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Vector boson polarization state 

2025/11/1

• Polarization: alignment of a particle’s spin with its momentum

• For the massive vector boson, helicity: ℎ = Ԧ𝑆 ∙
Ԧ𝑝

Ԧ𝑝

• Transverse (T): ℎ = ±1
• Longitudinal (L): ℎ = 0
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Importance of polarization state  

2025/11/1

• Existence of Higgs boson is discovered in 2012

• Developing a deeper understanding of the 

electroweak symmetry breaking (EWSB) mechanism 

is crucial

• The longitunial polarization state of 𝑊± and 𝑍 bosons 

is a direct consequance of the Higgs machanism 

• Import test of Higgs machanism 

• Particularly interesting: longitudinal VBS 



4

ATLAS study on 𝑝𝑝 → 𝑊±𝑊±𝑗𝑗

2025/11/1

Previous ATLAS analysis

• 20.3𝑓𝑏−1 of 8 TeV data, first evidence with 3.6σ 

excess in background-only expectation

• Partial Run2 data, observed (expected) 

significance of 6.5 (6.5)

• Full Run2 data, differential cross section 

measurement

This analysis will fucous on

• Search for 𝑊𝐿
±𝑊±

• Set limit on 𝑊𝐿
±𝑊𝐿

±
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Signature of 𝑝𝑝 → 𝑊±𝑊±𝑗𝑗

2025/11/1

• Full Run 2 data is used. Basically follow the strategy of 𝑝𝑝 → 𝑊±𝑊±𝑗𝑗cross section measurement

• Exactly two same charged leptons with 𝑝𝑇 > 27 𝐺𝑒𝑉
• At least two well-seperated jets with 𝑀𝑗𝑗 > 500𝐺𝑒𝑉, |∆𝑌𝑗𝑗| > 2

• Missing transverse momentum 𝐸𝑇
𝑚𝑖𝑠𝑠 > 30𝐺𝑒𝑉
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Acess polarization information   

2025/11/1

• 𝑊± polariztaion state determine the decay angle distribution

• But can not access 𝑊± rest frame since the two neutrinos 

are not reconstructable

• Simulate full event kinematic of polarization states 

prediceted by MC

• Two key points

• Simulation of polarization state

• Distinguish the polarization state
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Analysis strategy   

2025/11/1
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Polarized 𝑊±𝑊±𝑗𝑗 sample   

2025/11/1

• Sherpa3 can generate LO (𝛼𝑊 = 6) polarized  

𝑊±𝑊±𝑗𝑗 sample

• On-shell and narrow and narrow-width 

approximation (NWA) necessary

• Vector boson width set to zero to ensure gauge 

invariance

→ divergent at 𝑚𝑞𝑞 = 𝑚𝑊

→ avoid by the 𝑚𝑗𝑗 > 200𝐺𝑒𝑉 selection in SR

Typical 𝑊±𝑊±𝑗𝑗 −𝑊 Feynman diagrams without hadronically 

decaying 𝑊± in the s-channel 

Typical 𝑊±𝑊±𝑗𝑗 − 𝐸𝑊 Feynman diagram with the hadronically 

decaying 𝑊± in the s-channel-like diagram
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High-order QCD correction   

2025/11/1

• Simulate 𝑊±𝑊±𝑗𝑗 + 0,1 𝑗
• The multijet merging is expected to cover the dominant 

higher-order QCD effect

• Problem:

• At higher order QCD, the NWA approximation can 

lead to divergences if two leading jets do not 

originated from the 𝑊±

• Solution:

1. The s-channel diagrams are dropped for the 

polarizatio simulation with higher-order QCD

2. Full off-shell 𝑙±𝑙±𝑣𝑣𝑗𝑗 + 0,1 𝑗 to correct missing s-

channels
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High-order QCD correction   

2025/11/1

• The MVA classifier is used to discriminate signal → Full phase-space reweighting using DNN is needed

• Likelihood-ratio can be approximated using binary classifier  
𝑝1

𝑝2
~

𝐷𝑁𝑁(𝑥)

1−𝑁𝑁(𝑥)
[https://arxiv.org/abs/1907.08209]

• For our implementation

• 𝐷𝑁𝑁𝑠−ℎ: 𝑙
±𝑙±𝑣𝑣𝑗𝑗 + 0,1𝑗 VS 𝑊±𝑊±𝑣𝑣𝑗𝑗 + 0,1𝑗

• 𝜔( Ԧ𝑥) =
𝐷𝑁𝑁𝑠−ℎ(𝑥)

1−𝐷𝑁𝑁𝑠−ℎ(𝑥)



11

NLO EW correction   

2025/11/1

• Polarized NLO EW correction provided by 

[https://arxiv.org/pdf/2409.03620]

• The comparision 𝑓 of the 𝑚𝑗𝑗-dependent differential 

cross-section of 𝑊±𝑊±𝑗𝑗 −𝑊 at Born level (O(𝛼𝑊 =
6)) and at NLO-EW(up to O(𝛼𝑊 = 7)) is used to 

weight events

• Perform separate fit for each polarization 𝑓(𝑚𝑗𝑗) =

𝑝0 + 𝑝1𝑙𝑛
𝑚𝑗𝑗

𝐺𝑒𝑉
+ 𝑝2𝑙𝑛

2 𝑚𝑗𝑗

𝐺𝑒𝑉
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Analysis strategy   

2025/11/1
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Background estimation   

2025/11/1

• Monte Carlo simulation:

• 𝑊±𝑊±𝑗𝑗 QCD and Interference

• 𝑊±𝑍 QCD and EW

• Other minor prompt contribution

• Data-driven estimation

• Non-prompt events: jet/photon misidentified as lepton

• Conversion events: lepton charge misidentified

• Two Control Regions are defined and taken into account for 

the fit to constrain background

• Low Mjj CR: equivalent to SR but with a lower dijet mass 

200𝐺𝑒𝑉 < 𝑀𝑗𝑗 < 500𝐺𝑒𝑉
• WZ CR: equivalent to SR but with an extra opposite-sign 

charge lepton
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Analysis strategy   

2025/11/1
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Signal discriminant   

2025/11/1

• The polarization of 𝑊± determine its decay angle distribution ==> lepton kinematic and MET can 

discriminate 𝑊± polarization state

• The initial 𝑊± bosons are connected to the quark lines ==> jet kinematic can discriminate 𝑊±

polarization state

• Maximize the senstivity through combination in DNN
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MVA classifier   

2025/11/1

• Three sets of DNNS are trained to extract the polarization components:

• DNNinclusive, used to separate the unpolarized 𝑊±𝑊±𝑗𝑗 − 𝐸𝑊 contribution from the remaining background

• DNNLL, used to seperate fully longitudinal polarized 𝑊𝐿
±𝑊𝐿

±𝑗𝑗 − 𝐸𝑊 simulation from the contribution with at 

lest one transversely-polarized state 𝑊𝑇
±𝑊±𝑗𝑗 − 𝐸𝑊

• DNNLL, used to seperate the polarization state 𝑊𝐿
±𝑊±𝑗𝑗 − 𝐸𝑊 simulation from the contribution with fully 

transversely-polarized state 𝑊𝑇
±𝑊±𝑗𝑗 − 𝐸𝑊

• 2D histogram from classifier score
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Analysis strategy   

2025/11/1
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Profile likelihood procedure  

2025/11/1

• To extract the signal component contribution from background, profile likelihood fits are performed

• The systematical uncertainty ebter the fit via Gasssian constrain as nuisance parameter

• Two POI fitting

• Search for 𝑊𝐿
±𝑊± : 3 normalizaion factors for 𝑊𝐿

±𝑊±𝑗𝑗 𝐸𝑊,𝑊𝑇
±𝑊𝑇

±𝑗𝑗 𝐸𝑊, 𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑

• Set limit on 𝑊𝐿
±𝑊𝐿

±: 3 normalizaion factors for 𝑊𝐿
±𝑊𝐿

±𝑗𝑗 𝐸𝑊,𝑊𝑇
±𝑊±𝑗𝑗 𝐸𝑊, 𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑
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Result of single boson polarizatoin 𝑊𝐿
±𝑊±

2025/11/1

Process Predicet 𝝈𝑩 [fb] Measured 𝝈𝑩 [fb] Uncertainty

𝑊𝐿
±𝑊±𝑗𝑗 − 𝑊 1.18±0.29 0.88±0.30(tot) ±0.28(stat)±0.05(mod.sys)±0.08(exp.sys)

𝑊𝑇
±𝑊𝑇

±𝑗𝑗
− 𝐸𝑊

1.67±0.40 2.49±0.32(tot) ±0.30(stat)±0.05(mod.sys)±0.12(exp.sys)

• Significance of 3.3𝜎 for 𝑊𝐿
±𝑊±𝑗𝑗 (expected 

4.0𝜎)

• First evidence for longitudinal polarization 

in vector boson scattering

• Fiducial cross sections are measured, in 

agreement with the Stand Model

• Dominated by statistical uncertainty 
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Result of single boson polarizatoin 𝑊𝐿
±𝑊𝐿

±

2025/11/1

Process Predicet 𝝈𝑩 [fb] Measured 𝝈𝑩 [fb] Uncertainty

𝑊𝐿
±𝑊𝐿

±𝑗𝑗
− 𝐸𝑊

0.29±0.07 0.01±0.21(tot) ±0.20(stat)±0.02(mod.sys)±0.06(exp.sys)

𝑊𝑇
±𝑊±𝑗𝑗

− 𝐸𝑊

2.56±0.64 3.39±0.35(tot) ±0.30(stat)±0.08(mod.sys)±0.16(exp.sys)

• Sig95% CL upper limit of 0.45 fb (expect 0.70 

fb)

• Most stringent limit of fully longitudinal 

polarized 𝑊𝐿
±𝑊𝐿

±𝑗𝑗 − 𝐸𝑊

• Fiducial cross sections are measured, in 

agreement with the Stand Model

• Dominated by statistical uncertainty
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Summary  

2025/11/1

• 𝑊𝐿
±𝑊𝐿

± → 𝑊𝐿
±𝑊𝐿

± is unique opportunity to probe EWSB

• State-of-the-art polarization prediction

• Multi-jet merging in matrix element

• NLO EW correction

• First evidence for longitudinal polairzation in vector boson 

scattering

• Most stringent limit of fully longitudinal polarized 

𝑊𝐿
±𝑊𝐿

±𝑗𝑗 − 𝐸𝑊

• Dominated by statistical uncertainty
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Backup
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Object selection 

2025/10/26

• Baseline and signal electron definition • Baseline and signal muon definition

• lepton in SR must pass the signal object selection

• Baseline objects are used to overlap removal and fake background yield estimation
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SR Cutflow   

2025/10/26


