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Talk outline

01    |    Review: Magic and non-local magic

02    |    Result: Non-local magic in bipartite systems of local dimension > 2

03    |    Application: Non-local magic production in leptonic scattering
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01 | Review
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Magic is non-stabiliserness
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● We adopt the Second Stabiliser Rényi Entropy as our default magic monotone

● Magic depends on chosen stabiliser basis

● Conventient to expand density matrix on Pauli strings

SSRE: Leone, Oliviero, Hamma  2106.12587
Pauli strings

Quantum observables for collider physics                                                             April 23 2026                                                                                                                          Giorgio Busoni



5

● Non-local magic: magic that remains after optimising over all local bases

● Should be expressible in terms of local-unitary invariants

Qiang, Wang 
2502.06393

Known results for two qubit systems
For two-qubit systems, there is only one indep. local-unitary 
invariant

Robin, Savage 
2510.23426

Anti-flatness of entanglement spectrum: variance of reduced 
density matrix

Non-local magic optimises over local bases
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● For two qubits, Weyl operators are just the Pauli operators

● Can replace the SU(2) optimisation by an SO(3) optimisation

● State can be written in Schmidt-decomposed form

Schmidt-aligned bases maximise quartic objective 
for qubits

6

1. Vectors a,b aligned with coordinate 
axes

2. Matrix T diagonal

Quartic objective is maximised when
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02 | Extension to higher 
dimensional systems
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● Reduced spectrum has N-1 independent 

invariants

● The generalised Pauli operators are no longer 

Hermitian ⇒ expansion coeffs are complex

● For N>2, lose SU(2) → SO(3) property

8

The local unitary minimum in the magic is 
attained by Schmidt-aligned states

Qudits are harder

1. Construct local unitary invariants

2. Evaluate quartic sum in Schmidt basis

3. Account for inequivalent Schmidt-basis perms

Schmidt attainment hypothesis
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Numerical evidence supports Schmidt attainment at 
prime local dimension

NLM from derived analytic formula 

assuming Schmidt attainment

NLM from full numerical optimisation 

over

10,000 random Schmidt states drawn for 

each

Negative values: incomplete convergence 

of numerical optimisation

Positive values: better minimum found 

than provided by Schmidt-aligned basis

🚨✅ ✅
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● Assuming Schmidt attainment, the non-local magic in a 

bipartite qutrit system is

● Use Schmidt probabilities as simplex coordinates

New qutrit invariant

10

Qutrit formula contains new structure

Purity-like

Vanishes for product states 

and maximally entangled 

state 

Maximum at rank-2 equal 

spectra:                                   and 

permutations

Suppresses NLM in interior
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Ququint results show same qualitative picture

● Ququint expression contains many new 
structures

● Same qualitative pattern of extrema seen

Fixed slice through 
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Formula still provides a good approximation at 
composite dimensions

● Representative points along fourth 

Schmidt-probability direction shown

● Largest residuals occur near simplex 
boundaries

● Far from boundaries, % error generally 

very small

● Largest error found to be ~6% in 

10,000 random Schmidt states

● Initial investigations at N=6 suggest 
exact agreement so far 🤞
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03 | Sneak peek: Application to 
leptonic scattering
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● Want to study how good the SM is at generating or suppressing NLM in 2→2 leptonic scattering processes, 
where flavour is treated as a qutrit. Focus on tree-level elastic processes

● Define Alice and Bob’s subsystems by particle type. At fixed                  scattering maps within 

● Many choices for spin and kinematics subspaces, focus on

○ Benchmark scenario: Fixed CoM energy and maximally mixed state for spin; trace out spin and 
integrate solid angle after scattering 

14

Lepton flavour as a qutrit
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Amplitude pieces depend on 
flavour through spinors, 
flavour-free in high-energy limit

Initial flavour state

Max. mixed state: indep. of spin basis

Thaler, 
Trifinopoulos 
2410.23343

Tracing introduces mixed states, 
formula serves as a proxy
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Analysis plan
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● Work with non-local magic power as measure of ability of scattering operator  to generate non-local 

non-stabiliserness

● Draw 10,000 Haar-random PMNS matrices, keeping all other parameters fixed

○ How well does the SM PMNS matrix do at generating or suppressing non-local magic with respect 

to this cohort of theories?

Even in the high-energy limit, 

stabiliser basis encodes PMNS 

dependence

Random ensemble SM reference [NuFit 6.0, NO w/o SK atm.]

First pass: Take central values

2410.05380
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Is the PMNS matrix special?
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Channel average

PRELIMINARY

SM good at generating NLM

SM good at suppressing NLM

SM lies in the top 0.37% of 
models at the top mass

SM lies in the bottom 0.39% of 
models at the Z mass

SM in top 8% of models at W mass
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How robust is this result to different scenarios?
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PRELIMINARY

For example, average over solid angle after calculating NLM instead of integrating density matrix

Minimum at Z mass still present, driven by new 
qutrit invariant

Maximum at top mass still 
visible in crossed channel

Channel average

Exceptional at high energies, 
new qutrit invariant close to 
0 here



04 | Conclusions
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Summary and outlook
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● We present new formulae for non-local magic in bipartite qutrit and ququint systems

● Non-local magic shows new invariant structures at higher dimensions

● Flavour can be modeled as a qutrit, and non-local magic serves as an interesting diagnostic

● We find that the SM PMNS matrix is surprisingly good at generating or suppressing non-local magic in 

certain regimes, more serious statistical treatment coming

● Want to think about extensions to mixed states, exact formula for composite dimensions, more flavour 

studies, applications to QCD…



Backup
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Pure-state example: SM percentile
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PRELIMINARY

Running over only pure states:

Minimum at Z mass still present, driven by 
new qutrit invariant

Maximum near 
top mass not 
visible in this 
scenario

Exceptional at high 
energies, new qutrit 
invariant close to 0 
here
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Pure-state example: Non-local magic
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Running over only pure states:

PRELIMINARY
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Status report on ququad case
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● On our numerical data, we find (0,2) and (1,3) Hadamard rotations on the Schmidt-aligned states fix a new 

basis that seems to manifest the non-local magic

● Formula derived from this ansatz fits data exceptionally well

● Full proof still in progress!

Coefficient matrix

PRELIMINARY
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Non-local magic power in benchmark scenario
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Max NLM power reached at 0.64, recall upper limit at ln(2) ≈ 0.69

NLM power very small (~1e-3) 
at W mass for crossed channel

For NC → 0, out state norm is independent of stabiliser set 
and maximally entangled ⇒ NLM = 0

CC contribution is s-channel

PRELIMINARY
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N=6 spin-flavour pure-state example: SM percentile
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PRELIMINARY

Calculate full six-dimensional non-local magic power using Schmidt-based formula



26

N=6 spin-flavour pure-state example: Non-local 
magic power
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PRELIMINARY

PRELIMINARY

PRELIMINARY

Channel average
SM

SM

SM

1, 2σ regions


