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QCD is confined: Hard interactions reconstructed from 
universal fragmentation functions (FF) into hadrons 
 - the cleanest process is e+ e- annihilation
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Not a problem for Quantum Computers!
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Ab initio QCD on the Light-Front
Coordinates 

Instant Form
(usual quantisation) Light Front

Gauges:

Energies:

Collision axis

(2)

Instant Form

Light Front
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Free evolution, just 
add kinetic energy

Kinetic

quark
antiquark

gluon

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

Details in PhysRevD.110.116018

Bosons
Commutation relations up to boundary term

Anticommutation relations up to boundary term

Fermions

(3)

(4)
(5)

(6)

(7)
(8)
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Details in PhysRevD.110.116018
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Fermions

(3)

(4)
(5)

(6)

(7)
(8)

Encoding II - Single Particle Registers
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Encoding II - Single Particle Registers
1. Encode each single-particle state as a binary number on qubit registers states qubits

5-1



0 0 0

Encoding II - Single Particle Registers

Gluons have 8 colors (Gell-Mann basis):

1. Encode each single-particle state as a binary number on qubit registers states qubits

(9)
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5-5

…



0 0 0

…

0 0 1

1 1 1

…

Encoding II - Single Particle Registers

Gluons have 8 colors (Gell-Mann basis):

1. Encode each single-particle state as a binary number on qubit registers states qubits

Presence Color Momenta

0 00 00 0 0

Presence Color Spin Momenta

1 11 10 0 0

 Spin 

0 …

Add spin, momenta (discretized) and presence

(9)

5-6

…



0 0 0

…

To initiate a register, change modes and presence

0 0 1

1 1 1

…

Encoding II - Single Particle Registers

Gluons have 8 colors (Gell-Mann basis):

1. Encode each single-particle state as a binary number on qubit registers states qubits

Presence Color Momenta

0 00 00 0 0

Presence Color Spin Momenta

1 11 10 0 0

 Spin 

0 …

Add spin, momenta (discretized) and presence

5-7

…



0 0 0

…

To initiate a register, change modes and presence

0 0 1

1 1 1

…

Encoding II - Single Particle Registers

Gluons have 8 colors (Gell-Mann basis):

1. Encode each single-particle state as a binary number on qubit registers states qubits

Presence Color Momenta

0 00 00 0 0

Presence Color Spin Momenta

1 11 10 0 0

 Spin 

0 …

Add spin, momenta (discretized) and presence

(9)

5-8

…



Details in PhysRevD.110.116018

Bosons
Commutation relations up to boundary term

Anticommutation relations up to boundary term

Fermions

(3)

(4)
(5)

(6)

(7)
(8)

Encoding III - Multi-particle states
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2. Define multi-particle states combining registers

Encoding III - Multi-particle states

…
No particles
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Encoding III - Multi-particle states

1 ⍴
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…
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No particles
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… 1 η

How to distinguish? Use projectors!
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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 states

particles

registers

1 ⍴

1 particle

…

…

No particles

1 ⍴

2 particles

… 1 η

How to distinguish? Use presence!

(10)

(11) (12)
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Encoding IV - Commutation relations revisited

Details in PhysRevD.110.116018

Bosons
Commutation relations up to boundary term

Anticommutation relations up to boundary term

Fermions
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Algorithm I - Set up and exponentiation
1. Minimal: up to 2 quarks, 1 antiquark and 1 gluon

7-1



Algorithm I - Set up and exponentiation
1. Minimal: up to 2 quarks, 1 antiquark and 1 gluon
2. Start with quark of max momenta

7-2



Algorithm I - Set up and exponentiation
1. Minimal: up to 2 quarks, 1 antiquark and 1 gluon
2. Start with quark of max momenta
3. Encode and exponentiate

gluons fermions

(13)

7-3



Algorithm I - Set up and exponentiation

…

1. Minimal: up to 2 quarks, 1 antiquark and 1 gluon
2. Start with quark of max momenta
3. Encode and exponentiate
4. Repeat for all matrix elements to evolve 1 Trotter step 

gluons fermions

(13)
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Algorithm II - Halting protocol

No gluons

Truncations induce oscillations, focus on gluon scattering:
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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 

Truncations induce oscillations, focus on gluon scattering:
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5. Measure          wavefunction

Algorithm III - Measurement

An ansatz (14)

● Simple momentum fraction 
dependence

Momentum, mass and \kappa in GeV
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Algorithm III - Measurement

● Simple momentum fraction 
dependence

Momentum, mass and \kappa in GeV

● Color singlet

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

5. Measure          wavefunction

An ansatz (14)Should be obtained from Hamiltonian! 
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Results & conclusions

NRQCD

@ Proteus UGR
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Results & conclusions

● 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

NRQCD
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Thank you for your attention!
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Backup: Algorithms for quantum simulations of hadron physics
- (2011) Real-time scattering of scalar QFT 

efficient by the JLP algorithm 

- (2024) Fragmentation has been studied with 
1+1D NJL model

https://arxiv.org/pdf/1111.3633

https://arxiv.org/abs/2406.05683

- Other works:

doi:10.1103/PhysRevC.111.015202

doi:10.1103/PhysRevD.106.074013

- See    for (our) reviewhttps://arxiv.org/abs/2510.26293

1. Medium induced jet broadening

2. Energy loss on dense media

https://arxiv.org/pdf/1111.3633
https://arxiv.org/abs/2406.05683
https://link.aps.org/doi/10.1103/PhysRevC.111.015202
https://link.aps.org/doi/10.1103/PhysRevD.106.074013
https://arxiv.org/abs/2510.26293


Backup: More about scaling



Backup: Fragmentation at z = 1


