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Theoretical inputs
to colliders

real-time
strong

 dynamics
PDF knowledge

from data 

theoretical uncertainties

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

higher order correctionsPDF
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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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Puzzles We 
Encountered

1

1933-Now
dark matter

rotation curves

bullet cluster

structure formation

QCD free energy
F (✓, T )
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hOi =
P

C O(C)W (C)P
C W (C)
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Imaginary time problem :W (C) ⇠ exp(�S(C))
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complex S(C) for non vanishing ✓
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Sign Problem!!!

lattice non-perturbative 
calculations

configuration space C is exponentially large in system size
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axion dark matter-misalignment
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1967-Now
naturalness

problem

Puzzles we encounter

1933-Now
dark matter

1940s-Now
baryon

asymmetry

Puzzles 
encountered

•Composite Higgs 
(strong dynamics),    

•Higgs Precision 
measurement 
(higher-order rare 
processes—rare 
events)

•WIMP dark matter 
freeze-out,    

•axion dark matter 
(relic abundance 
depends on the QCD 
topological term—
complex action)

Out of equilibrium 

B-violation

C- and CP-
violation

Sakharov 
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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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[arXiv:2204.03381]
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[arXiv:2204.03381]

[Snowmass 2021 LOI]
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[arXiv:2204.03381]
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multi-chip quantum processor

80 qubits

22 qubits

A range of quantum simulators with 
varying capacity and capability 

127 qubits66 qubits 54 qubits

九章- 76 qubits

Superconducting Processor

Photon qubits trapped ion qubits

Analog
quantum 
simulator
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A range of quantum simulators with 
varying capacity and capability 

rapid development
still limited resources
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From Henry Lamm’s talk

History of LQCD

quantize a gauge field 
theory on a discrete lattice 
in Euclidean space-time,

Now: Great Success
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History of LQCD

quantize a gauge field 
theory on a discrete lattice 
in Euclidean space-time,

1971, 4bits, basic 
arithmetic manipulations

Now: Great Success

1971, 4bits

basic arithmetic manipulations

From Henry Lamm’s talk
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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
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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]

“Champagne Problems” 
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Ui(x) = eig
R 0
a dtAi(x+t̂i)
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gauge invariance
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infinities in QFT
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g2

2

X

x

E(x)2

 [Phys. Rev. D 11, 395 (1975)]
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H

fermion kinetic fermion mass
energy of 

electric field 

energy of 

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

a2
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a�k
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deviations from the 
continuum starts from  
        at quantum levela2g2
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[J. Carlsson, et al, hep-lat/0105018]

U1
U2

Pxy

Ryz

Rzx Cxyz

xy

z

[M. Carena, H. Lamm, YYL, W. Liu, PRL. 129, 051601]
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[M. Alford, et al, hep-lat/9507010]
[…, …]

With improved action, 
for Euclidean spacetime 
at the same error level, 
simulations can be done 
with a lattice spacing of 
at least 2 larger

circuits for improved Hamiltonian need to be designed

Qubits required

Nq ⇠
✓
L

a

◆d
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Only count qubits: 
saving us at least  3 years for 3+1d,

assuming number of qubits increases by 
a factor of 2 each year on hardware
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• # of Gates here for a single 
trotter is increasing only 
multiplicatively, could be

compensated by the 
decreasing of links.

•Larger trotter steps, instead 
could be used 

for improved Hamiltonian. 

|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

◊

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

continuous field variables 
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X

x

E(x)2

 [Phys. Rev. D 11, 395 (1975)]

infinities in QFT

continuous field variables 
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 [Phys. Rev. D 11, 395 (1975)]
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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 
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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 
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Gauge field truncations with discrete group

continuum limit for U(1)

discrete group 
continuous group + Higgs

For non-abelian
gauge 

symmetry?

[Fradkin, Shenker, PRD. 19. 3682]

infinities in QFT

continuous field variables 
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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



Y.-Y. Li Mar. 2023 @IHEP24

<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
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Gauge fixing in higher dimensions, and 
resilience to quantum errors？

logical error for gauge fixed 
encoding cannot be corrected 
with Gauss Law 

To present a physical state in the 
angular momentum basis 

Davoudi, Raychowdhury, and Shaw, arXiv:2009.11802 [hep-lat]

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

Preliminary

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

M. Carena, H. Lamm, YYL, W. Liu
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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?
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||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

optimal asymptotically?
overload of resources?
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||U � e�iHt|| < ✏

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

Trotter-Suzuki decomposition
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U =

Taylor series expansion (LCU) Quantum singular value transformation
<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
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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

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

     …

DIGITAL superconducting qubit/trapped-ion system

<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

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

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

U =
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RENORMALIZATION EFFECTS FOR TROTTERIZATION

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

optimally 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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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

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]
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Quantum Machine Learning

Quantum variational circuits, quantum annealing, QSVM, etc.

Variational Quantum Approach Quantum Support Vector Machine

[K. Terashi et al., arXiv:2002.09935]
[A. Fadol, arXiv:2209.12788]

computational complexity improvements, computational speed-ups

Supervised Learning—better separation power?

Quantum Annealing

[S. Wu, arXiv:2104.05059]

larger sample size?
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Quantum Machine Learning - Anomaly detection

[J. Hajer, YYL, T. Liu, H. Wang, PRD 101 7, 076015]
[X.-H. Jiang, YYL, A. Juste, T. Liu, JHEP 10 (2022) 085]

ANOMALY DETECTION QUANTUM ANOMALY DETECTION

[Ngairangbam, Spannowsky, 
Takeuchi, PRD. 105, 095004]

Quantum weakly-supervised 
learning (bg VS bg +     signal)

Quantum auto encoder

[Alvi, Bauer, Nachman, arXiv:2206.08391][Terashi et al, arXiv:2002.09935]

<latexit sha1_base64="pxCsljL5+1ZnkmpQIdJjuiELoIU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy2k3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqzU6WGiuYhlv1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7vlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jwZcIXMiIkllClubyVsRBVlxkZUsiF4yy+vktZF1bus1u5rlfpNHkcRTuAUzsGDK6jDHTSgCQwEPMMrvDmPzovz7nwsWgtOPnMMf+B8/gBPv5Ap</latexit>✏

<latexit sha1_base64="ZYEDh+cYgHZiS1s8iKIcjE8Tzrw=">AAAB/HicbVDLSsNAFJ3UV62vaJdugkVwVRIp6rLopssK9gFNKJPptB06mQwzN0II9VfcuFDErR/izr9x0mahrQdmOJxzL/feE0rONLjut1Xa2Nza3invVvb2Dw6P7OOTro4TRWiHxDxW/RBrypmgHWDAaV8qiqOQ0144u8v93iNVmsXiAVJJgwhPBBszgsFIQ7sqpQ+x08o/P8QqgzkM7Zpbdxdw1olXkBoq0B7aX/4oJklEBRCOtR54roQgwwoY4XRe8RNNJSYzPKEDQwWOqA6yxfJz59woI2ccK/MEOAv1d0eGI63TKDSVEYapXvVy8T9vkMD4JsiYkAlQQZaDxgl3zKV5Es6IKUqAp4ZgopjZ1SFTrDABk1fFhOCtnrxOupd176reuG/UmrdFHGV0is7QBfLQNWqiFmqjDiIoRc/oFb1ZT9aL9W59LEtLVtFTRX9gff4ApQSUyQ==</latexit>

pp ! H ! t̄t
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“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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Theoretical inputs
to colliders

H
<latexit sha1_base64="LjJfAtexrfoT5cgyFArlHUEoTvQ=">AAAB6HicdVBNS8NAEJ34WetX1aOXxSJ4Ckm1tL0VvfTYgv2ANpTNdtuu3WzC7kYoob/AiwdFvPqTvPlv3LQRVPTBwOO9GWbm+RFnSjvOh7W2vrG5tZ3bye/u7R8cFo6OOyqMJaFtEvJQ9nysKGeCtjXTnPYiSXHgc9r1Zzep372nUrFQ3Op5RL0ATwQbM4K1kVqNYaHo2LVquVauIMd2lkjJpVstlZCbKUXI0BwW3gejkMQBFZpwrFTfdSLtJVhqRjhd5AexohEmMzyhfUMFDqjykuWhC3RulBEah9KU0Gipfp9IcKDUPPBNZ4D1VP32UvEvrx/rcdVLmIhiTQVZLRrHHOkQpV+jEZOUaD43BBPJzK2ITLHERJts8iaEr0/R/6RTsl3HdltXxfp1FkcOTuEMLsCFCtShAU1oAwEKD/AEz9ad9Wi9WK+r1jUrmzmBH7DePgHz0I0H</latexit><latexit sha1_base64="LjJfAtexrfoT5cgyFArlHUEoTvQ=">AAAB6HicdVBNS8NAEJ34WetX1aOXxSJ4Ckm1tL0VvfTYgv2ANpTNdtuu3WzC7kYoob/AiwdFvPqTvPlv3LQRVPTBwOO9GWbm+RFnSjvOh7W2vrG5tZ3bye/u7R8cFo6OOyqMJaFtEvJQ9nysKGeCtjXTnPYiSXHgc9r1Zzep372nUrFQ3Op5RL0ATwQbM4K1kVqNYaHo2LVquVauIMd2lkjJpVstlZCbKUXI0BwW3gejkMQBFZpwrFTfdSLtJVhqRjhd5AexohEmMzyhfUMFDqjykuWhC3RulBEah9KU0Gipfp9IcKDUPPBNZ4D1VP32UvEvrx/rcdVLmIhiTQVZLRrHHOkQpV+jEZOUaD43BBPJzK2ITLHERJts8iaEr0/R/6RTsl3HdltXxfp1FkcOTuEMLsCFCtShAU1oAwEKD/AEz9ad9Wi9WK+r1jUrmzmBH7DePgHz0I0H</latexit><latexit sha1_base64="LjJfAtexrfoT5cgyFArlHUEoTvQ=">AAAB6HicdVBNS8NAEJ34WetX1aOXxSJ4Ckm1tL0VvfTYgv2ANpTNdtuu3WzC7kYoob/AiwdFvPqTvPlv3LQRVPTBwOO9GWbm+RFnSjvOh7W2vrG5tZ3bye/u7R8cFo6OOyqMJaFtEvJQ9nysKGeCtjXTnPYiSXHgc9r1Zzep372nUrFQ3Op5RL0ATwQbM4K1kVqNYaHo2LVquVauIMd2lkjJpVstlZCbKUXI0BwW3gejkMQBFZpwrFTfdSLtJVhqRjhd5AexohEmMzyhfUMFDqjykuWhC3RulBEah9KU0Gipfp9IcKDUPPBNZ4D1VP32UvEvrx/rcdVLmIhiTQVZLRrHHOkQpV+jEZOUaD43BBPJzK2ITLHERJts8iaEr0/R/6RTsl3HdltXxfp1FkcOTuEMLsCFCtShAU1oAwEKD/AEz9ad9Wi9WK+r1jUrmzmBH7DePgHz0I0H</latexit><latexit sha1_base64="LjJfAtexrfoT5cgyFArlHUEoTvQ=">AAAB6HicdVBNS8NAEJ34WetX1aOXxSJ4Ckm1tL0VvfTYgv2ANpTNdtuu3WzC7kYoob/AiwdFvPqTvPlv3LQRVPTBwOO9GWbm+RFnSjvOh7W2vrG5tZ3bye/u7R8cFo6OOyqMJaFtEvJQ9nysKGeCtjXTnPYiSXHgc9r1Zzep372nUrFQ3Op5RL0ATwQbM4K1kVqNYaHo2LVquVauIMd2lkjJpVstlZCbKUXI0BwW3gejkMQBFZpwrFTfdSLtJVhqRjhd5AexohEmMzyhfUMFDqjykuWhC3RulBEah9KU0Gipfp9IcKDUPPBNZ4D1VP32UvEvrx/rcdVLmIhiTQVZLRrHHOkQpV+jEZOUaD43BBPJzK2ITLHERJts8iaEr0/R/6RTsl3HdltXxfp1FkcOTuEMLsCFCtShAU1oAwEKD/AEz9ad9Wi9WK+r1jUrmzmBH7DePgHz0I0H</latexit>

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,…]
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[Heather M. Gray, 2021]

-Now-: precision measurement
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group element g: |abci

<latexit sha1_base64="Wzrf/u3rOJTMHzOlyrJb8Fxa3PM=">AAAB+XicbVDLSgNBEOz1GeNr1aOXwSB4CrsS0JMEvXiMYB6QXcLsZDYZMvtgpjcQ1vyJFw+KePVPvPk3TpI9aGJBQ1HVTXdXkEqh0XG+rbX1jc2t7dJOeXdv/+DQPjpu6SRTjDdZIhPVCajmUsS8iQIl76SK0yiQvB2M7mZ+e8yVFkn8iJOU+xEdxCIUjKKRerbtSR7iEw2Yp8RgiDc9u+JUnTnIKnELUoECjZ795fUTlkU8Riap1l3XSdHPqULBJJ+WvUzzlLIRHfCuoTGNuPbz+eVTcm6UPgkTZSpGMld/T+Q00noSBaYzojjUy95M/M/rZhhe+7mI0wx5zBaLwkwSTMgsBtIXijOUE0MoU8LcStiQKsrQhFU2IbjLL6+S1mXVrVVrD7VK/baIowSncAYX4MIV1OEeGtAEBmN4hld4s3LrxXq3Phata1YxcwJ/YH3+ALEPk7M=</latexit>

[H. Lamm, et al, arXiv:1903.08807]

12 physical qubits
3 qubits for ancillary group register

D4  group Wilson action
In the position basis

hg̃|T (1)
K |gi = e�tReTr[⇢†(g̃)⇢(g)]

<latexit sha1_base64="yhqYsJqNL7HoEQH/W8geVntjIRc="></latexit>

�t =
1

g2
H
�t

<latexit sha1_base64="ULKYmYzdYCjUWxEuNsGiqyYiBhg=">AAACC3icbVDJSgNBEO1xjXGLevTSJAiewkwI6EUIeskxglkgE4eeTk3SpGehu0YIQ+5e/BUvHhTx6g9482/sLAdNfFDweK+Kqnp+IoVG2/621tY3Nre2czv53b39g8PC0XFLx6ni0OSxjFXHZxqkiKCJAiV0EgUs9CW0/dHN1G8/gNIiju5wnEAvZINIBIIzNJJXKLo+IPOQXlE3UIxnziQb3Fe8OnX7IKfOxCuU7LI9A10lzoKUyAINr/Dl9mOehhAhl0zrrmMn2MuYQsElTPJuqiFhfMQG0DU0YiHoXjb7ZULPjNKnQaxMRUhn6u+JjIVaj0PfdIYMh3rZm4r/ed0Ug8teJqIkRYj4fFGQSooxnQZD+0IBRzk2hHElzK2UD5mJBE18eROCs/zyKmlVyk61XL2tlmrXizhy5JQUyTlxyAWpkTppkCbh5JE8k1fyZj1ZL9a79TFvXbMWMyfkD6zPH+/pml4=</latexit>

Propagation— Discretization in Time: Demonstration

D4  group Wilson action
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[H. Lamm, et al, arXiv:1903.08807]

ReTrU †
13U

†
34U24U12

<latexit sha1_base64="wCTqTwtKQ5NQR7UoAJsst9GNMyE=">AAACJXicbVDLSgMxFM3Ud32NunQTLIKrMtMO6MKF6MZlFccW2jpk0tsazDxI7ohlmJ9x46+4cWERwZW/YvpY+DoQODnnXJJ7wlQKjY7zYZXm5hcWl5ZXyqtr6xub9tb2tU4yxcHniUxUK2QapIjBR4ESWqkCFoUSmuHd2dhv3oPSIomvcJhCN2KDWPQFZ2ikwD7uIDxgfgnFlFypgvo3nR4bDEAFuVsvvt3qXuEHec0zEWPVisCuOFVnAvqXuDNSITM0AnvU6SU8iyBGLpnWbddJsZszhYJLKMqdTEPK+B0bQNvQmEWgu/lky4LuG6VH+4kyJ0Y6Ub9P5CzSehiFJhkxvNW/vbH4n9fOsH/UzUWcZggxnz7UzyTFhI4roz2hgKMcGsK4EuavlN8yxTiaYsumBPf3yn/Jda3qelXvwqucnM7qWCa7ZI8cEJcckhNyThrEJ5w8kmfySkbWk/VivVnv02jJms3skB+wPr8ACUKlhQ==</latexit>

log T (1)
K

<latexit sha1_base64="derTsyYKdY3ef29tXkIwh9nk96Q=">AAAB9XicbVBNSwMxEJ31s9avqkcvwSLUS9mVgh6LXgQvFfoF7bZk02wbmk2WJKuUpf/DiwdFvPpfvPlvTNs9aOuDgcd7M8zMC2LOtHHdb2dtfWNzazu3k9/d2z84LBwdN7VMFKENIrlU7QBrypmgDcMMp+1YURwFnLaC8e3Mbz1SpZkUdTOJqR/hoWAhI9hYqdflcojqvbTkXUz79/1C0S27c6BV4mWkCBlq/cJXdyBJElFhCMdadzw3Nn6KlWGE02m+m2gaYzLGQ9qxVOCIaj+dXz1F51YZoFAqW8Kgufp7IsWR1pMosJ0RNiO97M3E/7xOYsJrP2UiTgwVZLEoTDgyEs0iQAOmKDF8YgkmitlbERlhhYmxQeVtCN7yy6ukeVn2KuXKQ6VYvcniyMEpnEEJPLiCKtxBDRpAQMEzvMKb8+S8OO/Ox6J1zclmTuAPnM8fIsGRoQ==</latexit>

~200 gates per trotter step

D4  group Wilson action

hg̃|T (1)
K |gi = e�tReTr[⇢†(g̃)⇢(g)]

<latexit sha1_base64="yhqYsJqNL7HoEQH/W8geVntjIRc="></latexit>

In the position basis

2 additional ancillary qubits  
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Gate counting for D4

[H. Lamm, et al, arXiv:1903.08807]
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[Heather M. Gray, 2021]

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

New physics up to 
100 TeV can be probed
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quantum error correction
with gauge symmetry

Rajput, Roggero, and Wiebe, 
arXiv:2112.05186 [quant-ph]

gauge symmetry violation 
as measures of errors 

Halimeh, et al. arXiv:2009.07848 [cond-mat]

gauge transformation to 
suppress coherent gauge drift

Lamm, Lawrence, Yamauchi, 
arXiv:2005.12688

<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)

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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•Evaluation - how can observables 

   be computed?

“Champagne Problems” 

instantaneous Hermitian operator : hO(t)i
<latexit sha1_base64="ujq687GhIu3fsEXY8msJbyIDxoQ="></latexit><latexit sha1_base64="ujq687GhIu3fsEXY8msJbyIDxoQ="></latexit><latexit sha1_base64="ujq687GhIu3fsEXY8msJbyIDxoQ="></latexit><latexit sha1_base64="ujq687GhIu3fsEXY8msJbyIDxoQ="></latexit>

?time separated correlators : hO(t)O(0)i
<latexit sha1_base64="wNnL+QWFgjlbDPxiWH70FaqbIKM="></latexit><latexit sha1_base64="wNnL+QWFgjlbDPxiWH70FaqbIKM="></latexit><latexit sha1_base64="wNnL+QWFgjlbDPxiWH70FaqbIKM="></latexit><latexit sha1_base64="wNnL+QWFgjlbDPxiWH70FaqbIKM="></latexit>

[H. Lamm, et al, arXiv:1908.10439]

PDF-inputs to colliders Particle decay width

[A. Ciavarella, arXiv:2007.04447]

What about partial width, especially to multi-particles ?
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•Evaluation - how can observables 

   be computed?

“Champagne Problems” 

instantaneous Hermitian operator : hO(t)i
<latexit sha1_base64="ujq687GhIu3fsEXY8msJbyIDxoQ="></latexit><latexit sha1_base64="ujq687GhIu3fsEXY8msJbyIDxoQ="></latexit><latexit sha1_base64="ujq687GhIu3fsEXY8msJbyIDxoQ="></latexit><latexit sha1_base64="ujq687GhIu3fsEXY8msJbyIDxoQ="></latexit>

?time separated correlators : hO(t)O(0)i
<latexit sha1_base64="wNnL+QWFgjlbDPxiWH70FaqbIKM="></latexit><latexit sha1_base64="wNnL+QWFgjlbDPxiWH70FaqbIKM="></latexit><latexit sha1_base64="wNnL+QWFgjlbDPxiWH70FaqbIKM="></latexit><latexit sha1_base64="wNnL+QWFgjlbDPxiWH70FaqbIKM="></latexit>

[H. Lamm, et al, arXiv:1908.10439]

PDF-inputs to colliders Particle decay width

[A. Ciavarella, arXiv:2007.04447]

more efficient methods?


