on decay products
Analytical distribution of decay angle is
known at born-level
In practise: polarized templates



Monte-Carlo event generators
Several generators available:

Phantom: 2     6 proceses at LO+PS
MG5_aMC@NLO: arbitrary processes at LO+PS, multi-jet merging
Sherpa: arbitrary processes at nLO QCD + PS, multi-jet merging
POWHEG BOX RES: diboson processes at NLO QCD + PS

Only Madgraph used so far by the collaborations

Polarized templates
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[A. Ballestrero et al. 2008, 2017]

[D. Buarque Franzosi et al. 2020]

[M. Hoppe et al. 2023]
[G. Pelliccioli, G. Zanderighi 2023]

[R. Poncelet, 1st COMETA General Meeting]

Fixed-order calculations
fixed-order calculations show large,
polarization-dependent NLO corrections

[A. Denner, G. Pelliccioli 2020]

https://arxiv.org/abs/0801.3359
https://arxiv.org/abs/1710.09339
https://arxiv.org/pdf/1912.01725
https://arxiv.org/pdf/1912.01725
https://arxiv.org/abs/2311.05220
https://arxiv.org/pdf/1912.01725
https://indico.cern.ch/event/1334055/contributions/5807450/attachments/2809110/4902411/2024.02.28-Izmir-COMETA-1st-General-Meeting-poncelet.pdf
https://arxiv.org/abs/2010.07149


Polarization measurements in WZ



Analysis target
Singly-polarized states:

W-polarization: 
Z-polarization: 

Reference frame: laboratory frame

Polarized templates
Reweighting of inclusive
Powheg NLO-QCD sample
using generator-level
distribution

CMS polarization measurement in WZ
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http://dx.doi.org/10.1007/JHEP07(2022)032


CR for ZZ, top and photon
conversion
            fitted separately for W
and Z in charge-inclusive and
charged (           /           )
channels
free parameters: 

Statistical Analysis
Cut-based event selection

CMS polarization measurement in WZ
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http://dx.doi.org/10.1007/JHEP07(2022)032


First observation of longitudinally polarized
W-bosons in WZ: 5.6   (4.3   )

Significance for longitudinally polarized
Z-bosons way above five standard deviations
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CMS polarization measurement in WZ

http://dx.doi.org/10.1007/JHEP07(2022)032


Analysis target
Joint-polarization states          ,           ,           ,
Singly-polarized states

Reference frame: WZ rest frame
         minimizes correlation between 00 and TT modes

Polarization templates
Events generated with MadGraph 2.7.3 + Pythia 8
in 0,1j@LO merged setup

                 observed bias in extracted polarization
                 fractions, up to 50% of fraction value!

ATLAS polarization measurement in WZ
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https://www.sciencedirect.com/science/article/pii/S0370269323002290?via=ihub


Templates Challenge: multiple reweighting methods to obtain templates at NLO-QCD
Full phase-space reweighting of Powheg NLO-QCD with DNN  [arXiv:1907.08209]

factorization assumption: 
MadGraph 0,1j@LO: 
Powheg NLO-QCD: 

Joint-polarization measurement in WZ
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             learn                  by discriminating (i, j) polarization against sum of polarizations

Binned reweighting of DNN score based on polarized
fixed-order NLO-QCD calculations (MoCaNLO) 

       [A. Denner, G. Pelliccioli, arXiv:2010.07149]
used to assess modelling uncertainties

https://arxiv.org/abs/1907.08209
https://www.sciencedirect.com/science/article/pii/S0370269323002290?via=ihub
https://arxiv.org/abs/2010.07149


Statistical Analysis
Free parameters: 
DNN multiclass classifier trained on
MadGraph 0,1j@LO polarized samples

inputs: 

          distribution fitted in four decay angle
categories to separate 0T and T0 states
Statistical uncertainties at the same level as
systematic uncertainties

Modelling uncertainty on DNN
reweighting and choice of templates
QCD scale
Jets /           reconstruction, calibration

Joint-polarization measurement in WZ
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https://www.sciencedirect.com/science/article/pii/S0370269323002290?via=ihub


Joint-polarization measurement in WZ

First observation of simultaneous pair-
production of longitudinally-polarised VB

significance of 7.1   (6.2   ) for 
significance for       and        >5

E. Bachmann  |  11 July 2024  |  LHC EW WG meeting  |  12Phys. Lett. B 843 (2023) 137895

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


Single boson polarization in WZ
Measured     and               for W and Z bosons in charge inclusive and both charged
final states
Polarization templates of             from analytical reweighting of Powheg NLO-QCD
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Spin correlation: measured                                            (SM: 1.3)

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


Analysis target
Joint-polarization states at high      :          ,           ,           ,      

first measurement to probe the energy dependence of polarization fractions
Radiation Amplitude Zero (RAZ) effect in WZ production

00-enhanced signal regions
Cuts on       to increase 00-fraction          up to 23%!
Cut on          to reduce jet activity        

              more LO-like phase space

ATLAS measurement of energy dependence of
WZ polarization fractions and RAZ effect
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https://arxiv.org/abs/2402.16365


Discriminant variable
Dedicated BDTs trained in each       bin
to discriminate           vs rest

Polarization modelling
MadGraph LO+0,1j
Uncertainties from NLO QCD+EW
fixed-order calculations (G. Pelliccioli,
Duc Ninh Le)

Energy dependence of WZ polarization fractions
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Statistical analysis
2 fit configurations

3 parameters: 
2 parameters: 

Dominated by statistical uncertainties
NLO QCD uncertainties subleading

https://arxiv.org/abs/2402.16365


5 sigma observation for        in 
                              GeV region

Evidence for        in                   GeV
region for 2 parameter fit

Energy dependence of WZ polarization fractions
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3 parameter fit

2 parameter fit

https://arxiv.org/abs/2402.16365


Radiation Amplitude Zero effect
At LO: TT cross-section drops to zero when              approaches zero

               observable as dip in                  and 
Diluted by NLO QCD effects

               reduce jet activity with          cuts

RAZ effect in WZ
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https://arxiv.org/abs/2402.16365


RAZ effect in WZ
Depth variable to quantify dip
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Measure depth using unfolded TT-only
distributions for different          cuts

RAZ dip is
clearly visible!

https://arxiv.org/abs/2402.16365


Polarization measurements in ZZ



Analysis target: joint-polarization states           and 

Reference frame: ZZ rest frame

Discriminant variable
BDT trained to separate           from

inputs: 

ATLAS polarization measurement in ZZ
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https://link.springer.com/article/10.1007/JHEP12(2023)107


1.

     as a function of             or           

Templates challenge
MadGraph 2.7.3 + Pythia 8 for polarized QCD qq      ZZ+0,1,2j and EWK qq      ZZjj
Reweight QCD samples based on polarized NLO QCD+EW corrections (MoCaNLO):

                                                                                                                             [JHEP10 (2021) 097]

ATLAS polarization measurement in ZZ
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2.

     as a function of             or           

3.

     as a function of              and           

https://arxiv.org/abs/2107.06579
https://arxiv.org/abs/2107.06579
https://arxiv.org/abs/2107.06579
https://link.springer.com/article/10.1007/JHEP12(2023)107


Templates challenge
Polarized templates for gg-loop induced ZZ from inclusive ggZZ sample (Sherpa 2.2.2)
and polarized leading order calculation (MoCaNLO)

 

              as a function of 
interference negligible
2D reweighting as for qqZZ

ATLAS polarization measurement in ZZ
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https://link.springer.com/article/10.1007/JHEP12(2023)107


Statistical analysis
Free parameters: 
Evidence for doubly-longitudinal ZZ with 4.3    (3.8   )
Measured cross-section in agreement with SM prediction:

 

ATLAS polarization measurement in ZZ
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Theoretical systematics
dominated by reweighting
uncertainties!

Measurement limited by
statistical power

 

https://link.springer.com/article/10.1007/JHEP12(2023)107


Polarization measurements in same-sign WW
Vector Boson Scattering



Analysis target
Joint-polarization:
Singly-polarized states: 

Reference frame
WW rest frame
Initial state parton-parton rest frame

Analysis strategy
Cut-based SR selection, leveraging VBS
topology
CRs to constrain WZ, nonprompt lepton, tZq
and ZZ backgrounds

CMS same-sign WW polarization measurement
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https://www.sciencedirect.com/science/article/pii/S0370269320308212?via=ihub


Discriminant variable
Inclusive BDT:               vs bkg.
Two signal BDTs per frame:

              vs
              vs

signal BDT

CMS same-sign WW polarization measurement
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BDT input variables

Phys. Lett. B 812 (2020) 136018

inclusive BDT

Polarization modelling
pol. MadGraph LO
NLO QCD+EW correc-
tions from inclusive
fixed-order calculations

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


CMS same-sign WW polarization measurement

E. Bachmann  |  11 July 2024  |  LHC EW WG meeting  |  27Phys. Lett. B 812 (2020) 136018

Statistical Analysis
One fit per signal hypothesis

               and               : Inclusive BDT    “LL vs TX” BDT (5x5 bins)
               and               : Inclusive BDT    “LX vs TT“ BDT (5x5 bins)

Free parameters:                                            / 

or

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


WW-frame
Significance for                 production of 2.3    (3.1  )
95% CL upper limit on               : 1.17 (0.88) fb

pp-frame
Significance for                 production of 2.6    (2.9  )
95% CL upper limit on               : 1.06 (0.85) fb

CMS same-sign WW polarization measurement
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Measurement strongly
dominated by statistical

uncertainties!

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


Conclusion



Weak boson polarization is a useful tool to
probe the inner workings of the EWSB
look for physics beyond the Standard Model

First observation of joint-longitudinally polarized VB in WZ, evidence in ZZ,
with Run 2 dataset

Modelling of polarization templates is the main systematic uncertainty
Interference contribution may not be negligible

                       Careful selection of observables, decorrelation from     , 
                       and / or interference templates necessary

Summary
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Recent advancements in Monte-Carlo generators:
Powheg-Box-Res+Pythia: inclusive VV @NLO QCD+PS
Sherpa 3: arbitrary processes @nLO QCD+PS, multi-jet merging,

                                interference templates
polarized gluon-loop induced processes via UFO model

Recent interest in semi-leptonic decay channels
higher statistical power, but larger backgrounds

New developments in machine learning techniques
first steps towards a polarization tagger: “Amplitude-assisted tagging”

Study of BSM sensitivity in polarized analyses
EFT via UFO models should be possible in MadGraph and Sherpa

Outlook

[M. Hoppe, M. Schönherr, F. Siegert 2023]

[G. Pelliccioli, G. Zanderighi 2023]

[arXiv:2306.07726]

[M. Javurkova et al. 2024]
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https://arxiv.org/abs/2310.14803
https://arxiv.org/abs/2311.05220
https://arxiv.org/abs/2311.05220
https://arxiv.org/abs/2311.05220
https://arxiv.org/abs/2306.07726
https://arxiv.org/abs/2401.17365


Projections for measurement of joint-longitudinal               at the HL-LHC presented
in the Yellow Report

Outlook
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Cut based analysis Almost the same analysis as
presented before
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https://e-publishing.cern.ch/index.php/CYRM/article/view/950
https://cds.cern.ch/record/2652447/files/ATL-PHYS-PUB-2018-052.pdf
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-21-001/index.html


Interpretation of template-based polarization measurements
inherently model-dependent        alternative approach?
in the meantime: as many polarization fractions as possible!

Best reference frame to use
agreed-upon standard choice not yet defined

Optimal definition of polarised-boson signals
clear guidelines for the experiments are needed

Open questions

https://www.cost.eu/actions/CA22130/

Join the COMETA COST action!
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https://www.cost.eu/actions/CA22130/
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CMS polarization measurement in WZ

Yields



CMS polarization measurement in WZ

Uncertainties



ATLAS Polarization measurement in WZ

Object selection



ATLAS Polarization measurement in WZ

Event selection



ATLAS Polarization measurement in WZ

Yields



ATLAS Polarization measurement in WZ

Predicted and measured fractions



ATLAS Polarization measurement in WZ

Uncertainties



Event selection

ATLAS measurement of energy dependence of
WZ polarization fractions and RAZ effect



ATLAS measurement of energy dependence of
WZ polarization fractions and RAZ effect
Yields



ATLAS measurement of energy dependence of
WZ polarization fractions and RAZ effect
Predicted and measured fractions

3 parameter fit

2 parameter fit



ATLAS measurement of energy dependence of
WZ polarization fractions and RAZ effect
Uncertainties

3 parameter fit



ATLAS Polarization measurement in ZZ

Yields



ATLAS Polarization measurement in ZZ

Uncertainties



CMS same-sign WW polarization measurement

Yields



CMS same-sign WW polarization measurement

Uncertainties


