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Vertices Seagulls Forks

Simple interactions, pair 
creation and gluon 

scattering

Free evolution, just 
add kinetic energy

Kinetic

quark
antiquark

gluon

Instantaneous interactions of 
2 particles

Instantaneous 
emission/absorption of 3 

particles

Hamiltonian as a dictionary of interactions among on shell partons:
doi.org/10.1016/S0370-1573(97)00089-6

V terms

T terms

https://www.sciencedirect.com/science/article/pii/S0370157397000896?via%3Dihub


Encoding I - Goal

Details in PhysRevD.110.116018

Bosons
Commutation relations up to boundary term

Anticommutation relations up to boundary term

Fermions

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.116018
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Logic gates to apply 
unitary evolution 

H X 0

1 1 0

0 1

can we do the 
same with 

particle states?

Turn on

Turn off

Control

Anticontrol

Four basic operations Pauli matrices
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1 ⍴ 1 ηη 1 ⍴1 η 1 ⍴

2. Define multi-particle states combining registers

3. Add (anti)symmetrizers for (fermion)bosons

// 1

Introduce projectors to select registers:

Combine projectors and set operators to create particles 
on specific registers

1 ⍴ 1 η 1 ⍴

Encoding III - Multi-particle memories

particles

registers
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How to distinguish? Use presence!
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Algorithm I - Set up and exponentiation

…

1. Minimal: memory with up to 2 quarks, 1 antiquark and 1 gluon
2. Start with quark of max momenta
3. Apply codification and exponentiate using Trotter decompositions
4. Repeat for all Hamiltonian terms to evolve 1 Trotter step 

gluons fermions
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Algorithm II - Halting protocol
We expect the entropy to increase monotonically:

No gluons

30 Trotter Steps for a total evolution time of 6 

Errors expected when trying to create two gluons, focus on 
gluon scattering:



5. Measure          wavefunction

Algorithm III - Measurement

An ansatz



5. Measure          wavefunction

Algorithm III - Measurement

doi.org/10.1140/epjc/s10052-022-10988-5

An ansatz

https://doi.org/10.1140/epjc/s10052-022-10988-5


doi.org/10.1140/epjc/s10052-022-10988-5

5. Measure          wavefunction

Algorithm III - Measurement

● Simple momentum fraction 
dependence

An ansatz

https://doi.org/10.1140/epjc/s10052-022-10988-5


doi.org/10.1140/epjc/s10052-022-10988-5

5. Measure          wavefunction

Algorithm III - Measurement

● Simple momentum fraction 
dependence

An ansatz

● Color singlet

https://doi.org/10.1140/epjc/s10052-022-10988-5


doi.org/10.1140/epjc/s10052-022-10988-5

5. Measure          wavefunction

Algorithm III - Measurement

● Simple momentum fraction 
dependence

An ansatz

● Color singlet

● Spin singlet

https://doi.org/10.1140/epjc/s10052-022-10988-5


doi.org/10.1140/epjc/s10052-022-10988-5

5. Measure          wavefunction

Algorithm III - Measurement

● Simple momentum fraction 
dependence

An ansatz

● Color singlet

● Spin singlet

https://doi.org/10.1140/epjc/s10052-022-10988-5


doi.org/10.1140/epjc/s10052-022-10988-5

5. Measure          wavefunction

Algorithm III - Measurement

● Simple momentum fraction 
dependence

An ansatz

● Color singlet

● Spin singlet

Should be obtained from Hamiltonian! 

https://doi.org/10.1140/epjc/s10052-022-10988-5
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Results & conclusions

NRQCD

● End to end simulation of fragmentation in LF QCD 
with 2 quarks, 1 antiquark, and 1 gluon. 

● 29 qubits          17 GB of wavefunction

● Total number of gates              far from today              
gates, but improving fast!

@ Proteus UGR

https://proteus.ugr.es/
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Appendix: More about scaling


