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Prelude: top quark spin correlations

The top quark has a mean lifetime ~5x10-25s << 1/ΛQCD ~10-23s

→ spin information is correlated and transferred to decay products

BR(t→Wb) ~100% + weak interaction is maximally parity-violating

→ correlations are observable!
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top polarisations spin correlations

= full spin density matrix
α1 = α2 = 1 (maximal) for leptons



State-of-the-art in 2020… 3

Phys. Rev. D 100 (2019) 072002 

Eur. Phys. J. C 80 (2020) 754  

Spin correlations in tt̄ are well-established

https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-18-006/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2016-10/


As you may have heard… 4

gg→tt̄: spin-singlet state at threshold



Quantum tops beyond (classical) spin correlations

Eur. Phys. J. Plus (2021) 136 (March 2020) → first analysis of top quark pair 
production from the quantum information point of view: “bipartite qubit system”
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Peres-Horodecki criterion

a simple observable

a quantum entanglement
marker!

gg spin-singlet

0 0

QCD is CP-even: zero polarisations at LO!

https://arxiv.org/abs/2003.02280


Quantum entanglement in dileptonic tt̄

Dilepton eμ final state is very clean (90% purity) and
at the end of Run 2 we have about a million events
after preselection.

- Boost the leptons in their parent top’s rest frame
- Measure D = -3<cos(φ)>
- Then partition events into three selections:

● 340<Mtt<380: entanglement signal region
● 380<Mtt<500: validation region

     (dilution from mis-reconstruction)
● 500<Mtt: no-entanglement validation region

   The mass cuts are crucial!
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Eur. Phys. J. Plus (2021) 136

https://arxiv.org/abs/2003.02280


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.

Systematics are propagated with their own curves, quadratic envelope.

→ Build the curve by sampling different D values.
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arXiv:2311.07288 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2021-24/


A closer look at uncertainties

“Backgrounds”: mostly Z→𝜏𝜏, which 
leads to a flat cos(φ) distribution
(spin information from taus is lost)

Calibrating to fiducial particle-level 
reduces the parton shower uncertainty 
(Pythia vs Herwig)
→ full details in the paper.

Signal modelling:
by far the largest contribution
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arXiv:2311.07288 

https://arxiv.org/pdf/2311.07288
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2021-24/


Observation of quantum entanglement in dileptonic tt̄ 9

non-relativistic QCD effects close to threshold, not included in 
MC generators → would only affect predictions, not calibration

D = -0.547 ± 0.002 (stat.) ± 0.021 (syst.)expected: D = -0.470 ± 0.002 (stat.) ± 0.018 (syst.)
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arXiv:2311.07288 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2021-24/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2021-24/
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Conclusions

● Observation of quantum entanglement in top quark pairs 
by ATLAS

● Paves the way for future measurements of quantum information at the LHC
○ highest energies, quarks, large statistics… → interesting for the QI community
○ angular measurements binned in M(tt̄) are a powerful tool for BSM searches

→ interesting for the HEP community

● Simple but robust measurement that already highlights the importance of 
precise top quark modelling near pair production threshold

○ improvements related to parton shower and “toponium” effects will carry over to other key 
measurements! (top mass, width, properties…)

Thank you!
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👉 ATLAS Briefing 
👉 CERN Courier 

https://atlas.cern/Updates/Briefing/Top-Entanglement
https://cerncourier.com/a/highest-energy-observation-of-entanglement/


The 2019 CMS measurement 12

Eur. Phys. J. Plus (2021) 136

Phys. Rev. D 100 (2019) 072002 
CMS measured

inclusively → need to go differential in M(tt̄)

https://arxiv.org/abs/2003.02280
https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-18-006/index.html


Spin correlations at NNLO 13

arXiv:1901.05407 

Eur. Phys. J. C 80 (2020) 754  

https://arxiv.org/pdf/1901.05407.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2016-10/


Spin correlations: ATLAS and CMS 14

LHCTopWGSummaryPlots 

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWGSummaryPlots#Spin_Correlation


Event selection

● 1 electron and 1 muon (opposite charges)
● single lepton triggers
● leptons’ pT>25–28 GeV
● at least 2 jets with pT>25 GeV
● at least 1 b-tagged jet (at 85% b-tagging efficiency)

15

arXiv:2311.07288 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2021-24/


The reweighting method

● We have no handle on the 
“amount of entanglement” in the 
generators, but we know exact 
functional forms at parton-level
→ can reweight D

● Fit a 3rd order polynomial to extract 
the dependence on M(tt̄)

● Then reweight each event as
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arXiv:2311.07288 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2021-24/


Data / MC in the signal region 17

arXiv:2311.07288 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2021-24/


Data / MC outside the signal region 18

arXiv:2311.07288 arXiv:2311.07288 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2021-24/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2021-24/


Investigations of parton shower effects 19

Differences appear in the parton→particle level transition,
and seem to largely match the Dipole vs Angular ordering schemes

arXiv:2311.07288 arXiv:2311.07288 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2021-24/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2021-24/


At threshold: need input from the theorists

● Our MC generators don’t include the necessary non-perturbative effects – 
how do we get around that?

○ Fuks et al. implemented a BSM Lagrangian in MadGraph → toponium
○ A number of calculations available, most recently Ju et al.

■ pure parton-level calculation (stable tops), resums leading-power and 
next-to-leading-power calculations and matches to NNLO differential tt̄
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from A. Mitov 

arXiv:2004.03088

https://arxiv.org/abs/2102.11281
https://arxiv.org/abs/2004.03088
https://indico.cern.ch/event/1233341/contributions/5605265/attachments/2724039/4733470/AlexanderMitov-Top23-2023.pdf
https://arxiv.org/abs/2004.03088


Separable and entangled states 21

J.A. Aguilar Saavedra 

https://indico.cern.ch/event/1282455/contributions/5388027/attachments/2724823/4736775/tangle.pdf


General bipartite qubit system 22

Peres-Horodecki: if ρT2 has at least one negative eigenvalue, the state is entangled



Production phase-space 23

Eur. Phys. J. Plus (2021) 136

gg-only qq-only

gg + qq

differential 
cross-section

z-axis: concurrence C[ρ]

C[ρ] > 0 ⇔ entanglement

https://arxiv.org/abs/2003.02280


Dileptonic tt̄ selection 24



Reconstruction for the dilepton entanglement result 25

arXiv:2311.07288 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2021-24/

