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ǒSpin correlation:

Statistical classical correlation between spins

ǒQuantum discord:

Quantum correlations yet in separables states

ǒQuantum entanglement:

Subsystems are not separable

ǒSteering:

Measurement in one subsystem influences the other

ǒBell non-locality:

- Correlation cannot be described by local hidden variables

- Are the effects strong enough to violate Bellôsinequalities?
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Introduction

Ÿ found in Run-1 

Ÿ what we will talk about today

Ÿ will we ever get there?

- LHC data offer a new way to test experimentally the fundamental

principles of quantum mechanics at very high energies

- One of such tests involves quantum entanglement

- Observation reported by both ATLAS and CMS experiments in events with top quark pairs

- Ongoing studies in the Higgs sector as well

- There are lots of other concepts from quantum computation that can be explored at the LHC

- One is ñmagicò (or ñnon-stabilisernessò of quantum states,  2nd stabilizer Renyi entropy)
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Todayôsmenu (using top quark pairs):

- Observation of quantum entanglement at production threshold

[1] Nature 633 (2024) 542 [by ATLAS]

[2] Rep. Prog. Phys 87 (2024) 117801 [by CMS]

- Observation of quantum entanglement in the boosted regime

[3] Phys. Rev. D 110 (2024) 112016 [by CMS]

- Measurements of polarization and spin correlation

[3] Phys. Rev. D 110 (2024) 112016 [by CMS]

- Observation of magic states of top quark pairs

[4] CMS PAS TOP-25-001 [by CMS]

https://www.nature.com/articles/s41586-024-07824-z
https://iopscience.iop.org/article/10.1088/1361-6633/ad7e4d
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.112016
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.112016
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-25-001/index.html
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The top quark is special

Most massive elementary particle known to date - very short lifetime -

tt = 1/ũtå 10
-25s < 1/ȿQCD å 10

-24 s < mt/ȿQCD
2å 10-21 s  Ḻtb

decay hadronization spin decorrelation

Decays before hadronisingĄ access to bare quark properties

Spin information preservedĄ can measure its quantum state

In top quark pair production (tt): 

top-antitop spins stay correlated (two qubit system) 

- inferred from the decay productsô angular distributions

- polarization and spin correlation measurements already in LHC Run-1 & Tevatron

- also, new ways to test Quantum Theory with unstable particles (quarks) at high energies

in specific phase regions

Entangled particlesĄ their quantum state cannot be described independently !

Leptons and d-type quark (from W) 

for maximal top quark spin transfer:

a( spin analyzing power) Ÿ1
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Top quark spin density matrix

The top quark spin density matrix has decomposition:

Probed by angular distribution of decay products (spin analyzers)

Spin dependence of tt production is completely characterized by 15 coefficients

Mixed states described in terms of the density matrix: 

For each of the coefficients, a change of variables can be made to obtain

a single differential cross section that depends only on that coefficient.



Each element of the spin density matrix can be probed through

a unique angular distribution measured in helicity bases 

(defined in the parent particle frame)

Top polarisation and spin correlations
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tt CM frame

off-diagonal redefined Cij
± = Cij ± Cji

only non-zero off-diagonal Crk
+
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tt CM frame

DÍ0 top quark spins are correlated



Quantum entanglement
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Conditions for quantum entanglement

(based on Peres-Horodecki criterion) ╓
╒▓▓ ╒►► ╒▪▪

Ⱦ

╓▪
╒▓▓ ╒►► ╒▪▪

Ⱦ

In tt production, the SM predicts entangled states:

Eur. Phys. J. Plus (2021) 136:907 (Afik, De Nova)



Sensitive observables to entanglement with top quarks
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angle between the directions of two decay

products measured in their parent top 

quark and antiquark rest frames

with inverted sign of n-component 

in one of the decay products

Remarkably entanglement can also be probed from single differential distributions

18/09/2025

Threshold

Boosted



ATLAS: 1st observation of entanglement in top quarks
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- Focus on the threshold region, mtt<380 GeV

- Using dilepton emchannel, Ó 2 jets, Ó1 b-jet (85% eff.)

- Top reconstruction: ellipse method for neutrino reco.

- Nominal signal model: Powheg+Py8

- Three regions in mtt are defined:

Nature 633 (2024) 542

SR: 340<mtt<380 GeV [high degree of entanglement]

VR1: 380< mtt <500 GeV [some entanglement]

VR2: mtt >500 GeV [no entanglement]
Detector-level



ATLAS: 1st observation of entanglement in top quarks
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Nature 633 (2024) 542

Ddata= ī 0.547 ± 0.002 [stat.] ± 0.019 [syst.]

DPP8= ī 0.470 ± 0.002 [stat.] ± 0.017 [syst.]

In the SR, data few sigmas away from MC expectationé

Agreement in the validation regions

First observation of entanglement with significance >5s 

Leading unc. is parton shower modelling

Particle-level calib. curve

Particle-level results in SR and VRs

SR VR1 VR2 

- Calibration curve to correct for detector effects

5 hypothesis to cover SM and 4 different values of D: +20%, -20%, -40%, -60%

- Results quoted at particle-level

parton-level theory prediciton is folded



CMS threshold results using dilepton channel

- Partial Run-2 dataset; em+ee+mmchannels, Ó 2 jets, Ó1 b-jet 

- Focus on low-mass region (345<mtt<400 GeV)

- Cut on velocity of the tt system (b<0.9) to increase fraction of gg events

- Kinematic top reconstructed (weighting method)

- Includes toponium model with MG5_aMC@NLO (LO) + Py8

- D extracted at parton-level from binned profile likelihood fit

to angular distribution
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Rep. Prog. Phys 87 (2024) 117801 

Toponium simulated as a pseudo-scalar

color singlet and spin-0 particle with

m=343 GeV ands=6.4 pb

~47500 signal events



CMS threshold results using dilepton channel

18/09/2025 María Moreno Llácer - Spin correlations and entanglement in top and Higgs @ LHC 13

Rep. Prog. Phys 87 (2024) 117801 

5s observation of top quarks entangled at threshold

Agreement with SM significantly improved by includingɖt

~1.5s tension with the expectation withoutɖt

Data:

Expectation:



CMS lepton+jets channel: strategy
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- Evaluation of full correlation matrix C and polarization vectors B, as well as ȹE, D & D3

Inclusive + differential measurements in bins of mtt /pT,t and cos(Q)

- Nominal signal: Powheg+Py8+EWK corr. from HATHOR

(higher order QCD unc. from Powheg MiNNLO)

- Challenging identification of d-type quark in W decay

- NN used to reco tt system, with inputs: lepton and jet 

kinematics, b-tagging scores & ET,miss

Reduce bkg. by mass window cuts in top and W mass

Remove events with SNN < 0.1

- 4 event categories based on # b-tags & SNN score

Phys. Rev. D 110 (2024) 112016 

Shigh(1b): SNNÓ 0.30

Shigh(2b): SNNÓ 0.36

Reco efficiency of the NN (including d-type id): 

40% for Slow(1b) - 75% for Shigh(2b)

Slow(1b): SNN < 0.30

Slow(2b): SNN < 0.36

optimized to minimize unc. in spin density matrix

Slow

Shigh



CMS lepton+jets channel: fits to various distributions
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from the outermost to

the innermost variable 

Binned maximum likelihood fit combining information of the 4 categories of various distributions

in various regions of phase space - bins of mtt /pT,t and cos(Q)-

unrolled 4D distribution of Ą to extract full matrix coefficients

and distributionĄ to study quantum entanglement

to reco-level templates (one for each coefficient)
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and distributionĄ to study quantum entanglement
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CMS l+jets: polarisation vectors & spin corr. matrix coef.
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- Only Crk
+ is invariant under P and CP parity transformation and

is the only non-zero off-diagonal element

- Good agreement wrt. SM and previous results

Full measurement of the polarisation vector and coefficients of the spin correlation matrix

performed inclusively and differentially in bins of mtt x cos(q) or pT,t x cos(q) 

Phys. Rev. D 110 (2024) 112016 

off-diagonal redefined Cij
± = Cij ± Cji



CMS l+jets: polarisation vectors & spin corr. matrix coef.
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First at high mtt

Phys. Rev. D 110 (2024) 112016 

- With these measurements, the differences in the

spin correlation for various kinematic regions

become clearly visible

- For the pT,t measurement, the signs of Crr and Ckk

change from positive to negative with increasing pT,t

- Diagonal elements indicate the transition from the

spin-singlet to the spin-triplet as the dominant state
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CMS lepton+jets channel: quantum entanglement

- Entanglement observed for first time in events with high mtt ! 

highest sensitivity using full matrix C

- No sensitivity in low mtt region

Good agreement with predictions

Phys. Rev. D 110 (2024) 112016 



- Flat after a cut on cos(q) 

- In agreement with the SM

- Limited by stat unc.

Evaluation of ñmagicò states of the tt system (CMS)
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CMS PAS TOP-25-001 

- ñQuantum Magicò quantifies computational advantage of quantum over classical states

- Entanglement by itself doesnôtguarantee this

- For mixed states:
can be calculated from the

measured 15 coefficients

pp

- M2 is phase-space dependent

- For ppĄtt, M2 is maximal near

threshold
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- Top quark physics at center of big questionsé and precision era

- tt spin correlation measurements in dilepton and lepton+jets channels in agreement with SM

- Full spin-density matrix in the lepton+jets channel

- First observations of entanglement between top quarks in top pair production

at production threshold in dilepton ch. and boosted regime in lepton+jets ch.

- Quantum magic measurement

- one of the first connections between quantum information science and particle physics

- shows the potential of collider experiments for testing foundations of quantum mechanics

Summary

THANKS FOR YOUR ATTENTION
maria.moreno.llacer@cern.ch

30 years of top quark physics!
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Notable differences seen at particle-level for two different parton-shower models

Nature 633 (2024) 542

ATLAS: 1st observation of entanglement in top quarks



ATLAS: 1st observation of entanglement in top quarks
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Nature 633 (2024) 542



18/09/2025 María Moreno Llácer - Spin correlations and entanglement in top and Higgs @ LHC 26

CMS threshold results using dilepton channel 
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CMS: strategy in lepton+jets channel

Reco efficiency of the NN

Fraction of correctly reco events
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From CERN EP seminar, Giulia Negro (CMS)



ATLAS dilepton

18/09/2025 29María Moreno Llácer - Spin correlations and entanglement in top and Higgs @ LHC


