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Decoherence and interacting quantum systems

Von Neumann established the foundational framework for decoherence by modeling quantum 
measurement as the interaction between a system and an apparatus, creating a mixed state 
through entanglement. His approach involves the reduction of the density matrix, where 
environmental interaction eliminates off-diagonal interference terms (coherence), causing the 
system to behave classically. Wikipedia

Further reading: Zurek (book), Joos & Zeh (paper), Schlosshauer (review) 

Measurement interaction
(entangles quantum system 
and measurement apparatus)

Interaction with environment 
(decoheres the macroscopic 
measurement apparatus)

https://www.cambridge.org/core/books/decoherence-and-quantum-darwinism/E851B8F658044E4BF549AAEEB7B47B37
https://link.springer.com/article/10.1007/BF01725541
https://arxiv.org/pdf/1911.06282
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Interacting quantum systems

Let’s look for an interacting quantum system with these properties:

- interacting: process with non-trivial impact, described by SM
- quantum: starting from strongly entangled quantum system 
- system: all degrees of freedom are calculable/detectable 
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Consider e+e- → tt(+jets) production

Entangled: given a little boost, the top quark pairs are strongly entangled. 
Easy: ISR phtotons and FSR gluons are readily distinguished. 

Figure: Katinka Wandall, MV, MM, arXiv:2503.19983

Talks by Dong Woo Kang on Tue., 
Tao Han and Andy Jung on Fri.
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Consider e+e- → tt+jet production at sqrt(s) = 500 GeV

Radiation has small effect in inclusive analysis (Aoude et al., arXiv:2504.07030)

In events with a hard gluon emission, the tt concurrence changes strongly

This is a good example of an interacting quantum system
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e+e- → tt+g production at sqrt(s) = 500 GeV

  ~ 0.13 for tt production without FSR, or with a soft gluon
Concurrence   drops abruptly for energetic radiation, reaches 0 for Eg ~ 80 GeV

  peaks one last time at the kinematic end-point at Eg ~ 130 GeV

Final State Radiation DOES affect the entanglement in an exclusive sample

Tomography, Master 
thesis J.M. Camacho 
(UV ‘25)

Automated calculation, 
Valentin Durupt et al.

Analytical results: 
talk by Rafael Aoude,
poster by L. Satrioni
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Experimental study

The “triplet” marker Dn increases, the “singlet” marker D(1) decreases
Quasi-bound-state spin-singlet, color-octet state at the kinematic endpoint 
The trace of r² decreases, indicating a more mixed state (see poster G. Garcia-Mir)
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Entanglement markers reconstructed from tomography and automated calculation 

----   V.Durupt et al., 
automated…,  
arXiv:2510.17730

Tomography on
t→Wb → lvb 
decay chain
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Observation at e+e- colliders

A simple feasibility study separates the data set in two regions
-- inclusive region to establish entanglement of the fermion pair (i.e. Cinc > 0) 
-- exclusive region with FSR to establish decoherence (i.e. Cexc < Cinc)

Statistical significances for several million e+e- → tt events (i.e. LCF at CERN):
-- di-lepton channels are just about sufficient for evidence
-- hadronic polarimetry can enable observation

Significance S of the loss of entanglement on an exclusive “tt+jet” sample wrt an inclusive reference tt 
sample, estimated with pseudo-experiments, assuming spin analyzing power = 1. For l+jets and all-
hadronic channels assume 60% efficiency in identifying down-type quarks, as per Goncalves et al.
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What about the LHC?

Several additional effects, compared to e+e- collisions:
-- initial state contains gluons as well as quarks
-- must isolate boosted or threshold region
-- jets can be from Initial State Radiation 
-- broad m(tt) spectrum smears the pT(jet) dependence
-- systematic effects not obviously negligible

140/fb
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What about the LHC?

Realistic projections must use full simulation by the experiments, but…
-- systematics under control in CMS boosted entanglement analysis
-- statistics of boosted region exceeds e+e- already today! 
-- a clear trend with jet pT remains…

140/fb

https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-23-007/index.html


Quantum Observables @ CERN, April 2026 marcel.vos@ific.uv.es14

What about the LHC?

Realistic projections must use full simulation by the experiments, but…
-- systematics under control in CMS boosted entanglement analysis
-- statistics of boosted region exceeds e+e- 
-- a clear trend with jet pT remains…

Statistical-uncertainties-only projection:

Potential for observation of decoherence / disentanglement due to FSR! 

I’m confident that it will prove to be experimentally accessible at the LHC with Run 2 
and Run 3 data even when systematic effects are accounted for.

https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-23-007/index.html
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Decoherence in e+e- → t+t-g production

Belle 2 and GigaZ/TeraZ produce large samples of tau pairs with an FSR photon

Following Fabbrichesi et al., we perform a tomography of hadronic one-prong decays
           t±  p→ ± n (BR~10%) 

A future, more complete analysis can also consider:
    t±   p→ ±  p0 n, t±   p→ ±  p+ p- n   

Same spin analyzing power, provided pions are reconstructed accurately
Probing entanglement and testing Bell inequality violation with e+e-→τ+τ-at Belle II, Ehatäht et al., PRD109(2024)3,032005, arXiv:2311.17555[hep-ph]
Quantum tomography with τleptons at the FCC-ee: Entanglement, Bell inequality violation, sinθW, and anomalous couplings
M. Fabbrichesi & L. Marzola, Phys.Rev.D 110 (2024) 7, 076004, arXiv:2405.09201 [hep-ph]
J. H. Kühn, “Tau polarimetry with multi-meson states,” Phys. Rev. D 52 (1995) 3128, arXiv:hep-ph/9505303.

https://inspirehep.net/literature/2727866
https://arxiv.org/abs/2311.17555
https://inspirehep.net/literature/2787034
https://arxiv.org/abs/2405.09201


Quantum Observables @ CERN, April 2026 marcel.vos@ific.uv.es16

Observation in e+e- → t+t-g production

This works for tau-pairs that emit a photon too! 

Efficient polarimetry with hadronic decays (Ehataht et al. 2023) 

Apparently, ISR is not a problem for this type of analysis 
(note: suppressed by resonance structure of x-sec and central region cut)

Mild cuts on photon energy are sufficient, especially at Belle II

Huge samples

Pretty entangled

Strong loss of entanglement

High significance
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On the arXiv this week: arXiv:2604.16268

Link. Looking forward to your feedback!! 

https://arxiv.org/pdf/2604.16268
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Decoherence in experiment

Observing the Progressive Decoherence of the 
“Meter” in a Quantum Measurement
M. Brune et al., PRL77 (1996)

“First dynamical observation of quantum 
decoherence in a measurement process” 

Atom interferometer: Rubidium atoms in superposition 
of e and g states travel through a cavity without  
field (a) or with field (c-d, with varying mirror separation) 

The Ramsey fringes due to quantum interference 
disappear progressively, as the overlap of the 
field components is reduced.

“It does not matter that the field is actually not measured. The mere fact that the atom 
leaves in [cavity] C an information which could be read out destroys the interference.”
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Decoherence – closer to home

Neutrino experiments have reported null results of decoherence searches
KM3NET, JCAP 03 (2025) 039, 
IceCube, Nature Phys. 20 (2024) 6, 913-920, 
V. de Romeri et al., JHEP 09 (2023) 097

The neutrino experiments provide limits on decohering effect of quantum gravity 
(see N. Mavromatos’ talk at this workshop)

Collider experiments have reported searches too! 
CPLear, Phys.Lett.B 364 (1995) 239-245
KLOE, J.Phys.Conf.Ser. 171 (2009) 012008 → Di Domenico’s talk at this workshop
LHCb/Belle 2 (proposed) A. Kumar Alok et al., JHEP 05 (2024) 124

It is important to establish a positive decoherence signal in an environment that we 
can predict and measure fully
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Future work: complete 2 → 3 entanglement analysis

“Quantum theory explicitly recognizes perturbations caused by measurements. […] 
Any information transfer, not just deliberate measurements carried out by observers 
and measuring devices, but also accidental monitoring by the environment – will have 
measurement-like consequences for the state of the monitored system”, 
W. Zurek, decoherence and quantum Darwinism

We should contrast the results of this paper on the two-fermion quantum system 
(tracing out the FSR particle) with a complete analysis of the 2 → 3 process

Calculation of 3-particle entanglement is feasible (Sakurai & Spannowsky). 

A measurement of the polarization of the emitted boson is 
complicated, but possible. Future work will study:

- ttg at Belle II or Z-pole, polarimetry with conversions 
(Y. Grossman et al., 2001) 

- ttg production at LHC, polarimetry from jet substructure 
(CMS, arXiv:2603.03689)

- boosted ttZ at the HL-LHC, polarimetry of leptonic Z-decays

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.151602
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Conclusions

Observation of loss of entanglement due to FSR interaction at colliders:
-- Belle II  :   current data set should enable observation
-- LHC      :   current data set has sufficient statistics for observation

Data sets are to increase over an order of magnitude in the next decade; a future 
e+e- collider enhances the potential further, at the Z-pole and in tt production 

  
Bell tests are a triumph of empirical science; 

physics can settle a philosophical debate with an experiment

The study of the entanglement in a simple and calculable interacting quantum system 
may help build a model to understand and demystify the measurement interaction 
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