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What is quantum entanglement?

How do you test quantum entanglement at high energies?

Reconstructing the full spin density matrix for H → ZZ → 4l

What’s wrong with this method?
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What is quantum entanglement?
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State vector vs density matrix formulation of quantum mechanics

State vector Density Matrix

A state

Separable
state

A state is entangled iff it cannot be written as a separable state
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How to test entanglement at high energies?
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How to test entanglement at high energies?
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eq. 1

eq. 2

eq. 3

where and( )
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Run 2 (2015-2018) Monte Carlo Samples

220 signal events

Cuts:

Channels:
H → ZZ* → 4e
H → ZZ* → 4mu
H → ZZ* → 2e2mu
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Reconstructing the full spin density matrix for H → ZZ → 4l



Reconstructing the full spin density matrix for H → ZZ → 4l
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Extension to full phase space - Migration functions
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Reconstructing the full spin density matrix for H → ZZ → 4l

IDA ÅSLJUNG    |    18/06/2026    |    TRANSFER OF STATUS PRESENTATION

Extension to full phase space - migration functions
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: event observable



Reconstructing the full spin density matrix for H → ZZ → 4l
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Results!

Entangled! (Peres-Horodecki condition)
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What’s wrong with this method?
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A density operator      on a Hilbert space       satisfies:

1.  Hermitian:

2.  Trace one:

3.  Non-negative:

Formal definition of a density matrix

Negative eigenvalues: -0.264 -0.233 -0.151 -0.109, -0.051, 0.014, 0.116, 0.399, 1.278

Uncertainties of eigenvalues (run 2 + 3 estimate)



Thank you!
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Higgs parity conservation
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Irreducible tensor operators

J. A. Aguilar-Saavedra et al. “Testing entanglement and Bell inequalities in H → ZZ”. In: Phys. Rev.

D 107 (2023), p. 016012. doi: 10.1103/PhysRevD.107.016012. arXiv: 2209.13441 [hep-ph]
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Decay density matrix of a Z boson into leptons

J. A. Aguilar-Saavedra et al. “Testing entanglement and Bell inequalities in H → ZZ”. In: Phys. Rev.

D 107 (2023), p. 016012. doi: 10.1103/PhysRevD.107.016012. arXiv: 2209.13441 [hep-ph]



Backup slides

IDA ÅSLJUNG    |    18/06/2026    |    TRANSFER OF STATUS PRESENTATION

Distribution of eigenvalues H → ZZ

(1000 toy experiments with 470 events each - run 2 + 3)
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High statistics distribution of eigenvalues H → ZZ

(100k events per toy experiment)
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Truth level SDM high statistics - 1 million events (LO)
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Some example migration functions...
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