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Theoretical inputs
to colliders

real-time
strong

 dynamics
PDF knowledge

from data 

theoretical uncertainties
real-time dynamics

M. Cepeda, et al, arXiv:1902.00134
F. Dulat, et al, arXiv:1802.00827

higher order correctionsPDF
<latexit sha1_base64="p2yOuQ9DDhZLG6HXo6w3iD/UvjY=">AAACEXicbVDLSgMxFM34rPVVdekmWAoVtcxIfeCqWIQuK9gHdtqSSW9rMJkZkoxQhv6CG3/FjQtF3Lpz59+YPhbaeiBwOOdebs7xQs6Utu1va25+YXFpObGSXF1b39hMbW1XVRBJChUa8EDWPaKAMx8qmmkO9VACER6HmndfHPq1B5CKBf6N7ofQFKTnsy6jRBupncrGrhS4eFUuDi6wq1hPkCy0DqB15OoA35b2D7GdO3HcTDuVtnP2CHiWOBOSRhOU26kvtxPQSICvKSdKNRw71M2YSM0oh0HSjRSEhN6THjQM9YkA1YxHiQY4Y5QO7gbSPF/jkfp7IyZCqb7wzKQg+k5Ne0PxP68R6e55M2Z+GGnw6fhQN+LYhB3WgztMAtW8bwihkpm/YnpHJKHalJg0JTjTkWdJ9TjnnOby1/l04XJSRwLtoj2URQ46QwVUQmVUQRQ9omf0it6sJ+vFerc+xqNz1mRnB/2B9fkDc6iaOg==</latexit>

CEPC : �(e+e� ! ZH), 0.51%

F. An, et al, arXiv:1810.09037

NLO EW
NNLO EW-QCD 1%

complete two loop

Y. Gong et al., Q. -F. Sun et al.,  
X.  Chen et al., arXiv: 2209.14953  
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Why Quantum Computing

hOi =
P

C O(C)W (C)P
C W (C)

<latexit sha1_base64="NnjuOEUJLjH4E8nFPiAWlMXE0dA="></latexit>

Imaginary time problem :W (C) ⇠ exp(�S(C))

<latexit sha1_base64="S5djf3qnJ9fUihbQcv9tCW4pkxE="></latexit>

complex S(C) for non vanishing ✓
<latexit sha1_base64="uL5gSxhGDRklOqw89ERgoIYAOlw="></latexit><latexit sha1_base64="uL5gSxhGDRklOqw89ERgoIYAOlw="></latexit><latexit sha1_base64="uL5gSxhGDRklOqw89ERgoIYAOlw="></latexit><latexit sha1_base64="uL5gSxhGDRklOqw89ERgoIYAOlw="></latexit>

real-time dynamics, finite density…
Sign Problem!!!

lattice non-perturbative 
calculations

configuration space C is exponentially large in system size

<latexit sha1_base64="i9GZem0xYIxHfcuEuLLL2UmX4Us="></latexit>

configuration space C is exponentially large in system size

<latexit sha1_base64="i9GZem0xYIxHfcuEuLLL2UmX4Us="></latexit>

out-of-equilibrium, 
non-perturbative 

higher order processes, 
quantum interference

cannot be solved classically 
due to theoretical or 

computational limitations:
 

sign problem or rare events 
that has 


exponential-scaling of the 
complexity
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Why Quantum Computing
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C W (C)
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real-time dynamics, finite density…
Sign Problem!!!

lattice non-perturbative 
calculations

configuration space C is exponentially large in system size

<latexit sha1_base64="i9GZem0xYIxHfcuEuLLL2UmX4Us="></latexit>

configuration space C is exponentially large in system size

<latexit sha1_base64="i9GZem0xYIxHfcuEuLLL2UmX4Us="></latexit>

[PRX Quantum 4 (2023) 2, 027001]
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multi-chip quantum processor

80 qubits

22 qubits

Rapidly improving universal quantum 
computing hardware

1121 qubits
access to 133 qubits 

176 qubits 54 qubits

九章三号 - 255 qubits

Superconducting Processor

Photon qubits trapped ion qubits neutral
atoms

48 logical
Qubits,

hundreds
of entangling

logical 
operations 
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Rapidly improving universal quantum 
computing hardware
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2011 - S. Jordan, K. Lee, J. Preskill
Quantum algorithms for QFT

Quantum Simulation for Quantum Field Theory
Bosonic and fermionic DOF, 

Dynamical and coupled global and local (gauge) symmetries,
Relativistic - particle number non-conservation,

Nontrivial vacuum state in strongly interacting theories

See references in [M. Carena, H. Lamm, YYL, W. Liu, PRD. 104, 094519]

“Galactic Algorithms”
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Ui(x) = eig
R 0
a dtAi(x+t̂i)

<latexit sha1_base64="dBP4O6vow+uNdc8m68B8v9AeENE="></latexit>

gauge invariance

<latexit sha1_base64="8LVrqJucQl9xNwsjgr7UF8xAfX0=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUC9C0IvHBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDfzW0+oNI/lgxkn6Ed0IHnIGTVWqt/0iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2bssV+qVUvU2iyMPJ3AK5+DBFVThHmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP4+7jMo=</latexit>=

infinities in QFT

<latexit sha1_base64="HJmOB+KeWgffwxmlYnwCVomebKE=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0Wom5KEoi6LIrisYB/QpGEynbRDJw9mJtISsnbjr7hxoYhbv8Cdf+O0zUJbD1w4nHMv997jxYwKaRjfWmFldW19o7hZ2tre2d3T9w9aIko4Jk0csYh3PCQIoyFpSioZ6cScoMBjpO2Nrqd++4FwQaPwXk5i4gRoEFKfYiSV5OrHts8RTgc9K0utzBZJ4I6h7UWsn95klfFZz3L1slE1ZoDLxMxJGeRouPqX3Y9wEpBQYoaE6JpGLJ0UcUkxI1nJTgSJER6hAekqGqKACCedvZLBU6X0oR9xVaGEM/X3RIoCISaBpzoDJIdi0ZuK/3ndRPqXTkrDOJEkxPNFfsKgjOA0F9innGDJJoogzKm6FeIhUtlIlV5JhWAuvrxMWlbVPK/W7mrl+lUeRxEcgRNQASa4AHVwCxqgCTB4BM/gFbxpT9qL9q59zFsLWj5zCP5A+/wBv02aSg==</latexit>

g2

2

X

x

E(x)2

 [Phys. Rev. D 11, 395 (1975)]

<latexit sha1_base64="zFgakf0wZ8TsQ7ROciarN4vAkYs=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELxwhkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj+7nffkKleSwfzCRBP6JDyUPOqLFSo9YvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWldl77pcaVRK1bssjjycwTlcggc3UIUa1KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AKBnjNU=</latexit>

H

fermion kinetic fermion mass
energy of 

electric field 

energy of 

magnetic field 
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deviations from the continuum start from       error, classical 
computational resources proportional          to for Wilson action 

a2

<latexit sha1_base64="CVvKfQkhuCcetj+sQMWexkUXbjY=">AAAB6nicdVDJSgNBEK2JW4xb1KOXxiB4CjMhoMegF48RzQLJGGo6PUmTnp6hu0cIQz7BiwdFvPpF3vwbO4sQtwcFj/eqqKoXJIJr47ofTm5ldW19I79Z2Nre2d0r7h80dZwqyho0FrFqB6iZ4JI1DDeCtRPFMAoEawWjy6nfumdK81jemnHC/AgHkoecorHSDd5VesWSV3ZnIO4v8mWVYIF6r/je7cc0jZg0VKDWHc9NjJ+hMpwKNil0U80SpCMcsI6lEiOm/Wx26oScWKVPwljZkobM1OWJDCOtx1FgOyM0Q/3Tm4p/eZ3UhOd+xmWSGibpfFGYCmJiMv2b9Lli1IixJUgVt7cSOkSF1Nh0Cssh/E+albJXLVevq6XaxSKOPBzBMZyCB2dQgyuoQwMoDOABnuDZEc6j8+K8zltzzmLmEL7BefsE7FyNkQ==</latexit>

a�k

<latexit sha1_base64="RMcFvqUDj0NVQ3/D5yQfhD9QAFY=">AAAB7XicdVDLSgMxFL2pr1pfVZdugkVwY5mRgi6LblxWsA9ox5JJM21sJhmSjFCG/oMbF4q49X/c+TemD6G+Dlw4nHMv994TJoIb63kfKLe0vLK6ll8vbGxube8Ud/caRqWasjpVQulWSAwTXLK65VawVqIZiUPBmuHwcuI375k2XMkbO0pYEJO+5BGnxDqpQW6zk+G4Wyz5ZW8K7P0iX1YJ5qh1i++dnqJpzKSlghjT9r3EBhnRllPBxoVOalhC6JD0WdtRSWJmgmx67RgfOaWHI6VdSYun6uJERmJjRnHoOmNiB+anNxH/8tqpjc6DjMsktUzS2aIoFdgqPHkd97hm1IqRI4Rq7m7FdEA0odYFVFgM4X/SOC37lXLlulKqXszjyMMBHMIx+HAGVbiCGtSBwh08wBM8I4Ue0Qt6nbXm0HxmH74BvX0CcjKPDQ==</latexit>

[J. Carlsson, et al, hep-lat/0105018]

U1
U2

Pxy

Ryz

Rzx Cxyz

xy

z

deviations from the 
continuum starts from  
        at quantum levela2g2

<latexit sha1_base64="xLxe/2tjZh7vhhDjOCu1uvp09GM=">AAAB7nicdVDJSgNBEK2JW4xb1KOXxiB4CjMhoMegF48RzALJJNR0epImPT1Dd48QhnyEFw+KePV7vPk3dhYhbg8KHu9VUVUvSATXxnU/nNza+sbmVn67sLO7t39QPDxq6jhVlDVoLGLVDlAzwSVrGG4EayeKYRQI1grG1zO/dc+U5rG8M5OE+REOJQ85RWOlFvYqZNir9Islr+zOQdxf5MsqwRL1fvG9O4hpGjFpqECtO56bGD9DZTgVbFroppolSMc4ZB1LJUZM+9n83Ck5s8qAhLGyJQ2Zq6sTGUZaT6LAdkZoRvqnNxP/8jqpCS/9jMskNUzSxaIwFcTEZPY7GXDFqBETS5Aqbm8ldIQKqbEJFVZD+J80K2WvWq7eVku1q2UceTiBUzgHDy6gBjdQhwZQGMMDPMGzkziPzovzumjNOcuZY/gG5+0TLGGO0A==</latexit>
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U1
U2

Pxy

Ryz

Rzx Cxyz

xy

z

HI = KI + VI

VI = �V 0VKS + �V 1Vrect + �V 2Vbent

KI = �K0KKS + �K1K2L

<latexit sha1_base64="03zHXYnArQLtVugEYj74Q7JhOSA="></latexit>

Vrect =
2

ag2s

X

x,i<j

ReTr [Rij(x) +Rji(x)]

<latexit sha1_base64="NElvKtze/LYY2tKWZjGdzXtj8Oo="></latexit>

K2L =
g2t
a

X

x,i

Tr
h
Li(x)Ui(x)Li(x+ ai)U†

i (x)
i

<latexit sha1_base64="e0QrQiwKKwAJ3D3NBFmI1wkA2ho="></latexit>

[Demonstration with the improved 
Hamiltonian is still needed]

[M. Alford, et al, hep-lat/9507010, …]
<latexit sha1_base64="QPtzJG3lHDkjXNEMY04cHWEc0No=">AAAB73icbVDLSgMxFL3js9ZX1aWbYBFclZlS1GXRjcsK9gHtUO6kmTY0kxmTjFCG/oQbF4q49Xfc+Tem7Sy09UDgcM695J4TJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVlDVpLGLVCVAzwSVrGm4E6ySKYRQI1g7GtzO//cSU5rF8MJOE+REOJQ85RWOlDpKeiUkV+6WyW3HnIKvEy0kZcjT6pa/eIKZpxKShArXuem5i/AyV4VSwabGXapYgHeOQdS2VGDHtZ/N7p+TcKgMSxso+achc/b2RYaT1JArsZIRmpJe9mfif101NeO1nXCapYZIuPgpTQWzGWXgy4IpRIyaWIFXc3kroCBVSYysq2hK85cirpFWteJeV2n2tXL/J6yjAKZzBBXhwBXW4gwY0gYKAZ3iFN+fReXHenY/F6JqT75zAHzifP/T3j0Y=</latexit>

a ! 2a

Nq ⇠
✓
L

a

◆d

<latexit sha1_base64="Za8im0S43cpHPqnx/KsO6muyPYc=">AAACCnicbVDLSsNAFJ34rPUVdelmtAh1UxIp6LLoxoVIBfuAJobJZJIOnTycmQglZO3GX3HjQhG3foE7/8ZpmoW2HrhwOOde7r3HTRgV0jC+tYXFpeWV1cpadX1jc2tb39ntijjlmHRwzGLed5EgjEakI6lkpJ9wgkKXkZ47upj4vQfCBY2jWzlOiB2iIKI+xUgqydEPrp17S9AQWi4Ngrrlc4SzqzxDeSEc33mOXjMaRgE4T8yS1ECJtqN/WV6M05BEEjMkxMA0EmlniEuKGcmrVipIgvAIBWSgaIRCIuyseCWHR0rxoB9zVZGEhfp7IkOhEOPQVZ0hkkMx603E/7xBKv0zO6NRkkoS4ekiP2VQxnCSC/QoJ1iysSIIc6puhXiIVBpSpVdVIZizL8+T7knDbDaaN81a67yMowL2wSGoAxOcgha4BG3QARg8gmfwCt60J+1Fe9c+pq0LWjmzB/5A+/wB9W+acQ==</latexit>

[M. Carena, H. Lamm, YYL, W. Liu, PRL. 129, 051601]
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infinities in QFT

<latexit sha1_base64="HJmOB+KeWgffwxmlYnwCVomebKE=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0Wom5KEoi6LIrisYB/QpGEynbRDJw9mJtISsnbjr7hxoYhbv8Cdf+O0zUJbD1w4nHMv997jxYwKaRjfWmFldW19o7hZ2tre2d3T9w9aIko4Jk0csYh3PCQIoyFpSioZ6cScoMBjpO2Nrqd++4FwQaPwXk5i4gRoEFKfYiSV5OrHts8RTgc9K0utzBZJ4I6h7UWsn95klfFZz3L1slE1ZoDLxMxJGeRouPqX3Y9wEpBQYoaE6JpGLJ0UcUkxI1nJTgSJER6hAekqGqKACCedvZLBU6X0oR9xVaGEM/X3RIoCISaBpzoDJIdi0ZuK/3ndRPqXTkrDOJEkxPNFfsKgjOA0F9innGDJJoogzKm6FeIhUtlIlV5JhWAuvrxMWlbVPK/W7mrl+lUeRxEcgRNQASa4AHVwCxqgCTB4BM/gFbxpT9qL9q59zFsLWj5zCP5A+/wBv02aSg==</latexit>

g2

2

X

x

E(x)2

 [Phys. Rev. D 11, 395 (1975)]

infinities in QFT

<latexit sha1_base64="HJmOB+KeWgffwxmlYnwCVomebKE=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0Wom5KEoi6LIrisYB/QpGEynbRDJw9mJtISsnbjr7hxoYhbv8Cdf+O0zUJbD1w4nHMv997jxYwKaRjfWmFldW19o7hZ2tre2d3T9w9aIko4Jk0csYh3PCQIoyFpSioZ6cScoMBjpO2Nrqd++4FwQaPwXk5i4gRoEFKfYiSV5OrHts8RTgc9K0utzBZJ4I6h7UWsn95klfFZz3L1slE1ZoDLxMxJGeRouPqX3Y9wEpBQYoaE6JpGLJ0UcUkxI1nJTgSJER6hAekqGqKACCedvZLBU6X0oR9xVaGEM/X3RIoCISaBpzoDJIdi0ZuK/3ndRPqXTkrDOJEkxPNFfsKgjOA0F9innGDJJoogzKm6FeIhUtlIlV5JhWAuvrxMWlbVPK/W7mrl+lUeRxEcgRNQASa4AHVwCxqgCTB4BM/gFbxpT9qL9q59zFsLWj5zCP5A+/wBv02aSg==</latexit>

g2

2

X

x

E(x)2

 [Phys. Rev. D 11, 395 (1975)]

<latexit sha1_base64="zFgakf0wZ8TsQ7ROciarN4vAkYs=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELxwhkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj+7nffkKleSwfzCRBP6JDyUPOqLFSo9YvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWldl77pcaVRK1bssjjycwTlcggc3UIUa1KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AKBnjNU=</latexit>

H

continuous field variables 
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rapid development with its own pros and cons 
rate of convergences to the infinite-dimensional theory, resource requirements, 

local and global gauge symmetry
Casimir dynamics, Natalie et al
LSH formalism, Mathur et al, Anishetty et al
Group-element basis and discrete subgroups, Erez et al, Lamm et al,  Carena et al
Magnetic or dual representations, Mathur et al, Bauer et al
Tensor renormalization group (character expansion, Fourier series), Meurice et al
Light-front quantization (light-cone instead of fixed time-slicing), Mannheim et al
Quantum link models/qubit regularization (critical point), Brower et al 
Matrix models (dimension reduction), Shen et al

infinities in QFT

continuous field variables 

<latexit sha1_base64="HJmOB+KeWgffwxmlYnwCVomebKE=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0Wom5KEoi6LIrisYB/QpGEynbRDJw9mJtISsnbjr7hxoYhbv8Cdf+O0zUJbD1w4nHMv997jxYwKaRjfWmFldW19o7hZ2tre2d3T9w9aIko4Jk0csYh3PCQIoyFpSioZ6cScoMBjpO2Nrqd++4FwQaPwXk5i4gRoEFKfYiSV5OrHts8RTgc9K0utzBZJ4I6h7UWsn95klfFZz3L1slE1ZoDLxMxJGeRouPqX3Y9wEpBQYoaE6JpGLJ0UcUkxI1nJTgSJER6hAekqGqKACCedvZLBU6X0oR9xVaGEM/X3RIoCISaBpzoDJIdi0ZuK/3ndRPqXTkrDOJEkxPNFfsKgjOA0F9innGDJJoogzKm6FeIhUtlIlV5JhWAuvrxMWlbVPK/W7mrl+lUeRxEcgRNQASa4AHVwCxqgCTB4BM/gFbxpT9qL9q59zFsLWj5zCP5A+/wBv02aSg==</latexit>
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E(x)2

 [Phys. Rev. D 11, 395 (1975)]

infinities in QFT

continuous field variables 

<latexit sha1_base64="HJmOB+KeWgffwxmlYnwCVomebKE=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0Wom5KEoi6LIrisYB/QpGEynbRDJw9mJtISsnbjr7hxoYhbv8Cdf+O0zUJbD1w4nHMv997jxYwKaRjfWmFldW19o7hZ2tre2d3T9w9aIko4Jk0csYh3PCQIoyFpSioZ6cScoMBjpO2Nrqd++4FwQaPwXk5i4gRoEFKfYiSV5OrHts8RTgc9K0utzBZJ4I6h7UWsn95klfFZz3L1slE1ZoDLxMxJGeRouPqX3Y9wEpBQYoaE6JpGLJ0UcUkxI1nJTgSJER6hAekqGqKACCedvZLBU6X0oR9xVaGEM/X3RIoCISaBpzoDJIdi0ZuK/3ndRPqXTkrDOJEkxPNFfsKgjOA0F9innGDJJoogzKm6FeIhUtlIlV5JhWAuvrxMWlbVPK/W7mrl+lUeRxEcgRNQASa4AHVwCxqgCTB4BM/gFbxpT9qL9q59zFsLWj5zCP5A+/wBv02aSg==</latexit>

g2
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X
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E(x)2

 [Phys. Rev. D 11, 395 (1975)]

<latexit sha1_base64="zFgakf0wZ8TsQ7ROciarN4vAkYs=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELxwhkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj+7nffkKleSwfzCRBP6JDyUPOqLFSo9YvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWldl77pcaVRK1bssjjycwTlcggc3UIUa1KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AKBnjNU=</latexit>

H
<latexit sha1_base64="zFgakf0wZ8TsQ7ROciarN4vAkYs=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELxwhkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj+7nffkKleSwfzCRBP6JDyUPOqLFSo9YvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWldl77pcaVRK1bssjjycwTlcggc3UIUa1KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AKBnjNU=</latexit>

H
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Ciavarella, Klco, and Savage, 
arXiv:2101.10227 [quant-ph]

In angular momentum basis,
truncated with cut-off
 SU(3) for one plaquette

Carena, Gustafson, Lamm, 
YYL, Liu, PRD 106, 114504 (2022)

group element basis - 
truncated with discrete subgroup

infinities in QFT

continuous field variables 

<latexit sha1_base64="HJmOB+KeWgffwxmlYnwCVomebKE=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0Wom5KEoi6LIrisYB/QpGEynbRDJw9mJtISsnbjr7hxoYhbv8Cdf+O0zUJbD1w4nHMv997jxYwKaRjfWmFldW19o7hZ2tre2d3T9w9aIko4Jk0csYh3PCQIoyFpSioZ6cScoMBjpO2Nrqd++4FwQaPwXk5i4gRoEFKfYiSV5OrHts8RTgc9K0utzBZJ4I6h7UWsn95klfFZz3L1slE1ZoDLxMxJGeRouPqX3Y9wEpBQYoaE6JpGLJ0UcUkxI1nJTgSJER6hAekqGqKACCedvZLBU6X0oR9xVaGEM/X3RIoCISaBpzoDJIdi0ZuK/3ndRPqXTkrDOJEkxPNFfsKgjOA0F9innGDJJoogzKm6FeIhUtlIlV5JhWAuvrxMWlbVPK/W7mrl+lUeRxEcgRNQASa4AHVwCxqgCTB4BM/gFbxpT9qL9q59zFsLWj5zCP5A+/wBv02aSg==</latexit>

g2

2

X

x

E(x)2

 [Phys. Rev. D 11, 395 (1975)]

<latexit sha1_base64="zFgakf0wZ8TsQ7ROciarN4vAkYs=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELxwhkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj+7nffkKleSwfzCRBP6JDyUPOqLFSo9YvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWldl77pcaVRK1bssjjycwTlcggc3UIUa1KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AKBnjNU=</latexit>

H
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infinities in QFT

continuous field variables 

<latexit sha1_base64="HJmOB+KeWgffwxmlYnwCVomebKE=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0Wom5KEoi6LIrisYB/QpGEynbRDJw9mJtISsnbjr7hxoYhbv8Cdf+O0zUJbD1w4nHMv997jxYwKaRjfWmFldW19o7hZ2tre2d3T9w9aIko4Jk0csYh3PCQIoyFpSioZ6cScoMBjpO2Nrqd++4FwQaPwXk5i4gRoEFKfYiSV5OrHts8RTgc9K0utzBZJ4I6h7UWsn95klfFZz3L1slE1ZoDLxMxJGeRouPqX3Y9wEpBQYoaE6JpGLJ0UcUkxI1nJTgSJER6hAekqGqKACCedvZLBU6X0oR9xVaGEM/X3RIoCISaBpzoDJIdi0ZuK/3ndRPqXTkrDOJEkxPNFfsKgjOA0F9innGDJJoogzKm6FeIhUtlIlV5JhWAuvrxMWlbVPK/W7mrl+lUeRxEcgRNQASa4AHVwCxqgCTB4BM/gFbxpT9qL9q59zFsLWj5zCP5A+/wBv02aSg==</latexit>

g2

2

X

x

E(x)2

 [Phys. Rev. D 11, 395 (1975)]

<latexit sha1_base64="zFgakf0wZ8TsQ7ROciarN4vAkYs=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELxwhkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj+7nffkKleSwfzCRBP6JDyUPOqLFSo9YvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWldl77pcaVRK1bssjjycwTlcggc3UIUa1KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AKBnjNU=</latexit>

H

Gauge field truncations with discrete group

[Erik J. Gustafson et al., arXiv: 2208.12309]

[Fradkin, Shenker, PRD. 19. 3682]

Abelian 
case

improved action
and larger discrete 

subgroup?

For non-Abelian
gauge 

symmetry?

discrete group: 
continuous group + Higgs
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<latexit sha1_base64="4OiQig34DFt3LqdprfMkP4JzxCQ=">AAACAXicbVDLSgNBEJyNrxhfq14EL4NB8BR2JagXJehBjxHMA7JrmJ3MJkNmH8z0imGNF3/FiwdFvPoX3vwbJ8keNLGgoajqprvLiwVXYFnfRm5ufmFxKb9cWFldW98wN7fqKkokZTUaiUg2PaKY4CGrAQfBmrFkJPAEa3j9i5HfuGNS8Si8gUHM3IB0Q+5zSkBLbXPn8pa077EjmA8PVUfybg/O8Cm22mbRKllj4FliZ6SIMlTb5pfTiWgSsBCoIEq1bCsGNyUSOBVsWHASxWJC+6TLWpqGJGDKTccfDPG+VjrYj6SuEPBY/T2RkkCpQeDpzoBAT017I/E/r5WAf+KmPIwTYCGdLPITgSHCozhwh0tGQQw0IVRyfSumPSIJBR1aQYdgT788S+qHJfuoVL4uFyvnWRx5tIv20AGy0TGqoCtURTVE0SN6Rq/ozXgyXox342PSmjOymW30B8bnD9Sjldk=</latexit>

Ga
x |P i = 0

Gauss’s law operator

<latexit sha1_base64="U1jVz0lCZyMQZXnuByDtqmlKJ0E="></latexit>

Ga(x) = �Ea
L(x) + Ea

R(x� 1) +  †(x)T a (x)

infinities in QFT

continuous field variables 

<latexit sha1_base64="HJmOB+KeWgffwxmlYnwCVomebKE=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0Wom5KEoi6LIrisYB/QpGEynbRDJw9mJtISsnbjr7hxoYhbv8Cdf+O0zUJbD1w4nHMv997jxYwKaRjfWmFldW19o7hZ2tre2d3T9w9aIko4Jk0csYh3PCQIoyFpSioZ6cScoMBjpO2Nrqd++4FwQaPwXk5i4gRoEFKfYiSV5OrHts8RTgc9K0utzBZJ4I6h7UWsn95klfFZz3L1slE1ZoDLxMxJGeRouPqX3Y9wEpBQYoaE6JpGLJ0UcUkxI1nJTgSJER6hAekqGqKACCedvZLBU6X0oR9xVaGEM/X3RIoCISaBpzoDJIdi0ZuK/3ndRPqXTkrDOJEkxPNFfsKgjOA0F9innGDJJoogzKm6FeIhUtlIlV5JhWAuvrxMWlbVPK/W7mrl+lUeRxEcgRNQASa4AHVwCxqgCTB4BM/gFbxpT9qL9q59zFsLWj5zCP5A+/wBv02aSg==</latexit>

g2

2

X

x

E(x)2

 [Phys. Rev. D 11, 395 (1975)]

<latexit sha1_base64="zFgakf0wZ8TsQ7ROciarN4vAkYs=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELxwhkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj+7nffkKleSwfzCRBP6JDyUPOqLFSo9YvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWldl77pcaVRK1bssjjycwTlcggc3UIUa1KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AKBnjNU=</latexit>

H
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<latexit sha1_base64="4OiQig34DFt3LqdprfMkP4JzxCQ=">AAACAXicbVDLSgNBEJyNrxhfq14EL4NB8BR2JagXJehBjxHMA7JrmJ3MJkNmH8z0imGNF3/FiwdFvPoX3vwbJ8keNLGgoajqprvLiwVXYFnfRm5ufmFxKb9cWFldW98wN7fqKkokZTUaiUg2PaKY4CGrAQfBmrFkJPAEa3j9i5HfuGNS8Si8gUHM3IB0Q+5zSkBLbXPn8pa077EjmA8PVUfybg/O8Cm22mbRKllj4FliZ6SIMlTb5pfTiWgSsBCoIEq1bCsGNyUSOBVsWHASxWJC+6TLWpqGJGDKTccfDPG+VjrYj6SuEPBY/T2RkkCpQeDpzoBAT017I/E/r5WAf+KmPIwTYCGdLPITgSHCozhwh0tGQQw0IVRyfSumPSIJBR1aQYdgT788S+qHJfuoVL4uFyvnWRx5tIv20AGy0TGqoCtURTVE0SN6Rq/ozXgyXox342PSmjOymW30B8bnD9Sjldk=</latexit>

Ga
x |P i = 0Gauss’s law operator

<latexit sha1_base64="U1jVz0lCZyMQZXnuByDtqmlKJ0E="></latexit>

Ga(x) = �Ea
L(x) + Ea

R(x� 1) +  †(x)T a (x)

Gauge symmetry used for error corrections, see Halimeh, et al. Lamm, et al. … 

gauge 
redundancy: 
resilience to 

quantum errors

[M. Carena, H. Lamm, 
YYL, W. Liu, in preparation]

Prelim
inary 

<latexit sha1_base64="480SHsQ+u1Xj9MaR3h4vris9b2c=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0VwVRIRdSVFQVxWsA9oQ5hMb9qhk0mYmYgldOvGX3HjQhG3/oE7/8ZpG0FbD1w4c869zL0nSDhT2nG+rMLC4tLySnG1tLa+sbllb+80VJxKCnUa81i2AqKAMwF1zTSHViKBRAGHZjC4HPvNO5CKxeJWDxPwItITLGSUaCP5Nr7ys46MsASlYwndET7/kUJ2b96+XXYqzgR4nrg5KaMcNd/+7HRjmkYgNOVEqbbrJNrLiNSMchiVOqmChNAB6UHbUEEiUF42uWSED4zSxWEsTQmNJ+rviYxESg2jwHRGRPfVrDcW//PaqQ7PvIyJJNUg6PSjMOVYx3gcC+4yCVTzoSGESmZ2xbRPJKHahFcyIbizJ8+TxlHFPakc3xyXqxd5HEW0h/bRIXLRKaqia1RDdUTRA3pCL+jVerSerTfrfdpasPKZXfQH1sc36bSZ2g==</latexit>

Frestored > Ffixed
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ANALOG Cold neutral atoms, Trapped ions, Cavity quantum electrodynamics
Superconducting circuits

     …
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ANALOG Cold neutral atoms, Trapped ions, Cavity quantum electrodynamics
Superconducting circuits

     …

DIGITAL

[Bauer et al, arXiv:2204.03381]

superconducting qubit/trapped-ion system

optimal asymptotically?
overload of resources?
easy implementation?<latexit sha1_base64="XxrBIQPBGV4hFVDJHO8oTS/s/dg=">AAACD3icbVC7TgJBFJ31ifhCLW0mEo0NZNcQtbAg2lBi4gIJi2R2uAsTZh+ZmTUhC39g46/YWGiMra2df+MsbKHgSSY5OefczL3HjTiTyjS/jaXlldW19dxGfnNre2e3sLffkGEsKNg05KFouUQCZwHYiikOrUgA8V0OTXd4k/rNBxCShcGdGkXQ8Uk/YB6jRGmpWzgZjx2fqAElPLEnJQz3SYnhGlYTPB5fYQciyXgaLJplcwq8SKyMFFGGerfw5fRCGvsQKMqJlG3LjFQnIUIxymGSd2IJEaFD0oe2pgHxQXaS6T0TfKyVHvZCoV+g8FT9PZEQX8qR7+pkuruc91LxP68dK++yk7AgihUEdPaRF3OsQpyWg3tMAFV8pAmhguldMR0QQajSFeZ1Cdb8yYukcVa2zsuV20qxep3VkUOH6AidIgtdoCqqoTqyEUWP6Bm9ojfjyXgx3o2PWXTJyGYO0B8Ynz8U8ZwP</latexit>

||U � e�iHt|| < ✏

building blocks:
one-qubit/two-qubit gate set
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ANALOG Cold neutral atoms, Trapped ions, Cavity quantum electrodynamics
Superconducting circuits

     …

DIGITAL superconducting qubit/trapped-ion system

PRX Quantum 4 (2023) 2, 027001

optimal asymptotically?
overload of resources?
easy implementation?<latexit sha1_base64="XxrBIQPBGV4hFVDJHO8oTS/s/dg=">AAACD3icbVC7TgJBFJ31ifhCLW0mEo0NZNcQtbAg2lBi4gIJi2R2uAsTZh+ZmTUhC39g46/YWGiMra2df+MsbKHgSSY5OefczL3HjTiTyjS/jaXlldW19dxGfnNre2e3sLffkGEsKNg05KFouUQCZwHYiikOrUgA8V0OTXd4k/rNBxCShcGdGkXQ8Uk/YB6jRGmpWzgZjx2fqAElPLEnJQz3SYnhGlYTPB5fYQciyXgaLJplcwq8SKyMFFGGerfw5fRCGvsQKMqJlG3LjFQnIUIxymGSd2IJEaFD0oe2pgHxQXaS6T0TfKyVHvZCoV+g8FT9PZEQX8qR7+pkuruc91LxP68dK++yk7AgihUEdPaRF3OsQpyWg3tMAFV8pAmhguldMR0QQajSFeZ1Cdb8yYukcVa2zsuV20qxep3VkUOH6AidIgtdoCqqoTqyEUWP6Bm9ojfjyXgx3o2PWXTJyGYO0B8Ynz8U8ZwP</latexit>

||U � e�iHt|| < ✏

building blocks:
one-qubit/two-qubit gate set

Trotter-Suzuki decomposition

<latexit sha1_base64="UfClpePynZMTf+CkImrdMyoqDMg=">AAAB9HicbVBNS8NAFHypX7V+VT16WSyCp5JIUS9C0YvHCqYttKFstpt26WYTdzeFEvo7vHhQxKs/xpv/xk2ag7YOLAwz7/Fmx485U9q2v63S2vrG5lZ5u7Kzu7d/UD08aqsokYS6JOKR7PpYUc4EdTXTnHZjSXHoc9rxJ3eZ35lSqVgkHvUspl6IR4IFjGBtJK8fYj0mmKfuHN0MqjW7budAq8QpSA0KtAbVr/4wIklIhSYcK9Vz7Fh7KZaaEU7nlX6iaIzJBI9oz1CBQ6q8NA89R2dGGaIgkuYJjXL190aKQ6VmoW8ms5Bq2cvE/7xeooNrL2UiTjQVZHEoSDjSEcoaQEMmKdF8ZggmkpmsiIyxxESbniqmBGf5y6ukfVF3LuuNh0ateVvUUYYTOIVzcOAKmnAPLXCBwBM8wyu8WVPrxXq3PhajJavYOYY/sD5/AHG7keU=</latexit>

U =

Taylor series expansion (LCU) Quantum singular value transformation

Quantum signal processing, blocking encoding, off-diagonal Hamiltonian expansion, etc…

<latexit sha1_base64="gBAxLNr/50yfv38M+vcBHqZ7K2Y="></latexit>

e
�iHt = (e�iHt/r)r ⌘ V

r

V ⇡ Ṽ =
KX

k=0

1

k!
(
�iHt

r
)k

U = Ṽ
r

||Ṽ � V || < ✏/r

K values depends on the aimed errors
Ancillary qubits are needed

Complex circuits implementation

<latexit sha1_base64="NCcZeXQiMGkR1FXjU1qbdtTtVwo=">AAACC3icbZDLSgMxFIYz9VbrbdSlm9Ai1IVlRoq6EYpuuqxgL9AZSybNtKGZZEgyQhm6d+OruHGhiFtfwJ1vY9rOQlt/CHz85xxOzh/EjCrtON9WbmV1bX0jv1nY2t7Z3bP3D1pKJBKTJhZMyE6AFGGUk6ammpFOLAmKAkbawehmWm8/EKmo4Hd6HBM/QgNOQ4qRNlbPLpL79JTCOtQTeAU9LFTZ8ImxPEX5jHt2yak4M8FlcDMogUyNnv3l9QVOIsI1ZkipruvE2k+R1BQzMil4iSIxwiM0IF2DHEVE+enslgk8Nk4fhkKaxzWcub8nUhQpNY4C0xkhPVSLtan5X62b6PDSTymPE004ni8KEwa1gNNgYJ9KgjUbG0BYUvNXiIdIIqxNfAUTgrt48jK0zirueaV6Wy3VrrM48uAIFEEZuOAC1EAdNEATYPAInsEreLOerBfr3fqYt+asbOYQ/JH1+QN5O5gp</latexit>

e
�iHt = cos(Ht)� i sin(Ht)

Ancillary qubits are needed
Complex circuits implementation

Errors depends on t and r
No ancillary overhead

Simpler implementation

p-th order trotterization: 
<latexit sha1_base64="vqKq6ei9vTe8RTQHxY8VM+4x4N0=">AAACD3icbVDLSsNAFJ34rPUVdelmsCjtpiRS1GXRjTsr2Ac0sUymk3boZBJmJkIJ+QM3/oobF4q4devOv3GSZqGtBy4czrmXe+/xIkalsqxvY2l5ZXVtvbRR3tza3tk19/Y7MowFJm0cslD0PCQJo5y0FVWM9CJBUOAx0vUmV5nffSBC0pDfqWlE3ACNOPUpRkpLA/PECZAaY8SSm9Tx6GhUrTq+QDhRaSLS2n2Ui7WBWbHqVg64SOyCVECB1sD8coYhjgPCFWZIyr5tRcpNkFAUM5KWnViSCOEJGpG+phwFRLpJ/k8Kj7UyhH4odHEFc/X3RIICKaeBpzuz6+W8l4n/ef1Y+RduQnkUK8LxbJEfM6hCmIUDh1QQrNhUE4QF1bdCPEY6DqUjLOsQ7PmXF0nntG6f1Ru3jUrzsoijBA7BEagCG5yDJrgGLdAGGDyCZ/AK3own48V4Nz5mrUtGMXMA/sD4/AFOfpzV</latexit>

O

✓
(
t

r
)p
◆

Jacobi-Anger expansion for cos and sin

error: truncation order of the expansion



Y.-Y. Li Dec. 2023 @ 南京20

ANALOG Cold neutral atoms, Trapped ions, Cavity quantum electrodynamics
Superconducting circuits

     …

DIGITAL superconducting qubit/trapped-ion system

HYBRID METHOD

Casanova et al (2011), Davoudi et al (2021) [trapped ion] 

Harmalkar et al (2022)   classical preprocessing

Zohar et al (2017), Bender et al (2018)   effective interactions 

Klco et al (2018), Kokail et al (2019), Atas et al (2021)   state preparations 

Peruzzo et al (2014), Farhi et al (2014)  optimization methods

<latexit sha1_base64="XxrBIQPBGV4hFVDJHO8oTS/s/dg=">AAACD3icbVC7TgJBFJ31ifhCLW0mEo0NZNcQtbAg2lBi4gIJi2R2uAsTZh+ZmTUhC39g46/YWGiMra2df+MsbKHgSSY5OefczL3HjTiTyjS/jaXlldW19dxGfnNre2e3sLffkGEsKNg05KFouUQCZwHYiikOrUgA8V0OTXd4k/rNBxCShcGdGkXQ8Uk/YB6jRGmpWzgZjx2fqAElPLEnJQz3SYnhGlYTPB5fYQciyXgaLJplcwq8SKyMFFGGerfw5fRCGvsQKMqJlG3LjFQnIUIxymGSd2IJEaFD0oe2pgHxQXaS6T0TfKyVHvZCoV+g8FT9PZEQX8qR7+pkuruc91LxP68dK++yk7AgihUEdPaRF3OsQpyWg3tMAFV8pAmhguldMR0QQajSFeZ1Cdb8yYukcVa2zsuV20qxep3VkUOH6AidIgtdoCqqoTqyEUWP6Bm9ojfjyXgx3o2PWXTJyGYO0B8Ynz8U8ZwP</latexit>

||U � e�iHt|| < ✏

building blocks:
one-qubit/two-qubit gate set

optimal asymptotically?
overload of resources?
easy implementation?
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ANALOG Cold neutral atoms, Trapped ions, Cavity quantum electrodynamics
Superconducting circuits

     …

DIGITAL superconducting qubit/trapped-ion system
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||U � e�iHt|| < ✏

building blocks:
one-qubit/two-qubit gate set

Kan et al, arXiv:2107.12769

Lee et al, PRX Quantum 2, 030305,
Kan et al, arXiv:2107.12769

RESOURCE ESTIMATION AND CIRCUITS CONSTRUCTION IMPROVEMENT

Trotter-Suzuki decomposition
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U =

heavy ion collision
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[H. Lamm, et al, arXiv:1903.08807]

General Method

G�register : |gi

<latexit sha1_base64="Qu+8fkmQ7BinhXO7vXuBIHAwSYA=">AAACB3icbVBNS8NAEN3Ur1q/oh4FCRbBiyWRguJBih70WMF+QBPKZjtJl+4mYXcjlNibF/+KFw+KePUvePPfuG1z0NYHA4/3ZpiZ5yeMSmXb30ZhYXFpeaW4Wlpb39jcMrd3mjJOBYEGiVks2j6WwGgEDUUVg3YiAHOfQcsfXI391j0ISePoTg0T8DgOIxpQgpWWuub+deYKfiwg1LtAjM5dBoF6CF1Bw7666Jplu2JPYM0TJydllKPeNb/cXkxSDpEiDEvZcexEeRkWihIGo5KbSkgwGeAQOppGmIP0sskfI+tQKz0riIWuSFkT9fdEhrmUQ+7rTo5VX856Y/E/r5Oq4MzLaJSkCiIyXRSkzFKxNQ7F6lEBRLGhJpgIqm+1SB8LTHQksqRDcGZfnifNk4pTrVRvq+XaZR5HEe2hA3SEHHSKaugG1VEDEfSIntErejOejBfj3fiYthaMfGYX/YHx+QOVrZnG</latexit>
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<latexit sha1_base64="Ko9iiCkd0YFbB8G1l5lr9ZMd/gw="></latexit>
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[M. Carena, H. Lamm, YYL, W. Liu, PRL. 129, 051601]

HI = KI + VI

VI = �V 0VKS + �V 1Vrect + �V 2Vbent

KI = �K0KKS + �K1K2L

<latexit sha1_base64="03zHXYnArQLtVugEYj74Q7JhOSA="></latexit>

|U1Í • •
|U2Í UL

◊ • U≠1 • UR
◊ U≠1

|U3Í UL
◊ • • UL

◊

|U4Í U≠1 UL
◊ • U≠1 • UR

◊

|U5Í U≠1 UL
◊ • • UL

◊ U≠1

|U6Í U≠1 UL
◊ UTr U≠1 UR

◊

U1
U2

Pxy

Ryz

Rzx Cxyz

xy

z

|U1Í • U≠1 • U≠1

|U2Í UL
◊ • • UL

◊

|U3Í U≠1 UL
◊ • U≠1 • UR

◊

|U4Í U≠1 UL
◊ UTr UL

◊ U≠1

|U1Í • U†
F

Uphase UF U≠1 • U≠1

|U2Í UL
◊ UL

◊
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BT discrete group
with 24 group elements  

<latexit sha1_base64="REi5c00IvZb00X5DODK4aAgpw5k=">AAACDnicbVDLSsNAFJ34rPUVdelmsBTcWBIpKq6KblxWMG2hiWEymaRDJw9mJkIJ+QI3/oobF4q4de3Ov3HSZqGtB4Y5nHMv997jpYwKaRjf2tLyyuraem2jvrm1vbOr7+33RJJxTCycsIQPPCQIozGxJJWMDFJOUOQx0vfG16XffyBc0CS+k5OUOBEKYxpQjKSSXL1pR0iOMGK5Vbj5iVlcQss1oC2T8r+3fRSGhLt6w2gZU8BFYlakASp0Xf3L9hOcRSSWmCEhhqaRSidHXFLMSFG3M0FShMcoJENFYxQR4eTTcwrYVIoPg4SrF0s4VX935CgSYhJ5qrJcXsx7pfifN8xkcOHkNE4zSWI8GxRkDKpjy2ygTznBkk0UQZhTtSvEI8QRlirBugrBnD95kfROW+ZZq33bbnSuqjhq4BAcgWNggnPQATegCyyAwSN4Bq/gTXvSXrR37WNWuqRVPQfgD7TPH4KimyM=</latexit>

U�1 : U0 ! U †
0

[Erik J. Gustafson et al., arXiv: 2208.12309]

<latexit sha1_base64="qo+oZzb4a138/uMMuPo+v+5iSwc=">AAACE3icbVBNS8NAEN34WetX1KOXxSKKh5JoUfFU9OKxgmkLTQib7aZdutmE3Y1QQv6DF/+KFw+KePXizX/jps1BWx8MPN7MMPNekDAqlWV9GwuLS8srq5W16vrG5ta2ubPblnEqMHFwzGLRDZAkjHLiKKoY6SaCoChgpBOMbop+54EISWN+r8YJ8SI04DSkGCkt+eaJGyE1xIhlTu5nrqIRkfkVdPwzXRZ0VTzlR77lmzWrbk0A54ldkhoo0fLNL7cf4zQiXGGGpOzZVqK8DAlFMSN51U0lSRAeoQHpacqRvu1lE085PNRKH4ax0MUVnKi/NzIUSTmOAj1ZOJCzvUL8r9dLVXjpZZQnqSIcTw+FKYPaaREQ7FNBsGJjTRAWVP8K8RAJhJWOsapDsGctz5P2ad0+rzfuGrXmdRlHBeyDA3AMbHABmuAWtIADMHgEz+AVvBlPxovxbnxMRxeMcmcP/IHx+QNemZyG</latexit>

U⇥ : U3U0 ! U3U
0
0

:~1000 CNOT gates
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[M. Carena, H. Lamm, YYL, W. Liu, PRL. 129, 051601]

|U1Í • •
|U2Í UL

◊ • U≠1 • UR
◊ U≠1

|U3Í UL
◊ • • UL

◊

|U4Í U≠1 UL
◊ • U≠1 • UR

◊

|U5Í U≠1 UL
◊ • • UL

◊ U≠1

|U6Í U≠1 UL
◊ UTr U≠1 UR

◊

U1
U2

Pxy

Ryz

Rzx Cxyz

xy

z

|U1Í • •
|U2Í • •
|U3Í • •
|U4Í • •
|U5Í • •

|U6Í Rz(◊)

Z2

<latexit sha1_base64="Tox/FbmTNXhzUpVJkSJGlJnDqQE=">AAACCnicbVDLSsNAFJ3UV62vqks3wSK4Kkkp6LLoxmUF+8AmlMl00g6dzISZG6GE/IFrt/oN7sStP+En+BdO2ixs64GBwzn3zj2cIOZMg+N8W6WNza3tnfJuZW//4PCoenzS1TJRhHaI5FL1A6wpZ4J2gAGn/VhRHAWc9oLpbe73nqjSTIoHmMXUj/BYsJARDEbyvAjDJAjSx2zYGFZrTt2Zw14nbkFqqEB7WP3xRpIkERVAONZ64Dox+ClWwAinWcVLNI0xmeIxHRgqcES1n84zZ/aFUUZ2KJV5Auy5+ncjxZHWsygwk3lGverl4n/eIIHw2k+ZiBOggiwOhQm3Qdp5AfaIKUqAzwzBRDGT1SYTrDABU9PSlfxvkJLrrGK6cVebWCfdRt1t1pv3zVrrpmipjM7QObpELrpCLXSH2qiDCIrRC3pFb9az9W59WJ+L0ZJV7JyiJVhfv7d5m4I=</latexit>

1 ! |0i
�1 ! |1i

<latexit sha1_base64="1vue2sm4d05yfktKdbv7szNNLyc=">AAACP3icbVDLSsNAFJ3UV62vqks3g0UQxJJIQZdFNy4r2Ac0oUymk3boJBNmbpQS8hF+jVv7GX6BO3HrQnDSdmFbDwwczrmPucePBddg2+9WYW19Y3OruF3a2d3bPygfHrW0TBRlTSqFVB2faCZ4xJrAQbBOrBgJfcHa/ugu99tPTGkuo0cYx8wLySDiAacEjNQrXziu4oMhEKXksztikNqZ65YuV2Qnw71yxa7aU+BV4sxJBc3R6JV/3L6kScgioIJo3XXsGLyUKOBUsKzkJprFhI7IgHUNjUjItJdOj8rwmVH6OJDKvAjwVP3bkZJQ63Hom8qQwFAve7n4n9dNILjxUh7FCbCIzhYFicAgcZ4Q7nPFKIixIYQqbv6K6ZAoQsHkuLAlnw1SCr1wSuorYhLLSiYvZzmdVdK6qjq1au2hVqnfzpMrohN0is6Rg65RHd2jBmoiil7QK3pDE2tifVif1testGDNe47RAqzvX7UFsPA=</latexit>
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[M. Carena, H. Lamm, YYL, W. Liu, PRL. 129, 051601]

|U4Í

|U2Í|U1Í |U3Í

|U5Í|qsÍ |U6Í

ibm_perth device

|0Í

�̂n UVrec U†
Vrec �̂†

n

|0Í
|0Í
|0Í
|0Í
|0Í

F� ⇡ 0.25

<latexit sha1_base64="1ggJ6kD1efd1S5IGN/fydGBuMXs=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0VwFZJS0WVREJcV7AOaEG4mk3bo5MHMRCyhWzf+ihsXirj1D9z5N04fC209cOFwzr3ce0+QcSaVbX8bpZXVtfWN8mZla3tnd8/cP2jLNBeEtkjKU9ENQFLOEtpSTHHazQSFOOC0EwyvJn7nngrJ0uROjTLqxdBPWMQIKC35JnZjUAMCvLge+4UbUq5g7EKWifQB21btzDertmVPgZeJMydVNEfTN7/cMCV5TBNFOEjZc+xMeQUIxQin44qbS5oBGUKf9jRNIKbSK6afjPGJVkIcpUJXovBU/T1RQCzlKA505+RuuehNxP+8Xq6iC69gSZYrmpDZoijnWKV4EgsOmaBE8ZEmQATTt2IyAAFE6fAqOgRn8eVl0q5ZTt2q39arjct5HGV0hI7RKXLQOWqgG9RELUTQI3pGr+jNeDJejHfjY9ZaMuYzh+gPjM8fMwuZ/g==</latexit>

demonstration of improved Hamiltonian is allowed in the near future
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To reach the observables — How to do …

finite volume effects, truncation 
errors, convergence rate 

Briceno, PRD 103, 014506 (2021)

SYSTEMATIC UNCERTAINTIES

PDF-inputs to colliders

Lamm, et al, 
arXiv:1908.10439 T. Li, et al, 

arXiv:2207.13258
…

time-separated correlators, exponentially 
suppressed process, entanglement, etc

INITIAL STATE PREP

Atas et al, Nat Commun 12, 6499 (2021)

Hybrid methods 
with VQE protocols

hadronic state, topological vacuum state,
 thermal state, etc

MEASUREMENTS

ERROR CORRECTIONS
gate error - stochastic and coherent errors

readout errors

Carena, Lamm, YYL, Liu, PRL. 129, 051601

<latexit sha1_base64="OBXlXJhR5GXthTpup0B6YDpJgwg=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHYJUY9ELx4xyiPChswOvTBhdnYzM2tCCJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzcxvPaHSPJYPZpygH9GB5CFn1Fjp/rFX6RVLbtmdg6wSLyMlyFDvFb+6/ZilEUrDBNW647mJ8SdUGc4ETgvdVGNC2YgOsGOppBFqfzI/dUrOrNInYaxsSUPm6u+JCY20HkeB7YyoGeplbyb+53VSE175Ey6T1KBki0VhKoiJyexv0ucKmRFjSyhT3N5K2JAqyoxNp2BD8JZfXiXNStm7KFfvqqXadRZHHk7gFM7Bg0uowS3UoQEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8A4l+NjA==</latexit>

Z2
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⇠ ⇠ 10

<latexit sha1_base64="Cyldb6eFoCWXlfM9uW6LrTTTg1s=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiF48V7Ac2oWy2m3bp7ibsbsQS+i+8eFDEq//Gm//GTZuDtj4YeLw3w8y8MOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo+NUEdomMY9VL8SaciZp2zDDaS9RFIuQ0244ucn97iNVmsXy3kwTGgg8kixiBBsrPfhPzNdMIM8dVGtu3Z0DrRKvIDUo0BpUv/xhTFJBpSEca9333MQEGVaGEU5nFT/VNMFkgke0b6nEguogm188Q2dWGaIoVrakQXP190SGhdZTEdpOgc1YL3u5+J/XT010FWRMJqmhkiwWRSlHJkb5+2jIFCWGTy3BRDF7KyJjrDAxNqSKDcFbfnmVdC7qXqPeuGvUmtdFHGU4gVM4Bw8uoQm30II2EJDwDK/w5mjnxXl3PhatJaeYOYY/cD5/ALLvkEg=</latexit>

[M. Carena, H. Lamm, YYL, W. Liu, PRD. 104, 094519]

TRAJECTORY TO THE CONTINUUM LIMIT

g2
H

/ 1/ log(a) ! 0

<latexit sha1_base64="RmT8TyMyONVvVRMCQLjFgNnXENg=">AAACD3icbVC7TsMwFHXKq5RXgJHFogKVpSRVJRgrWDoWiT6kJkSO66RWnTiyHVAV9Q9Y+BUWBhBiZWXjb3DbDNByJEtH59yr63P8hFGpLOvbKKysrq1vFDdLW9s7u3vm/kFH8lRg0saccdHzkSSMxqStqGKklwiCIp+Rrj+6nvrdeyIk5fGtGifEjVAY04BipLTkmafhXVabeE0nETxRHNrnDuNhBZ1BR9BwqJAQ/AFanlm2qtYMcJnYOSmDHC3P/HIGHKcRiRVmSMq+bSXKzZBQFDMyKTmpJAnCIxSSvqYxioh0s1meCTzRygAGXOgXKzhTf29kKJJyHPl6MkJqKBe9qfif109VcOlmNE5SRWI8PxSkDOrg03LggAqCFRtrgrCg+q8QD5FAWOkKS7oEezHyMunUqna9Wr+plxtXeR1FcASOQQXY4AI0QBO0QBtg8AiewSt4M56MF+Pd+JiPFox85xD8gfH5A3Uhm6k=</latexit>

⇠ = a/at

<latexit sha1_base64="KvuhYARRRZivODtu20GKRsmew8o=">AAAB8nicbVBNS8NAEN34WetX1aOXxSJ4qokU9CIUvXisYD8gDWWy3bRLN5uwOxFL6c/w4kERr/4ab/4bt20O2vpg4PHeDDPzwlQKg6777aysrq1vbBa2its7u3v7pYPDpkkyzXiDJTLR7RAMl0LxBgqUvJ1qDnEoeSsc3k791iPXRiTqAUcpD2LoKxEJBmglv/Mk6DWFc+hit1R2K+4MdJl4OSmTHPVu6avTS1gWc4VMgjG+56YYjEGjYJJPip3M8BTYEPrct1RBzE0wnp08oadW6dEo0bYU0pn6e2IMsTGjOLSdMeDALHpT8T/PzzC6CsZCpRlyxeaLokxSTOj0f9oTmjOUI0uAaWFvpWwAGhjalIo2BG/x5WXSvKh41Ur1vlqu3eRxFMgxOSFnxCOXpEbuSJ00CCMJeSav5M1B58V5dz7mrStOPnNE/sD5/AEAepBt</latexit>

      continuum limit: extrapolation to the continuum at 

D4  group

To reach observables in the continuum limit
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Benchmarks

PARTON SHOWERING BUBBLE COLLISION[arXiv:2102.05044,  PRD 103, 076020, PRD 106, 056002,…]

[Milsted, et al, PRXQuantum.3.020316]

the maximum cut entropy at D ≤ 128 very 

likely not converged after t ≈ 700 



Y.-Y. Li Dec. 2023 @ 南京30

“It is time to go” 

SUMMARY and OUTLOOK

Quantum computing can access to quantities in high energy physics which are 
intractable with classical methods

So many things to do, … and lots should be done to before scalable noise-resilient ones 
are available.

Theory investigations, algorithmic developments, benchmark study, hardware co-design,…



Thank you
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BACK UP
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1967-Now
naturalness

problem

Puzzles we encounter

1933-Now
dark matter

1940s-Now
baryon

asymmetry

1960s-Now
neutrino mass

CP-violating phase in the CKM
matrix is about π/3

1960s-Now
Strong CP problem

grand unified theory?
…

Puzzles We 
Encountered

1897-2012: 
electron, muon, tau lepton, gluon, W and Z boson, 

top quark, tau neutrino, Higgs boson

-1973: Standard Model

precision 
measurement

out of equilibrium 

complex action

rare events

strong dynamics
theoretical inputs

to colliders
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•numerical results  is pretty tedious—saving measurement on the Euclidean side
•Preferred for analytical continuation
•Determine the fixed anisotropic trajectory
•Continuous group agrees quite well with their discrete subgroups

Anisotropic Parameter                        Renormalization

[M. Carena, E. Gustafson, H. Lamm, YYL, W. Liu, PRD 106 11, 114504]

2 + 1d SU(2)

⇠ = a/at

<latexit sha1_base64="KvuhYARRRZivODtu20GKRsmew8o=">AAAB8nicbVBNS8NAEN34WetX1aOXxSJ4qokU9CIUvXisYD8gDWWy3bRLN5uwOxFL6c/w4kERr/4ab/4bt20O2vpg4PHeDDPzwlQKg6777aysrq1vbBa2its7u3v7pYPDpkkyzXiDJTLR7RAMl0LxBgqUvJ1qDnEoeSsc3k791iPXRiTqAUcpD2LoKxEJBmglv/Mk6DWFc+hit1R2K+4MdJl4OSmTHPVu6avTS1gWc4VMgjG+56YYjEGjYJJPip3M8BTYEPrct1RBzE0wnp08oadW6dEo0bYU0pn6e2IMsTGjOLSdMeDALHpT8T/PzzC6CsZCpRlyxeaLokxSTOj0f9oTmjOUI0uAaWFvpWwAGhjalIo2BG/x5WXSvKh41Ur1vlqu3eRxFMgxOSFnxCOXpEbuSJ00CCMJeSav5M1B58V5dz7mrStOPnNE/sD5/AEAepBt</latexit>
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Theoretical inputs
to colliders

H
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Parton Shower

collinear soft

Long-distance dynamics - dominated by 
massless modes, high multiplicity final states

Lattice: in principle, sign problem
State-of-art tech (MCMC): 

probability level—interference 
not properly included

[arXiv:2102.05044, arXiv: 1904.03196, 
PRD 103, 076020, PRD 106, 056002,…]



Y.-Y. Li Dec. 2023 @ 南京36

[Heather M. Gray, 2021]

-Now-: precision measurement



Y.-Y. Li Dec. 2023 @ 南京37

[Heather M. Gray, 2021]

[Jorge de Blas, et al, arXiv:1907.04311]
-Now-: precision measurement

New physics up to 
100 TeV can be probed


