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Quantum Computing

• Simulation of quantum systems 
• No “sign problem”

• Scaling advantage over certain classical algorithm

• Gates: basic unitary operators
• Circuits: composition of gates

(Feynman, 1981)

(Shor, 1994)



Quantum advantage over classical computer?

• Gottesman–Knill (1998)

• Circuits involving only Clifford gates can be efficiently simulated 
on classical computers!



Stabilizer states
• What are the states generated from Clifford gates? 
   stabilizer states
• 6 @ 1 qubit, 60 @ 2 qubits
• Includes some maximal entangled 
states (e.g. Bell states)

(starting from computational basis)



Magic
• Magic is a measure of non-stabilizerness of a quantum state

• Magic can be viewed as a quantum resource
• zero for stabilizer states; does not change after Clifford gate action

• Multiple measures exist - we choose stabilizer Rényi entropy (𝛼𝛼 = 2).



Magic from QED

• Want to study magic production in QED

• We consider 2-to-2 scattering

• Start from stabilizer states (zero magic)

• Compute magic of final state



Magic from QED

• Representing the spin state in qubits
• Choose | ↑ ⟩ and | ↓ ⟩ states along a fixed axis as the |0⟩ and |1⟩ states of a 

qubit. 
• 2-qubit initial and final states

• final states from amplitude
• 𝜓𝜓𝑓𝑓 = 𝒜𝒜 𝜓𝜓𝑖𝑖  describes 
spin configuration



Results
• Non-relativistic limit

𝑒𝑒−𝑒𝑒− → 𝑒𝑒−𝑒𝑒−

𝒜𝒜 is an Identity gate in 𝑒𝑒−𝑒𝑒+ → 𝑒𝑒−𝑒𝑒+ 
and 𝑒𝑒−𝜇𝜇− → 𝑒𝑒−𝜇𝜇− : No magic 
production

Parameters:
particle types
momentum (non-relativistic/ultra-relativistic limit)
angle

The magic angular distribution from 60 stabilizer states fall 
into only a few patterns



Results
• Ultra-relativistic limit

More distributions, largest magic ~0.63, 
most distributions not producing large 
magic 

𝑒𝑒−𝑒𝑒+ → 𝜇𝜇−𝜇𝜇+ 

Additional distributions from 
𝑒𝑒−𝑒𝑒− → 𝑒𝑒−𝑒𝑒− and 𝑒𝑒−𝑒𝑒+ → 𝑒𝑒−𝑒𝑒+



Results

Non-relativistic distributions for 𝜇𝜇−𝜇𝜇+ → 𝑒𝑒−𝑒𝑒+, largest magic in 𝒢𝒢8 reaches maximally possible magic log 16
7
≈ 0.83 

in the limit of𝑚𝑚𝑒𝑒/𝑚𝑚𝜇𝜇 → 0 (approximately realized in nature).  



Conclusion

• We calculate magic production in 2-to-2 scattering in QED at tree 
level.

• The angular distributions governed by a few patterns

• Maximal magic production in 𝜇𝜇−𝜇𝜇+ → 𝑒𝑒−𝑒𝑒+ in the limit 𝑚𝑚𝑒𝑒
𝑚𝑚𝜇𝜇

→ 0. 

• QED seems not efficient in production of magic 
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