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Top Quark Physics

• Heaviest fundamental particle 
discovered thus far
𝒎𝐭 = 𝟏𝟕𝟐. 𝟓𝟐 ± 𝟎. 𝟑𝟑 GeV

• LHC is a top quark factory with more 
than 100M pairs produced thus far

• Spin information is preserved best in 
the leptonic decays of the top quark
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[PRL 132 261902]

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.261902


Top Spin Correlations

• Top quark spin cannot be measured directly

• Typically measured in the helicity basis {𝒌, 𝒏, 𝒓}

• Measurement of spin correlations can be used to 
perform quantum state tomography

• Spin correlations depend on higher orbital 
momenta (𝑚t ҧt, cos Θ) and initial state
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Spin Polarization 𝑩𝟏,𝟐

Spin Correlation 𝑪

Spin Density Matrix
𝜌 = 14 + 𝐵𝑖

+𝜎𝑖 ⊗12 + 𝐵𝑖
−12 ⊗𝜎𝑖 + 𝐶𝑖𝑗𝜎

𝑖 ⊗𝜎𝑗

𝜆𝑥 extracted from asymmetry

{𝒌, 𝒏, 𝒓}

Ω1,2: Lepton solid angle in parent top rest frame



Quantum Correlations
• Top pairs are produced in mixed states

• A whole hierarchy of quantum correlations 
exists for mixed states

• All can be studied from the measurement of 𝑩
and 𝑪.

• cos𝜑 = መ𝑙+ ⋅ መ𝑙− offers a proxy for 
entanglement (𝐷 = −Tr(𝑪)/3)

• Quantum steering offers a geometric 
representation.
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[EPL 125 50005]
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[PRL 113 020402]

https://iopscience.iop.org/article/10.1209/0295-5075/125/50005
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.020402


SM Predictions
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• Entanglement is observed by using the Peres-
Horodecki criterion which for top pairs simplifies 
to

Δ = 𝐶𝑛𝑛 + 𝐶𝑘𝑘 + 𝐶𝑟𝑟 − 1 > 0

• At low 𝑚 t ҧt , 𝐶𝑘𝑘 , 𝐶𝑟𝑟 > 0 then
Δ = Tr 𝑪 − 1

[ROPP 87 (2024) 117801]

Δ + 1 = −3𝐷 > 1

https://iopscience.iop.org/article/10.1088/1361-6633/ad7e4d


Signal Process
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• Signal: t ҧt pairs decaying into (𝑊+b)(𝑊−തb), 
and 𝑊 decaying into 𝑒𝜈 or 𝜇𝜈, “Prompt” 
signal

• 𝜏 channels are unstable, when it decays to 𝑒𝜈
or 𝜇𝜈, “viaTau” signal

• Sample produced at NLO with POWHEGv2

• Alternative samples produced with 
MG5_aMC@NLO at NLO using MADSPIN

• Parton shower & Hadronization: PYTHIA8

56%38%

6%

Branching Fraction

Fully-Hadronic

Semi-Leptonic

Dileptonic



Background Processes

05/12/2024 9th COMHEP 7

𝑍 + Jets Single Top

𝑊 + Jets Diboson

Other t ҧt
MG5_AMC@NLO

POWHEG

PYTHIA8

t ҧt + 𝑍/𝑊MG5_AMC@NLO

POWHEG

[JHEP08(2018)011]

https://link.springer.com/article/10.1007/JHEP08(2018)011


Event Selection
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• 2 isolated, oppositely charged leptons 
(𝑒+𝑒−, 𝜇+𝜇−,𝑒±𝜇∓)

• 𝑛jets ≥ 2

• 𝑛bjets ≥ 1

• 𝑚𝑙 ҧ𝑙 > 20 GeV

• 𝑍 + jets suppression (𝑒+𝑒−, 𝜇+𝜇− ):
• 𝑚𝑙 ҧ𝑙 < 76 GeV or 𝑚𝑙 ҧ𝑙 > 106 GeV

• 𝑝𝑇
miss > 40 GeV 

• Top  kinematic reconstruction algorithm
• Assumptions:

• 𝑝𝑇
miss → coming from the two neutrinos only

• 𝑚𝜈 = 0 GeV,         𝑚𝑊 = 80.4 GeV,         𝑚t = 172.5 GeV

• Solve analytical on-shell equations for each interaction 
vertex

• Smear jet/lepton energies and directions for resolution 
effects

• Final solution is a weighted average from 100 smearings

• Events with no solution are rejected

[PRD 73 054015]

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.73.054015


Unfolding Procedure
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Ԧ𝑦MC = 𝐌 ⋅ Ԧ𝑥MC

Naively:
Ԧ𝑥 = 𝐌−1 Ԧ𝑦

• Regularization to suppress 
stat fluctuations

• 𝜒2 fit to apply both 
regularization and unfolding 
simultaneously

𝜒unf
2 = 𝜒𝐌

2 + 𝜏2𝜒𝐋
2 + 𝜆෍

𝑖

𝐌Ԧ𝑥 − Ԧ𝑦 𝑖



Measurement of Top Quark Spin Density Matrix
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• Zero polarization observed at parton
level

Unfolded DistributionReconstruction Level

[PRD 100 (2019) 072002]

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


Measurement of Top Quark Spin Density Matrix
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• Non-zero correlations observed

Unfolded DistributionReconstruction Level

Entangled 
Region

[PRD 100 (2019) 072002]

Modified plot

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


Measurement of Top Quark Spin Density Matrix
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• Correlation coefficients and 
covariance matrices publicly available 
via HepData

• They give a spin density matrix 𝜌

• From 𝜌, other quantum correlations 
can be studied

[PRD 100 (2019) 072002]

https://www.hepdata.net/record/ins1742786
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.072002


Probing Entanglement
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Boosted Region

Threshold Region

• Perform a binned profile likelihood fit 
of cos 𝜑 in:

• 345 < 𝑚 t ҧt < 400 GeV &

• 𝛽𝑧 < 0.9

• Entanglement proxy 𝐷 = Tr(𝑪)/3
Δ + 1 = Tr 𝑪 = −3𝐷 > 1

𝛽𝑧 =
𝑝𝑧
t + 𝑝𝑧

ҧt

𝐸t + 𝐸 ҧt



Singlet Bound State
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• Theory predicts a color singlet near threshold

• Large mismodeling seen for 𝑚 t ҧt ≈ 345 GeV

• Signal model includes a singlet toy model 𝜂t

[JHEP 06 (2020), 158]

Maximally 
entangled state

[JHEP 07 (2023), 141]

[arXiv:2402.08486] (submitted to JHEP)

Excess of events observed at 
threshold

[CMS-PAS-HIG-22-013]

http://dx.doi.org/10.1007/JHEP06(2020)158
http://dx.doi.org/10.1007/JHEP06(2020)158
https://arxiv.org/abs/1303.4724
https://cds.cern.ch/record/2911775?ln=es


Fit Procedure
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• Need to fit POI D
• Binned profile likelihood fit using CMS Combine 

tool [Comput. Softw. Big Sci. (2024) 8:19]

• Create mixtures of SM and no spin corr. to get 
variations of D

• Added 𝜂t as signal mixed in with t ҧt

• Best D value and uncertainty obtained from the 
− 2Δln𝐿

[ROPP 87 (2024) 117801]

https://link.springer.com/article/10.1007/s41781-024-00121-4
https://iopscience.iop.org/article/10.1088/1361-6633/ad7e4d


Entanglement Observation
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• > 𝟓𝝈 observation of entangled top quarks!!!!

• Agreement with data improved using 𝜂t model

[ROPP 87 (2024) 117801]

𝜂t

No 𝜂t

https://iopscience.iop.org/article/10.1088/1361-6633/ad7e4d


Conclusion
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• Top quarks were proven to be entangled in both 
regions:

• Threshold region [ROPP 87 (2024) 117801]

• Boosted region [arXiv:2409.11067] (other work)

• Quantum tomography of top quark-antiquark pairs is a 
door for quantum information at high energy physics

[EPL 125 50005]

https://iopscience.iop.org/article/10.1088/1361-6633/ad7e4d
https://arxiv.org/abs/2409.11067
https://iopscience.iop.org/article/10.1209/0295-5075/125/50005


Thanks for your time

05/12/2024 9th COMHEP 18

Contact:
jduarteq@purdue.edu

jduarteq@cern.ch

mailto:jduarteq@purdue.edu
mailto:jduarteq@cern.ch


BACKUP
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Top Spin Correlations

• Top quark spin cannot be measured 
directly

• Typically measured on the helicity basis

• Measurement of spin correlations can be 
used to perform quantum state 
tomography

• Spin correlations depend on higher orbital 
momenta (𝑚t ҧt, cos Θ) and initial state
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Entanglement
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• Observed by using the Peres-Horodecki criterion 
which gives the condition ( 𝜆𝑖 = eig{ 𝜌 ෤𝜌 𝜌} )
𝐶 𝜌 = max 0, 𝜆1 − 𝜆2 − 𝜆3 − 𝜆4 > 0

• For top pairs, it can be reduced to
Δ = 𝐶33 + 𝐶11 + 𝐶22 − 1 > 0

• At low 𝑚 t ҧt , 𝐶11, 𝐶22 > 0 then

𝐷 = −
tr 𝑪

3
< −

1

3
• The distribution of cos𝜑 = መ𝑙+ ⋅ መ𝑙− can be written as

1

𝜎

𝑑𝜎

𝑑 cos𝜑
=
1

2
(1 − 𝐷 cos𝜑)



Steering Ellipsoid
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ℰ𝐴 ℰ𝐵

𝑄𝐴 = ሚ𝐶𝐴 ሚ𝐶𝐴
𝑇 = 𝛾2 𝐶 − 𝐵𝐴𝐵𝐵

𝑇 1 + 𝛾2𝐵𝐵𝐵𝐵
𝑇 𝐶𝑇 − 𝐵𝐵𝐵𝐴

𝑇

Ԧ𝑥 − Ԧ𝑐𝐴
𝑇𝑄𝐴

−1 Ԧ𝑥 − Ԧ𝑐𝐴 = 1 Ԧ𝑐𝐴 =
𝐵𝐴 − 𝐶𝐵𝐵

1 − 𝐵𝐵
2

• Geometric representation of quantum correlations

• Alternative geometric criteria for entanglement:

𝐷𝑒𝑙𝑙 = 𝑐4 − 2𝑐2 1 − 𝑡𝑟 𝑄 + 2 Ƹ𝑐𝑇𝑄 Ƹ𝑐 + ℎ 𝑄 > 0
𝑉 > 𝑉⋆ = 4𝜋/81

• Surface condition for limit on Local Hidden State (LHS) 
models (EPR-Steerability)

መ𝑆 =
1

2𝜋
න𝑑2 ො𝑛 ො𝑛𝑇𝐶𝑇𝐶 ො𝑛 > 1



Signal Process
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• Signal: t ҧt pairs decaying into (𝑊+b)(𝑊−തb), 
and 𝑊 decaying into 𝑒𝜈 or 𝜇𝜈, “Prompt” 
signal

• 𝜏 channels are unstable, when it decays to 𝑒𝜈
or 𝜇𝜈, “viaTau” signal

• Sample produced at NLO with POWHEGv2, 
and some variations with 
MG5_aMC@NLO(FxFx) at NLO using 
MADSPIN

• Parton shower & Hadronization: PYTHIA8

56%38%

6%

Branching Fraction

Fully-Hadronic

Semi-Leptonic

Dileptonic
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NNPDF3.0

PYTHIA8

Geant4 (CMS)

POWHEGv2

MG5_AMC@NLO variation

• 𝑚t = 172.5 GeV

• PYTHIA8 CUETP8M2T4 (t ҧt and 
single top) and CUETP8M1 
tuning for underlying events. 



High Level Trigger (HLT) Selection
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• Single-lepton trigger:
• 𝑝𝑇 𝑒 > 27 GeV

• 𝑝𝑇 𝜇 > 24 GeV

• Same-flavor dilepton trigger:
• Electron

• Leading: 𝑝𝑇 > 23 GeV

• Trailing: 𝑝𝑇 > 12 GeV

• Muon
• Leading: 𝑝𝑇 > 17 GeV

• Trailing: 𝑝𝑇 > 8 GeV

• Different-flavor dilepton trigger:
• 𝑝𝑇 𝑒 > 12 GeV, 𝑝𝑇 𝜇 > 23 GeV, or

• 𝑝𝑇 𝑒 > 23 GeV, 𝑝𝑇 𝜇 > 8 GeV

Particle-flow algorithm reconstruction

3 channels:  𝑒+𝑒−, 𝜇+𝜇−, 𝑒±𝜇∓



Object Selection
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• Electron candidates
• Leading: 𝑝𝑇 > 25 GeV

• Trailing: 𝑝𝑇 > 20 GeV

• 𝜂 > 2.4

• Exclusion zone: 1.44 < 𝜂cluster < 1.57

• Isolation criteria 𝐼rel =
σ𝑘 𝑝𝑇

𝑘

𝑝𝑇 𝑒
, 𝑘 →

hadrons/photons Δ𝑅 < 0.3
• In the barrel: 𝐼rel < 0.0588

• In the end cap: 𝐼rel < 0.0571

• Other identification requirements

• Muon candidates
• Leading: 𝑝𝑇 > 25 GeV
• Trailing: 𝑝𝑇 > 20 GeV

• 𝜂 > 2.4

• Isolation criteria 𝐼rel < 0.15 (Δ𝑅 < 0.4)
• Other identification requirements

• Jets
• Anti-𝑘𝑇 clustering algorithm with Δ𝑅 < 0.4.
• 𝑝𝑇 > 30 GeV

• 𝜂 < 2.4

• Δ𝑅 jet, lepton > 0.4
• b jet identification with algorithm CSV(v.2)

• Efficiency: ≈ 79 − 87%

• Probability of misidentification: ≈ 10%



Unfolding Procedure
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Ԧ𝑦MC = 𝐌 ⋅ Ԧ𝑥MC

• Regularization to suppress stat 
fluctuations

• 𝜒2 fit to apply both 
regularization and unfolding 
simultaneously

• Make linearity test to check for 
bias on regularization

𝜒unf
2 = 𝜒𝐌

2 + 𝜏2𝜒𝐋
2 + 𝜆෍

𝑖

𝐌Ԧ𝑥 − Ԧ𝑦 𝑖

Matrix Inversion

Explicit Regularization
Lagrange Multipliers, constraint on number of events



Unfolded Distributions
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Polarizations Correlations

1

𝜎

d𝜎

d𝑥
=
1

2
1 + 𝜆𝑥𝑥 𝑓(𝑥)

𝑓 𝑥 = 1

𝜆𝑥 = 𝐵1,2
𝑖

𝑥 = cos 𝜃1
𝑖

𝑓 𝑥 = ln
1

𝑥

𝜆𝑥 = −𝐶𝑖𝑗
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Correlation coefficients
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Entanglement Observation
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[ROPP 87 (2024) 117801]

https://iopscience.iop.org/article/10.1088/1361-6633/ad7e4d

