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● What qubit measurements can we currently make at the LHC?
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● Electroweak production in the s-channel

Fabbrichesi, Floreanini, Gabrielli 2208.11723

● When the photon dominates

pure, entangled mixed, separable

● When the Z dominates

pure, entangled mixed, separable

https://arxiv.org/abs/2208.11723
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● When the photon dominates

pure, entangled mixed, separable

Han, ML, Su 2501.04801

● Side remark: in e+ e- → τ+ τ-

● Challenging, but doable near threshold

Ehatäht, Fabbrichesi, Marzola, Velkeen 2311.17555

● Signal already sizable at CM of 10.6 GeV

https://arxiv.org/abs/2501.04801
https://arxiv.org/abs/2311.17555
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● Brief comparison between these final states

● Both final states achieve nearly maximal entanglement and Bell nonlocality
● Non-zero polarization has implications for quantum discord

spin correlations
qubit 1 polarization
qubit 2 polarization
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Concurrence (C>0) Bell Nonlocality (B>0)
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● Decays of single τ

● Decays of τ+τ-
ππ 1%
πρ 6%
ρρ 7%
eπ 4%
eρ 9%
µπ 4%
µρ 9%

Concurrence Impact Bell Impact

● Overall results benefits from all channels
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τ Lepton Reconstruction
● Can we reconstruct both τ+ and τ-

8 unknowns, 6 constraints    (π, Hadron Collider)

8 unknowns, 8 constraints    (π, Lepton Collider)

8 unknowns, 4 constraints    (e, Hadron Collider)

● Missing Mass Calculator Elagin, Murat, Pranko, Safonov 1012.4686

H →τ+ τ- Petukhova

● System is underconstrained, need estimation technique

https://arxiv.org/abs/1012.4686
https://indico.cern.ch/event/796574/contributions/3521687/attachments/1917917/3172786/The_status_of_Missing_Mass_Calculator_for_Higgs_boson_mass_estimation_in_the_ATLAS_H___analysis18.pdf
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● We train a generative network to infer neutrino momenta directly from 
event-level observables

● Diffusion models learn the underlying probability distribution

● We use the Point-Edge Transformer (PET) architecture



τ Lepton Reconstruction
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● We train a generative network to infer neutrino momenta directly from event-level observables
● Train each decay channel separately
● Generate 10 million for each channel (80% training, 20% validation)

Input Features



τ Lepton Reconstruction
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● Network performance for neutrino kinematics

Our PET network MMC

Half-width at half-maximum 
of resolution
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● Signal region around the Z

● Triggers
● Di-Tau (ππ, πρ, ρρ)

○ Leading pT(τ) > 35 GeV 
○ Sub-leading pT(τ) >  25 GeV

● Tau + Muon (µπ, µρ)
○ pT(τ) > 25 GeV
○ pT(µ) > 14 GeV

● Tau + Electron (eπ, eρ)
○ pT(τ) > 25 GeV
○ pT(e) > 17 GeV
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● We reconstruct the density matrix both ways

● Decay Approach ● Kinematic Approach Cheng, Han, ML 2410.08303

● Measure angles in τ+ and τ- rest frames
● Use template fit to extract Cij components

● Measure of θ to get Cij
● Corrections (due to smearing) not needed
● Full formula used for results

● Parametrize spin correlation matrix by θ and β
● θ = scattering angle, β = speed of τ
● Example: at the Z-pole

https://arxiv.org/abs/2410.08303


The τ+τ- Final State

14

● Background events per 1 fb-1

Reconstructed channels



The τ+τ- Final State
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● Signal events per 1 fb-1 by channel

Reconstructed channels



● Systematics we consider are listed below
● Pie charts show each channel weighted by inverse variance

The τ+τ- Final State
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● Systematic uncertainties

Concurrence Impact

Bell Impact
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● Results: >5σ for Bell nonlocality



The τ+τ- Final State
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● Results: >5σ for Bell nonlocality

(Bell states have B = 0.586)

central value
total unc.

stat. unc.
sys. unc.

precision



19

● Results: >5σ for concurrence

The τ+τ- Final State
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● Results: >5σ concurrence (with the kinematic approach)

The τ+τ- Final State
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● Results: >5σ for Bell nonlocality (with the kinematic approach)

The τ+τ- Final State
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● τ+τ- an excellent channel
● More events than tt (strong kinematic cuts not needed)
● Neutrino reconstruction solved by Point-Edge Transformer
● >5σ for entanglement and Bell nonlocality with current data

● Can other quantum correlations be measured?



Bell Variable
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● We use the atypical normalization of the CHSH inequality

● We use the approximate maximization

● This corresponds to the regions


