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1. Quantum algorithm for meson scattering

e Simulation
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* Quantum subspace expansion (QSE) * Quantum circuit
for stable particle construction decomposition

https://arxiv.org/abs/2505.21240

2. Hardware run for fermion scattering

» Tensor network circuit compilation

» Hardware run for 40 and 80 qubits
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* Quantum computers promise to efficiently simulate real-time

dynamics
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Scattering process on QC

1. Vacuum state | €2) : ground state of Hamiltonian

[QC: VQE = j

2. Initial state |y (t = 0)) = B;r B; | ©2) : wave packets of particles

[QC: only unitary operator (= j

3. Time evolution: |w(?)) = e |y (0))

@C: trotterization. (/) j
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Scattering process on QC
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Lattice Z, gauge theory in 1+1 D

 Staggered fermion coupled with Z, gauge field, periodic condition
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Lattice Z, gauge theory in 1+1 D

 Staggered fermion coupled with Z, gauge field, periodic condition
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* Quantum number: charge conjugation and momentum
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Lattice Z, gauge theory in 1+1 D

 Staggered fermion coupled with Z, gauge field

-----------
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Lightest meson: | 777
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How to create a meson state?

* Strong coupling limit € - oo

-----------

« Meson eigenstate

|k =0,c=- 1>b = Z (éijWn,n+1§n+1 o hC) |Q>oo
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How to create a meson state?

» General coupling €

-----------
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Meson Creation Operator
bT — Z (k,c) M,

Operators, M; = M, ;) € {EIW, & |n,l=1.2,-L)
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Meson Creation Operator
bT — Z (k,c) M,

|k, c)y = b 1Q) = Y a* M,|Q)

Hlk,c), = E|k,c),
Clk,c), = ceiklk,c)b

¢ = — 1, vector meson;
¢ = 1, scalar meson
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Quantum subspace expansion
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Quantum subspace expansion
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Results from QSE for L = 30

o With coefficients from QSE: |k, ¢), = Z alk “M; | Q)
I
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Wave packet of meson

Bl =Y plogs bl | ¢hpz= exp(—ik®) exp (—(k—B)*/(4ap))
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Scattering

1 o _
Bl =2 dbebl,  ¢®pz=——==exp(=ik¥) exp (= (k- b/(45))
ke A* ‘/V(p
30
 Scattering:
1. Initial state: |w(t =0)) = Bg_ B'. Q) o0
X1 TR
2. Time evolution: |y () = |y (t = 0)) = 40
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Inelastic Scattering
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Inelastic Scattering
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Scattering process on QC

1. Vacuum state | €2) : ground state of Hamiltonian

[QC: VQE = j

2. Initial state |y (t = 0)) = B;r B; | ) : wave packets of particles
CStabIe particle operator construction L,,D

[QC: only unitary operator (= j

[Efficient circuit decomposition b)
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Quantum circuit for wave packet

. A T — _ T
Non-unitary Bl_w_c = Z Db bk’_l,
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Quantum circuit for wave packet

. N P i
Non-unitary Bl_w_c = Z Pk x bk’_l,
keA*

= Y ) plogak" EiW, £,

keA* nl

* Decomposition via Givens rotation

a H ’ H
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Total AL +16L — 20| 36L — 44
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Quantum circuit for wave packet
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Entropy

S(t) = — Tr[p(H)log, p(1)] Larger S, harder TN
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TN + QC for fermion scattering
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Hardware run of fermion scattering for 40 qubits

« IBM device ibm_fez

- Error mitigation: zero-noise extrapolation (ZNE)

Our optimized circuit

N =40, T = 26, At =2/3

CNOT layers CNOT gates

[¥(to)) 36 (241) 702 (3371)
e 2H 12 (18) 234 (351)
In total 96 (331) 1872 (5126)
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Hardware run for 40 qubaits: full dynamics

- IBM device ibm_fez
« Error mitigation: zero-noise extrapolation (ZNE)
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ot |‘| I" 251 ‘|
25
20F |
15 20F
15k 15
= 10f
10F 10
5-
H ‘ | 5-; |‘| ‘
Ok | ' | 0 0 ' |
0 20 0 0 20

A<§7t£n> t




Hardware run for 80 qubits: state preparation

« IBM device ibm_fez N =80, to = 10, At =2/3
« Error mitigation: zero-noise extrapolation (ZNE) CNOT layers CNOT gates
[W(to)) 25 (249) 948 (3987)
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Summary

 Algorithm development for meson scattering:

* QSE for eigenstates with specific momentum and charge conjugation

* Circuit decomposition

* Inelastic scattering: new particle production, string breaking, hadronization...
« Hardware run for fermion scattering, optimized circuit by TN

* Full scattering for 40 qubits

« State preparation for 80 qubits

Outlook

e Other Gauge theory, e.g., QED
* Higher dimension (2+1)D

e Improvement QSE
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Meson scattering paper
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Results from QSE
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Results from QSE

o With coefficients from QSE: |k, ¢), = Z alk “M; | Q)
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Results from QSE

o With coefficients from QSE: |k, ¢), = Z alk “M; | Q)
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m=01,k=4x2r/L) m=01k=6x (2r/L) m=01,k=8x (2r/L) m =02k =8 x (2r/L)

Scattering
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