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Gauge boson polarization is strongly related to the 
structure of the electroweak sector

The Higgs mechanism predicts the existence of 
Goldstone bosons, and those are eaten 
by the W+, W-, and Z respectively, providing them 
with a mass and their longitudinal polarization

Important test of the EWSB

Also New physics might couple preferentially to 
some polarization

Why weak boson polarization is interesting?
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How to measure polarization?

Bosons
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What polarization means?

Polarization describes the alignment of a particle’s 
spin with its momentum. Quantified using the helicity:

Transversal polarization (T): the spin and momenta 
are (anti)-aligned (h=1, -1)

Longitudinal polarization (L): spin parallel with the 
momenta (h=0)

A caveat

Polarization measurements are frame dependent
For all measurements you need to define a frame (there is not an universally preferred frame)

How to measure polarization?

Parity violation in weak interactions → polarization has effects on the decay products

Angular variables between the bosons and the decays are typically used to measure the weak bosons 
polarizations 



Polarization measurements using top quarks
ATLAS @13TeV, 139 fb-1, Single top polarization, arXiv:2202.11382

CMS+ATLAS @8TeV, W boson polarization in top quarks, JHEP 08 (2020) 051 

https://arxiv.org/abs/2202.11382
http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-19-004/index.html


Single Top quark polarization
arXiv:2202.11382 

ATLAS measurement of all the top-quark polarization 
components @ 13 TeV (139 fb-1). 

Why top quark polarization in this talk?

Single top quarks are always produced via the left-handed 
electroweak interaction

This impacts the produced top quark’s spin direction and, in 
turn, the spin of its decay products

How is the analysis performed?

The top-quark polarization can be assessed from the angular 
distributions of its decay products in the top-quark rest frame.

Event selection built to focus on the t-channel and the W 
leptonic decay:

Exactly 2 jets. With exactly one b-tagged
Exactly one tight charged lepton (e,μ) (pT > 30 GeV)
ETmiss> 35 GeV; mT(W) > 60 GeV; Additional multi-jet  
rejecting cut. 

Two Signal Regions (top & anti-top)
Contains 50% t-channel signal; 25% ttbar, 15% W+jets

Two control regions 
ttbar & W+jets 

Figure: At LO single top quarks are produced with their 
spin aligned along the direction of the down-type quarks 
(spectator quark). Reference system is the top rest 
frame.
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The frame:

https://arxiv.org/abs/2202.11382


The top polarization components
arXiv:2202.11382 

The Statistical analysis:

The signal: 6 simulated templates with fully polarized states (𝑃𝑥,𝑦,𝑧 = ±1)

Profile likelihood fit in 4 regions: 2 signal regions (top & antitop) + 2 
control regions:

SR 8-bin splitting based on the octant variable (Slice the phase 
space depending on the sign of cos θc)

CRs 2-bin splitting based on lepton charge

Octant variable Q definition

Octant variable in the top quark signal region

The θli polar angle of the charged-lepton w.r.t the ith axis (i=𝑥’,𝑦’,𝑧’ ), 
this give us the three different polarisation components {𝑃𝑥’, 𝑃𝑦’, 𝑃𝑧’}

The free parameters:

3 normalisations (tt,̄ W+jets & 
t-channel signal)

6 top & antitop polarization 
components

The systematics uncertainties:

mainly dominated by jet-
energy resolution

Fit results
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https://arxiv.org/abs/2202.11382


The top polarization components
arXiv:2202.11382 

The Statistical analysis:

The signal: 6 simulated templates with fully polarized states (𝑃𝑥,𝑦,𝑧 = ±1)

Profile likelihood fit in 4 regions: 2 signal regions (top & antitop) + 2 
control regions:

SR 8-bin splitting based on the octant variable (Slice the phase 
space depending on the sign of cos θli)

CRs 2-bin splitting based on lepton charge

Octant variable Q definition
The θli polar angle of the charged-lepton w.r.t the ith axis (i=𝑥’,𝑦’,𝑧’ ), 
this give us the three different polarisation components {𝑃𝑥’, 𝑃𝑦’, 𝑃𝑧’}

The free parameters:

3 normalisations (tt,̄ W+jets & 
t-channel signal)

6 top & antitop polarization 
components

The systematics uncertainties:

mainly dominated by jet-
energy resolution

Agreement with SM MC predictions (stat.): Pxt = 0.040 ± 0.012, Pzt 
= 1.024 ± 0.015; Pxt ̄= -0.070 ± 0.016, Pzt ̄= -0.967 ± 0.020    (Py is 
expected to be 0 from CP symmetry).

Fit results
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https://arxiv.org/abs/2202.11382


Angular differential cross sections
arXiv:2202.11382 

Angular distributions might be sensitive to new physics effects in the tWb vertex (EFT interpretation)

The normalisations of the W+jets and top-quark backgrounds and the t-channel signal are constrained 
with a maximum likelihood fit to the data in the signal and control regions.

The results are interpreted in an EFT context to set limits on Wilson coefficients.

Unfolded angular variables for top and anti-top

After background subtraction the distributions are unfolded to the particle-level in 
a fiducial region 

Systematics: Mainly dominated by jet-energy resolution, jet-energy scale and t-
channel modelling
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https://arxiv.org/abs/2202.11382


Combination of top polarization 
measurements JHEP 08 (2020) 051 
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Combination of measurements of the W boson polarization in top quark decays @8 TeV (including single top 
and ttbar)

ttbar

single
top

The results are consistent with the standard model predictions at next-to-next-to-leading-order precision in 
perturbative quantum chromodynamics

http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-19-004/index.html


Polarization measurements in WZ

Main background: Misidentified jets and photons from Z+jets, 
Z+γ and Top (data driven techniques)
Signal extraction strategy: Cut and count for cross section

WZ fully leptonic analysis

After the 7 TeV result no longer 
dominated by stat uncertainties

Dominant systematic uncertainty coming 
from data driven background estimation

7 TeV Phys. Lett. B709 (2012) 341-357

8 TeV (20.3 fb-1) Phys. Rev. D 93 (2016) 092004
8 TeV (13fb-1) ATLAS-CONF-2013-021
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7 TeV: σ tot (WZ) =  19.0 ± 1.4 (stat) ± 0.9 (sys) ± 0.4 (lumi) pb
8 TeV: σ tot (WZ) = 24.3 ± 0.6 (stat) ± 0.7 (sys) ± 0.5 (lumi) pb

 9

W±Z → ν
q

q’- W

Z

?

?

?

?

s-channel

t-channel

u-channel

�15

The WZ production

Di-Boson production is precisely predicted by non 
abelian structure of the SM

WWZ vertices are predicted and have been 
measured at smaller energy

Provides direct test of SM predictions

The presence of new physics :

Direct searches :  exotics resonances decaying 
to WZ

Indirect searches : modified cross-sections and 
kinematic distributions, anomalous Triple Gauge 
Couplings (aTGC)

?

q

q’- W

Z

?

?

?

s-channel

t-channel

u-channel

�15

The WZ production

Di-Boson production is precisely predicted by non 
abelian structure of the SM

WWZ vertices are predicted and have been 
measured at smaller energy

Provides direct test of SM predictions

The presence of new physics :

Direct searches :  exotics resonances decaying 
to WZ

Indirect searches : modified cross-sections and 
kinematic distributions, anomalous Triple Gauge 
Couplings (aTGC)

?

?

q

q’- W

Z

?

?

s-channel

t-channel

u-channel

�15

The WZ production

Di-Boson production is precisely predicted by non 
abelian structure of the SM

WWZ vertices are predicted and have been 
measured at smaller energy

Provides direct test of SM predictions

The presence of new physics :

Direct searches :  exotics resonances decaying 
to WZ

Indirect searches : modified cross-sections and 
kinematic distributions, anomalous Triple Gauge 
Couplings (aTGC)

➡ Studied origin of misid. 
leptons and designed 
control regions to calculate 
fake rates

CMS @13TeV 137 fb-1   CMS-SMP-20-014 

ATLAS @13TeV 36 fb-1    Eur. Phys. J. C 79 (2019) 535 

http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-20-014/index.html
https://link.springer.com/article/10.1140/epjc/s10052-019-7027-6


CMS Polarization in WZ measurement 

Single boson polarization measurement @13 TeV 

The analysis target
Singlely-polarized final states:

 “W polarization” : WLZ, WRZ, W0Z
 “Z polarization” : WZL, WZR, WZ0

The frame
The helicity frame defined in the centre-of mass of the 
measured gauge boson (W or Z) is used 

How is the analysis performed?
Polarization templates obtained by reweighting a 
POWHEG+Pythia sample based on the generator-level 
cos(θV) distributions 
Cut-based SR selection, that exploits:

fully leptonic WZ decays: leptons pT>25/10/25 GeV, 
pTmiss>30 GeV
Z mass on-shell (15 GeV window)
W reconstructed using pdg mass constrain 

Three Control regions for ZZ, top and photon conversions

�14

CMS-SMP-20-014 

The frame:

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


WZ polarization extraction 
The statistical analysis

The cos(θV) distributions at the reconstructed level are fitted separately 
for W/Z production.
Free parameters: μ (overall WZ cross-section), f0, and fL-fR are fitted 
simultaneously in all the measurements 
Simultaneous fit of SR and background CRs

�15

CMS-SMP-20-014 

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


WZ polarization results 
All results are provided in the charge-inclusive and both charged (W+Z, and W-Z) final states. 
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CMS-SMP-20-014 

Overall results consistent between observations and predictions.
Observed significance for the presence of longitudinally polarized W bosons of 5.6σ (4.3σ 
expected). Way over the observation mark (>8σ) for Z bosons. 
No strong correlation is found between the measured parameters on the fits 

W polarization charge inclusive SR Z polarization charge inclusive SR

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


ATLAS Polarization in WZ measurement 

Very similar analysis to the CMS one

The analysis target
Singly-polarized final states:

 “W polarization” : WLZ, WRZ, W0Z
 “Z polarization” : WZL, WZR, WZ0

The frame
The “modified” helicity frame with the WZ system at rest 

How is the analysis performed?
Polarization templates obtained by reweighting a 
POWHEG+Pythia sample based on the generator-level 
cos(θV) distributions 
Cut-based SR selection, that exploits:

fully leptonic WZ decays: leptons pT>27/20 GeV
Z mass on-shell (10 GeV window)
W reconstructed using pdg mass constrain 

�17

 Eur. Phys. J. C 79 (2019) 535 
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https://link.springer.com/article/10.1140/epjc/s10052-019-7027-6


WZ polarization results 

�18

Overall results consistent between observations and predictions.
Evidence for the presence of longitudinally polarized W bosons of 4.2σ (3.8σ expected). Observation of 
longitudinally polarized Z bosons at a 6.5σ significance (6.1σ expected) 

 Eur. Phys. J. C 79 (2019) 535 
All results are provided in the charge-inclusive and both charged (W+Z, and W-Z) final states. 

W polarization charge inclusive SR Z polarization charge inclusive SR

https://link.springer.com/article/10.1140/epjc/s10052-019-7027-6
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3 Electroweak Gauge Boson Scattering

Table 3.1: Feynman diagrams of diboson production in association with two jets at tree
level. Although this is supposed to be a complete list, some diagrams are understood as
representations of a whole set of diagrams with e.g. one final state gauge boson moved
to another leg. If not required in order to construct a well-defined Feynman diagram, the
possible decay products of the final state gauge bosons are not shown for simplicity.
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3.2.2 Next-to-Leading Order in Perturbation Theory

Di�erences between the SM simulations and the experimental observations might be misinter-
preted as phenomena of new physics if higher orders in the perturbation theory are contributing
and are not fully taken into account. Calculations and simulations of leading order electroweak
and strong V Vjj production processes are available in various event simulation frameworks
(see Section 5.2). At next-to-leading order, they are not finished at the time of this work.

A visualization of the contributions to virtual next-to-leading order corrections is shown in
Table 3.2. Each process is represented by a typical Feynman diagram. Real emissions and
counter terms are needed in addition to regularize infrared and collinear divergencies. Details
can be found in the following literature summarized in Table 3.3.

V Vjj-EW and V Vjj-QCD processes have been calculated and theoretically studied at next-
to-leading order in perturbative QCD. The publications are summarized in Table 3.3. Pure
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Polarization measurements in Vector Boson 
Scattering



VBS same sign WW polarization 
measurement 

First polarization measurement in VBS using @13 TeV 
(137fb-1, full run-2)

The analysis target
doubly polarized final states: WLWL, WTWT, WLWT

single boson longitudinal polarization: WLWX and WTWX 
production (any polarization for the second boson). 

The challenge
Separation Signal from Background (WZ, Nonprompt)
Separation between the different polarization modes 
themselves. 

How is the analysis performed?
Starts with a cut-based SR selection, that exploits:

VBS topology requires mjj>500 GeV and Zeppenfeld’s  
production.
fully leptonic W decays: leptons pT>25/20 GeV, 
pTmiss>30 GeV

Three BDTs are trained:
Inclusive BDT: ssWW signal vs background
LL vs the rest: To extract WLWL and WTWX

TT vs the rest: To extract WLWX and WTWT

Polarization templates from MAdgraph �20

Phys. Lett. B 812 (2020) 136018 

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


VBS same sign WW polarization 
measurement 
The statistical analysis

Two fits performed depending on the signal hypothesis
To extract WLWL and WTWX cross sections: Inclusive BDT x “LL vs all” BDT (5x5 bins)
To extract WTWT and WLWX cross sections: Inclusive BDT x “TT vs all” BDT (5x5 bins)
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Phys. Lett. B 812 (2020) 136018 

Inclusive BDT LL vs all BDT TT vs all BDT

x or

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


VBS same sign WW polarization 
measurement 
The results

Presented in the WW reference frame and in the incoming 
parton frame 
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Phys. Lett. B 812 (2020) 136018 

Results in the WW reference frame

Results in the incoming parton reference frame

Significance for LX production at 2.3σ (3.1σ expected) 

Significance for LX production at 2.6σ (2.9σ expected) 

Uncertainties
Very strongly dominated by 
statistical uncertainty, significant 
improvements are to be expected 
from Run III and the HL-LHC before 
systematics start to become a 
significant issue 

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


..and in the future

Some projection studies for polarization measurements in the HL-LHC can be 
found in the Yellow Report (using the parton center of mass frame).

A lot of new results expected as we take more and more data in the future! 
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Simple cut-based analysis Almost the same analysis as presented before

https://e-publishing.cern.ch/index.php/CYRM/article/view/950
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-21-001/index.html
https://cds.cern.ch/record/2652447/files/ATL-PHYS-PUB-2018-052.pdf


Summary

The measurements of Weak boson polarization are interesting!

they probe the ingredients of the EWSB 
are an interesting corner to look for new physics

Results on top quark polarization and first results for gauge boson polarization in WZ and WWjj production 
were presented.

With our current data we are already able to probe the polarization fractions in VV production.

Results include the first evidence + observation of longitudinally polarized gauge bosons in WZ 
production. 

EWK production still severely limited by data statistics, but already showing promise in same-sign WW 
production. A lot can be expected as we gather more data! 

While other ATLAS and CMS measurements don’t provide direct interpretations on the polarization of the 
gauge bosons, closely related results are often provided. Differential cross section measurements of angular 
distributions are closely related and can be used for re-interpretations, combinations, etc… we have them for 
WW, ZZ and Z VBF
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