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Outline
1. Quantum algorithm for meson scattering
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2. Hardware run for fermion scattering
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• Quantum subspace expansion (QSE) 

for stable particle construction

• Quantum circuit 

decomposition

• Simulation 

of dynamics

• Tensor network circuit compilation 

• Hardware run for 40 and 80 qubits

https://arxiv.org/abs/2505.21240
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Motivation

• Experiments on colliders: verify the theory, probe the particle 

structure.
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Motivation

• Experiments on colliders: verify the theory, probe the particle 

structure.

• Real time dynamics in classical simulation 

• Conventional Monte Carlo: sign problem 

• Tensor Network : increasing entanglement with time--

increasing computation  resource

• Quantum computers promise to efficiently simulate real-time 

dynamics
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Scattering by QC and TN
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Scattering by QC and TN

4



Scattering process on QC
1. Vacuum state  : ground state of Hamiltonian|Ω⟩

QC:  VQE                               😎

2. Initial state  : wave packets of particles|ψ(t = 0)⟩ = B†
1 B†

2 |Ω⟩

QC: only unitary operator    ☹

3. Time evolution: |ψ(t)⟩ = e−iHt |ψ(0)⟩

QC: trotterization.        😎
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• Staggered fermion coupled with  gauge field,  periodic condition ℤ2

Electric field termMass term

H =
1

2a

L

∑
n=1

(ξ†
nZg,nξn+1 + h.c.) + m

L

∑
n=1

(−1)nξ†
nξn + ε

L

∑
n=1

Xg,n

Lattice  gauge theory in 1+1 Dℤ2

Kinetic term
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CξnC−1 = (−1)nξ†
n+1

• Quantum number: charge conjugation and momentum

CZg,nC−1 = Zg,n+1



• Staggered fermion coupled with  gauge field ℤ2

H =
1

2a

L

∑
n=1

(ξ†
nZg,nξn+1 + h.c.) + m

L

∑
n=1

(−1)nξ†
nξn + ε

L

∑
n=1

Xg,n

• Strong coupling limit , periodic boundary conditionε → ∞

Lightest meson:

Lattice  gauge theory in 1+1 Dℤ2

ξ†
2 W2,3ξ3

↑ − ↑ + ↓ − ↓ − ↑ − ↓ − ⟩

W2,3 = Zg,2
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How to create a meson state?
• Strong coupling limit ε → ∞

• Meson eigenstate

|k = 0, c = − 1⟩b = ∑
n

(ξ†
nWn,n+1ξn+1 − h.c.) |Ω⟩∞

ξ†
2 W2,3ξ3

Momentum Charge conjugation
8



How to create a meson state?
• General coupling ε

ξ†
2 W23ξ3

ξ1 W1,−−−−−−−−4 ξ†
4 W1,4 = Zg,1 Zg,2 Zg,3
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Meson Creation Operator

b†
k,c = ∑

I

a(k,c)
I MI

Operators, MI ≡ M(n,l) ∈ {ξ†
nWn,lξl |n, l = 1,2,⋯L}
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|k, c⟩b = b†
k,c |Ω⟩ = ∑

I

a(k,c)
I MI |Ω⟩

b†
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Meson Creation Operator
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|k, c⟩b = b†
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|k, c⟩b = b†
k,c |Ω⟩ = ∑

I

a(k,c)
I MI |Ω⟩

H |k, c⟩b = E |k, c⟩b

b†
k,c = ∑

I

a(k,c)
I MI

Meson Creation Operator

C |k, c⟩b = ceik |k, c⟩b

, vector meson;
, scalar meson

c = − 1
c = 1
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Quantum subspace expansion
b†

k,c = ∑
I

a(k,c)
I MI
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Quantum subspace expansion
b†
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12
⃗ak,c = (ak,c

1,1, ak,c
1,2, ⋯)



Results from QSE for L = 30
• With coefficients from QSE:  |k, c⟩b = ∑

I

ak,c
I MI |Ω⟩
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Wave packet of meson

B†
k̄,x̄

|Ω⟩ :

B†
k̄,x̄

= ∑
k∈Λ*

ϕ(k)k̄,x̄ b†
k,−1

ϕ(k)k̄,x̄ =
1

𝒩ϕ

exp(−ik x̄) exp (−(k − k̄)2/(4σ2
k ))

14



|ψ(t = 0)⟩ = B†
k̄,x̄1

B†
−k̄,x̄2

|Ω⟩

• Scattering: 

1. Initial state: 

2. Time evolution: 

B†
k̄,x̄

= ∑
k∈Λ*

ϕ(k)k̄,x̄ b†
k,−1

|ψ(t)⟩ = e−iHt |ψ(t = 0)⟩

Trotterization

Scattering

ϕ(k)k̄,x̄ =
1

𝒩ϕ

exp(−ik x̄) exp (−(k − k̄)2/(4σ2
k ))
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Inelastic Scattering
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Inelastic Scattering
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Scattering process on QC
1. Vacuum state  : ground state of Hamiltonian|Ω⟩

QC:  VQE                               😎

2. Initial state  : wave packets of particles|ψ(t = 0)⟩ = B†
1 B†

2 |Ω⟩

QC: only unitary operator    ☹

3. Time evolution: |ψ(t)⟩ = e−iHt |ψ(0)⟩

QC: trotterization.        😎

Efficient circuit decomposition 🥳  

Stable particle operator construction 🥳  
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Quantum circuit for wave packet
• Non-unitary B†

k̄,x̄
= ∑

k∈Λ*

ϕ(k)k̄,x̄ b†
k,−1,

= ∑
k∈Λ*

∑
nl

ϕ(k)k̄,x̄ak,−1
nl ξ†

nWn,lξl,

18
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a
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V(u)† V(u)Ob OaOa

H H
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Quantum circuit for wave packet
• Non-unitary

a
f1
g1
f2
g2

V(u)† V(u)Ob OaOa

H H

• Decomposition via Givens rotation

B†
k̄,x̄

= ∑
k∈Λ*

ϕ(k)k̄,x̄ b†
k,−1,

= ∑
k∈Λ*

∑
nl

ϕ(k)k̄,x̄ak,−1
nl ξ†

nWn,lξl,

18Hardware run?
500~1000



Entropy S(t) = − Tr[ρ(t)log2 ρ(t)]
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TN + QC for fermion scattering
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<latexit sha1_base64="vnUIsZYgp1H6lSNkfbQnh7aKB9E=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYhA8hV3xdQx68RjBPCRZwuykNxkyM7vMzAphzVd48aCIVz/Hm3/jJNmDJhY0FFXddHeFCWfaeN63s7S8srq2Xtgobm5t7+yW9vYbOk4VxTqNeaxaIdHImcS6YYZjK1FIRMixGQ5vJn7zEZVmsbw3owQDQfqSRYwSY6WHJ6+jiOxz7JbKXsWbwl0kfk7KkKPWLX11ejFNBUpDOdG67XuJCTKiDKMcx8VOqjEhdEj62LZUEoE6yKYHj91jq/TcKFa2pHGn6u+JjAitRyK0nYKYgZ73JuJ/Xjs10VWQMZmkBiWdLYpS7prYnXzv9phCavjIEkIVs7e6dEAUocZmVLQh+PMvL5LGacW/qJzfnZWr13kcBTiEIzgBHy6hCrdQgzpQEPAMr/DmKOfFeXc+Zq1LTj5zAH/gfP4AuGmQXw==</latexit>

|0i

<latexit sha1_base64="YY8wWmz3wXN1KBipZJcUyqO+8Uo=">AAAB6XicbVDLSgNBEOz1GeMr6tHLYBD0EnbF1zHoxWMU84BkCbOT2WTI7Owy0yuEJX/gxYMiXv0jb/6Nk2QPmljQUFR1090VJFIYdN1vZ2l5ZXVtvbBR3Nza3tkt7e03TJxqxusslrFuBdRwKRSvo0DJW4nmNAokbwbD24nffOLaiFg94ijhfkT7SoSCUbTSAz3tlspuxZ2CLBIvJ2XIUeuWvjq9mKURV8gkNabtuQn6GdUomOTjYic1PKFsSPu8bamiETd+Nr10TI6t0iNhrG0pJFP190RGI2NGUWA7I4oDM+9NxP+8dorhtZ8JlaTIFZstClNJMCaTt0lPaM5QjiyhTAt7K2EDqilDG07RhuDNv7xIGmcV77JycX9ert7kcRTgEI7gBDy4gircQQ3qwCCEZ3iFN2fovDjvzsesdcnJZw7gD5zPHyoVjSI=</latexit>

a)
<latexit sha1_base64="8iGUquLo+sLoBk+jfr8+DCynxdA=">AAAB6XicbVDLSgNBEOz1GeMr6tHLYBD0EnbF1zHoxWMU84BkCbOT2WTI7Owy0yuEJX/gxYMiXv0jb/6Nk2QPmljQUFR1090VJFIYdN1vZ2l5ZXVtvbBR3Nza3tkt7e03TJxqxusslrFuBdRwKRSvo0DJW4nmNAokbwbD24nffOLaiFg94ijhfkT7SoSCUbTSQ3DaLZXdijsFWSReTsqQo9YtfXV6MUsjrpBJakzbcxP0M6pRMMnHxU5qeELZkPZ521JFI278bHrpmBxbpUfCWNtSSKbq74mMRsaMosB2RhQHZt6biP957RTDaz8TKkmRKzZbFKaSYEwmb5Oe0JyhHFlCmRb2VsIGVFOGNpyiDcGbf3mRNM4q3mXl4v68XL3J4yjAIRzBCXhwBVW4gxrUgUEIz/AKb87QeXHenY9Z65KTzxzAHzifPyuajSM=</latexit>

b)

<latexit sha1_base64="pk74v6eWqrYVthxRckPde2CCbIc=">AAAB6XicbVDLSgNBEOz1GeMr6tHLYBD0EnbF1zHoxWMU84BkCbOT2WTI7Owy0yuEJX/gxYMiXv0jb/6Nk2QPmljQUFR1090VJFIYdN1vZ2l5ZXVtvbBR3Nza3tkt7e03TJxqxusslrFuBdRwKRSvo0DJW4nmNAokbwbD24nffOLaiFg94ijhfkT7SoSCUbTSAzvtlspuxZ2CLBIvJ2XIUeuWvjq9mKURV8gkNabtuQn6GdUomOTjYic1PKFsSPu8bamiETd+Nr10TI6t0iNhrG0pJFP190RGI2NGUWA7I4oDM+9NxP+8dorhtZ8JlaTIFZstClNJMCaTt0lPaM5QjiyhTAt7K2EDqilDG07RhuDNv7xIGmcV77JycX9ert7kcRTgEI7gBDy4gircQQ3qwCCEZ3iFN2fovDjvzsesdcnJZw7gD5zPHy0fjSQ=</latexit>

c)
<latexit sha1_base64="ZUZmTI42CLhazC1fFzJwPYImFf8=">AAAB6XicbVDLSgNBEOz1GeMr6tHLYBD0EnbF1zHoxWMU84AkhNnZ3mTI7OwyMyuEJX/gxYMiXv0jb/6Nk2QPmljQUFR1093lJ4Jr47rfztLyyuraemGjuLm1vbNb2ttv6DhVDOssFrFq+VSj4BLrhhuBrUQhjXyBTX94O/GbT6g0j+WjGSXYjWhf8pAzaqz0EJz2SmW34k5BFomXkzLkqPVKX50gZmmE0jBBtW57bmK6GVWGM4HjYifVmFA2pH1sWypphLqbTS8dk2OrBCSMlS1pyFT9PZHRSOtR5NvOiJqBnvcm4n9eOzXhdTfjMkkNSjZbFKaCmJhM3iYBV8iMGFlCmeL2VsIGVFFmbDhFG4I3//IiaZxVvMvKxf15uXqTx1GAQziCE/DgCqpwBzWoA4MQnuEV3pyh8+K8Ox+z1iUnnzmAP3A+fwAupI0l</latexit>

d)

<latexit sha1_base64="M0uOwscBNmHReeu+GIvv7dZ719o=">AAACAXicbVDLSsNAFJ3UV62vqBvBTbAIdVMS8bUsunFZwT6gCWEynbRDJ5MwcyOUUDf+ihsXirj1L9z5N07aLLT1wDCHc+7l3nuChDMFtv1tlJaWV1bXyuuVjc2t7R1zd6+t4lQS2iIxj2U3wIpyJmgLGHDaTSTFUcBpJxjd5H7ngUrFYnEP44R6ER4IFjKCQUu+edD2nZobxLyvxpH+MheGFPDkxDerdt2ewlokTkGqqEDTN7/cfkzSiAogHCvVc+wEvAxLYITTScVNFU0wGeEB7WkqcESVl00vmFjHWulbYSz1E2BN1d8dGY5UvqCujDAM1byXi/95vRTCKy9jIkmBCjIbFKbcgtjK47D6TFICfKwJJpLpXS0yxBIT0KFVdAjO/MmLpH1ady7q53dn1cZ1EUcZHaIjVEMOukQNdIuaqIUIekTP6BW9GU/Gi/FufMxKS0bRs4/+wPj8AVijltk=</latexit>

V1(✓)
<latexit sha1_base64="A7VuQTTaK6dqTi+yBEu+zdseVGA=">AAACAXicbVDLSsNAFJ34rPUVdSO4CRahbkpSfC2LblxWsA9oQphMJ+3QySTM3Agl1I2/4saFIm79C3f+jZM2C209MMzhnHu5954g4UyBbX8bS8srq2vrpY3y5tb2zq65t99WcSoJbZGYx7IbYEU5E7QFDDjtJpLiKOC0E4xucr/zQKVisbiHcUK9CA8ECxnBoCXfPGz79aobxLyvxpH+MheGFPDk1Dcrds2ewlokTkEqqEDTN7/cfkzSiAogHCvVc+wEvAxLYITTSdlNFU0wGeEB7WkqcESVl00vmFgnWulbYSz1E2BN1d8dGY5UvqCujDAM1byXi/95vRTCKy9jIkmBCjIbFKbcgtjK47D6TFICfKwJJpLpXS0yxBIT0KGVdQjO/MmLpF2vORe187uzSuO6iKOEjtAxqiIHXaIGukVN1EIEPaJn9IrejCfjxXg3PmalS0bRc4D+wPj8AVo8lto=</latexit>

V2(✓)
<latexit sha1_base64="A7VuQTTaK6dqTi+yBEu+zdseVGA=">AAACAXicbVDLSsNAFJ34rPUVdSO4CRahbkpSfC2LblxWsA9oQphMJ+3QySTM3Agl1I2/4saFIm79C3f+jZM2C209MMzhnHu5954g4UyBbX8bS8srq2vrpY3y5tb2zq65t99WcSoJbZGYx7IbYEU5E7QFDDjtJpLiKOC0E4xucr/zQKVisbiHcUK9CA8ECxnBoCXfPGz79aobxLyvxpH+MheGFPDk1Dcrds2ewlokTkEqqEDTN7/cfkzSiAogHCvVc+wEvAxLYITTSdlNFU0wGeEB7WkqcESVl00vmFgnWulbYSz1E2BN1d8dGY5UvqCujDAM1byXi/95vRTCKy9jIkmBCjIbFKbcgtjK47D6TFICfKwJJpLpXS0yxBIT0KGVdQjO/MmLpF2vORe187uzSuO6iKOEjtAxqiIHXaIGukVN1EIEPaJn9IrejCfjxXg3PmalS0bRc4D+wPj8AVo8lto=</latexit>

V2(✓)
<latexit sha1_base64="A7VuQTTaK6dqTi+yBEu+zdseVGA=">AAACAXicbVDLSsNAFJ34rPUVdSO4CRahbkpSfC2LblxWsA9oQphMJ+3QySTM3Agl1I2/4saFIm79C3f+jZM2C209MMzhnHu5954g4UyBbX8bS8srq2vrpY3y5tb2zq65t99WcSoJbZGYx7IbYEU5E7QFDDjtJpLiKOC0E4xucr/zQKVisbiHcUK9CA8ECxnBoCXfPGz79aobxLyvxpH+MheGFPDk1Dcrds2ewlokTkEqqEDTN7/cfkzSiAogHCvVc+wEvAxLYITTSdlNFU0wGeEB7WkqcESVl00vmFgnWulbYSz1E2BN1d8dGY5UvqCujDAM1byXi/95vRTCKy9jIkmBCjIbFKbcgtjK47D6TFICfKwJJpLpXS0yxBIT0KGVdQjO/MmLpF2vORe187uzSuO6iKOEjtAxqiIHXaIGukVN1EIEPaJn9IrejCfjxXg3PmalS0bRc4D+wPj8AVo8lto=</latexit>

V2(✓)
<latexit sha1_base64="GmseYfHDpESgUvJWZJDyELpX4KI=">AAAB/3icbVC7TsMwFL3hWcorgMTCElEhMVUJ4jVWsDAWiT6kJqocx22tOnZkO0hV2oFfYWEAIVZ+g42/wWkzQMuRLB+dc+/19QkTRpV23W9raXlldW29tFHe3Nre2bX39ptKpBKTBhZMyHaIFGGUk4ammpF2IgmKQ0Za4fA291uPRCoq+IMeJSSIUZ/THsVIG6lrH/qhYJEaxebKxq4vEe8zMunaFbfqTuEsEq8gFShQ79pffiRwGhOuMUNKdTw30UGGpKbYzCv7qSIJwkPUJx1DOYqJCrLp/hPnxCiR0xPSHK6dqfq7I0Oxylc0lTHSAzXv5eJ/XifVvesgozxJNeF49lAvZY4WTh6GE1FJsGYjQxCW1Ozq4AGSCGsTWdmE4M1/eZE0z6reZfXi/rxSuyniKMERHMMpeHAFNbiDOjQAwxie4RXerCfrxXq3PmalS1bRcwB/YH3+AMpTlp0=</latexit>

|0i

Circuits: MPS Optimized
<latexit sha1_base64="AwPa8bAwxz6g8KutWRLNIg7H404=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgqeyKX8eiBz1WdNvCdinZNG1Ds8mSzIpl6c/w4kERr/4ab/4b03YP2vpg4PHeDDPzokRwA6777RSWlldW14rrpY3Nre2d8u5ew6hUU+ZTJZRuRcQwwSXzgYNgrUQzEkeCNaPh9cRvPjJtuJIPMEpYGJO+5D1OCVgp8DttYE+Q3dyPO+WKW3WnwIvEy0kF5ah3yl/trqJpzCRQQYwJPDeBMCMaOBVsXGqnhiWEDkmfBZZKEjMTZtOTx/jIKl3cU9qWBDxVf09kJDZmFEe2MyYwMPPeRPzPC1LoXYYZl0kKTNLZol4qMCg8+R93uWYUxMgSQjW3t2I6IJpQsCmVbAje/MuLpHFS9c6rZ3enldpVHkcRHaBDdIw8dIFq6BbVkY8oUugZvaI3B5wX5935mLUWnHxmH/2B8/kDZvyRWQ==</latexit>

UGS

<latexit sha1_base64="0lXFCAaCpa+1N+yO566O9QbeqGE=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0nEr2PRi8cKpi2koWy2m3bpZjfsTsQS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8KBXcgOt+O6WV1bX1jfJmZWt7Z3evun/QMirTlPlUCaU7ETFMcMl84CBYJ9WMJJFg7Wh0O/Xbj0wbruQDjFMWJmQgecwpASsFfq8L7AnydnPSq9bcujsDXiZeQWqoQLNX/er2Fc0SJoEKYkzguSmEOdHAqWCTSjczLCV0RAYssFSShJkwn508wSdW6eNYaVsS8Ez9PZGTxJhxEtnOhMDQLHpT8T8vyCC+DnMu0wyYpPNFcSYwKDz9H/e5ZhTE2BJCNbe3YjokmlCwKVVsCN7iy8ukdVb3LusX9+e1xk0RRxkdoWN0ijx0hRroDjWRjyhS6Bm9ojcHnBfn3fmYt5acYuYQ/YHz+QN6zZFm</latexit>

UWP
<latexit sha1_base64="+448PrQIvCxHanPeDKKFV2SRvH0=">AAAB+XicbVDJSgNBEO2JW4zbqEcvjUHwYpgRt2NQDzlGMAskY+jp1CRNeha6awJhyJ948aCIV//Em39jZzlo4oOCx3tVVNXzEyk0Os63lVtZXVvfyG8WtrZ3dvfs/YO6jlPFocZjGaumzzRIEUENBUpoJgpY6Eto+IO7id8YgtIijh5xlIAXsl4kAsEZGqlj2/CUnYkKbd+DREZx3LGLTsmZgi4Td06KZI5qx/5qd2OehhAhl0zrlusk6GVMoeASxoV2qiFhfMB60DI0YiFoL5tePqYnRunSIFamIqRT9fdExkKtR6FvOkOGfb3oTcT/vFaKwY2XiShJESI+WxSkkmJMJzHQrlDAUY4MYVwJcyvlfaYYRxNWwYTgLr68TOrnJfeqdPlwUSzfzuPIkyNyTE6JS65JmVRIldQIJ0PyTF7Jm5VZL9a79TFrzVnzmUPyB9bnD3HGkug=</latexit>

e�iH�t
<latexit sha1_base64="+448PrQIvCxHanPeDKKFV2SRvH0=">AAAB+XicbVDJSgNBEO2JW4zbqEcvjUHwYpgRt2NQDzlGMAskY+jp1CRNeha6awJhyJ948aCIV//Em39jZzlo4oOCx3tVVNXzEyk0Os63lVtZXVvfyG8WtrZ3dvfs/YO6jlPFocZjGaumzzRIEUENBUpoJgpY6Eto+IO7id8YgtIijh5xlIAXsl4kAsEZGqlj2/CUnYkKbd+DREZx3LGLTsmZgi4Td06KZI5qx/5qd2OehhAhl0zrlusk6GVMoeASxoV2qiFhfMB60DI0YiFoL5tePqYnRunSIFamIqRT9fdExkKtR6FvOkOGfb3oTcT/vFaKwY2XiShJESI+WxSkkmJMJzHQrlDAUY4MYVwJcyvlfaYYRxNWwYTgLr68TOrnJfeqdPlwUSzfzuPIkyNyTE6JS65JmVRIldQIJ0PyTF7Jm5VZL9a79TFrzVnzmUPyB9bnD3HGkug=</latexit>

e�iH�t
<latexit sha1_base64="+448PrQIvCxHanPeDKKFV2SRvH0=">AAAB+XicbVDJSgNBEO2JW4zbqEcvjUHwYpgRt2NQDzlGMAskY+jp1CRNeha6awJhyJ948aCIV//Em39jZzlo4oOCx3tVVNXzEyk0Os63lVtZXVvfyG8WtrZ3dvfs/YO6jlPFocZjGaumzzRIEUENBUpoJgpY6Eto+IO7id8YgtIijh5xlIAXsl4kAsEZGqlj2/CUnYkKbd+DREZx3LGLTsmZgi4Td06KZI5qx/5qd2OehhAhl0zrlusk6GVMoeASxoV2qiFhfMB60DI0YiFoL5tePqYnRunSIFamIqRT9fdExkKtR6FvOkOGfb3oTcT/vFaKwY2XiShJESI+WxSkkmJMJzHQrlDAUY4MYVwJcyvlfaYYRxNWwYTgLr68TOrnJfeqdPlwUSzfzuPIkyNyTE6JS65JmVRIldQIJ0PyTF7Jm5VZL9a79TFrzVnzmUPyB9bnD3HGkug=</latexit>

e�iH�t
<latexit sha1_base64="+448PrQIvCxHanPeDKKFV2SRvH0=">AAAB+XicbVDJSgNBEO2JW4zbqEcvjUHwYpgRt2NQDzlGMAskY+jp1CRNeha6awJhyJ948aCIV//Em39jZzlo4oOCx3tVVNXzEyk0Os63lVtZXVvfyG8WtrZ3dvfs/YO6jlPFocZjGaumzzRIEUENBUpoJgpY6Eto+IO7id8YgtIijh5xlIAXsl4kAsEZGqlj2/CUnYkKbd+DREZx3LGLTsmZgi4Td06KZI5qx/5qd2OehhAhl0zrlusk6GVMoeASxoV2qiFhfMB60DI0YiFoL5tePqYnRunSIFamIqRT9fdExkKtR6FvOkOGfb3oTcT/vFaKwY2XiShJESI+WxSkkmJMJzHQrlDAUY4MYVwJcyvlfaYYRxNWwYTgLr68TOrnJfeqdPlwUSzfzuPIkyNyTE6JS65JmVRIldQIJ0PyTF7Jm5VZL9a79TFrzVnzmUPyB9bnD3HGkug=</latexit>

e�iH�t
<latexit sha1_base64="+448PrQIvCxHanPeDKKFV2SRvH0=">AAAB+XicbVDJSgNBEO2JW4zbqEcvjUHwYpgRt2NQDzlGMAskY+jp1CRNeha6awJhyJ948aCIV//Em39jZzlo4oOCx3tVVNXzEyk0Os63lVtZXVvfyG8WtrZ3dvfs/YO6jlPFocZjGaumzzRIEUENBUpoJgpY6Eto+IO7id8YgtIijh5xlIAXsl4kAsEZGqlj2/CUnYkKbd+DREZx3LGLTsmZgi4Td06KZI5qx/5qd2OehhAhl0zrlusk6GVMoeASxoV2qiFhfMB60DI0YiFoL5tePqYnRunSIFamIqRT9fdExkKtR6FvOkOGfb3oTcT/vFaKwY2XiShJESI+WxSkkmJMJzHQrlDAUY4MYVwJcyvlfaYYRxNWwYTgLr68TOrnJfeqdPlwUSzfzuPIkyNyTE6JS65JmVRIldQIJ0PyTF7Jm5VZL9a79TFrzVnzmUPyB9bnD3HGkug=</latexit>

e�iH�t

<latexit sha1_base64="GmseYfHDpESgUvJWZJDyELpX4KI=">AAAB/3icbVC7TsMwFL3hWcorgMTCElEhMVUJ4jVWsDAWiT6kJqocx22tOnZkO0hV2oFfYWEAIVZ+g42/wWkzQMuRLB+dc+/19QkTRpV23W9raXlldW29tFHe3Nre2bX39ptKpBKTBhZMyHaIFGGUk4ammpF2IgmKQ0Za4fA291uPRCoq+IMeJSSIUZ/THsVIG6lrH/qhYJEaxebKxq4vEe8zMunaFbfqTuEsEq8gFShQ79pffiRwGhOuMUNKdTw30UGGpKbYzCv7qSIJwkPUJx1DOYqJCrLp/hPnxCiR0xPSHK6dqfq7I0Oxylc0lTHSAzXv5eJ/XifVvesgozxJNeF49lAvZY4WTh6GE1FJsGYjQxCW1Ozq4AGSCGsTWdmE4M1/eZE0z6reZfXi/rxSuyniKMERHMMpeHAFNbiDOjQAwxie4RXerCfrxXq3PmalS1bRcwB/YH3+AMpTlp0=</latexit>

|0i

Circuits: Conventional
<latexit sha1_base64="Y26a88Twri7b8AyafJ7Ponl6/Yw=">AAACE3icbVC7TsMwFHV4lvIKMLJYVEiIoUoQr7GChY0i0YfURJXjOK1Vx45sB6mK8g8s/AoLAwixsrDxNzhtBmi5kuWjc+7VPfcECaNKO863tbC4tLyyWlmrrm9sbm3bO7ttJVKJSQsLJmQ3QIowyklLU81IN5EExQEjnWB0XeidByIVFfxejxPix2jAaUQx0obq28deIFioxrH5MugxxAeMQC9GeogRy25z6Mkpl/ftmlN3JgXngVuCGiir2be/vFDgNCZcY4aU6rlOov0MSU0xI3nVSxVJEB6hAekZyFFMlJ9NbsrhoWFCGAlpHtdwwv6eyFCsCtumszCrZrWC/E/rpTq69DPKk1QTjqeLopRBLWAREAypJFizsQEIS2q8QjxEEmFtYqyaENzZk+dB+6TuntfP7k5rjasyjgrYBwfgCLjgAjTADWiCFsDgETyDV/BmPVkv1rv1MW1dsMqZPfCnrM8fc0qehQ==</latexit>

hOi

<latexit sha1_base64="Y26a88Twri7b8AyafJ7Ponl6/Yw=">AAACE3icbVC7TsMwFHV4lvIKMLJYVEiIoUoQr7GChY0i0YfURJXjOK1Vx45sB6mK8g8s/AoLAwixsrDxNzhtBmi5kuWjc+7VPfcECaNKO863tbC4tLyyWlmrrm9sbm3bO7ttJVKJSQsLJmQ3QIowyklLU81IN5EExQEjnWB0XeidByIVFfxejxPix2jAaUQx0obq28deIFioxrH5MugxxAeMQC9GeogRy25z6Mkpl/ftmlN3JgXngVuCGiir2be/vFDgNCZcY4aU6rlOov0MSU0xI3nVSxVJEB6hAekZyFFMlJ9NbsrhoWFCGAlpHtdwwv6eyFCsCtumszCrZrWC/E/rpTq69DPKk1QTjqeLopRBLWAREAypJFizsQEIS2q8QjxEEmFtYqyaENzZk+dB+6TuntfP7k5rjasyjgrYBwfgCLjgAjTADWiCFsDgETyDV/BmPVkv1rv1MW1dsMqZPfCnrM8fc0qehQ==</latexit>

hOi

MPS-based optimization  
generates efficient circuits

Hardware Simulation

<latexit sha1_base64="cLQivWeqZO4f7Lgkr8FxahHpZLU=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8co5gHJEmYnvcmQ2dllZlYIS/7AiwdFvPpH3vwbJ8keNLGgoajqprsrSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0O/VbT6g0j+WjGSfoR3QgecgZNVZ66Ga9csWtujOQZeLlpAI56r3yV7cfszRCaZigWnc8NzF+RpXhTOCk1E01JpSN6AA7lkoaofaz2aUTcmKVPgljZUsaMlN/T2Q00nocBbYzomaoF72p+J/XSU147WdcJqlByeaLwlQQE5Pp26TPFTIjxpZQpri9lbAhVZQZG07JhuAtvrxMmmdV77J6cX9eqd3kcRThCI7hFDy4ghrcQR0awCCEZ3iFN2fkvDjvzse8teDkM4fwB87nD57EjW8=</latexit>

{

<latexit sha1_base64="cLQivWeqZO4f7Lgkr8FxahHpZLU=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8co5gHJEmYnvcmQ2dllZlYIS/7AiwdFvPpH3vwbJ8keNLGgoajqprsrSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0O/VbT6g0j+WjGSfoR3QgecgZNVZ66Ga9csWtujOQZeLlpAI56r3yV7cfszRCaZigWnc8NzF+RpXhTOCk1E01JpSN6AA7lkoaofaz2aUTcmKVPgljZUsaMlN/T2Q00nocBbYzomaoF72p+J/XSU147WdcJqlByeaLwlQQE5Pp26TPFTIjxpZQpri9lbAhVZQZG07JhuAtvrxMmmdV77J6cX9eqd3kcRThCI7hFDy4ghrcQR0awCCEZ3iFN2fkvDjvzse8teDkM4fwB87nD57EjW8=</latexit>

{
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Quantum

Classical

<latexit sha1_base64="KNMH/Gz2eqhslFGfyvEt6/WMI2I=">AAAB+nicbVDLSsNAFJ34rPWV6tLNYBHqpiTia1l047KCfUATwmQ6aYdOJmHmRiltP8WNC0Xc+iXu/BunbRbaeuDC4Zx7ufeeMBVcg+N8Wyura+sbm4Wt4vbO7t6+XTpo6iRTlDVoIhLVDolmgkvWAA6CtVPFSBwK1goHt1O/9ciU5ol8gGHK/Jj0JI84JWCkwC6NvVTzCgTOqaeI7AkW2GWn6syAl4mbkzLKUQ/sL6+b0CxmEqggWndcJwV/RBRwKtik6GWapYQOSI91DJUkZtofzU6f4BOjdHGUKFMS8Ez9PTEisdbDODSdMYG+XvSm4n9eJ4Po2h9xmWbAJJ0vijKBIcHTHHCXK0ZBDA0hVHFzK6Z9oggFk1bRhOAuvrxMmmdV97J6cX9ert3kcRTQETpGFeSiK1RDd6iOGoiiJ/SMXtGbNbZerHfrY966YuUzh+gPrM8fusuTrA==</latexit>

| (t0)i Application Optimize

State Preparation

Unitary Evolution

<latexit sha1_base64="mB+6OvpurgThg/LrK0ygK0taaoc="></latexit>

V1(✓)|0i ⇡ | (t0)i

Fermion

Anti-Fermion

<latexit sha1_base64="z4SUvPasvEWAnQXzuW/0uE8DyTY=">AAACFXicbVDJSgNBEO1xjXGLevTSGAQFDTPidhS95BjBRCEzDj2dimnSMz1014hhyE948Ve8eFDEq+DNv7GzHNweNP14r4qqelEqhUHX/XQmJqemZ2YLc8X5hcWl5dLKasOoTHOocyWVvoqYASkSqKNACVepBhZHEi6j7tnAv7wFbYRKLrCXQhCzm0S0BWdopbC0Qxvh3pYfKdkyvdh+uY8dQNbfpj5LU63uKFznu6JKsU/DUtmtuEPQv8QbkzIZoxaWPvyW4lkMCXLJjGl6bopBzjQKLqFf9DMDKeNddgNNSxMWgwny4VV9ummVFm0rbV+CdKh+78hZbAY728qYYcf89gbif14zw/ZxkIskzRASPhrUziRFRQcR0ZbQwFH2LGFcC7sr5R2mGUcbZNGG4P0++S9p7FW8w8rB+X755HQcR4Gskw2yRTxyRE5IldRInXByTx7JM3lxHpwn59V5G5VOOOOeNfIDzvsXRBWeRQ==</latexit>

V2(✓) ⇡ e�iHt

<latexit sha1_base64="vnUIsZYgp1H6lSNkfbQnh7aKB9E=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYhA8hV3xdQx68RjBPCRZwuykNxkyM7vMzAphzVd48aCIVz/Hm3/jJNmDJhY0FFXddHeFCWfaeN63s7S8srq2Xtgobm5t7+yW9vYbOk4VxTqNeaxaIdHImcS6YYZjK1FIRMixGQ5vJn7zEZVmsbw3owQDQfqSRYwSY6WHJ6+jiOxz7JbKXsWbwl0kfk7KkKPWLX11ejFNBUpDOdG67XuJCTKiDKMcx8VOqjEhdEj62LZUEoE6yKYHj91jq/TcKFa2pHGn6u+JjAitRyK0nYKYgZ73JuJ/Xjs10VWQMZmkBiWdLYpS7prYnXzv9phCavjIEkIVs7e6dEAUocZmVLQh+PMvL5LGacW/qJzfnZWr13kcBTiEIzgBHy6hCrdQgzpQEPAMr/DmKOfFeXc+Zq1LTj5zAH/gfP4AuGmQXw==</latexit>

|0i

<latexit sha1_base64="vnUIsZYgp1H6lSNkfbQnh7aKB9E=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYhA8hV3xdQx68RjBPCRZwuykNxkyM7vMzAphzVd48aCIVz/Hm3/jJNmDJhY0FFXddHeFCWfaeN63s7S8srq2Xtgobm5t7+yW9vYbOk4VxTqNeaxaIdHImcS6YYZjK1FIRMixGQ5vJn7zEZVmsbw3owQDQfqSRYwSY6WHJ6+jiOxz7JbKXsWbwl0kfk7KkKPWLX11ejFNBUpDOdG67XuJCTKiDKMcx8VOqjEhdEj62LZUEoE6yKYHj91jq/TcKFa2pHGn6u+JjAitRyK0nYKYgZ73JuJ/Xjs10VWQMZmkBiWdLYpS7prYnXzv9phCavjIEkIVs7e6dEAUocZmVLQh+PMvL5LGacW/qJzfnZWr13kcBTiEIzgBHy6hCrdQgzpQEPAMr/DmKOfFeXc+Zq1LTj5zAH/gfP4AuGmQXw==</latexit>

|0i
<latexit sha1_base64="vnUIsZYgp1H6lSNkfbQnh7aKB9E=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYhA8hV3xdQx68RjBPCRZwuykNxkyM7vMzAphzVd48aCIVz/Hm3/jJNmDJhY0FFXddHeFCWfaeN63s7S8srq2Xtgobm5t7+yW9vYbOk4VxTqNeaxaIdHImcS6YYZjK1FIRMixGQ5vJn7zEZVmsbw3owQDQfqSRYwSY6WHJ6+jiOxz7JbKXsWbwl0kfk7KkKPWLX11ejFNBUpDOdG67XuJCTKiDKMcx8VOqjEhdEj62LZUEoE6yKYHj91jq/TcKFa2pHGn6u+JjAitRyK0nYKYgZ73JuJ/Xjs10VWQMZmkBiWdLYpS7prYnXzv9phCavjIEkIVs7e6dEAUocZmVLQh+PMvL5LGacW/qJzfnZWr13kcBTiEIzgBHy6hCrdQgzpQEPAMr/DmKOfFeXc+Zq1LTj5zAH/gfP4AuGmQXw==</latexit>

|0i

<latexit sha1_base64="vnUIsZYgp1H6lSNkfbQnh7aKB9E=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYhA8hV3xdQx68RjBPCRZwuykNxkyM7vMzAphzVd48aCIVz/Hm3/jJNmDJhY0FFXddHeFCWfaeN63s7S8srq2Xtgobm5t7+yW9vYbOk4VxTqNeaxaIdHImcS6YYZjK1FIRMixGQ5vJn7zEZVmsbw3owQDQfqSRYwSY6WHJ6+jiOxz7JbKXsWbwl0kfk7KkKPWLX11ejFNBUpDOdG67XuJCTKiDKMcx8VOqjEhdEj62LZUEoE6yKYHj91jq/TcKFa2pHGn6u+JjAitRyK0nYKYgZ73JuJ/Xjs10VWQMZmkBiWdLYpS7prYnXzv9phCavjIEkIVs7e6dEAUocZmVLQh+PMvL5LGacW/qJzfnZWr13kcBTiEIzgBHy6hCrdQgzpQEPAMr/DmKOfFeXc+Zq1LTj5zAH/gfP4AuGmQXw==</latexit>

|0i
<latexit sha1_base64="vnUIsZYgp1H6lSNkfbQnh7aKB9E=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYhA8hV3xdQx68RjBPCRZwuykNxkyM7vMzAphzVd48aCIVz/Hm3/jJNmDJhY0FFXddHeFCWfaeN63s7S8srq2Xtgobm5t7+yW9vYbOk4VxTqNeaxaIdHImcS6YYZjK1FIRMixGQ5vJn7zEZVmsbw3owQDQfqSRYwSY6WHJ6+jiOxz7JbKXsWbwl0kfk7KkKPWLX11ejFNBUpDOdG67XuJCTKiDKMcx8VOqjEhdEj62LZUEoE6yKYHj91jq/TcKFa2pHGn6u+JjAitRyK0nYKYgZ73JuJ/Xjs10VWQMZmkBiWdLYpS7prYnXzv9phCavjIEkIVs7e6dEAUocZmVLQh+PMvL5LGacW/qJzfnZWr13kcBTiEIzgBHy6hCrdQgzpQEPAMr/DmKOfFeXc+Zq1LTj5zAH/gfP4AuGmQXw==</latexit>

|0i

<latexit sha1_base64="vnUIsZYgp1H6lSNkfbQnh7aKB9E=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYhA8hV3xdQx68RjBPCRZwuykNxkyM7vMzAphzVd48aCIVz/Hm3/jJNmDJhY0FFXddHeFCWfaeN63s7S8srq2Xtgobm5t7+yW9vYbOk4VxTqNeaxaIdHImcS6YYZjK1FIRMixGQ5vJn7zEZVmsbw3owQDQfqSRYwSY6WHJ6+jiOxz7JbKXsWbwl0kfk7KkKPWLX11ejFNBUpDOdG67XuJCTKiDKMcx8VOqjEhdEj62LZUEoE6yKYHj91jq/TcKFa2pHGn6u+JjAitRyK0nYKYgZ73JuJ/Xjs10VWQMZmkBiWdLYpS7prYnXzv9phCavjIEkIVs7e6dEAUocZmVLQh+PMvL5LGacW/qJzfnZWr13kcBTiEIzgBHy6hCrdQgzpQEPAMr/DmKOfFeXc+Zq1LTj5zAH/gfP4AuGmQXw==</latexit>

|0i

<latexit sha1_base64="YY8wWmz3wXN1KBipZJcUyqO+8Uo=">AAAB6XicbVDLSgNBEOz1GeMr6tHLYBD0EnbF1zHoxWMU84BkCbOT2WTI7Owy0yuEJX/gxYMiXv0jb/6Nk2QPmljQUFR1090VJFIYdN1vZ2l5ZXVtvbBR3Nza3tkt7e03TJxqxusslrFuBdRwKRSvo0DJW4nmNAokbwbD24nffOLaiFg94ijhfkT7SoSCUbTSAz3tlspuxZ2CLBIvJ2XIUeuWvjq9mKURV8gkNabtuQn6GdUomOTjYic1PKFsSPu8bamiETd+Nr10TI6t0iNhrG0pJFP190RGI2NGUWA7I4oDM+9NxP+8dorhtZ8JlaTIFZstClNJMCaTt0lPaM5QjiyhTAt7K2EDqilDG07RhuDNv7xIGmcV77JycX9ert7kcRTgEI7gBDy4gircQQ3qwCCEZ3iFN2fovDjvzsesdcnJZw7gD5zPHyoVjSI=</latexit>

a)
<latexit sha1_base64="8iGUquLo+sLoBk+jfr8+DCynxdA=">AAAB6XicbVDLSgNBEOz1GeMr6tHLYBD0EnbF1zHoxWMU84BkCbOT2WTI7Owy0yuEJX/gxYMiXv0jb/6Nk2QPmljQUFR1090VJFIYdN1vZ2l5ZXVtvbBR3Nza3tkt7e03TJxqxusslrFuBdRwKRSvo0DJW4nmNAokbwbD24nffOLaiFg94ijhfkT7SoSCUbTSQ3DaLZXdijsFWSReTsqQo9YtfXV6MUsjrpBJakzbcxP0M6pRMMnHxU5qeELZkPZ521JFI278bHrpmBxbpUfCWNtSSKbq74mMRsaMosB2RhQHZt6biP957RTDaz8TKkmRKzZbFKaSYEwmb5Oe0JyhHFlCmRb2VsIGVFOGNpyiDcGbf3mRNM4q3mXl4v68XL3J4yjAIRzBCXhwBVW4gxrUgUEIz/AKb87QeXHenY9Z65KTzxzAHzifPyuajSM=</latexit>

b)

<latexit sha1_base64="pk74v6eWqrYVthxRckPde2CCbIc=">AAAB6XicbVDLSgNBEOz1GeMr6tHLYBD0EnbF1zHoxWMU84BkCbOT2WTI7Owy0yuEJX/gxYMiXv0jb/6Nk2QPmljQUFR1090VJFIYdN1vZ2l5ZXVtvbBR3Nza3tkt7e03TJxqxusslrFuBdRwKRSvo0DJW4nmNAokbwbD24nffOLaiFg94ijhfkT7SoSCUbTSAzvtlspuxZ2CLBIvJ2XIUeuWvjq9mKURV8gkNabtuQn6GdUomOTjYic1PKFsSPu8bamiETd+Nr10TI6t0iNhrG0pJFP190RGI2NGUWA7I4oDM+9NxP+8dorhtZ8JlaTIFZstClNJMCaTt0lPaM5QjiyhTAt7K2EDqilDG07RhuDNv7xIGmcV77JycX9ert7kcRTgEI7gBDy4gircQQ3qwCCEZ3iFN2fovDjvzsesdcnJZw7gD5zPHy0fjSQ=</latexit>

c)
<latexit sha1_base64="ZUZmTI42CLhazC1fFzJwPYImFf8=">AAAB6XicbVDLSgNBEOz1GeMr6tHLYBD0EnbF1zHoxWMU84AkhNnZ3mTI7OwyMyuEJX/gxYMiXv0jb/6Nk2QPmljQUFR1093lJ4Jr47rfztLyyuraemGjuLm1vbNb2ttv6DhVDOssFrFq+VSj4BLrhhuBrUQhjXyBTX94O/GbT6g0j+WjGSXYjWhf8pAzaqz0EJz2SmW34k5BFomXkzLkqPVKX50gZmmE0jBBtW57bmK6GVWGM4HjYifVmFA2pH1sWypphLqbTS8dk2OrBCSMlS1pyFT9PZHRSOtR5NvOiJqBnvcm4n9eOzXhdTfjMkkNSjZbFKaCmJhM3iYBV8iMGFlCmeL2VsIGVFFmbDhFG4I3//IiaZxVvMvKxf15uXqTx1GAQziCE/DgCqpwBzWoA4MQnuEV3pyh8+K8Ox+z1iUnnzmAP3A+fwAupI0l</latexit>

d)

<latexit sha1_base64="M0uOwscBNmHReeu+GIvv7dZ719o=">AAACAXicbVDLSsNAFJ3UV62vqBvBTbAIdVMS8bUsunFZwT6gCWEynbRDJ5MwcyOUUDf+ihsXirj1L9z5N07aLLT1wDCHc+7l3nuChDMFtv1tlJaWV1bXyuuVjc2t7R1zd6+t4lQS2iIxj2U3wIpyJmgLGHDaTSTFUcBpJxjd5H7ngUrFYnEP44R6ER4IFjKCQUu+edD2nZobxLyvxpH+MheGFPDkxDerdt2ewlokTkGqqEDTN7/cfkzSiAogHCvVc+wEvAxLYITTScVNFU0wGeEB7WkqcESVl00vmFjHWulbYSz1E2BN1d8dGY5UvqCujDAM1byXi/95vRTCKy9jIkmBCjIbFKbcgtjK47D6TFICfKwJJpLpXS0yxBIT0KFVdAjO/MmLpH1ady7q53dn1cZ1EUcZHaIjVEMOukQNdIuaqIUIekTP6BW9GU/Gi/FufMxKS0bRs4/+wPj8AVijltk=</latexit>

V1(✓)
<latexit sha1_base64="A7VuQTTaK6dqTi+yBEu+zdseVGA=">AAACAXicbVDLSsNAFJ34rPUVdSO4CRahbkpSfC2LblxWsA9oQphMJ+3QySTM3Agl1I2/4saFIm79C3f+jZM2C209MMzhnHu5954g4UyBbX8bS8srq2vrpY3y5tb2zq65t99WcSoJbZGYx7IbYEU5E7QFDDjtJpLiKOC0E4xucr/zQKVisbiHcUK9CA8ECxnBoCXfPGz79aobxLyvxpH+MheGFPDk1Dcrds2ewlokTkEqqEDTN7/cfkzSiAogHCvVc+wEvAxLYITTSdlNFU0wGeEB7WkqcESVl00vmFgnWulbYSz1E2BN1d8dGY5UvqCujDAM1byXi/95vRTCKy9jIkmBCjIbFKbcgtjK47D6TFICfKwJJpLpXS0yxBIT0KGVdQjO/MmLpF2vORe187uzSuO6iKOEjtAxqiIHXaIGukVN1EIEPaJn9IrejCfjxXg3PmalS0bRc4D+wPj8AVo8lto=</latexit>

V2(✓)
<latexit sha1_base64="A7VuQTTaK6dqTi+yBEu+zdseVGA=">AAACAXicbVDLSsNAFJ34rPUVdSO4CRahbkpSfC2LblxWsA9oQphMJ+3QySTM3Agl1I2/4saFIm79C3f+jZM2C209MMzhnHu5954g4UyBbX8bS8srq2vrpY3y5tb2zq65t99WcSoJbZGYx7IbYEU5E7QFDDjtJpLiKOC0E4xucr/zQKVisbiHcUK9CA8ECxnBoCXfPGz79aobxLyvxpH+MheGFPDk1Dcrds2ewlokTkEqqEDTN7/cfkzSiAogHCvVc+wEvAxLYITTSdlNFU0wGeEB7WkqcESVl00vmFgnWulbYSz1E2BN1d8dGY5UvqCujDAM1byXi/95vRTCKy9jIkmBCjIbFKbcgtjK47D6TFICfKwJJpLpXS0yxBIT0KGVdQjO/MmLpF2vORe187uzSuO6iKOEjtAxqiIHXaIGukVN1EIEPaJn9IrejCfjxXg3PmalS0bRc4D+wPj8AVo8lto=</latexit>

V2(✓)
<latexit sha1_base64="A7VuQTTaK6dqTi+yBEu+zdseVGA=">AAACAXicbVDLSsNAFJ34rPUVdSO4CRahbkpSfC2LblxWsA9oQphMJ+3QySTM3Agl1I2/4saFIm79C3f+jZM2C209MMzhnHu5954g4UyBbX8bS8srq2vrpY3y5tb2zq65t99WcSoJbZGYx7IbYEU5E7QFDDjtJpLiKOC0E4xucr/zQKVisbiHcUK9CA8ECxnBoCXfPGz79aobxLyvxpH+MheGFPDk1Dcrds2ewlokTkEqqEDTN7/cfkzSiAogHCvVc+wEvAxLYITTSdlNFU0wGeEB7WkqcESVl00vmFgnWulbYSz1E2BN1d8dGY5UvqCujDAM1byXi/95vRTCKy9jIkmBCjIbFKbcgtjK47D6TFICfKwJJpLpXS0yxBIT0KGVdQjO/MmLpF2vORe187uzSuO6iKOEjtAxqiIHXaIGukVN1EIEPaJn9IrejCfjxXg3PmalS0bRc4D+wPj8AVo8lto=</latexit>

V2(✓)
<latexit sha1_base64="GmseYfHDpESgUvJWZJDyELpX4KI=">AAAB/3icbVC7TsMwFL3hWcorgMTCElEhMVUJ4jVWsDAWiT6kJqocx22tOnZkO0hV2oFfYWEAIVZ+g42/wWkzQMuRLB+dc+/19QkTRpV23W9raXlldW29tFHe3Nre2bX39ptKpBKTBhZMyHaIFGGUk4ammpF2IgmKQ0Za4fA291uPRCoq+IMeJSSIUZ/THsVIG6lrH/qhYJEaxebKxq4vEe8zMunaFbfqTuEsEq8gFShQ79pffiRwGhOuMUNKdTw30UGGpKbYzCv7qSIJwkPUJx1DOYqJCrLp/hPnxCiR0xPSHK6dqfq7I0Oxylc0lTHSAzXv5eJ/XifVvesgozxJNeF49lAvZY4WTh6GE1FJsGYjQxCW1Ozq4AGSCGsTWdmE4M1/eZE0z6reZfXi/rxSuyniKMERHMMpeHAFNbiDOjQAwxie4RXerCfrxXq3PmalS1bRcwB/YH3+AMpTlp0=</latexit>

|0i

Circuits: MPS Optimized
<latexit sha1_base64="AwPa8bAwxz6g8KutWRLNIg7H404=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgqeyKX8eiBz1WdNvCdinZNG1Ds8mSzIpl6c/w4kERr/4ab/4b03YP2vpg4PHeDDPzokRwA6777RSWlldW14rrpY3Nre2d8u5ew6hUU+ZTJZRuRcQwwSXzgYNgrUQzEkeCNaPh9cRvPjJtuJIPMEpYGJO+5D1OCVgp8DttYE+Q3dyPO+WKW3WnwIvEy0kF5ah3yl/trqJpzCRQQYwJPDeBMCMaOBVsXGqnhiWEDkmfBZZKEjMTZtOTx/jIKl3cU9qWBDxVf09kJDZmFEe2MyYwMPPeRPzPC1LoXYYZl0kKTNLZol4qMCg8+R93uWYUxMgSQjW3t2I6IJpQsCmVbAje/MuLpHFS9c6rZ3enldpVHkcRHaBDdIw8dIFq6BbVkY8oUugZvaI3B5wX5935mLUWnHxmH/2B8/kDZvyRWQ==</latexit>

UGS

<latexit sha1_base64="0lXFCAaCpa+1N+yO566O9QbeqGE=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0nEr2PRi8cKpi2koWy2m3bpZjfsTsQS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8KBXcgOt+O6WV1bX1jfJmZWt7Z3evun/QMirTlPlUCaU7ETFMcMl84CBYJ9WMJJFg7Wh0O/Xbj0wbruQDjFMWJmQgecwpASsFfq8L7AnydnPSq9bcujsDXiZeQWqoQLNX/er2Fc0SJoEKYkzguSmEOdHAqWCTSjczLCV0RAYssFSShJkwn508wSdW6eNYaVsS8Ez9PZGTxJhxEtnOhMDQLHpT8T8vyCC+DnMu0wyYpPNFcSYwKDz9H/e5ZhTE2BJCNbe3YjokmlCwKVVsCN7iy8ukdVb3LusX9+e1xk0RRxkdoWN0ijx0hRroDjWRjyhS6Bm9ojcHnBfn3fmYt5acYuYQ/YHz+QN6zZFm</latexit>

UWP
<latexit sha1_base64="+448PrQIvCxHanPeDKKFV2SRvH0=">AAAB+XicbVDJSgNBEO2JW4zbqEcvjUHwYpgRt2NQDzlGMAskY+jp1CRNeha6awJhyJ948aCIV//Em39jZzlo4oOCx3tVVNXzEyk0Os63lVtZXVvfyG8WtrZ3dvfs/YO6jlPFocZjGaumzzRIEUENBUpoJgpY6Eto+IO7id8YgtIijh5xlIAXsl4kAsEZGqlj2/CUnYkKbd+DREZx3LGLTsmZgi4Td06KZI5qx/5qd2OehhAhl0zrlusk6GVMoeASxoV2qiFhfMB60DI0YiFoL5tePqYnRunSIFamIqRT9fdExkKtR6FvOkOGfb3oTcT/vFaKwY2XiShJESI+WxSkkmJMJzHQrlDAUY4MYVwJcyvlfaYYRxNWwYTgLr68TOrnJfeqdPlwUSzfzuPIkyNyTE6JS65JmVRIldQIJ0PyTF7Jm5VZL9a79TFrzVnzmUPyB9bnD3HGkug=</latexit>
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MPS-based optimization  
generates efficient circuits

Hardware Simulation
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Unitary Evolution
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Variationally minimization 
by TN
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⟩



°0.4

°0.2

0.0

0.2

0.4

¢
hª

† n
ª n

i t

(a) t = 18 MPS

ZNE

Unmitigated

0 10 20 30 40
n

°0.4

°0.2

0.0

0.2

0.4

¢
hª

† n
ª n

i t

(b) t = 26

Hardware run of fermion scattering for 40 qubits

• IBM device ibm_fez
• Error mitigation: zero-noise extrapolation (ZNE)
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Our optimized circuit Conventional approach



Hardware run for 40 qubits: full dynamics
• IBM device ibm_fez
• Error mitigation: zero-noise extrapolation (ZNE)
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Hardware run for 80 qubits: state preparation
• IBM device ibm_fez
• Error mitigation: zero-noise extrapolation (ZNE)
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Outlook
• Other Gauge theory, e.g., QED 

• Higher dimension (2+1)D 

• Improvement QSE

24

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
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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
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Results from QSE
• With coefficients from QSE:  |k, c⟩b = ∑

I
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Results from QSE
• With coefficients from QSE:  |k, c⟩b = ∑
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Scattering
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ZNE
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