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Entanglement in particle scattering

o Entanglement is a key phenomenon in quantum theories

@ Questions about final states from particle scattering:
e What kind of theory results in maximized or minimized entanglement?
e Can constraints on final state entanglement serve as underlying
principles?
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Entanglement in particle scattering

o Entanglement is a key phenomenon in quantum theories

@ Questions about final states from particle scattering:

e What kind of theory results in maximized or minimized entanglement?
e Can constraints on final state entanglement serve as underlying
principles?

Maximal or minimal entanglement leads to unique theories

@ Maximal entanglement in QED
Cervera-Lierta, Latorre, Rojo, Rottoli, 1703.02989; Fedida, Serafini, 2209.01405; ...
@ Minimal entanglement in classical BH scattering, strong interactions,
and BSM theories

Beane, Kaplan, Klco, Savage, 1812.03138; Aoude, Chung, Huang, Machado, Tam, 2007.09486;
Low, Mehen, 2104.10835; Liu, Low, Mehen, 2210.12085; Carena, Low, Wagner, Xiao, 2307.08112;
Nifez, Cervera-Lierta, Latorre, 2504.15353...
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Observation of entanglement at LHC

ATLAS, 2311.07288; CMS, 2406.03976

See more in the “Electroweak: Quantum, EFT" session tomorrow
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Beyond entanglement

Entanglement is not enough to guarantee advantage of quantum
computing
@ Gottesman-Knill theorem: Classical algorithms can efficiently simulate
stabilizer states going through quantum circuit consisting of Clifford
gates

@ Non-stabilizerness, i.e. magic, of states act as quantum resource

e What kind of theory results in maximized or minimized magic?
e Can constraints related to quantum computing serve as underlying
principles?
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Magic in particle scattering

Measure: Stabilizer Rényi entropy (SRE)

Leone, Oliviero, Hamma, 2106.12587
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Magic in particle scattering

Measure: Stabilizer Rényi entropy (SRE)

Leone, Oliviero, Hamma, 2106.12587

Investigations have started on magic resulting from particle scattering, in
contexts of nuclear interaction, collider physics, neutrino physics...

Robin, Savage, 2405.10268; White, White, 2406.07321; Chernyshev, Robin, Savage, 2411.04203...

Zhewei Yin (Northwestern & Argonne) Maximal Magic

May 19, 2025 @ PHENO 3/7



Maximal magic for 2-qubit

For example, we can consider a simple QED process like e”e™ — e e,
and treat the spin of the two electrons as two qubits
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What is the maximal SRE for a 2-qubit system?
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Maximal magic for 2-qubit

For example, we can consider a simple QED process like e"e™ — e7e™,
and treat the spin of the two electrons as two qubits

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

J

@ Previous bound: log5/2 =~ 0.916. It is known that the 2-qubit system
cannot saturate the bound

Cuffaro, Fuchs, 2412.21083
@ Our new bound: log16/7 ~ 0.827
Liu, Low, ZY, 2502.17550
@ States that saturate this bound: fiducial states for Weyl-Heisenberg
(WH) mutually unbiased bases (MUBs)
Feng, Luo, Commun. Theor.Phys. 77 (2025) 1, 015102

e They contain a certain amount of entanglement
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Parameterizing the 2-qubit system

For the 2-qubit system, we can parameterize
|’¢> =cC |00> + c2 |01> +c3 ‘10> + ¢4 |11> using

¢1 = sin 64 sin (92€Z¢1, co = sin f1 cos 9261¢2,

c3 = cos B sin 03?3, ¢4 = cos 0 cos f3.

Then Ms(|v)) = —log Za(|v))),

S (|0)) 33—2 sin®(201) sin®(202) sin®(203) [2sin® g3 sin’ (g2 — 1) + 2sin® ¢o sin®(d3 — ¢1) + 2sin’ ¢y sin’ (¢ — ¢3)
+1]+2 sin* 0, cos® 6, [24 sin? 0 cos? 0 sin? 05 cos? 05 (c052 3 cos? (g — b1) + cos? g cos?(dg — ¢1)
+ cos® ¢ cos®(da — ¢3)) + cos® Oa (sin® O5(cos(4pa — 4d3) + 6) + cos® f5(cos(462) + 6))
+sin’ 6 (sin” 5(cos(deps — 4¢1) + 6) + cos” 5(cos(4¢1) + 6))]
+2sin® 0 sin® O3 cos® 0 (cos(4da — 4¢1) + 6) + sin® 0; sin® 05 + sin® 0; cos® 6,
+cos® 0, [2 sin® 03 cos* 03(cos(4¢3) + 6) + sin® 65 + cos® 03] .
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Examples for 0 and maximal magic states

Representing states using {c1, c2, c3, ¢4}

@ Stabilizer states that form an orthonormal basis, which is also an orbit
of the WH group, with concurrence A =0

{1,0,0,0},{0,0,1,0},{0,1,0,0},{0,0,0,1}

@ 4 MUBs formed by maximal magic states, corresponding to an orbit
of W(2)%2, with A = 1/1/2

{1,-1,-1,i},{1,-1,1, =i}, {1,1, -1, =i}, {1,1,1,4};
{=1,i,1, =1}, {i, 1,4, —i}, {1, —i, 1,1}, {i, —1,i,4};
{=1,1,i,—1},{=1,1,—4, 1}, {i,i,1,—i}, {i,i,—1,4};
{i,—1,—1,1},{1,i,—i,i},{1,—4,i,4},{i,1,1,1}.
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What kind of theory can saturate magic?
@ Discussion on QED: Qiaofeng’s talk tomorrow
Liu, Low, ZY, 2503.03098
Much more to explore for both entanglement and magic
@ The first step: Final state selection
@ Entanglement: For which subsystems?

@ Magic: Basis dependence? Measure?
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