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Motivation

q Recent interest to establish the presence of quantum correlations, 
particularly entanglement, at high energies.

q Processes involving the production and decay of heavy particles such as
Ø Top quark production

Ø Higgs decays 

Ø Vector boson production

q Reconstruction of the spin density matrix through a quantum tomography 
(QT) procedure.

q Want to assess the stability of the two-qutrit interpretation of the spin 
density matrix under radiative effects. 
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Density Matrix and Entanglement 

q The density matrix generalizes the state vector to pure and mixed states

q A system composed of two subsystems A and B is separable if 

q Non-separable systems are said to be entangled. A measure of entanglement is the 
concurrence. For a two-qutrit system 

q For entangled systems                  

Ø Hermitian
Ø Unit trace
Ø Positive semi-definite 

5/20/25 Alberto Navarro - Pheno 2025 3

Mintert, Buchleitner (2007)
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Quantum Tomography of the ZZ system

q Density matrix parametrized by 80 angular coefficients

q Full differential distribution for ZZ production and decay

q Angular coefficients extracted from the differential distribution using orthogonality 
of the spherical harmonics  
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Saavedra, Bernal, Casas, Moreno (2023)



ZZ production at LO
q Compare DPA vs full off-shell with 
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See also Grossi, Pelliccioli, Vicini (2024)
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ZZ production at NLO QCD
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q Different helicity structure.

q Large effects on some angular 
coefficients.

See also Grossi, Pelliccioli, Vicini (2024)



ZZ production at NLO QCD

5/20/25 Alberto Navarro - Pheno 2025 9

q Depleted lower bound for concurrence. 



ZZ production at NLO QCD
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q Effects partially suppressed by jet-binning. 



ZZ production at NLO EW
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q Directly affect the Z decay to leptons.
q QT displays some sensitivity to the 

value of the weak mixing angle 
through the spin analyzing power



ZZ production at NLO EW
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q Directly affect the Z decay to leptons.
q QT displays some sensitivity to the 

value of the weak mixing angle 
through the spin analyzing power

q Better accuracy using the effective 
mixing angle



H     ZZ* at LO
q Highly constrained density matrix due to symmetries of the decay.
q Full density matrix parametrized by only two independent 

coefficients.
q Systems is entangled throughout full phase space.
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H     ZZ* at NLO EW
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q Different structure of the density matrix 
at NLO EW.

q Large corrections to some entries.
q New non-zero entries.

See also Del Grata, Fabbri, Lamba, Maltoni, Pagani (2025)



H     ZZ* at NLO EW
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q Large negative eigenvalues even when 
imposing one resonant Z.

q Effects can be mitigated if requiring 
two resonant Zs. Though not possible 
for SM Higgs.



Summary
q Studied the angular coefficients for ZZ production via pp collisions or Higgs decay 

incorporating off-shell effects, higher-order QCD and EW corrections.

q Use the basic properties of the density matrix to investigate the stability of the QT 
procedure when NLO corrections are considered.

q For for ZZ production via pp collisions NLO QCD effects partially mitigated by jet 
binning. Better accuracy of QT at NLO EW using the effective weak mixing angle. 

q Large NLO EW corrections to angular coefficients and density matrix for Higgs 
decay to ZZ. Such effects could challenge the interpretation of the ZZ system as a two-
qutrit.  
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