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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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QCD is confined: Hard interactions reconstructed from
universal fragmentation functions (FF) into hadrons

- the cleanest process is e+ e- annihilation In terms of creation and annihilation operators:
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QCD is confined: Hard interactions reconstructed from
universal fragmentation functions (FF) into hadrons

- the cleanest process is e+ e- annihilation In terms of creation and annihilation operators:
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Summing over X states and introducing light front evolution Not a problem for Quantum Computers!
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Hamiltonian as a dictionary of interactions among on shell partons:
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Encoding I -

Creation and annihilation operators
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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

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

1. Encode each single-particle state as a binary number on qubit registers N states — log, IV qubits

Gluons have 8 colors (Gell-Mann basis):

Ac (b + bF) V2 = ofofo sT = 1000) (000
Nt —i(h—b) VT = ofof1] s5 = [001) (000
o (rF+bb—299)/v6 = [N st = [111) (000
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Encoding III - Multi-particle states
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Encoding III - Multi-particle states

2. Define multi-particle states combining registers Introduce projectors to select registers:
No particles N registers
HEE © - © i © A .
P(n) (COO & l) & - (COO ® Z)H-l (Cll ) K (CH X i)lj
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Encoding IV - Commutation relations revisited
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Algorithm I - Set up and exponentiation

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

Minimal: up to 2 quarks, 1 antiquark and 1 gluon

Start with quark of max momenta

Encode and exponentiate

Repeat for all matrix elements to evolve 1 Trotter step
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Algorithm II - Halting protocol

Truncations induce oscillations, focus on gluon scattering:
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Algorithm II - Halting protocol

Truncations induce oscillations, focus on gluon scattering:
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We expect the entropy to increase monotonically:

S =) —pilog(p)

—— At =0.20

Entropy S
© o o o
N w Y (6]
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o
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0 1 2 4 5 6

3
Time (GeV~?)

30 Trotter Steps for a total evolution time of 6 GeV ™!




Algorithm III - Measurement

5. Measure J/¥ wavefunction

An ansatz TJ/ \II E

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

e Simple momentum fraction
dependence

1 Eozo
_ ,3/2 Oé/2 5 oas
= —=x Z—x E
X0 N ( ) - A

— A2 A2
B=dmz/k a=4m,/k

|P+]0“(P+)lmnl s [ = |
10| 018 [1.27]k/N.k=1....,N|1.34]

Momentum, mass and \kappa in GeV

bT

Tp,i,s

d!

(z—x)p,j,r

(14)


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

Algorithm III - Measurement

5. Measure J/¥ wavefunction

An ansatz TJ/ v

Zm ‘ P, (Z z)p.g,r (14)

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

e Simple momentum fraction
dependence

1 Eozo
_ ,3/2 Oé/2 5 oas
= —=x Z—x E
X0 N ( ) - A

— A2 A2
B=dmz/k a=4m,/k

|P+]0“(P+)lmnl s [ = |
10| 018 [1.27]k/N.k=1....,N|1.34]

Momentum, mass and \kappa in GeV

e Color singlet


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

Algorithm III - Measurement

5. Measure J/¥ wavefunction

An ansatz TJ/ v

Zm Ol Nepiolesrpsr 09

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

e Simple momentum fraction
dependence

2P1? (z — )/

onﬁ
5:4m2_//f a:4m3//i o

|P+]0‘(P+)lmnl s [ = |
[10] 018 [ro7[k/N.k=1.... N[1.34]

Momentum, mass and \kappa in GeV

e Color singlet e Polarization m


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

Algorithm III - Measurement

5. Measure J/¥ wavefunction

TJ/\IJ

An ansatz E
\/ L Z — LC
doi.org /10.1140 /epjc /s10052-022-10988-5

57,80 bl dl (14)

1) Yxp,i,s

(z—x)p,j,r

e Simple momentum fraction
dependence

1 Eozo
_ ,3/2 Oé/2 5 oas
= —=x Z—x E
X0 N ( ) - A

— A2 A2
B=dmz/k a=4m,/k

|P+le(P+)I 7""‘ s [ = |
[10] 018 Jro7|k/Nk=1,....] V|1.34]

Momentum, mass and \kappa in GeV

e Color singlet e Polarization m


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

Algorithm III - Measurement

5. Measure J/¥ wavefunction

PN
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Results & conclusions

w04 §.oooooooommmsmsmeen,
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10.1103 /PhysRevD.48.4230, 10.1103/PhysRevD.100.014005

Run Terms | No | N | Ngubits At € Runtime

configuration grid (GeV1) (min)

1 uptog | 2 4 25 0.2 0 1.5

2 all 2 4 25 0.1 0 22

3 all 2 4 25 0.2 0.02 15

i wtog | 2 | 8 29 0.2 0 110

5 all 2 8 29 0.2 0.02 1800

6 wtog | 3 | 4 29 0.25 0 120
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Results & conclusions
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Hamiltonian terms and CNOTs
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Hamiltonian terms and CNOTs

C(N;a,n) =a-N"
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End to end simulation of fragmentation in LF QCD
with 2 quarks, 1 antiquark, and 1 gluon.

29 qubits i 17 GB of wavefunction

Total number of gates ~ 108 far from today~ 103
gates, but improving fast!
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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

https: //arxiv.org /pdf/1111.3633

- (2024) Fragmentation has been studied with
1+1D NJL model https: //arxiv.org /abs /2406.05683

- See  https:/arxiv.org/abs /251026293 fOT (our) review

Preparations for Quantum Computing in Hadron Physics

J. J. Gélvez-Viruet and Felipe J. Llanes-Estrada
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Maria Gémez-Rocha
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Other works:

1. Medium induced jet broadening  doi10.1103/PhysRevD.106.074013

-16
0.°=6.73GeV*

o

16
18 =8 0 8 16

q2

2. Energy loss on dense media

0:°=6.73GeV? @
.......... 45
' 39
sl ]
e o i Ezv
-« '
19
__________ Lo
Lo
-6 0 16 2
q2

doi:10.1103 /PhysRevC.111.015202

. 0.5
£
= 00
=
| Vax = 0.1 Vyuax = 0.2
-0.5 r—m—m—— ———
.2 05
T3
= 0.01 -
S~
Uyax = 0.6 Umax = 0.7

0 5 10

0 5 10 15 20


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

Hamiltonian terms
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X V1,n=2.1 X V1,n=1.3
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% Sy;N=3:1 % Sy;N=2:3
A S3,n=31 A S3,n=22
<  S4,n=3.1| 1044 E + Sin=2.1
Y. Sgin=3:1 ¥ Ssin=2:1
A F,n=32 A F,n=1.0
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Backup: Fragmentation at z =1
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