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QI features: Property or principle?

Our current theoretical framework for describing
microscopic particle scattering: QFT

The final state of particle scattering naturally
contains much “quantumness”

In recent years, it has been discovered that maximal
or minimal entanglement leads to unique theories

Maximal entanglement → QED
Cervera-Lierta, Latorre, Rojo, Rottoli; Fedida, Serafini; ...

Minimal entanglement →
classical BH scattering, strong interactions,
flavor structures in SM, BSM theories...

Beane, Kaplan, Klco, Savage; Aoude, Chung, Huang, Machado, Tam;
Low, Mehen; Liu, Low, Mehen; Carena, Low, Wagner, Xiao;

Thaler, Trifinopoulos; Núñez, Cervera-Lierta, Latorre...

Quantum Information properties of
particle scattering

? ↕
Underlying principles of QFT,

e.g. symmetry
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Quantum superiority

Entanglement is not enough to guarantee the advantage of quantum computing

Gottesman-Knill theorem: Classical algorithms can efficiently simulate stabilizer states
going through quantum circuit consisting of Clifford gates

Clifford gates: the Hadamard gate H, the phase gate S, and the CNOT gate

Universal quantum computing: Clifford gates + the T gate

For a single qubit:

H =
1

2

[
1 1
1 −1

]
, S =

[
1 0
0 i

]
,

T =

[
1 0

0 eiπ/4

]
For 2 qubits:

CNOT12 =


1 0 0 0
0 1 0 0
0 0 0 1
0 0 1 0


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Quantum Magic

“Magic” or non-stabilizerness: Quantifying the quantum advantage over classical algorithms

Measure: Stabilizer Rényi entropy (SRE).

Leone, Oliviero, Hamma, 2106.12587

Exploration in the context of particle scattering:
nuclear physics, collider physics, neutrino physics...

Robin, Savage, 2024; White, White, 2024; Chernyshev, Robin, Savage, 2024...
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Stabilizer states and magic

Stabilizer states: 0 magic

For a single qubit:
The 6 Pauli states

Credit: Garćıa-Álvarez, Ferraro, Ferrini, 1911.12346

For 2 qubits: 60 states,
0/maximized entanglement

The α-SRE:

Mα(|ψ⟩) =
1

1− α
ln

∑
O∈W(d)

1

d
|⟨ψ|O|ψ⟩|2α.

where W(d) is the Weyl-Heisenberg (WH) group

For a single qubit: W(2) = {1, σx, σy, σz}
For n-qubit systems: W(2)⊗n

Optimization algorithms not necessary!

Mα quantifies, in a specific sense, the “distance” of
a state to the stabilizer states

M2(|T ⟩) = ln(3/2)
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Maximal magic for 2 qubits

What is the maximal SRE for a 2-qubit system?

M2 ≤ ln(16/7) ≈ 0.827

Liu, Low, ZY, 2502.17550

States that saturate this bound: fiducial states
for Weyl-Heisenberg mutually unbiased bases

Feng, Luo, Commun.Theor.Phys. 77 (2025) 1, 015102

They contain a certain amount of
entanglement: Concurrence being 1/2 or
1/
√
2
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Magic in electroweak processes

Consider e−e− → e−e−, and treat the spins of the two fermions as two qubits.

We treat θW as a free parameter

We average over initial states...

M2(θ) ≡ 1

60

60∑
i=1

M2(|ψs⟩i, θ)
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as well as the scattering angle

⟨M2⟩ ≡
∫
dΩ

4π
M2(θ)
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Liu, Low, ZY, 2509.18251
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Predicting SM parameters

The Standard Model tends to minimize
average magic

Liu, Low, ZY, 2509.18251

For charged leptons,
s2W = 1/4 → Z coupling is purely axial

e−e− → e−e−: t and u channels

e−µ− → e−µ−: only t channel

e-e-  e-e-, 〈ℳ2〉

e-e-  e-e-,ℳ2(π /2)

e-μ-  e-μ-, 〈ℳ2〉
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Predicting SM parameters

The Standard Model tends to minimize
average magic

Liu, Low, ZY, 2509.18251

For charged leptons,
s2W = 1/4 → Z coupling is purely axial

e−e− → e−e−: t and u channels

e−µ− → e−µ−: only t channel

e+e− → e+e−: s and t channels

e+e− → µ+µ−: s channel
Known to maximize entanglement for s2W = 1/4, c.f.
Cervera-Lierta, Latorre, Rojo, Rottoli, 1703.02989
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Basis dependence

“Spin basis”: |0⟩ ≡ |+ ẑ⟩, (|0⟩+ |1⟩)/
√
2 ≡ |+ x̂⟩

“Helicity basis”: |0⟩ ≡ |+ k̂⟩, (|0⟩+ |1⟩)/
√
2 ≡ |+ n̂⟩

k
^

n
^

r
^

Credit: White, White, 2406.07321
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Basis dependence: QED in the high enerny limit

Magic production for e−e− → e−e− in QED (or EW with
me ≪

√
s≪ mZ)

Li, Low, Wang, ZY, Upcoming

In the massless limit,
(axial-)vector couplings →
conserving total helicity

In the helicity basis,
only 6 of 16 channels
are turned on

Transferring to the
spin basis → a local
unitary transformation
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Basis dependence: EW processes

e−e− → e−e−

helicity basis

spin basis
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Li, Low, Wang, ZY, Upcoming

Magic is lower for helicity basis

The location of the minimum is
consistently lower than s2W = 1/4 for
different bases
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Outlook

Getting rid of basis dependence: Non-local magic?

Other SM parameters?

The mechanism behind magic minimization?

Thank you!
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