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Top$quark
• Top quark is the heaviest fundamental 

par5cle at ~173 GeV
• Decays promptly almost exclusively to 

an on-shell W boson and a b quark
• W may decay leptonically, to a 

charged lepton, ℓ, and a neutrino, ν
• W may decay hadronically, to pair of 

lighter quarks
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Top-quark$spin
• Top has very short life0me: 5 × 10−25 s 
• Decays before hadronisa0on (~ 10−23 s) 
• its spin not hidden by strong interac1ons
• Decays before undergoes spin 

decorrela0on (~ 10−21 s)
• maintains quantum coherence
• Spin informa0on transferred directly to its decay products
• allows access to quantum proper1es via final-state par1cles
• We can effec0vely study bare quarks!
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LHC$–$Large$Hadron$Collider
• The most powerful collider in the world!
• Collisions of protons and/or heavy ions
• Top-quarks abundantly produced ➜ top-quark factory
• studied in ATLAS and CMS experiments

V.A. MitsouWQC 2025

4

/ MoEDAL

• Run 1: 2010 – 2012 
▫pp @ √s = 7 – 8 TeV 

• Run 2: 2015 – 2018
▫pp @ √s = 13 TeV 

• Run 3: 2022 – 2026 
▫pp @ √s = 13.6 TeV

• High-Luminosity LHC (HL-LHC): >2030
▫ pp @ √s = 13.6 – 14 TeV

today



ATLAS$detector

• Mul>-purpose
• Standard Model measurements
• searches for New Physics

• Direct detec>on of
• photons
• hadronised quarks 

& gluons (jets)
• tau leptons
• electrons
• muons
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• Large, symmetric, almost herme>c experiment at LHC

iden*fied and their 
posi*on/momentum 

measured with high precision

In 2012, discovered 
Higgs boson together 

with CMS



Top-antitop$pair$production
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• At the LHC, top-quarks are produced copiously in pairs via strong interac;on
• also electroweak produc>on, but heavily suppressed
• Spin quantum state of !̄ pair described by spin density 

matrix

• Top-quarks strongly produced not polarised in any 
par;cular direc;on → B±

ij ≃ 0
• parity conserva>on and >me invariance
• However, spins of top- and an;top-quarks are correlated in 

Standard Model → Cij ≠ 0

t, t ̄ intrinsic polarisation spin correlation matrix



Top-quark$spin$correlations$in$tt̄ production
• Observable ΔΦ(ℓ+, ℓ−): absolute azimuthal opening angle between 

the two charged leptons measured in laboratory frame in plane 
transverse to beam line
• Measured in ATLAS, see e.g. Eur. Phys. J. C 80 (2020) 754
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https://doi.org/10.1140/epjc/s10052-020-8181-6


Top-quarks$as$qubits

Spin quantum number of a fermion (±½) → simplest example of a qubit
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Top-antitop$pair$as$two-qubit$system
• Spin info in measured leptons very closely related 

to parent quarks since electroweak charged 
current is maximally parity viola;ng
• Spin density matrix ρ → angular 

differen;al cross-sec;on for dilepton decay

• Differen;al cross-sec;on → C  measurement → spin quantum state 
reconstruc;on
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α1 = α2 = 1 (maximal) for leptons ℓ ± : direction of ℓ + (ℓ –) in its parent t (t̄) rest frame

0 0

QCD P-even: zero polarisations at leading order



Quantum$entanglement$conditions
• Quan>ta>ve measure of entanglement: concurrence C [ρ] of spin density matrix ρ:

less entangled  ⟵ 0 ≤ C [ρ] ≤ 1   ⟶ maximally entangled
• At hadron colliders, ini>al state is not controlled (no pure state) → mixed state gg, qq̅
• different expressions for entanglement criterion for gg and qq̅
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Afik & Muñoz de Nova, Eur. Phys. J. Plus 136 (2021) 907

spin-triplet pure state
maximally entangled

gg spin polarisation 
allows to align in 

different directions
(spin-singlet state;

80% of tt ̄ production)

separability

C [ρ]tt̄ production (gg, qq̄) at 
√s = 13 TeV pp collisions

tt̄ production threshold: 
invariant mass ≈ twice 
top mass ≈ 350 GeV

https://doi.org/10.1140/epjp/s13360-021-01902-1


Top-antitop$pair$as$“bipartite$qubit$system”
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Afik & Muñoz de Nova, Eur. Phys. J. Plus 136 (2021) 907

quantum 
entanglement
marker!

Peres-Horodecki criterion
Statistical deviation from null 

hypothesis (D = −1/3)

φ: angle between lepton direc>ons in rest
frames of parent (an>)top-quark

https://doi.org/10.1140/epjp/s13360-021-01902-1


Entanglement$measurement$phase$space
• 𝑡𝑡̅ entanglement observa1on depends on 𝑡𝑡̅ system energy
• Focusing on produc1on threshold (𝑚𝑡𝑡̄ ≈ 350 GeV) 
• Dividing into three mass regions:
• signal region (340 < 𝑚𝑡𝑡 ̄ < 380 GeV) 

close to mass threshold
• two valida;on regions expec;ng 

liZle or no entanglement
− 380 < 𝑚𝑡𝑡̄  < 500 GeV
− 𝑚𝑡𝑡̄  > 500 GeV
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Afik & Muñoz de Nova, Eur. Phys. J. Plus 136 (2021) 907

ATLAS, Nature 633 (2024) 542

No entanglement 
observation

Entanglement 
observation

https://doi.org/10.1140/epjp/s13360-021-01902-1
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2021-24/


Event$selection$&$backgrounds
• Single-lepton triggers
• Opposite-sign 1 electron & 1 muon: 

pT > 25–28 GeV 
• ≥ 2 jets with pT > 25 GeV; ≥ 1 b-tagged jet 

(85% efficiency) 
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• ~90% purity of 5̄ signal
• Dominant backgrounds: single top (~60%), 

fakes (~30%)
• SM processes es>mated by simula>on
• Fakes partly evaluated by data-driven 

techniques 

Run 2
√s = 13 TeV 

140 i–1

ATLAS, Nature 633 (2024) 542

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


Top-quark$reconstruction
• Reconstruc;on of top momenta complicated due to two neutrinos
• Several methods developed, reconstruc;ng ν momenta from missing traverse 

momentum (MET), using mt and mW as constraints
1. Main: Ellipse method (85% efficiency)
• analy>cally calculate two ellipses for 

pT
ν and find intersec>ons

2. If Ellipse fails → Neutrino weigh1ng method (5%)
• scans ην, ην̅ phase-space
• solu>ons weighted based on compa>bility 

between pT
ν and MET

3. If both methods fail: simple pairing of leptons 
with closest b-jets (10%)
• use highest-pT jet if only 1 b-tagged jet
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Betchart, Demina, Harel, Nucl.Instrum.Meth.A 736 (2014) 169-178

https://doi.org/10.1016/j.nima.2013.10.039
https://doi.org/10.1016/j.nima.2013.10.039
https://doi.org/10.1016/j.nima.2013.10.039


Detector-level$measurement
• Measure cosφ aber boos;ng leptons 

into their parent top’s rest frame
• Compare with different Monte Carlo 

predic;ons
• Calculate D = –3 ⟨cos φ⟩ 
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signal region

valida>on  
region 1

valida>on  
region 2

ATLAS, Nature 633 (2024) 542

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


Calibration$curve
• Detector effects induce shape distor>ons 

to distribu>ons
• detector response (resolu8on, noise)
• reconstruc8on of top quarks and their 

decay products
• event selec8on

• Measured (reconstructed) data corrected 
to truth (par>cle) level
• par8cle-level cuts similar to 

reconstruc8on-level
• Calibra>on curves created for signal and 

valida>on regions by reweigh>ng 
simula>on based on truth D value
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ATLAS, Nature 633 (2024) 542

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


Reweighing$cosφ distribution
• Degree of entanglement inherent in par>cle 

generators → cannot be changed
• Fit a 3rd order polynomial to extract DΩ(m$̄) 

dependence on m$̄ at parton level

• Each event reweighted at parton level to modify 
D, taking into account m$̄ to preserve linearity of 
cosφ distribu>on

• Modified parton-level D propagated to par>cle- 
and detector level → calibra>on curves
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ATLAS, Nature 633 (2024) 542

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


Calibration$curve
• Detector effects induce shape distor>ons 

to distribu>ons
• detector response (resolu8on, noise)
• reconstruc8on of top quarks and their 

decay products
• event selec8on

• Measured (reconstructed) data corrected 
to truth (par>cle) level
• par8cle-level cuts similar to 

reconstruc8on-level
• Calibra>on curves created for signal and 

valida>on regions by reweigh>ng 
simula>on based on truth D value
• Uncertainty due to signal/background 

modelling & object reconstruc>on
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ATLAS, Nature 633 (2024) 542

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


Systematic$uncertainties
• Each source of systema>c uncertainty 

results in a different calibra>on curve
1. Signal modelling → dominant

• main component: t decay (1.6%)
2. Background modelling: 

Z → ττ dominant (0.8%)
• leads to a flat cosφ

distribu8on
• spin informa8on from 
τ is lost

3. Object reconstruc>on
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ATLAS, Nature 633 (2024) 542

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


Calibration$curve
• Detector effects induce shape distor>ons 

to distribu>ons
• detector response (resolu8on, noise)
• reconstruc8on of top quarks and their 

decay products
• event selec8on

• Measured (reconstructed) data corrected 
to truth (par>cle) level
• par8cle-level cuts similar to 

reconstruc8on-level
• Calibra>on curves created for signal and 

valida>on regions by reweigh>ng 
simula>on based on truth D value
• Uncertainty due to signal/background 

modelling & object reconstruc>on
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Entanglement

ATLAS, Nature 633 (2024) 542

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


D$ in$validation$regions
• Measured D in valida0on regions
• 380 < 𝑚𝑡𝑡 ̄  < 500 GeV

• 𝑚𝑡𝑡 ̄  > 500 GeV

• Good agreement with 
theore0cal predic0ons
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ATLAS, Nature 633 (2024) 542

signal region

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


D$marker:$parton-$to$particle-level
• Parton-level entanglement limit 
D < −1/3 folded to par;cle level
• Another calibra;on curve 

constructed to relate D value of 
parton- to corresponding 
par;cle-level
• Systema;c uncertain;es related 

to !̅ produc;on modelling and 
decay process considered

V.A. MitsouWQC 2025

22

ATLAS, Nature 633 (2024) 542

signal region

parton-level limit –1/3 

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


Parton$shower$and$hadronisation$effects
• Large difference between Powheg+Pythia 8 and Powheg+Herwig 7 in signal region

• difference at parBcle and reconstrucBon level, while similar at parton level

• Two main differences in models:
• hadronisaBon model (Lund-string vs. cluster model)
• shower ordering (pT-ordered vs. angular-ordered parton shower) ☚ main cause of differences
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Future higher-
precision quantum 
informa>on  
measurements 
would benefit from 
improved 
understanding of 
parton shower 
mechanisms

ATLAS, Nature 633 (2024) 542

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


D$in$signal$region
• Measured D in signal region

• Measured value significantly 
(≫5σ) below entanglement 
limit (−0.322 ± 0.009 for 
Powheg+Pythia 8) 

• First observa,on of quantum 
entanglement
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ATLAS, Nature 633 (2024) 542

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


Outlook

• Entanglement has been observed in a wide spectrum of physical systems
• ATLAS performed first observa1on of quantum entanglement between a 

pair of ‘bare’ quarks!
• Simple but robust measurement that already highlights the importance 

of precise top quark modelling near pair produc1on threshold
• Paves the way for future experimental tests of quantum entanglement, 

decoherence, and quantum informa1on transfer at LHC

V.A. MitsouWQC 2025

25

☞ ATLAS Briefing
☞ CERN Courier

Im
ag

e:
 D

an
ie

l D
om

in
gu

ez
/C

ER
N

https://atlas.cern/Updates/Briefing/Top-Entanglement
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tt̄ spin$correlation$measurements$(I)$
• Measured ΔΦ(ℓ+,ℓ−) differen>al cross-sec>on compared to NLO 

Monte Carlo generators and fixed-order calcula>ons at parton level
• Level of correla>on assessed by quan>fying it in rela>on to amount 

of correla>on expected in SM, fSM
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ATLAS, Eur. Phys. J. C 80 (2020) 754

Run-2 
2015-2016
√s = 13 TeV 

Event selec>on:
• 1 electron
• 1 muon
• 2 jets (≥ 1 

b-tagged)

https://doi.org/10.1140/epjc/s10052-020-8181-6


tt̄ spin$correlation$measurements$(II)$
• Observed spin-correla>on degree 

higher than predicted by generators
• Results compa>ble with CMS analysis
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Significance strongly varies with theory precision
• fixed-order NNLO predic8ons closer to data 

but s8ll not fully agree
• d  ata agrees well with alterna8ve differen8al 

predic8on at NLO in QCD+weak
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