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Setting the scene
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Concurrence of 𝝉𝝉 system
[JHEP04(2026)190]
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Quantum Correlations at Colliders

Quantum entanglement has been observed with 𝑝𝑝 → 𝑡 ҧ𝑡 process with the ATLAS detector 
[Nature] and the CMS detector [Rep. Prog. Phy].

LEP provides a clean, high-purity 𝐞+𝐞− → 𝒁 → 𝝉+𝝉− sample

• Near 𝒁-pole which shows is sensitive to quantum entanglement.

• The same phase space is sensitive to Bell nonlocality, while 𝑡 ҧ𝑡 requires a boosted region.

• High accuracy for the 𝜏𝜏 system reconstruction due to the conservation of momentum.

Target of this analysis

Use the 𝑒+𝑒− collision data recorded by the DELPHI detector.

Measure the full spin density matrix (SDM) of the 𝑍 → 𝜏+𝜏− system.

Derive quantum entanglement, quantum magic,  and Bell nonlocality, etc., of 
the 𝑍 → 𝜏+𝜏− system using SDM.

Many thanks to Dietrich Liko and Ulrich Schwickerath, DELPHI data preservation team 
and the DELPHI Collaboration!

https://link.springer.com/article/10.1007/JHEP04(2026)190
https://www.nature.com/articles/s41586-024-07824-z
https://iopscience.iop.org/article/10.1088/1361-6633/ad7e4d
https://iopscience.iop.org/article/10.1088/1361-6633/ad7e4d


The two-qubits system can be described by the spin density 

matrix (SDM)

𝜌 = Σ𝑖𝑛𝑖|𝜙𝑖⟩⟨𝜙𝑖|
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15 coefficients are required to reconstruct the SDM

• 6 for individual spin polarization 𝑩±

• 9 for spin correlation matrix 𝑪

3

spin polarization of 𝜏s spin correlation matrix
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Measure the distributions of 𝐜𝐨𝐬𝜽𝑨, 𝐜𝐨𝐬𝜽𝑩 and 𝐜𝐨𝐬𝜽𝑨𝒄𝒐𝒔𝜽𝑩 to extract the spin density matrix

Spin density matrix of the 𝝉+𝝉− system



Spin-analyzing power in 𝝉 decays

Spin analyzing power, 𝜿, quantifies how strongly the angular distribution of a decay product is correlated 

with the spin of its parent particle.

One-prong 𝜏-decay channels with sufficiently large 𝜅 are used in this analysis to retain good sensitivity to 

the 𝜏-spin information.
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Comput. Phys. Commun. 307 (2025) 109399 

channels 𝜿𝑨 × 𝜿𝑩 Branching ratio

𝜋𝜋 1 × 1 1.17%

𝜋𝑙 1 × 𝜅𝑙 3.81%

𝜋𝜌 1 × 0.41 2.76%

𝜌𝑙 0.41 × 𝜅𝑙 8.98%

𝜌𝜌 0.41 × 0.41 6.50%

𝑙𝑙 𝜅𝑙 × 𝜅𝑙 11.6%

* Here, 𝑙 denotes 𝑒 or 𝜇, with 𝜅𝑒 = −0.33 and 𝜅𝜇 = −0.34.

Drives  
sensitivity



Analysis strategy

Two pipelines, traditional 

method (baseline) and 

EveNet-based method, run 

in parallel as crosscheck.

The final result will use the 

method with higher sensitivity. 
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arxiv: 2601.17126

https://arxiv.org/abs/2601.17126


Sample and event selections

1994 DELPHI data is used, corresponding to ׬𝓛𝒅𝒕 =

𝟒𝟔. 𝟑 𝐩𝐛−𝟏with 𝒔 = 𝟗𝟏. 𝟐 𝐆𝐞𝐕

𝒆+𝒆− → 𝒁 MC samples are simulated & reconstructed:

• Using Pythia8 + DELPHI simulation + analysis pipeline

• 𝑍 decays into 𝜏+𝜏− (signal), 𝑙+𝑙−(𝑒+𝑒−, 𝜇+𝜇−), 𝑞 ത𝑞 

(background) are considered.
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Baseline selections:

• Charged-particles multiplicity ranges within [2, 6], with two 

of them in different hemispheres.

• Suppress 𝒁 → 𝒒ഥ𝒒: 𝐸charge > 0.0875 𝐸CM, 𝜃isolation> 160°

• Suppress 𝒁 → 𝒍+𝒍−: MET > 0.4 GeV, accollinearity > 0.5°, 

radiation energy < 0.4 𝐸CM

𝐸charge / GeV Good Data/MC agreement 𝜃isolation

EPJC 14, 585–611 (2000)

https://link.springer.com/article/10.1007/s100520000363
https://link.springer.com/article/10.1007/s100520000363
https://link.springer.com/article/10.1007/s100520000363
https://link.springer.com/article/10.1007/s100520000363


Event categorization

Events are categorized into 16 charge-ordered channels corresponding to 16 𝜏𝜏 decay modes.

The EveNet-based method provides higher efficiency and higher (or comparable) signal purity in each sub-channel.

Cuts of |𝜃CM −
𝜋

2
| < 0.4

𝜋

2
 and 𝑚𝜏𝜏 > 80 GeV are further applied to construct signal regions.
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Truth Channels

Reconstructed 
Channels

Left columns:   traditional object ID
Right columns: EveNet-based classification



𝝉+𝝉− system reconstruction

Traditional

Fully hadronic decay channels: solving the kinematics 
equations,  which are well constrained by E-M 
conservation law.

Other channels: a grid search to identify the solution 
that maximizes the likelihood function.
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EveNet-based

Treats all decay channels uniformly

EveNet outputs Δ𝜂𝜏,𝜏vis and Δ𝜙𝜏,𝜏vis using a diffusion-

model backbone.

Post-calibration to meet the constraints from 𝜏𝜏 system.

Full reconstruction of the 𝜏+𝜏− system requires the reconstruction of missing four-momentum

Response Matrices
𝐜𝐨𝐬𝛉𝐀,𝐤 𝐜𝐨𝐬𝛉𝐀,𝐤𝐜𝐨𝐬𝛉𝐀,𝐧 × 𝐜𝐨𝐬𝛉𝐁,𝐫 𝐜𝐨𝐬𝛉𝐀,𝐧 × 𝐜𝐨𝐬𝛉𝐁,𝐫

reconstruct

truth

EveNet reduces reconstruction bias, at the cost of slightly worse resolution



Forward-folding fit

The coefficients 𝜃𝑖 are extracted using binned likelihood fits of the Data histograms to the sum of the MC template + 

response-matrix-folded truth-level variation:

ℒ 𝜃𝑖 = ∏ Poisson ℎdata ℎMC + 𝑅 ∗ (ℎtruth 𝜃𝑖 − ℎtruth 𝜃MC )

Simultaneous fit is performed using all signal regions.

Compared with unfolding, the forward-folding fit offers the following advantages:

• It correlates the parameters of interest across all signal regions and decay channels.

• It allows multiple signal components to be defined within the same signal region, thereby making full use of the 

available data.
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𝑅=response matrix

𝒉𝐝𝐚𝐭𝐚 𝒉𝐛𝐚𝐜𝐤𝐠𝐫𝐨𝐮𝐧𝐝 𝒉𝐬𝐢𝐠𝐧𝐚𝐥

= + 𝑅 ∗ Δ𝜃𝑖

𝚫𝒉𝐭𝐫𝐮𝐭𝐡
𝚫𝜽𝒊



Asimov dataset fit results

Compared to the traditional method, the EveNet-based 

method reduces uncertainties of PoIs by 10-40%.

Uncertainties of spin polarization vectors are constrained 

by both 𝝉𝐡𝐚𝐝𝝉𝐡𝐚𝐝 and 𝝉𝐥𝐞𝐩𝝉𝐡𝐚𝐝 channels

Sensitivity to spin correlation matrices is driven by the 

𝝉𝐡𝐚𝐝𝝉𝐡𝐚𝐝 channels
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EveNet v.s. traditional
Combined fit to 16 SRs

Channel breakdown
Selected six POIs from EveNet fit results.



Uncertainties and correlations

Uncertainties and correlation matrix of the coefficients 

are derived by toy sampling of Asimov dataset. 

Each toy includes fluctuations from:

• Data statistical uncertainty.

• MC statistical uncertainty.

• Other systematics uncertainties (theory uncertainty, 

uncertainties from calibration. To be studied.)

Data statistics uncertainty is the dominant source
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Low correlation observed in all pairs of coefficients



Test of quantum correlations 

Quantum entanglement, Bell nonlocality, and quantum magic can be tested using the measured spin density matrix, 𝜌  [arxiv:2602.02719] 
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Bell Nonlocality

• Approximately maximal form (𝐶𝑖𝑖 from spin 

correlation matrix 𝑪):

ℬ = max
𝑖𝑗

𝐶𝑖𝑖 ± 𝐶𝑗𝑗 − 2

• 2 < max
𝑖𝑗

𝐶𝑖𝑖 ± 𝐶𝑗𝑗 < 2 (non-local), 

max
𝑖𝑗

𝐶𝑖𝑖 ± 𝐶𝑗𝑗 ≤ 2 (local)

Concurrence:  𝟎. 𝟖𝟏−𝟎.𝟐𝟑
+𝟎.𝟐𝟐

Bell Nonlocality:

• 𝐂𝐤𝐤 + 𝐂𝐧𝐧 = 𝟏. 𝟖𝟑−𝟎.𝟑𝟎
+𝟎.𝟑𝟏

• 𝐂𝐤𝐤 − 𝐂𝐫𝐫 = 𝟏. 𝟖𝟑−𝟎.𝟑𝟑
+𝟎.𝟑𝟒

Quantum Magic

• Also known as non-stabilizerness.

ℳ2 = − log2
1 + σ𝑖𝐵𝐴,𝑖

4 + σ𝑖𝐵𝐵,𝑖
4 + σ𝑖𝑗 𝐶𝑖𝑗

4

1 + σ𝑖𝐵𝐴,𝑖
2 + σ𝑖𝐵𝐵,𝑖

2 + σ𝑖𝑗 𝐶𝑖𝑗
2

• 0 < ℳ2 (non-stabilizer), ℳ2 ≤ 0

(stabilizer)

Quantum Entanglement

• Concurrence

𝒞 𝜌 = max(0, 𝜆1 − 𝜆2 − 𝜆3 − 𝜆4) ,

𝜆𝑖 is the eigenvalue of 𝜌 (ordered)

• 0 < 𝒞 𝜌 ≤ 1 (entangled), 𝒞 𝜌 = 0

(separable)

𝓜𝟐: 𝟎. 𝟐𝟎−𝟎.𝟐𝟑
+𝟎.𝟐𝟐

From Asimov dataset

https://arxiv.org/abs/2602.02719


Summary

Presented the study on probing quantum correlations in 𝑍 → 𝜏+𝜏− 

using LEP data:

• Dataset recorded by DELPHI in 1994 is used.

• Signal categorization + forward-folding fit is used to extract spin 

polarization vectors and spin correlation matrix.

The EveNet-based method reduces uncertainties by 10-40%

compared to the traditional method.

Correlations between parameter pairs are found to be small

This analysis provides preliminary expected sensitivity to quantum 

entanglement by concurrence: 𝓒 = 𝟎. 𝟖𝟏−𝟎.𝟐𝟑
+𝟎.𝟐𝟐

Future inclusion of LEP-1 data from 1992, 1993, and 1995 will triple 

the luminosity, increase the 𝑍 → 𝜏𝜏 sample by a factor of 2.5, and 

improve the expected sensitivity.
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Coefficients for polarization and correlation



Thank you for your attention



Bell NonlocalityQuantum Entanglement

𝒕 ҧ𝒕 v.s. 𝝉𝝉

If we consider only two-qubits system and use spin as the qubit…

𝑝𝑝 → 𝑡 ҧ𝑡 + 𝑋

𝑝𝑝 → 𝜏+𝜏− + 𝑋

15

only two options, because we need decays…

𝑡 ҧ𝑡 𝜏𝜏 𝑡 ҧ𝑡 𝜏𝜏

arXiv: 2310.17696 (𝑡 ҧ𝑡), 2504.01496 (𝜏𝜏)
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https://arxiv.org/pdf/2310.17696
https://arxiv.org/abs/2504.01496


Test in validation region

The SR requires events to have |𝜃CM −
𝜋

2
| < 0.4

𝜋

2
 and 

𝑚𝜏𝜏 > 80 GeV

The VR is defined by reverting the requirement

The VR agrees well with the SM Asimov prediction
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