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Introduction

Top quark is a useful tool for SM and BSM → high statistics with top quark
pair production

Spin correlation measurements can test SM prediction and a possible tool to
see BSM effects
Can also test some of the core properties of quantum mechanics → unique
tests of actual quantum behaviour of quarks at LHC

Available/Planed measurements of:

spin correlations
quantum discord
entanglement
Bell non-locality (maybe impossible...)
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More general picture: What is going on?
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Spin correlations in tt̄
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Measuring spin correlations

Spin information is preserved through the top quark decay

The spin of the particles measured at colliders can not be measured directly

It is extracted thanks to the direction of the final state particles
Relation created by the weak decay
The strength of the relation is dictated by the spin analysing power

The spin analysing power depends on the flavour of the particle

The elements of the spin density matrix are extracted averaging on angular
distributions and accounting for the spin analysing power
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Measuring spin correlations

The bases to measure the angular distributions are
Helicity bases → defined in the parent particle frame

Beam basis → defined in the laboratory frame
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Measuring spin correlations

Relation between angular distribution of the top quark pair decay products
and top spin axis as

C. Diez Pardos Beyond Flavour Physics 7/30



Spin correlation and entanglement
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Quantum entanglement in dileptonic tt̄ [Nature 633 (2024) 542]

eµ final state: very clean (90% purity)

Boost the leptons in their parent top quark’s rest frame

Sufficient condition for entanglement from spin correlation matrix, using
diagonal elements: ∆ = C33 + |C11 + C22| > 1

Measure entanglement proxy D = −∆/3 = −Tr [C ]/3 extracted from angle
between charged leptons
1
σ

dσ
d cosϕ = 1

2 (1− Dcosϕ)

Define mtt̄ entanglement signal region and validation regions
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https://arxiv.org/abs/2311.07288


Analysis procedure

Calibration curve method: use the nominal MC to map the detector-level D
value (average of distribution) to the fiducial particle-level D.

Build the curve by sampling different D values.

Systematics are propagated with their own curves, quadratic envelope.
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A closer look to the uncertainties
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Sources of tt̄ mismodelling

CMS measurements considered them
EW corrections with Hathor
Added pseudo-scalar colour singlet predicted by non-relativistic QCD → affects
mtt̄ and spin correlations at threshold

Since then improved model available! (Fuks’ talk)
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https://indico.cern.ch/event/1504894/contributions/6537954/attachments/3081251/5453979/Toponium_LHCTopWG.pdf


Observation of top quark entanglement
[Nature 633 (2024) 542, Rep. Prog. Phys. 87 (2024) 117801]

D < −1/3 established at 5σ level
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∼ 1.5σ tension with the expectation if
toponium is not included
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https://arxiv.org/abs/2311.07288
https://arxiv.org/abs/2406.03976


Taking it a step further [Phys. Rev. D 110 (2024) 112016]

Measuring the correlation matrix in
single-lepton tt̄ events

All coefficients of polarization vectors
and correlation matrix from fit to the
angles of the down-type quark and the
charged lepton in the W boson decays.

Challenging identification of down-type
quark in W decay

Using NN to reconstruct the tt̄ system

∆ from the full matrix, or from two
proxies: D and D̃ = 3(C33 − C11 − C22)
for high masses
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https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-23-007/index.html


Measuring the full set of coefficients

Pre- and post-fit distributions
comparing the data (points) to the
POWHEG + PYTHIA simulation
(stacked histograms) for the full
matrix measurement in bins of mtt̄
vs. | cos θ|
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Spin density matrix
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Spin density matrix
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Quantum entanglement at high mtt̄ (from full SDM)
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Quantum entanglement from D (threshold) and D̃ (high mass)
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A closer look to the uncertainties
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Magic

Property related to the advantage of
implementing a quantum state on a
quantum computer.

Measured by CMS starting from the
differential measurement of the spin density
matrix in the tt̄ l+jets final state
(CMS-PAS-TOP-25-001)

Take home messages:

Magic agrees with the SM
Magic is non-linear:
Non-zero magic of the mixed states
does not imply non-zero magic for the
individual quantum states
Values of magic, discord etc... also
depend on the coordinate systems.
This is not a problem, but their
interpretation is not as straight forward
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-25-001/index.html


Discord

Discord captures the non-classicality of correlations by measuring differences
in the total mutual information

The problem with Discord is that it is non convex:

Mixture of states with zero discord lead to non-zero discord
Hard to interpret a measurement of non zero discord
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Discord

Solutions proposed:
Only perform discord measurements in regions with non-zero entanglement
Perform measurements in regions where all sub-state have non-zero discord

Shown results for discord measurement in tt̄ final states in a separable region
of the phase space but with reduced classical correlations

Courtesy: N. McGinnis
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https://agenda.infn.it/event/44563/contributions/251085/attachments/134248/200817/GGI_April_2025_mcginnis.pdf


Beyond LHC and tt̄

Courtesy: F. Fabbri

C. Diez Pardos Beyond Flavour Physics 24/30

https://indico.cern.ch/event/1504894/contributions/6537965/attachments/3082179/5455784/SummaryTopW2025.pdf


Summary and outlook

Top quark polarization and spin correlation measurement is interesting in its
own right as a test of the SM, but it also provides new opportunities for
testing quantum mechanics (QM) at high energies using the decay products
of unstable particles as probes

Angular distributions of the top and antitop quarks used to measure their
polarization and spin correlation matrix

In some regions of phase space top and antitop get entangled, which can be
demonstrated using Peres-Horodecki criterion based on their spin correlation
matrix

Large interest from the exp. and theo community to use tt̄ for further tests
(see Workshop on Quantum observables for Collider Physiscs)

Discussions on interplay of these measurements and BSM, mostly in the
context of EFT

Effort to exploit other topologies (e.g. Higgs decays) ongoing
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https://agenda.infn.it/event/44563/


BACK UP
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Signal modelling

C. Diez Pardos Beyond Flavour Physics 27/30



tt̄ reconstruction (l+jets)
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New (in the context of HEP) observables

Courtesy: B. Ravina
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https://agenda.infn.it/event/44563/contributions/251064/attachments/134179/200699/Quantum%20uncertainties%20with%20top%20quarks.pdf


Magic

Courtesy: O. Hendrichs
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