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Master Thesis

Looking at the Vector Boson Scattering of a W and a Z boson

Polarization interesting because it has strong connection to electroweak symmetry
breaking (EWSB)

Without the Higgs boson VLVL ! VLVL leads to unphysical
results

! Interesting to study the longitudinal polarization
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Unitarity violation in Longitudinal VBS
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Goldstone boson theorem 
“At high energy, longitudinal 
vector bosons are analogous 
to goldstone bosons”

New physics 
with angular 
variables?

They important probes of SM gauge and 
Higgs sectors

can provide discrimination power between 
SM and BSM physics

But….. they are non trivial to extract
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The state-of-the-art
Measurements at LEP: 

Only diboson process accessible for such measurements e+e- → W+W- 

Single boson polarization measurements: L3 [arXiv:0301027], OPAL [arXiv:0312047], DELPHI [arXiv:0801.1235]

Joint-polarization measurements: OPAL [arXiv:0009021], DELPHI [arXiv:0908.1023] 

Never reached observation level sensitivity for longitudinal-longitudinal joint-polarization

Measurements at the LHC: 

Single and Joint- boson polarization measurements

pp → W±Z

CMS @13TeV 137 fb-1 (inclusive phase space)  CMS-SMP-20-014 
ATLAS @13TeV 139 fb-1 (inclusive phase space) Phys. Lett. B 843 (2023) 137895
ATLAS @13TeV 139 fb-1 (high pT (Z) phase space)  Phys. Rev. Lett. 133 (2024) 101802 

pp → ZZ

ATLAS @13TeV 140 fb-1 (inclusive phase space) JHEP 12 (2023) 107

pp → W±W±jj

CMS @13TeV 137 fb-1 (VBS phase space) Phys. Lett. B 812 (2020) 136018

New!
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How to measure polarization?

Bosons

Polarization can be quantified using the helicity  that 
describes the alignment of a particle’s spin with its 
momentum. 

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

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

S S
P P

Right-handed: Left-handed:

S
P

Longitudinal :

Transverse :
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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
Perform fits to data distributions using polarized templates 
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Monte Carlo generators

Several generators in the market:

PHANTOM: 2 → 6 processes @ LO+PS [A. Ballestrero et al. 2008, 2017]

Madgraph: arbitrary processes @ LO, PS matching, multi-jet merging  [D. Buarque Franzosi et al. 2020]

POWHEG-BOX-RES: diboson processes @NLO QCD+PS  [G. Pelliccioli, G. Zanderighi 2023]

Sherpa: arbitrary processes @nLO QCD, PS matching, multi-jet merging [MH, M. Schönherr, F. Siegert 2023]

Madgraph has been so far the one used by the collaborations

Polarized templates how?
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NLO corrections are 
polarization aware and 
have different shape 

and size

Small LL 
contribution !

Monte Carlo generators

Several generators in the market:

PHANTOM: 2 → 6 processes @ LO+PS [A. Ballestrero et al. 2008, 2017]

Madgraph: arbitrary processes @ LO, PS matching, multi-jet merging  [D. Buarque Franzosi et al. 2020]

POWHEG-BOX-RES: diboson processes @NLO QCD+PS  [G. Pelliccioli, G. Zanderighi 2023]

Sherpa: arbitrary processes @nLO QCD, PS matching, multi-jet merging [MH, M. Schönherr, F. Siegert 2023]

Madgraph has been so far the one used by the collaborations

Fix order calculations

Fix order calculations available for some 
processes (NNLO QCD, NLO QCD and EW) 
show large polarization depended corrections  

Polarized templates how?

G. Pelliccioli  et al
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the main actors 

Test two SM predictions
⧠  Radiation Amplitude Zero Effect
⧠  Double longitudinal bosons interacting at high pT

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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Sensitive to 
NLO→NNLO 
corrections!

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
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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)
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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
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Radiation Amplitude Zero effect
At LO strong gauge cancellations making             a  = 0 that translates in drop in the TT cross-
section (true for WZ and W𝜸 [D0 result])

CERN-THESIS-2024-012
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CERN-THESIS-2024-012

0 Jets 0 + 1 Jets 

At higher orders the dip of the RAZ disappears

Radiation Amplitude Zero effect
At LO strong gauge cancellations making             a  = 0 that translates in drop in the TT cross-
section (true for WZ and W𝜸 [D0 result])

7

https://cds.cern.ch/record/2890370
https://arxiv.org/abs/0803.0030


Radiation Amplitude Measurement in WZ

Used a pT(WZ) cut to reduce the jet activity → tighter pT(WZ) cut → more LO like Phase Space!
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Polarization modelling: Madgraph LO 0+1j merged samples. Uncertainties by reweighing to NLO QCD+EW 
based on fix order predictions (G. Pelliccioli, Duc Ninh Le) 

Phys. Rev. Lett. 133 (2024) 101802 

8

https://arxiv.org/abs/2402.16365


Radiation Amplitude Zero effect in WZ
Define a Depth variable to qualify the deepness TT dip

D = 1 − 2 ×
Ncentral
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Phys. Rev. Lett. 133 (2024) 101802 
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Radiation Amplitude Zero effect in WZ
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Depth variable well above 0 ! We 
see the RAZ deep !

Phys. Rev. Lett. 133 (2024) 101802 
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the main actors 

Test two SM predictions
⧠  Radiation Amplitude Zero Effect

⧠  Double longitudinal bosons interacting at high pT

supporting actor

✔

10



Phys. Rev. Lett. 133 (2024) 101802 

Double longitudinal WZ at high pT
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Double longitudinal WZ at high pT
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Phys. Rev. Lett. 133 (2024) 101802 

Double longitudinal WZ at high pT

The signal region yields :
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Phys. Rev. Lett. 133 (2024) 101802 

Double longitudinal WZ at high pT

The signal region expected fractions :
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BDT score
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Polarization WZ at high pT

Double Longitudinal component increased up to 23% 

Relative s-channel contribution expected to be higher at high pT(Z)

To separate the polarization components dedicated BDT were trained for each pT(Z) bin 
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WZ join polarization - 00-enhaced region
Statistical analysis

Fit performed using 2 configurations (more free 
parameters less model dependent):

3 parameters: 00, T0+0T and TT

2 parameters: 00 vs T0+0T+TT 

Dominated by statistical uncertainties, but NLO EW and 
QCD uncertainties have the largest impact!

3 free parameters

2 free parameters

We are able to reach observation/
evidence of double longitudinal 
bosons at high pT (Z) !! → approaching 
the regime where longitudinal bosons already 
behave as Goldstone bosons

Phys. Rev. Lett. 133 (2024) 101802 
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Uncertainties
Phys. Rev. Lett. 133 (2024) 101802 
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Uncertainties
Phys. Rev. Lett. 133 (2024) 101802 
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the main actors 

Test two SM predictions
⧠  Radiation Amplitude Zero Effect

⧠  Double longitudinal bosons interacting at high pT

supporting actor

✔

Summary
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Summary

Bosons

Polarization measurements are a new open door to probe the ingredients of the EWSB 

With Run-2 data we are already able to probe the polarization fractions in VV production

Results include the evidence or observation of double longitudinally polarized gauge bosons in WZ 
production at high pT

Big limiting factor for our measurements is the modelling of the polarization templates! → theory 
community is actively working on the topic!

VBS 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! 

An active theory and experimental community exist, first Polarization Workshop was hosted in Toulouse, next 
one will be announced soon :) 

https://indico.cern.ch/event/1371888/

