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30+ years of top quark measurements

* Only showing evolution of the most precise ά  measurement per collider over time
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What about top quark spin?
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What about top quark spin?
Å25+ years of measurements

ÅMeasured in multiple bases
ÅHelicity
ÅBeam
ÅOff-diagonal

ÅRecently many advancements made by 
ATLAS & CMS in understanding the spin 
properties of the ÔӶÔ system
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Top quark spin correlations
ǒ Unique because of large mass mt =172.52±0.33 GeV 

ǒ  Spin correlations are dependent on production  
mode  (ÇÇ vs. ÑÑ) and higher orbital momenta 
Ą function  of e.g. Ἴȟ□ ἼӶἼ

ǒ Top quark spin cannot be measured directly

ǒ Fully preserved (spin analyzing power ‖ ρ)
in charged leptonic and down-type quark decays of 
W boson

ǒ Measured in the helicity & beam basis
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ǒ Spin density matrix fully captured by a four-fold angular distribution

ǒ Spin Polarization Ἔ / Ἔ
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ǒ Can integrate above four-fold angular distribution to get 1D distributions for 
each spin coefficient
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ATLAS  CMS ЉꜚЉ combination
ǒ  ɝ‰ЉЉ  (measured in lab frame) is most precisely measured spin corr. dist.

ƺ How ATLAS & CMS discovered ÔӶÔ spin correlations
ǒ Recent unfolded measurements show tension wrt SM expectations

ƺ  ATLAS reported 2.2„ tension wrt Powhegv2
ƺ  CMS reported 1.9„ tension wrt Powhegv2

ǒ Tension weakens when compared to NNLO QCD & NLO QCD + EW
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Calls for a 
combination!
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ATLAS  CMS ЉꜚЉ combination
ǒ Combination w/ Convino
ǒ ~30-40% reduction in overall uncertainty
ǒ πȢφ„ tension w/ NLO QCD + EW (large scale unc. in prediction)
ǒ ρȢτ„ tension w/ NNLO QCD
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EW corrections 
important for 

spin 
correlations!
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Measurement of ἼӶἼ Ἳpin density matrix in Љ+jets
ǒ Used ὩȾ‘+jets events with full Run II dataset
ǒ Used DNN to perform jet-parton assignments
ǒ Measured all 15 spin coefficients 
Ą quantum state tomography
ƺ Used four-fold distribution of decay products ɫ

ƺ Measured in 1/2 b jet ṧ low/high NN score (Shigh/Slow) regions
ǒ Measured in helicity basis
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[PRD 110 (2024) 112016]

ὒɫ  = truth templates
╣□ = reco templates

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.112016


Measurement of ἼӶἼ Ἳpin density matrix in Љ+jets
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spin 
polarizations 

spin 
correlations 

PRD 110 (2024) 112016

Å15 spin coefficients, 3 x 2 spin polarizations ȟ 9 spin correlations

ÅFull quantum tomography differentially in άÔӶÔȟÃÏÓɡ  and Ð Ô 

ÅMost detailed ÔӶÔ spin density matrix measurement т 235 coeffs. measured!

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.112016


Characterization of the ἼӶἼ quantum state in Љ+jets 
ǒ After performing a full quantum tomography, we have reconstructed 

the full spin density matrix ”

”
ρ

τ
 Ἔ„ ṧ Ἔ ṧ„ ᴇ„ ṧ„

ǒ Can characterize the measured state in many ways:

1.  Purity  ‎ quantifies how pure a quantum state is
ƺ Pure states ‎ ρ
ƺ Mixed states ‎ ρ 

2.  Von Neumann entropy Ὓ” also characterizes how mixed/pure a 
quantum state is
ƺ Quantum analogue of Shannon entropy
ƺ Pure states Ὓ” π
ƺ Maximally mixed states Ὓ” ς

3.  Expectation values identifies contributions of individual states
ἂ‪ȿ”ȿ‪ἃ
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PRD 113 (2026) L051101

♬ḳ4Ò”

Ὓ” 4Ò”ÌÏÇ”

https://doi.org/10.1103/hkgw-dztk


Characterization of the ἼӶἼ quantum state in Љ+jets 

ǒ Characterized in both the helicity & beam basis
ƺ Same methodology as prior measurement for beam basis

Helicity basis states:                           Beam basis states:

ǒ Uncertainty via statistical bootstrapping
ǒ Spin quantization axis:

ƺ Ὧ for helicity basis 
ƺ Ƕᾀ for beam basis
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PRD 113 (2026) L051101
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Characterization of the ἼӶἼ quantum state in Љ+jets 
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PRD 113 (2026) L051101

Å ᴻᴻ  Ǫ ᴽȢ  
expectation values 
equal due to initial 
state symmetry
ÅLarge ɮ  fraction in 

boosted central 
region
ÅLarge spin singlet 
ɰ  fraction in 

threshold region

Ễ

https://doi.org/10.1103/hkgw-dztk


Characterization of the ἼӶἼ quantum state in Љ+jets 
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PRD 113 (2026) L051101

ÅLarge fractions 
translate into high 
observed purity  and 
low observed entropy

♬ḳ4Ò”

Ὓ” 4Ò”ÌÏÇ”

https://doi.org/10.1103/hkgw-dztk


How to probe entanglement

ǒ What does it mean to be not  entangled? Separable !

ǒ For pure states ‪ ƣőŔƚШŔƚШĲċƚǃШӛШůĲċƚƨƖĲШentanglement entropy Ὓ”

ǒ At the LHC top quarks are produced in a mixed state

ǒ Need an entanglement witness ɝ for mixed states

ǒ Hard to show ” ŔƚШƚĲƓċƖċĤũĲШĤƨƣШǃŸƨШĦċŰШљĲċƚŔũǃњШƚőŸƽШŔƣШŔƚШŰŸŰ-
ƚĲƓċƖċĤũĲШӛШentangled!
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How to probe entanglement: Peres-Horodecki Criterion
ǒ ” is a valid quantum state  Unit trace, Hermitian, Eigenvalues  0
ǒ ” is entangled  if the above ĬŸŰќƣ hold for the partial transpose of ”, ”
ǒ A sufficient condition for entanglement  using Peres-Horodecki Criterion:

             At low άὸӶὸ                                              At high άὸӶὸ & low ȿÃÏÓɡȿ
 ὅ π & ὅ πO  ὸὶὅ ρ ὅ π & ὅ π O ὅ ὅ ὅ ρ

                   $                                                          $

 $ eOntangled ! $ eOntangled ! 

ρ $ÃÏÓ•)                                              ρ $ÃÏÓ•
 

Measure Ἆ or Ἆ to access entanglement information!
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Peres, Phys. Rev. Lett. 77, 1413
Horodecki, Phys. Lett. A 232, 5

ɝ ὅ ὅ ὅ ρ π [Eur. Phys. J. Plus 136, 907]

Helicity
basis

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.77.1413
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.77.1413
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.77.1413
https://www.sciencedirect.com/science/article/abs/pii/S0375960197004167
https://www.sciencedirect.com/science/article/abs/pii/S0375960197004167
https://www.sciencedirect.com/science/article/abs/pii/S0375960197004167
https://link.springer.com/article/10.1140/epjp/s13360-021-01902-1
https://link.springer.com/article/10.1140/epjp/s13360-021-01902-1
https://link.springer.com/article/10.1140/epjp/s13360-021-01902-1


Foreword on interpretations of results
ǒ In ÔӶÔ events we cannot  measure the spin directly

ǒ Means we must assume a value for the spin analyzing power ‖
ƺ We assume LO SM predicted value of ‖ ρȢπ

ǒ Dreiner et. al. note a local hidden variable theory can reproduce all of our 
observations (no quantum mechanics! purely classical states!)

ǒ We assume we are analyzing quantum states when asking questions of 
whether separable or non -separable (entanglement )
ƺ No circular proof crisis:

ƴ not all quantum states are separable
ƴ assuming QM = true  assume ÔӶÔ system is entangled

ƺ Useful perspective: 

ǒ New physics in decays of top quarks is tightly constrained (‏‖ ρπ)
194/10/2026 SM@LHC 2026, Torino, Italy

 PLB 280 (1992) 304 arXiv:2507.15949 arXiv:2507.15947

JHEP 01 (2023) 148
EPJ+ 140 (2025) 9, 855

https://doi.org/10.1016/0370-2693(92)90071-B
https://doi.org/10.48550/arXiv.2507.15949
https://doi.org/10.48550/arXiv.2507.15947
https://link.springer.com/article/10.1007/JHEP01(2023)148
https://doi.org/10.1140/epjp/s13360-025-06752-9


How to discover entangled top quarks

ǒ  ATLAS & CMS probed both 
the boosted region and the 
production threshold region 
for entanglement

ǒ Mostly timelike  (spacelike ) 
separated decays in 
production threshold 
(boosted ) region
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Entangled

Separable

[ROPP 87 (2024) 117801]

https://doi.org/10.1088/1361-6633/ad7e4d


ATLAS observation of entanglement in threshold region 
ǒ Measured in dilepton events using 

full Run II dataset
ǒ Constructed a calibration curve from 

reweighting ÃÏÓ•
ǒ Calibrate detector-level Ἆ to particle-level Ἆ
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Nature 633 (2024) 542

https://doi.org/10.1038/s41586-024-07824-z


ǒ Clear observation ḻυ„ of entanglement!

ǒ Clear deficiency of Monte Carlo to model entanglement
in threshold region

ǒ First  observation of entanglement
between top quarks!

ǒ Observation of entanglement  at 
high energy!
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ATLAS observation of entanglement in threshold region 
Nature 633 (2024) 542

ḻυ„

https://doi.org/10.1038/s41586-024-07824-z


CMS observation of entanglement in threshold region
ǒ  Dileptonic events w/ 2016 data
ǒ Measured Ἆ using binned profile 

likelihood fit of ÃÏÓ •
ǒ Significance υ„
ǒ Confirmed obs. of entangled top quarks !
ǒ Including effect of hypothetical toponium

 – improves MC agreement w/ data

234/10/2026 SM@LHC 2026, Torino, Italy

[ROPP 87 (2024) 117801]

w/ ⱢἼ

w/out ⱢἼ
See 
9ũċƨĬŔċќƚШ
talk! 

https://doi.org/10.1088/1361-6633/ad7e4d
https://agenda.infn.it/event/48435/contributions/289831/
https://agenda.infn.it/event/48435/contributions/289831/
https://agenda.infn.it/event/48435/contributions/289831/


CMS observation of entanglement in boosted region

ǒ Same Љ+jets measurement in helicity basis

ǒ Measured $ to be πȢφυςπȢπυς
ƺ 6.1„ observation for entanglement  in the 

boosted region !

ǒ  CMS observes entanglement  in both 
threshold  and boosted region !
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[PRD 110 (2024) 112016]

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.112016


Summary
ǒ ìĲќƻĲШĦŸůĲШċШũŸŰŊШƽċǃШŉƖŸůШƚĲċƖĦőŔŰŊШŉŸƖШĦŸƖƖĲũċƣŔŸŰƚШŔŰШÔӶÔ events

 
ǒ First spin correlation combination between ATLAS & CMS

ǒ  Quantum tomography enables rich characterization of two-qubit 
system

ǒ Top quarks are entangled  both when decaying spacelike and 
timelike separated

ǒ Start of quantum information studies in high energy physics

ǒ  ĲƽШĬŸŸƖШŔŰƣŸШљŸũĬњШƓőǃƚŔĦƚ
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Back-up
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Top Quark Spin Density Matrix in dilepton

ǒ SM predicts zero polarization for ÔӶÔ ( ρπ ) т QCD is CP even
ƺ Zero polarization Ą zero slope at parton level
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[PRD 100 (2019) 072002]

Reconstruction Level Parton level

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.072002


Top Quark Spin Density Matrix in dilepton

ǒ SM predicts non-zero correlation for ÔӶÔ
ƺ Non-zero correlation Ą asymmetry in ὧέί—ὧέί— distribution at parton 

level
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Reconstruction Level Parton level

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.072002


ATLAS  CMS ЉꜚЉ Combination

ǒ Combination w/ Convino
ǒ Estimated correlations:

ƺ LOW = 0.25
ƺ HALF = 0.5
ƺ HIGH = 0.75
ƺ FULL = 0.99

ǒ All other systematics are 
uncorrelated

ǒ Combination is tested with 
varied correlations
ƺ Vary syst. corrs.

one-by-one
ƺ Vary all together 
ƺ Vary pairing & corr. of 

systematics
ǒ Dropped 3rd bin to combine 

normalized cross sections
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ÅReweighting using

ύ
ρ  Ὀ ά ӶתÃÏÓ•

ρ  Ὀ ά ӶÃÏÓ•

where ת is scaling hypothesis ɴ
πȢτȟπȢφȟπȢψȟρȢς and

ÅὈ ά Ӷ ὼ ὼ ά Ӷ ὼά Ӷ

ὼά Ӷ

is a third-order polynomial fit to MC 
predictions
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ATLAS observation of entanglement in threshold region 
Nature 633 (2024) 542

https://doi.org/10.1038/s41586-024-07824-z


ÅLarge difference of D @ particle level between Powheg+Pythia8 & 
Powheg+Herwig7 due to difference in showering treatment
ÅWas able to show that this is due to dipole vs. angular ordered showering
ÅUnclear why т spin correlations probe production
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ATLAS observation of entanglement in threshold region 
Nature 633 (2024) 542

https://doi.org/10.1038/s41586-024-07824-z


Measurement of Top Quark Spin Density Matrix in Љ +jets

ǒ Binned profile likelihood fit of 
ɫ
ƺ ɫ  = linearly dependent on 15 spin 

coefficients
ƺ Reweighting ɫ gives templates Ὕ  

with varied coefficients ὗ
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ɫ ɫ ɫ ὗ ɫ

Ὓ ὥ Ὕ ὺ ɫ ὗ Ὕ ὺ

generator-level

detector-level [PRD 110 (2024) 112016]

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.112016


Measurement 
of Top Quark 
Spin Density 
Matrix in 
Љ+jets
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[PRD 110 (2024) 112016]

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.112016


Measurement 
of Top Quark 
Spin Density 
Matrix in 
Љ+jets
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