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Overview
• Results shown are from PAS-

25-011 (CDS link)

• Using Run2 + Early Run3 
(2022+2023) dataset

• Updated Results with 2024 
Data in preparation

• Will cover:
• Polarization Measurements
• Tests of Identical Particle effects
• Consequences for Entanglement

https://cds.cern.ch/record/2949823/files/HIG-25-011-pas.pdf


Motivation: H → 4l

• Clean and precise channel

• Sensitive to many EFT operators 
• Probe for BSM physics at TeV scale
• EFT: motivated model describing how 

ZZ polarization deviates from SM
• Results in PAS not covered in this talk

• Lepton pairs allow us to infer spin/helicity 
projections of each Z
• Empirically measure spin correlations
• In this analysis:

• Polarization density matrix
• Search for CP-violation
• Conditions for GCLMP inequality
• Permutation of identical leptons



General Analysis Ideas

• Outline of concepts:
• Select events with 4 leptons

• Construct optimal observables for the parameter 
we are trying to measure

• Fit the measured observable distributions to 
extract the signal strength or constrain 
parameter of interest

• Signal/Background Modelling:
• SM Higgs and ZZ/ɣ*(4l) processes modelled 

using simulation 
• Z+X modelled with data-driven method using a 

data control region
• Based on the lepton misidentification rate

Ex: H → 4l decay angles may be 
used as observables



Optimal Observables

• Matrix Elements used to construct optimal observables
• 𝐷𝐷𝑏𝑏𝑏𝑏𝑏𝑏: Matrix-Element based discriminator for separating H → 4l from background 
• Combines 𝑚𝑚4𝑙𝑙 information along with decay kinematics

Discriminant value from 0 to 1 𝒙𝒙 = set of observables

Calculated Using JHUGen MELA



Demonstration of “Entangled” ZZ State
•Entanglement: phenomenon in which the state of one particle 
cannot be described independently of the state of another.

•Consider H → 𝑍𝑍1𝑍𝑍2 → 2e2μ 
• Distinct lepton flavors : 𝑍𝑍1 → 2e,𝑍𝑍2 → 2μ

•Now Consider: H → 𝑍𝑍1𝑍𝑍2 → 4μ 
• Equally Plausible: 
• H → 𝑍𝑍1𝑍𝑍2 → (𝜇𝜇1+ 𝜇𝜇2−)(𝜇𝜇3+ 𝜇𝜇4−) 
• H → 𝑍𝑍1𝑍𝑍2 → (𝜇𝜇1+ 𝜇𝜇4−)(𝜇𝜇3+ 𝜇𝜇2−) 

•State of Z cannot be described independently of the other!



Demonstration of “Entangled” ZZ State
•In 4e/4mu decays, Z bosons are not distinct particles “entangled” 
• Superposition of two states 
• 𝐴𝐴𝐴𝐴𝐴𝐴2 ∝ |𝐻𝐻 → 𝑍𝑍1𝑍𝑍2 → μ1+, μ2− μ3+,μ4− + 𝐻𝐻 → 𝑍𝑍1′𝑍𝑍2′ → μ3+,μ2− μ1+,μ4− |2

Constructive interference due to 
permutation of leptons

• Optimal Discriminant for separating 
2e2mu (NP) vs 4e/4mu kinematics.

• Shown for 4e/4mu only (𝐷𝐷𝑏𝑏𝑏𝑏𝑏𝑏 > 0.6)



Results: Permutation of Leptons

H𝑍𝑍1 𝑍𝑍2

𝜇𝜇1−

𝜇𝜇2+

𝜇𝜇3−

𝜇𝜇4+
H

𝑍𝑍1

𝑍𝑍2

𝜇𝜇1−

𝜇𝜇2+ 𝜇𝜇3−

𝜇𝜇4+

model of no permutation is excluded at 2.7σ!

• To quantify the consistency of test statistic 
𝑞𝑞𝑜𝑜𝑜𝑜𝑜𝑜 with alternative signal hypothesis j 

• Models:
• “No permutation”, NP
• Standard Model, SM



ZZ Polarization
and 
Entanglement



Motivation

• Polarization in H → ZZ final state not measured on LHC until 
recently: CMS PAS:HIG-25-011 and Atlas: arXiv

• Entirely model independent 
• Only assumption S = 1 for Z boson and S =0 for Higgs
• Qutrit-like state → 3 spin projections ++,--,00

• We can reconstruct entire polarization density matrix
• Implication for tests of Bell-type inequalities
• General search for CP-violation similar to b-physics

|𝜓𝜓⟩ =
𝑎𝑎++| + +⟩ + 𝑎𝑎00|00⟩ + 𝑎𝑎−−| −−⟩

|𝑎𝑎++|2 + |𝑎𝑎00|2 + |𝑎𝑎−−|2

https://arxiv.org/pdf/2603.26463
https://arxiv.org/pdf/2603.26463
https://arxiv.org/pdf/2603.26463
https://arxiv.org/pdf/2603.26463


Motivation
• Quantum Entanglement

• In classical world, with known initial condition, what Alice and Bob observed is predictable. 
• But in quantum mechanics, it’s not predictable, but Alice knows what Bob observes the 

minute she looks at the detector.
• Bell’s theorem

• Quantum mechanics is incompatible with local hidden-variable theories. In the words of 
Bell, "If [a hidden-variable theory] is local it will not agree with quantum mechanics, and if 
it agrees with quantum mechanics it will not be local.“

• Bell’s inequality: A mathematical inequality which indicates the local hidden-variable. 
Classical mechanics follows the inequality while quantum mechanics does not.

• GCLMP inequality – A variation of Bell’s inequality



Phenomenology: Polarization States 

Spin-0



Polarization of H → 𝑍𝑍𝑍𝑍
• Measure polarization fractions in ZZ final state

• Angular Observables instead of discriminants

• Fix mass distribution 𝑀𝑀𝑍𝑍𝑍, 𝑀𝑀𝑍𝑍2to SM (𝐹𝐹(𝑚𝑚1,𝑚𝑚2))
• Reduced model dependence

CP even

CP odd

• Polarization is defined in 
the 𝐻𝐻 → 𝑍𝑍𝑍𝑍 → 2𝑒𝑒𝑒μ 
channel

• 4𝑒𝑒/4μ related 
through amplitude

• 𝐶𝐶|| → interference 
between longitudinal 
and CP-even transverse 
polarization states



Kinematics

• Observables in Fit:
• 𝐷𝐷𝑏𝑏𝑏𝑏𝑏𝑏
• cosθ1
• cosθ2
• ϕ



Results: Polarization Fractions

Central value within 1σ of SM

ObservedObserved

𝑓𝑓𝐿𝐿  = 𝑓𝑓𝐿𝐿′(1 − 𝑓𝑓⊥)



Results: Polarization Fractions

Projections of 2D scans



Quantum Entanglement

Polarization density matrix in 
terms of profiled parameters

Assuming CP conservation



Results: Quantum Entanglement



Results: GCLMP inequality
•𝑓𝑓𝐿𝐿is enough to define the polarization density matrix 

•We can use parameter 𝐼𝐼3to test if conditions exist for Bell-type 
inequality(GCLMP inequality) measurement

• Spin inferred from angular correlations (Assume Quantum Mechanics) so we 
cannot directly test entanglement/non-locality

• 𝐼𝐼3 > 2 -> conditions exist for observing non-locality  



Conclusion

• Search for CP violation in the polarization of the Z bosons 
• Results consistent with the SM

• Measure polarization density matrix in the H→4l decay
• Exclude fully longitudinal and transverse polarization of the Z bosons at 

more than 6σ
• Implications regarding possible tests of quantum entanglement

• Quantum mechanical interference tested
• Model of no permutation is excluded at 2.7σ

• Look for results including 2024 Data
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