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What is Boson Polarisation?
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Why Polarisation Measurement?
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[J. Manjarrés Ramos, LHCP2022]
[A. Denner, T. Hahn, 1997]

Preserve unitarity

W ±
0 W ±

0 → W ±
0 W ±

0

https://www.sciencedirect.com/science/article/pii/S0550321398002879
https://indico.cern.ch/event/1109611/contributions/4789870/attachments/2446425/4192090/JManjarres_EWK_polarization.pdf
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ATLAS Polarisation Measurements
Overview

 PolarisationW±Z

Single 
Polarisation

Joint 
Polarisation

 Polarisation 
Kinematic

W±Z  AnalysisZZ

Energy 
Dependence

RAZ 
Effect

Joint 
Polarisation

CP 
Properties

VpolVpolVpolV VpolVpol VTVT VpolVpol

arXiv:2211.09435 arXiv:2402.16365 arXiv:2310.04350

https://cds.cern.ch/record/2841241
https://cds.cern.ch/record/2890051
https://cds.cern.ch/record/2874981
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Polarisation defined in  reference frame 

:  
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ATLAS Polarisation Measurements
Access the Polarisation

arXiv:2211.09435

[J. Manjarrés Ramos, LHCP2022]

https://cds.cern.ch/record/2841241
https://indico.cern.ch/event/1109611/contributions/4789870/attachments/2446425/4192090/JManjarres_EWK_polarization.pdf
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ATLAS Polarisation Measurements

Super fancy polarisation measurement 
in VBS from pp collisions at  

with the ATLAS detector
s = 13 TeV

The ATLAS Collaboration

Contents 

1. Cut based analysis with high  purity 

2. Get polarised samples 

3. Deal with higher order effects 

4. Study polarisation 

4.1 Machine learning 

4.2 Optional: Kinematic effects of polarisation 

5. Statistical analysis

VV → VV

EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN)
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 Polarisation MeasurementW±Z
arXiv:2211.09435

https://cds.cern.ch/record/2841241
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 Polarisation MeasurementW±Z
arXiv:2211.09435

● Joint-polarisation 

● Measure , , , and  

● Single-polarisation 

● Individual polarisation of  or  boson 

● Measure  and 

f00 fT0 f0T fTT

W± Z
f0 fL − fR

Analysis Goal
q1

q2

q3

⌫1

l±1

l⌥2

l±2

q4

W±

Z

W±

Z

https://cds.cern.ch/record/2841241
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 Polarisation MeasurementW±Z
arXiv:2211.09435

Phase Space

Prompt bkg

3710

Non-prompt bkg

1170

W±
0 Z0

920

W±
0 ZT

2670

W±
T Z0

2670

W±
T ZT

10 200

21400 events

https://cds.cern.ch/record/2841241
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 Polarisation MeasurementW±Z
arXiv:2211.09435

 required to access  center of mass 

● Improve analytic calculation of  

● Regression DNN trained on inclusive 
Powheg+Pythia sample 

● Introduce  constrain in last layer 

● Better regression than analytic  calculation

⃗pν W±Z

pν
z

mW

pν
z

DNN to Reconstruct Neutrino pz

Batch Normalisation

DNN 
7 hidden layers x 256 nodes

pν
z

Constrain layer

pν
z mW

analytic ,  and  of , 
and  relative to  of 

pν
z pT pz lW⃗E miss

T ⃗p lW

loss = MSE(pν
z ) + MSE(mW)

https://cds.cern.ch/record/2841241
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 Single-Polarisation MeasurementW±Z
arXiv:2211.09435

● Fit directly in  and  

● Reweight Powheg+Pythia (NLO-QCD) with 
corresponding  distribution to get polarised sample 

● Measure  and 

cos θ*lW cos θ*lZ

cos θ*lV

f0 fL − fR

Analysis Strategy

 measurementW± measurementZ

https://cds.cern.ch/record/2841241
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 Single-Polarisation MeasurementW±Z
arXiv:2211.09435

● Good agreement with SM 

● Dominated by statistical uncertainty 

● Dominant systematic is modelling uncertainty

Fit Results

https://cds.cern.ch/record/2841241
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 Joint-Polarisation MeasurementW±Z
arXiv:2211.09435

● Extensive study of polarisation simulation 
 only nominal strategy presented 

● Use two samples: 

● Polarised MadGraph LO-QCD 

● Unpolarised Powheg NLO 

● Train 4 binary classifier DNN for pol-sum MadGraph vs pol MadGraph 

 

● Use  to introduce polarisation in Powheg NLO

⇒

wpol(X) =
DDNpol(X)

1 − DDNpol(X)

wpol(X)

Simulate Polarisation at NLO-QCD

https://cds.cern.ch/record/2841241
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 Joint-Polarisation MeasurementW±Z
arXiv:2211.09435

● Multiclass DNN trained on Madgraph-0,1j@LO 

● Modify the 00-output node targets 

➡ sufficient to separate 00, TT and mixed modes 

● Combine DNN output with  and cos θ*lW cos θ*lZ

Multivariate Analysis

00 T0 0T TT

00 1 0 0 0

T0 0.5 1 0 0

0T 0.5 0 1 0

TT 0 0 0 1P
ol

ar
is

at
io

n 
m

od
e

|cos θ*lW |

|cos θ*lZ |

0T

00 T0

TT

0.5

0.50.0

1.0

1.0

Batch Normalisation

DNN 
3 hidden layers x 512 nodes

, , , 
, , , 

, 

ΔY(lW Z ) pT(WZ ) pT(lW)
pT(lZ;1) pT(lZ;2) Δϕ(lWlν)

Δϕ(lZ;1lZ;2) Emiss
T

https://cds.cern.ch/record/2841241
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 Joint-Polarisation MeasurementW±Z
arXiv:2211.09435

Fit Results

● Measure , , , and  

● Statistic, QCD-scale and modelling have similar impact 

● Modelling uncertainty mainly from polarisation 
at NLO-QCD

f00 fT0 f0T fTT

Observation 🎉 Evidence🔎

https://cds.cern.ch/record/2841241
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 Joint-Polarisation MeasurementW±Z
arXiv:2211.09435

 

No correlation  and SM  

 with  against 

Rc =
f00

fW
0 f Z

0

Rc = 1 Rc = 1.3

Rc = 1.54 ± 0.35 1.6σ Rc = 1

Spin correlation

Single-polarisation 
measurement

Joint-polarisation 
measurement

https://cds.cern.ch/record/2841241
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 Polarisation Energy Dependency & RAZW±Z
arXiv:2402.16365

https://cds.cern.ch/record/2890051
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arXiv:2402.16365

Analysis Goal

● Joint-polarisation at high  

● Measure , , and  

● Measure  dependency with two 
distinct fits 

● Radiation Amplitude Zero (RAZ) effect

pZ
T

f00 fT0 + f0T fTT

pZ
T

q1

q2

q3

⌫1

l±1

l⌥2

l±2

q4

W±

Z

W±

Z

 Polarisation Energy Dependency & RAZW±Z

https://cds.cern.ch/record/2890051
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arXiv:2402.16365

Phase Space

12500 events

Prompt bkg

169

Non-prompt bkg

68

W±
0 Z0

222

W±
T Z0 +W±

0 ZT

323

W±
T ZT

856

Prompt bkg

24

Non-prompt bkg

3

W±
0 Z0

48
W±

T Z0 +W±
0 ZT

24

W±
T ZT

124

Prompt bkg

1315

Non-prompt bkg

838

W±
0 Z0

992

W±
T Z0 +W±

0 ZT

3335

W±
T ZT

8170

1640 events 220 events

 Polarisation Energy Dependency & RAZW±Z

Prompt bkg

481

Non-prompt bkg

210

W±
0 Z0

649

W±
T Z0 +W±

0 ZT

1719

W±
T ZT

5024

Prompt bkg

838

Non-prompt bkg

518

W±
0 Z0

860

W±
T Z0 +W±

0 ZT

2470

W±
T ZT

6769

https://cds.cern.ch/record/2890051
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arXiv:2402.16365

Polarisation Simulation
 Polarisation Energy Dependency & RAZW±Z

● Use MadGraph0,1j@LO to get NLO-QCD effects 

● Compared with unpolarised NLO samples: 

● Powheg+Pythia8 

● MadGraph aMC@NLO 

● Sherpa 

➡ Sufficient NLO modelling 

● Scale factor from data in inclusive multi-jet region for remaining NLO-QCD effects

https://cds.cern.ch/record/2890051
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arXiv:2402.16365

 Polarisation Radiation Amplitude ZeroW±Z
Analysis Strategy

●  at   visible at  

● Dip is filled by NLO-QCD contributions 

● Split in 3 regions to suppress NLO-QCD

ℳTT
WZ = 0 θV = π/2 ⇒ ΔYWZ = |YW − YZ | = 0

pWZ
T < 70 GeV pWZ

T < 40 GeV pWZ
T < 20 GeV
7390 events10100 events12500 events

https://cds.cern.ch/record/2890051
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arXiv:2402.16365

 Polarisation Radiation Amplitude ZeroW±Z
Measurement

● Unfold  

● Depth variable  

● Dominated by statistic 

● Dominant systematic are NLO effects

W±
T ZT

D = 1 −
Ncentral

Nsides /2

https://cds.cern.ch/record/2890051
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arXiv:2402.16365

● Train BDTs for  vs rest in two  regions 

● Perform 2 parameter and 3 parameter fit 

● Dominated by statistic 

● Dominant systematic are NLO effects

W±
0 Z0 pZ

T

Measurement
 Polarisation Energy DependencyW±Z

100 GeV < pZ
T ≤ 200 GeV

pZ
T > 200 GeV

Observation 🎉

Evidence🔎2 parameter:

3 parameter:

https://cds.cern.ch/record/2890051
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 Polarisation MeasurementZZ
arXiv:2310.04350

https://cds.cern.ch/record/2874981
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arXiv:2310.04350

Analysis Goal

● Joint-polarisation 

● Cross-section of  and 
 

● CP-odd optimal variable 
 not covered in this talk

Z0Z0
Z0ZT + ZTZ0 + ZTZT

⇒

q1

q2

q3

l⌥2

l±1

l⌥2

l±2

q4

Z

Z

Z

Z

 Polarisation MeasurementZZ

https://cds.cern.ch/record/2874981
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3140 events

26

arXiv:2310.04350

Phase Space

Bkg49

ZZ-INT
34

Z0Z0

189

ZTZ0 + Z0ZT

710

ZTZT

2170

 Polarisation MeasurementZZ

https://cds.cern.ch/record/2874981
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arXiv:2310.04350

 Polarisation MeasurementZZ
Polarisation Simulation

 
MadGraph 2.7.3 + Pythia 8

qq → ZZjj → 4ljj qq̄ → ZZ → 4l gg → ZZ → 4l

q1

q2

q3

l⌥2

l±1

l⌥2

l±2

q4

Z

Z

Z

Z

q1

q2

q3

l⌥2

l±1

l⌥2

l±2

q4

Z

Z

Z

Z

q1

q2

q3

l⌥2

l±1

l⌥2

l±2

q4

Z

Z

Z

Z

https://cds.cern.ch/record/2874981
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arXiv:2310.04350

 Polarisation MeasurementZZ
Polarisation Simulation for qq̄ → ZZ → 4l

● MadGraph+Pythia8 at LO 

1. NLO correction from analytic calculation [A. Denner, G. Pelliccioli, arXiv:2107.06579] 

 in  

2. Interference 

 in  

3. Correction for residual higher-order effects 

 in  and 

k =
MoCaNLOParton

pol

MG012LOParticle
pol

NLO correction

×
Sh_NLOParticle

Incl

MoCaNLOParton
Incl

parton shower

cos θ1

Nint,Reco = 1 −
∑pol MoCaNLOParton

pol

MoCaNLOParton
Incl

× Sh_NLOReco
Incl cos θ1

c =
Sh_NLOReco

Incl − Nint,Reco

∑pol Npol
cos θ* Δϕl1l2

https://cds.cern.ch/record/2874981
https://arxiv.org/abs/2107.06579
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arXiv:2310.04350

 Polarisation MeasurementZZ
Polarisation Simulation for gg → ZZ → 4l

● MadGraph cannot directly simulate  directly 

● Unpolarised  by Sherpa 

● Introduce polarisation via analytic calculation 
[A. Denner, G. Pelliccioli, arXiv:2107.06579]

 in 

gg → ZZ → 4l

gg → ZZ → 4l

NggZZ,reco
LO,pol =

MoCaNLOggZZLO,Parton
pol

MoCaNLOggZZLO,Parton
incl

polarisation

× ShggZZ,reco
incl cos θ1

https://cds.cern.ch/record/2874981
https://arxiv.org/abs/2107.06579
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arXiv:2310.04350

 Polarisation MeasurementZZ

● Train BDT on LO  to separate  
from rest 

● Fit normalisation of  and  

● Dominated by statistic 

● Dominant systematic from reweighting steps

qq̄ → ZZ → 4l Z0Z0

Z0Z0 Z0ZT + ZTZ0 + ZTZT

Measurement

Observation 🎉 Evidence🔎

https://cds.cern.ch/record/2874981
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Fully leptonic 
decay channels

31

Summary
Observations for 

 and evidence 
for 

W±
L ZL

ZLZL

Agreement with SM

Statistical limitation

Modelling polarisation 
templates is main 

systematic uncertainty

Boost sensitivity 
with ML



M. Stange, TU Dresden | COMETA VB Polarisation Workshop 2024 | VBS Polarisation Measurement in ATLAS

Fully leptonic 
decay channels

31

Summary
Observations for 

 and evidence 
for 

W±
L ZL

ZLZL

Agreement with SM

Statistical limitation

Modelling polarisation 
templates is main 

systematic uncertainty

Boost sensitivity 
with ML

Fully leptonic 
decay channels

Statistical limitation

Modelling polarisation 
templates is main 

systematic uncertainty

Boost sensitivity 
with ML



M. Stange, TU Dresden | COMETA VB Polarisation Workshop 2024 | VBS Polarisation Measurement in ATLAS
32

 Statistic

5 to 7.5 x nominal Lumi

13 TeV

integrated 
luminosity

2 x nominal Lumi2 x nominal Luminominal Lumi
75% nominal Lumi

cryolimit
interaction
regions

inner triplet 
radiation limit

LHC HL-LHC

Run 4 - 5...Run 2Run 1

DESIGN STUDY PROTOTYPES CONSTRUCTION INSTALLATION & COMM. PHYSICS

DEFINITION EXCAVATION

HL-LHC CIVIL ENGINEERING:

HL-LHC TECHNICAL EQUIPMENT:

Run 3

ATLAS - CMS
upgrade phase 1

ALICE - LHCb
upgrade

Diodes Consolidation
LIU Installation

Civil Eng. P1-P5

experiment 
beam pipes

splice consolidation
button collimators

R2E project

13.6 TeV 13.6 - 14 TeV

7 TeV 8 TeV

LS1 EYETS EYETS LS3

ATLAS - CMS
HL upgrade

HL-LHC 
installation

LS2

30 fb-1 190 fb-1 450 fb-1 3000 fb-1

4000 fb-1

BUILDINGS

20402027 20292028

pilot beam

https://hilumilhc.web.cern.ch/content/hl-lhc-project

What’s next?

https://hilumilhc.web.cern.ch/content/hl-lhc-project
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 Polarisation Simulation

What’s next?

Powheg-Box-Res+Pythia 
[G. Pelliccioli, G. Zanderighi, arXiv:2311.05220] 

polarisation in VBS @NLO QCD + PS 

Sherpa 3 
[M. Hoppe, M. Schönherr, F. Siegert, arXiv:2310.14803] 

VB polarisation @nLO QCD + PS and also interference 

UFO model for gluon-loop induced VB 
[M. Javurkova, R. Ruiz, R. Coelho Lopes de Sá, J. Sandesara, arXiv:2401.17365] 

modify Feynman rules for polarisation in loop-induced processes 

https://arxiv.org/abs/2311.05220
https://arxiv.org/abs/2310.14803
https://arxiv.org/abs/2401.17365
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Polarisation Reconstruction by ML

Amplitude-assisted tagging 
[M. Grossi, M. Incudini, M. Pellen, G. Pelliccioli, arXiv:2306.07726] 

DNN access longitudinal polarisation on amplitude level 

 rL =
|ℳL |2

|ℳ |2

What’s next?

https://arxiv.org/abs/2306.07726
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  with Semi-Leptonic Final StateW±
L VL → l±νqq̄

Run 2 Run 3 HL-LHC

[J. Roloff, V. Cavaliere, M. Pleier, L. Xu, arXiv:2108.00324]

What’s next?

https://cds.cern.ch/record/2779082
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ChatGPT
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 Polarisation MeasurementW±Z
Object Selection

arXiv:2211.09435

https://cds.cern.ch/record/2841241
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 Polarisation MeasurementW±Z
arXiv:2211.09435

Event Selection

https://cds.cern.ch/record/2841241
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arXiv:2402.16365

Event Selection
 Polarisation Energy Dependency & RAZW±Z

https://cds.cern.ch/record/2890051
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arXiv:2310.04350

Event Selection
 Polarisation MeasurementZZ

https://cds.cern.ch/record/2874981
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arXiv:2402.16365

 Polarisation Energy Dependency & RAZW±Z
Measurement

https://cds.cern.ch/record/2890051
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 Single-Polarisation MeasurementW±Z
arXiv:2211.09435

Uncertainties

https://cds.cern.ch/record/2841241
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 Joint-Polarisation MeasurementW±Z
arXiv:2211.09435

Uncertainties

https://cds.cern.ch/record/2841241
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arXiv:2402.16365

Uncertainties

pZ
T < 70 GeV pZ

T < 40 GeV pZ
T < 20 GeV

 Polarisation Radiation Amplitude ZeroW±Z

https://cds.cern.ch/record/2890051
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arXiv:2402.16365

Uncertainties
 Polarisation Energy DependencyW±Z

2 parameter fit 3 parameter fit

https://cds.cern.ch/record/2890051
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arXiv:2310.04350

 Polarisation MeasurementZZ
Uncertainties

https://cds.cern.ch/record/2874981
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ML Comparison
Variables

 PolarisationW±Z  Polarisation 
Kinematic

W±Z  AnalysisZZ

arXiv:2402.16365 arXiv:2310.04350arXiv:2211.09435

https://cds.cern.ch/record/2890051
https://cds.cern.ch/record/2874981
https://cds.cern.ch/record/2841241

