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tt production at future lepton colliders

decay products

\‘\ spin analyzer
A

.
\
|
1

. spin entanglement

'. shared quantum state .'
A ’

4

’// decay products

spin analyzer

e+

future lepton collider

compare observables

STANDARD MODEL > NEW PHYSICS?
baseline spin correlations

deviations in entanglement / angular patterns

Kentarou Mawatari (lwate U.)




Top quark

an ideal quantum bit (qubit)

- The heaviest elementary particle (173 GeV)
- Decays (almost) 100% into a bottom quark and a W boson

. Life time (10-25s) < Timescale of hadronization (10-24 s)
— Top spin information is transferred to its decay
products.

- Especially, the distribution of the lepton from top decays
Is 100% correlated with the spin of the top quark.
— We can reconstruct the top-antitop spin quantum state
In the dilepton top-pair decays.
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Spin correlations of top-quark pair at the LHC

(before quantum fever---)
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Particle-level D

Quantum entanglement with top quarks at the LHC

(guantum fever!)

Afik, de Nova (2021)

Fabbrichesi, Floreanini, Panizzo (2021)
Severi, Boschi, Maltoni, Sioli (2022)
Aguilar-Saavedra, Casas (2022)

Maltoni, Severi, Tentori, Vryonidou (2024)

[Lepton colliders]

Maltoni, Severi, Tentori, Vryonidou (2024)
Durupt, Maltoni, Mattelaer (2026)
Altakach, Lamba, Maltoni, Sakurai (2026)
Guo, Han, Low, Su (2026)

see also the review paper by Barr, Fabbrichesi, Floreanini, Gabrielli (2024)
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Spin density matrix of a two-qubit system
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- Spin density matrix can be decomposed as

1
p=71®1+B-001+B,-190+C o®0)

top-polarization antitop-polarization spin-correlation
Cz'j = TI'[,O (O'Z' %4 O'j)]
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Entanglement markers

diagonal elements of the correlation matrix C;
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- The sufficient condition for entanglement form the Peres-
Horodecki criterion:
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Helicity amplitudes to quantum observables

1. Define the model (Lagrangian)

2. Compute the helicity amplitudes
3. Construct the spin density matrix
4. Derive the correlation matrix C

5. Compute the quantum observables, such as
entanglement marker, concurrence, CHSH (Clauser-
Horne-Shimony-Holt) Bell inequality, -
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Helicity amplitudes
in the SM (7 /Z mediated) and beyond (X)
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Helicity amplitudes

in the spin-0, 1, and 2 scenarios
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The correlation is strongest in the backward region, /= ~ 0.7, and

Increases gradually with energy.

This asymmetry is due to the chiral structure of the couplings
between the Z boson and the fermions.
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Entanglement markar Dmin

in the spin-0 mediated scenario
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. Overall behaviors remain unchanged due to the absence of strong
interference with the SM amplitudes.

. Reduction of the entanglement is observed, since, unlike the SM vector
Interactions, scalar exchange enhances like-helicity top-pair
configurations, which dilute the opposite-helicity correlations in the SM.
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Entanglement markar Dmin

in the spin-1 mediated scenario
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. Characteristic reshaping of the entanglement pattern is observed.

. This is due to the interference between the chiral SM interaction and
the vector-like Z' interaction.
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Entanglement markar Dmin

in the spin-2 mediated scenario
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- Characteristic angular structures associated with spin-2 massive graviton
exchange in higher energies.

- All the behaviors can be explained by the interference between the SM
contribution and the KK-graviton contribution.
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Automated computation of spin-density matrices and
quantum observables in MadGraph

by V. Durupt, F. Maltoni, O. Mattelaer [JHEP04(2026)103]

Model DW D) D) D™
Theory MadGraph | Theory MadGraph | Theory MadGraph | Theory MadGraph
SM 0.333 0.333 0.326 0.326 | —0.133 —0.135 | —0.526 —0.525
scalar-mediator | —0.338 —0.338 | —0.329 —0.329 0.333 0.333 0.333 0.333
Ul)p_r 0.333 0.333 0.325 0.325 0.002 0.002 | —0.660 —0.660
RS 0.333 0.333 0.322 0.322 | —0.438 —0.439 | —0.217 —0.216

Table 3: Comparison of the entanglement markers D® obtained from the analytical
calculation (Theory) and the numerical simulation by MadGraph.

- We confirmed all the numerical results based on analytical formula by
automated computation of event-by-event spin-density matrices in MadGraph,;
spin-0, 2: HiggsCharacterisation (HC) model [Artoisenet et al. JHEP201 3]

spin-1: U1XGeneric model [Das et al. PRD2022]

- We would like to thank Valentin Durupt, Fabio Maltoni, and Olivier Mattelaer for
technical help in numerical computation of spin density matrices in MadGraph.
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Disentangling new physics with quantum entanglement

t t production at future lepton colliders - ILC and multi-TeV p*y- colliders
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Summary and outlook

. We performed a systematic study of guantum

entanglement for top-pair production at future lepton
colliders within the SM and three representative BSM
scenarios, additional spin-0, 1, and 2 mediated interactions.

. We found that each scenario produces qualitatively
distinct patterns in the Ql observables, reflecting the
properties of the underlying new particle and its interactions.

. Incorporating realistic reconstruction and detector effects
will be essential for accessing the experimental feasibility of
measuring these QIl observables in practice.

17 Kentarou Mawatari (lwate U.)



61H IwatE CoLLIDER ScHooL

1052027

23-27 FEBRUARY, 2027
Appi highland, Iwate, Japan

Registration fee
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topics in collider physics via
lectures and tutorials. Long lunch
break for skiing and discussions
are planned.

Lecturers:
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Daniele Massaro (CERN, Switzerland)
Olivier Mattelaer (Louvain, Belgium) etc.
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Entanglement marker

a toy chiral spin-1 coupling model
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Entanglement markar

a toy chiral + heavy vectorlike coupling model
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- The entanglement marker reaches the separability bound when the
off-diagonal element vanishes, I.e.
GRR(S)GRL(S) —+ GLR(S)GLL(S) =0
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Entanglement markar

only first KK graviton with the massless top limit
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- The entanglement marker becomes its boundary value
whenever r(0) =0, 1.e. 0 = nx/3.
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oncurrence
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CHSH Bell parameter
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