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ArXiv:2604.16268

Our preprint presents a new opportunity to study decoherence at colliders
- SM predictions from analytical and automated calculations and tomography
- Several two-fermion processes with Final State Radiation
- Experimental prospects for observation of decoherence

New figure 2 includes analytical
prediction for e+e- → Z/g* → ttg
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Understanding our paper: is it decoherence? 

Clearly, the ttbar quantum system looses 
entanglement; already for low pT FSR, but 
most dramatic at high pT

Coherence + discord – intended to quantify 
the degree of quantumness of the system – 
show a similar (but not identical) trend

The purity of the quantum system decreases 
– the quantum superposition turns into a 
classical mixture

Add the observations on the tripartite system: entanglement is transferred to ttbar-gluon 
system for S→ttg decay, lost in additional d.o.f. for e+e- → ttg (see: Kazuki)

Title proposal: “quantum decoherence can be observed at collider experiments”
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More tri-partite entanglement

Tripartite Entanglement in e+e− → tt̄Z

Dorival Gonçalves,a Alberto Navarro,b Kazuki Sakuraic

aDepartment of Physics, Oklahoma State University, Stillwater, OK 74078, USA
bInstitute for Convergence of Basic Studies, Seoul National University of Science and Technology,
Seoul 01811, Republic of Korea

cInstitute of Theoretical Physics, Faculty of Physics, University of Warsaw, Pasteura 5, 02-093,
Warsaw, Poland

E-mail: dorival@okstate.edu, alberto.navarro1001@seoultech.ac.kr,
kazuki.sakurai@fuw.edu.pl

Abstract: Multipartite entanglement is a uniquely quantum form of correlation that
captures collective properties of a composite quantum state beyond those encoded in its
bipartite subsystems. We investigate this phenomenon in the process e+e− → tt̄Z at
a future lepton collider, where the nal state spins span the tripartite Hilbert space H =

C2⊗C2⊗C3. Starting from the Standard Model helicity amplitudes, we reconstruct the full
12× 12 spin density matrix and characterise its entanglement structure through one-to-one
negativities, one-to-other negativities, and the genuine multipartite negativity, evaluated
at three increasingly inclusive levels of phase space integration. Pairwise entanglement is
generally suppressed relative to the collective (one-to-other) and the genuine multipartite
entanglement, and all measures decrease as more kinematic information is integrated out.
Assuming quantum tomography in the fully leptonic decay channel at

√
s = 1 TeV, we nd

that collective entanglement should be accessible at a realistic high-luminosity polarised
lepton collider. By contrast, certifying genuine multipartite entanglement is more challenging,
with only limited sensitivity projected for a specic polarisation benchmark within the
expected ILC luminosity. The study establishes e+e− → tt̄Z as an attractive laboratory for
probing multipartite entanglement in high-energy collisions and provides a general mixed
state framework that applies to any tripartite spin system.
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Congratulations, Kazuki!

We should discuss the 
relevance of this paper for our 
draft, and add a reference.



Decoherence meeting, June 22nd, 2026 marcel.vos@ific.uv.es5

Work on paper draft – theory intro

The introduction of the calculation has attracted some comments from 
Kazuki and Juan Ramon… It’s also somewhat lengthy for a letter that 
does not develop the calculation itself further, just presents results 
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Work on paper draft

This figure: good agreement between 
analytical, automatic and tomography results 
for concurrence

This figure: discord minimization remains 
mysterious → confirmed by and under 
investigatation with Martin White and Ondrej 
Penc (ATLAS)

This figure: slight discrepancy in purity traced 
back to imaginary parts of density matrix rho 
and one of the polarizations (see: Guillermo)
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Experimental progress: ATLAS + Belle 2

Maria, Davide, Katinka, Guillermo, M.V.) are part of the ATLAS boosted l+jets 
entanglement analysis with Federica Fabbri, Frederic Deliot, Yoav Afik, and others. 

The scope of the run 2 + partial run 3 analysis includes: 
--- confirmation of entanglement in boosted l+jets analysis 
--- full spin correlation matrix and unfolded angular distributions
--- decoherence analysis: a measurement of D3 vs. pT(jet)

We’re in the approval pipeline, now, with an Editorial Board. 

Realistic target: TOP26 (October) or Moriond 2027?

We’ve had a few meetings with the FCCee tau physics and ILD physics groups

I’ll arrange for a meeting with Belle 2 groups (Max Planck in Munich, Rome) once our 
paper is submitted
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Conferences

TOP26 is in Turkey! 
https://indico.cern.ch/event/1643686/
Registration is open! 

Maria Moreno accepted a talk on our 
paper at the conference

https://indico.cern.ch/event/1643686/
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