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Strong Force - QCD

<latexit sha1_base64="tfF1hi/j4sQs73b1g7QEZgdXpxw=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9nVoh6LXjxWsB/YriWbZtvQJLskWaEs/RdePCji1X/jzX9jtt2Dtj4YeLw3w8y8IOZMG9f9dgorq2vrG8XN0tb2zu5eef+gpaNEEdokEY9UJ8CaciZp0zDDaSdWFIuA03Ywvsn89hNVmkXy3kxi6gs8lCxkBBsrPcieZgJ57uN5v1xxq+4MaJl4OalAjka//NUbRCQRVBrCsdZdz42Nn2JlGOF0WuolmsaYjPGQdi2VWFDtp7OLp+jEKgMURsqWNGim/p5IsdB6IgLbKbAZ6UUvE//zuokJr/yUyTgxVJL5ojDhyEQoex8NmKLE8IklmChmb0VkhBUmxoZUsiF4iy8vk9ZZ1buo1u5qlfp1HkcRjuAYTsGDS6jDLTSgCQQkPMMrvDnaeXHenY95a8HJZw7hD5zPH1RMkAw=</latexit>

n ⇠ 103

GeV

TeV

PDF:   non-perturbative~~

Parton Shower and Hadronization: 
non-perturbative

Phases at finite 
temperature and finite 

density
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Strong Force - QCD

<latexit sha1_base64="tfF1hi/j4sQs73b1g7QEZgdXpxw=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9nVoh6LXjxWsB/YriWbZtvQJLskWaEs/RdePCji1X/jzX9jtt2Dtj4YeLw3w8y8IOZMG9f9dgorq2vrG8XN0tb2zu5eef+gpaNEEdokEY9UJ8CaciZp0zDDaSdWFIuA03Ywvsn89hNVmkXy3kxi6gs8lCxkBBsrPcieZgJ57uN5v1xxq+4MaJl4OalAjka//NUbRCQRVBrCsdZdz42Nn2JlGOF0WuolmsaYjPGQdi2VWFDtp7OLp+jEKgMURsqWNGim/p5IsdB6IgLbKbAZ6UUvE//zuokJr/yUyTgxVJL5ojDhyEQoex8NmKLE8IklmChmb0VkhBUmxoZUsiF4iy8vk9ZZ1buo1u5qlfp1HkcRjuAYTsGDS6jDLTSgCQQkPMMrvDnaeXHenY95a8HJZw7hD5zPH1RMkAw=</latexit>

n ⇠ 103

GeV

TeV

PDF:   non-perturbative~~

Parton Shower and Hadronization: 
non-perturbative

Phases at finite 
temperature and finite 

density

第⼀性原理计算

path integral on the background 
of field configurations



Ying-Ying Li (李英英) 4

<latexit sha1_base64="yPcWqvZoa1/7F25VqMGAZ12HBWQ="></latexit>Z
D�eiS = hx| e�iHt |yi

 Real Time

<latexit sha1_base64="c99/ND2vD1cf5aBW7OmyHPbyM/c=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqJqUpQBYwVDHRCRaIPqQmR4zqtVTuJbAepSrOw8CssDCDEyj+w8Te4bQZoOZKlo3Pu1fU5fsyoVJb1bRSWlldW14rrpY3Nre0dc3evJaNEYNLEEYtEx0eSMBqSpqKKkU4sCOI+I21/eDXx2w9ESBqFd2oUE5ejfkgDipHSkmcepo7gsEd5VodOLKJYRXB8Pb5Pb7xW5pllq2JNAReJnZMyyNHwzC+nF+GEk1BhhqTs2las3BQJRTEjWclJJIkRHqI+6WoaIk6km05TZPBYKz0YREK/UMGp+nsjRVzKEff1JEdqIOe9ifif101UcOGmNIwTRUI8OxQkDOqok0p0ekGwYiNNEBZU/xXiARIIK11cSZdgz0deJK3Tin1Wqd5Wy7XLvI4iOABH4ATY4BzUQB00QBNg8AiewSt4M56MF+Pd+JiNFox8Zx/8gfH5A1HdmHk=</latexit>

dimH / |G|NV

exponentially large number 
 of classical bits in system size

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>

第⼀性原理计算 - Lattice QCD 

Euclidean Spacetime

<latexit sha1_base64="Cv68jpcYCn/A/kq7MnXyWDFYEYA=">AAACInicbVDLSsNAFJ3Ud31VXboZLIKrkoj42BXduKxgq9CEMpnc1KGTmTAzEUpIf8WNv+LGhaKuBD/GSezC14GBwzn33rn3hCln2rjuu1ObmZ2bX1hcqi+vrK6tNzY2e1pmikKXSi7VdUg0cCaga5jhcJ0qIEnI4SocnZX+1S0ozaS4NOMUgoQMBYsZJcZKg8ZJ7qsExwx4NKFSxGyYqcrSk8L3635CzA0lPD8rysKJFBNOjGEUikGj6bbcCvgv8aakiaboDBqvfiRploAwlBOt+56bmiAnyo7jUNT9TENK6IgMoW+pIAnoIK9OLPCuVSIcS2WfMLhSv3fkJNF6nIS2slxZ//ZK8T+vn5n4OMiZSDMDgn59FGccG4nLvHDEFFDDx5YQqpjdFdMbogg1NtW6DcH7ffJf0ttveYetg4uDZvt0Gsci2kY7aA956Ai10TnqoC6i6A49oCf07Nw7j86L8/ZVWnOmPVvoB5yPT8gnplE=</latexit>

field configurations

C on lattice

<latexit sha1_base64="Cv68jpcYCn/A/kq7MnXyWDFYEYA=">AAACInicbVDLSsNAFJ3Ud31VXboZLIKrkoj42BXduKxgq9CEMpnc1KGTmTAzEUpIf8WNv+LGhaKuBD/GSezC14GBwzn33rn3hCln2rjuu1ObmZ2bX1hcqi+vrK6tNzY2e1pmikKXSi7VdUg0cCaga5jhcJ0qIEnI4SocnZX+1S0ozaS4NOMUgoQMBYsZJcZKg8ZJ7qsExwx4NKFSxGyYqcrSk8L3635CzA0lPD8rysKJFBNOjGEUikGj6bbcCvgv8aakiaboDBqvfiRploAwlBOt+56bmiAnyo7jUNT9TENK6IgMoW+pIAnoIK9OLPCuVSIcS2WfMLhSv3fkJNF6nIS2slxZ//ZK8T+vn5n4OMiZSDMDgn59FGccG4nLvHDEFFDDx5YQqpjdFdMbogg1NtW6DcH7ffJf0ttveYetg4uDZvt0Gsci2kY7aA956Ai10TnqoC6i6A49oCf07Nw7j86L8/ZVWnOmPVvoB5yPT8gnplE=</latexit>

field configurations

C on lattice

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>

Monte Carlo 
sampling of lattice 
field configurations
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<latexit sha1_base64="c99/ND2vD1cf5aBW7OmyHPbyM/c=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqJqUpQBYwVDHRCRaIPqQmR4zqtVTuJbAepSrOw8CssDCDEyj+w8Te4bQZoOZKlo3Pu1fU5fsyoVJb1bRSWlldW14rrpY3Nre0dc3evJaNEYNLEEYtEx0eSMBqSpqKKkU4sCOI+I21/eDXx2w9ESBqFd2oUE5ejfkgDipHSkmcepo7gsEd5VodOLKJYRXB8Pb5Pb7xW5pllq2JNAReJnZMyyNHwzC+nF+GEk1BhhqTs2las3BQJRTEjWclJJIkRHqI+6WoaIk6km05TZPBYKz0YREK/UMGp+nsjRVzKEff1JEdqIOe9ifif101UcOGmNIwTRUI8OxQkDOqok0p0ekGwYiNNEBZU/xXiARIIK11cSZdgz0deJK3Tin1Wqd5Wy7XLvI4iOABH4ATY4BzUQB00QBNg8AiewSt4M56MF+Pd+JiNFox8Zx/8gfH5A1HdmHk=</latexit>

dimH / |G|NV

第⼀性原理计算

<latexit sha1_base64="B7LOb0kg3hCCCsnXON2mqiug1Qs=">AAACAXicdVDLSgMxFM3UV62vUTeCm2ARXA0z7WDbXdGFrkoF+4C2DJk0bUMzkzHJCKWtG3/FjQtF3PoX7vwbM20FFT0QOJxzLzfn+BGjUtn2h5FaWl5ZXUuvZzY2t7Z3zN29uuSxwKSGOeOi6SNJGA1JTVHFSDMSBAU+Iw1/eJ74jVsiJOXhtRpFpBOgfkh7FCOlJc88qHg3sB0JHikOK14dthnvw8nFxDOztlUo5XLFIrQtO++WnFxCnFLedaFj2TNkwQJVz3xvdzmOAxIqzJCULceOVGeMhKKYkWmmHUsSITxEfdLSNEQBkZ3xLMEUHmulC3tc6BcqOFO/b4xRIOUo8PVkgNRA/vYS8S+vFatesTOmYRQrEuL5oV7MoE6b1AG7VBCs2EgThAXVf4V4gATCSpeW0SV8JYX/k3rOck4t98rNls8WdaTBITgCJ8ABBVAGl6AKagCDO/AAnsCzcW88Gi/G63w0ZSx29sEPGG+frq6Wbg==</latexit>

Nq / NV log |G|
The number of qubits required is a polynomial function of the system size

``a computing system with qubits”

R. P. Feynman - 1982

 —— Real Time
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<latexit sha1_base64="c99/ND2vD1cf5aBW7OmyHPbyM/c=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqJqUpQBYwVDHRCRaIPqQmR4zqtVTuJbAepSrOw8CssDCDEyj+w8Te4bQZoOZKlo3Pu1fU5fsyoVJb1bRSWlldW14rrpY3Nre0dc3evJaNEYNLEEYtEx0eSMBqSpqKKkU4sCOI+I21/eDXx2w9ESBqFd2oUE5ejfkgDipHSkmcepo7gsEd5VodOLKJYRXB8Pb5Pb7xW5pllq2JNAReJnZMyyNHwzC+nF+GEk1BhhqTs2las3BQJRTEjWclJJIkRHqI+6WoaIk6km05TZPBYKz0YREK/UMGp+nsjRVzKEff1JEdqIOe9ifif101UcOGmNIwTRUI8OxQkDOqok0p0ekGwYiNNEBZU/xXiARIIK11cSZdgz0deJK3Tin1Wqd5Wy7XLvI4iOABH4ATY4BzUQB00QBNg8AiewSt4M56MF+Pd+JiNFox8Zx/8gfH5A1HdmHk=</latexit>

dimH / |G|NV

第⼀性原理计算

<latexit sha1_base64="B7LOb0kg3hCCCsnXON2mqiug1Qs=">AAACAXicdVDLSgMxFM3UV62vUTeCm2ARXA0z7WDbXdGFrkoF+4C2DJk0bUMzkzHJCKWtG3/FjQtF3PoX7vwbM20FFT0QOJxzLzfn+BGjUtn2h5FaWl5ZXUuvZzY2t7Z3zN29uuSxwKSGOeOi6SNJGA1JTVHFSDMSBAU+Iw1/eJ74jVsiJOXhtRpFpBOgfkh7FCOlJc88qHg3sB0JHikOK14dthnvw8nFxDOztlUo5XLFIrQtO++WnFxCnFLedaFj2TNkwQJVz3xvdzmOAxIqzJCULceOVGeMhKKYkWmmHUsSITxEfdLSNEQBkZ3xLMEUHmulC3tc6BcqOFO/b4xRIOUo8PVkgNRA/vYS8S+vFatesTOmYRQrEuL5oV7MoE6b1AG7VBCs2EgThAXVf4V4gATCSpeW0SV8JYX/k3rOck4t98rNls8WdaTBITgCJ8ABBVAGl6AKagCDO/AAnsCzcW88Gi/G63w0ZSx29sEPGG+frq6Wbg==</latexit>

Nq / NV log |G|
The number of qubits required is a polynomial function of the system size

``a computing system with qubits”

R. P. Feynman - 1982

 —— Real Time

1996 - Seth LIoyd: efficient simulation of LOCAL Hamiltonians 

<latexit sha1_base64="JgpC8jCwcPNzkLTnxNAYOhJFPOU=">AAACAHicbVDLSgMxFM3UV62vURcu3ASLUDdlRoq6LLpxVSrYB7TjkEkzbWiSGZOMUIa68FfcuFDErZ/hzr8xbWehrQcCh3Pu5eacIGZUacf5tnJLyyura/n1wsbm1vaOvbvXVFEiMWngiEWyHSBFGBWkoalmpB1LgnjASCsYXk381gORikbiVo9i4nHUFzSkGGkj+fZBrfRoACE86cYyinUEa/79HfftolN2poCLxM1IEWSo+/ZXtxfhhBOhMUNKdVwn1l6KpKaYkXGhmygSIzxEfdIxVCBOlJdOA4zhsVF6MIykeULDqfp7I0VcqREPzCRHeqDmvYn4n9dJdHjhpVTEiSYCzw6FCYMm5qQN2KOSYM1GhiAsqfkrxAMkEdams4IpwZ2PvEiap2X3rFy5qRSrl1kdeXAIjkAJuOAcVME1qIMGwGAMnsEreLOerBfr3fqYjeasbGcf/IH1+QNPXZWa</latexit>

N( ) / Nm
q



Ying-Ying Li (李英英)

CLASSICAL 
EASY

real-time dynamics
finite density

quantum interference
out-of equilibrium

``strongly interacting many-body system’’

High Energy Physics

polynomial time

QUANTUM EASY

QUANTUM HARD
e.g. traveling salesmen

problem

7

[PRX Quantum 4 (2023) 2, 027001]

Problems in  HEP that are beyond classical easy but are 
``QUANTUM EASY” 
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Quantum Computing

Now - Noisy Intermediate Scale Quantum (NISQ) era 

48 logical
qubits

more than 50 well controlled qubits, not error-corrected yet

multi-chip quantum processor

80 qubits

22 qubits

1121 qubits
access to 156 qubits 

176 qubits 54 qubits

Jiuzhang - 255 qubits

superconducting processor

photon qubits trapped ion qubits
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Quantum Computing

Next decades

🔍
~200 qubits
~1000 gates
corrections!
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Quantum Computing for HEP
<latexit sha1_base64="yPcWqvZoa1/7F25VqMGAZ12HBWQ="></latexit>Z

D�eiS = hx| e�iHt |yi

mapping

DOF to qubits

time evolution 
to quantum gates

non-trivial vacuum,
composite initial state,

bosonic and fermionic DOF, 
symmetries, …

Ying-Ying Li (李英英)
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U1
U2

Pxy

Ryz

Rzx Cxyz

xy

z

<latexit sha1_base64="xQ8OmzCI7NYKQJQkN6KvX7/q6eE=">AAAB7XicbVBNTwIxEJ3FL8Qv1KOXRmLiiewaoh4JXjxi4gIJbEi3dKHSbTdt10g2/AcvHjTGq//Hm//GAntQ8CWTvLw3k5l5YcKZNq777RTW1jc2t4rbpZ3dvf2D8uFRS8tUEeoTyaXqhFhTzgT1DTOcdhJFcRxy2g7HNzO//UiVZlLcm0lCgxgPBYsYwcZKLb/fa8infrniVt050CrxclKBHM1++as3kCSNqTCEY627npuYIMPKMMLptNRLNU0wGeMh7VoqcEx1kM2vnaIzqwxQJJUtYdBc/T2R4VjrSRzazhibkV72ZuJ/Xjc10XWQMZGkhgqyWBSlHBmJZq+jAVOUGD6xBBPF7K2IjLDCxNiASjYEb/nlVdK6qHqX1dpdrVJv5HEU4QRO4Rw8uII63EITfCDwAM/wCm+OdF6cd+dj0Vpw8plj+APn8wdPm474</latexit>

U⇤

<latexit sha1_base64="QQ1JSvV1NTmLrxDrNY5+y+XK/vk="></latexit>

Rtu ⇡ I� g2a4

2F 2

ij +
a2

6
Fij(4D

2
i +D2

j )Fij +O(a4)

�

<latexit sha1_base64="SlVhCs+za4UrRi/kI97Hj+pwZv4="></latexit>

R ⇡ I� g2a4

2F 2

ij +
a2

6
Fij(4D

2
i +D2

j )Fij +O(a4)

�

gluon

infinities in QFT|qiN ! |Gi

<latexit sha1_base64="OVUBOLikoVWeZMkb4zzR+F/49dU=">AAACEnicbZDLSsNAFIYn9VbrLerSTbAIuimJFHQlRRe6kgr2Ak0sk+mkHTrJxJkTpcQ+gxtfxY0LRdy6cufbOG2z0NYDAx//fw5nzu/HnCmw7W8jNze/sLiUXy6srK6tb5ibW3UlEklojQguZNPHinIW0Row4LQZS4pDn9OG3z8b+Y07KhUT0TUMYuqFuBuxgBEMWmqbBy6nATzcupJ1e3ByczkBLKW4n1jnmdU2i3bJHpc1C04GRZRVtW1+uR1BkpBGQDhWquXYMXgplsAIp8OCmygaY9LHXdrSGOGQKi8dnzS09rTSsQIh9YvAGqu/J1IcKjUIfd0ZYuipaW8k/ue1EgiOvZRFcQI0IpNFQcItENYoH6vDJCXABxowkUz/1SI9LDEBnWJBh+BMnzwL9cOSUy6Vr8rFymkWRx7toF20jxx0hCroAlVRDRH0iJ7RK3oznowX4934mLTmjGxmG/0p4/MHxYKeyw==</latexit>

Digitization

<latexit sha1_base64="e4IIbxIS1Jq0GpRP0DrTq8Exn+k=">AAAB9XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKqCcJevEYwU0C2TXMTnqTIbMPZnqVEPMfXjwo4tV/8ebfOEn2oIkFDUVVN91dQSqFRtv+tgpLyyura8X10sbm1vZOeXevoZNMcXB5IhPVCpgGKWJwUaCEVqqARYGEZjC4nvjNB1BaJPEdDlPwI9aLRSg4QyPdexJCfHI9JXp9vOyUK3bVnoIuEicnFZKj3il/ed2EZxHEyCXTuu3YKfojplBwCeOSl2lIGR+wHrQNjVkE2h9Nrx7TI6N0aZgoUzHSqfp7YsQirYdRYDojhn09703E/7x2huGFPxJxmiHEfLYozCTFhE4ioF2hgKMcGsK4EuZWyvtMMY4mqJIJwZl/eZE0TqrOWfX09rRSu8rjKJIDckiOiUPOSY3ckDpxCSeKPJNX8mY9Wi/Wu/Uxay1Y+cw++QPr8wenIpKf</latexit>

|Uigroup element basis

<latexit sha1_base64="hcacq0nfHTT5aBygjrgKKSVqCH4=">AAACEnicbVBNS8NAEN34WetX1KOXxSLopSRS1ItS9OKxgmkLTSib7aZduvlgdyKUWP+CF/+KFw+KePXkzX/jtg2orQ8GHu/NMDPPTwRXYFlfxtz8wuLScmGluLq2vrFpbm3XVZxKyhwai1g2faKY4BFzgINgzUQyEvqCNfz+5chv3DKpeBzdwCBhXki6EQ84JaCltnnoChbAneNK3u3BOT7DE+H+B7nVNktW2RoDzxI7JyWUo9Y2P91OTNOQRUAFUaplWwl4GZHAqWDDopsqlhDaJ13W0jQiIVNeNn5piPe10sFBLHVFgMfq74mMhEoNQl93hgR6atobif95rRSCUy/jUZICi+hkUZAKDDEe5YM7XDIKYqAJoZLrWzHtEUko6BSLOgR7+uVZUj8q28flynWlVL3I4yigXbSHDpCNTlAVXaEachBFD+gJvaBX49F4Nt6M90nrnJHP7KA/MD6+AQtjnwA=</latexit>

|Ui = | i

block product encoding: BT, BI

[Lamm,YYL, Shu, Wang, Bin, arXiv:2405.12890]

<latexit sha1_base64="Ehjyd8cVhNQV9gHjUTxPb8G0Psk=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBVUmkqBuh6sZlBdMW+mIymbRDJ5MwcyOUUHDjr7hxoYhbf8Kdf+P0sdDWAxcO59zLvff4ieAaHOfbyi0tr6yu5dcLG5tb2zv27l5Nx6mizKOxiFXDJ5oJLpkHHARrJIqRyBes7g9uxn79gSnNY3kPw4S1I9KTPOSUgJG69oGHLzHrZBz3WlxCx+lmZIQDwFejrl10Ss4EeJG4M1JEM1S79lcriGkaMQlUEK2brpNAOyMKOBVsVGilmiWEDkiPNQ2VJGK6nU1+GOFjowQ4jJUpCXii/p7ISKT1MPJNZ0Sgr+e9sfif10whvGhnXCYpMEmni8JUYIjxOBAccMUoiKEhhCpubsW0TxShYGIrmBDc+ZcXSe205J6VynflYuV6FkceHaIjdIJcdI4q6BZVkYcoekTP6BW9WU/Wi/VufUxbc9ZsZh/9gfX5A/qXlns=</latexit>

U = eig
R 0
a dtA



Ying-Ying Li (李英英) 12

U1
U2

Pxy

Ryz

Rzx Cxyz

xy

z

<latexit sha1_base64="xQ8OmzCI7NYKQJQkN6KvX7/q6eE=">AAAB7XicbVBNTwIxEJ3FL8Qv1KOXRmLiiewaoh4JXjxi4gIJbEi3dKHSbTdt10g2/AcvHjTGq//Hm//GAntQ8CWTvLw3k5l5YcKZNq777RTW1jc2t4rbpZ3dvf2D8uFRS8tUEeoTyaXqhFhTzgT1DTOcdhJFcRxy2g7HNzO//UiVZlLcm0lCgxgPBYsYwcZKLb/fa8infrniVt050CrxclKBHM1++as3kCSNqTCEY627npuYIMPKMMLptNRLNU0wGeMh7VoqcEx1kM2vnaIzqwxQJJUtYdBc/T2R4VjrSRzazhibkV72ZuJ/Xjc10XWQMZGkhgqyWBSlHBmJZq+jAVOUGD6xBBPF7K2IjLDCxNiASjYEb/nlVdK6qHqX1dpdrVJv5HEU4QRO4Rw8uII63EITfCDwAM/wCm+OdF6cd+dj0Vpw8plj+APn8wdPm474</latexit>

U⇤

<latexit sha1_base64="QQ1JSvV1NTmLrxDrNY5+y+XK/vk="></latexit>

Rtu ⇡ I� g2a4

2F 2

ij +
a2

6
Fij(4D

2
i +D2

j )Fij +O(a4)

�

<latexit sha1_base64="SlVhCs+za4UrRi/kI97Hj+pwZv4="></latexit>

R ⇡ I� g2a4

2F 2

ij +
a2

6
Fij(4D

2
i +D2

j )Fij +O(a4)

�

gluon

infinities in QFT|qiN ! |Gi

<latexit sha1_base64="OVUBOLikoVWeZMkb4zzR+F/49dU=">AAACEnicbZDLSsNAFIYn9VbrLerSTbAIuimJFHQlRRe6kgr2Ak0sk+mkHTrJxJkTpcQ+gxtfxY0LRdy6cufbOG2z0NYDAx//fw5nzu/HnCmw7W8jNze/sLiUXy6srK6tb5ibW3UlEklojQguZNPHinIW0Row4LQZS4pDn9OG3z8b+Y07KhUT0TUMYuqFuBuxgBEMWmqbBy6nATzcupJ1e3ByczkBLKW4n1jnmdU2i3bJHpc1C04GRZRVtW1+uR1BkpBGQDhWquXYMXgplsAIp8OCmygaY9LHXdrSGOGQKi8dnzS09rTSsQIh9YvAGqu/J1IcKjUIfd0ZYuipaW8k/ue1EgiOvZRFcQI0IpNFQcItENYoH6vDJCXABxowkUz/1SI9LDEBnWJBh+BMnzwL9cOSUy6Vr8rFymkWRx7toF20jxx0hCroAlVRDRH0iJ7RK3oznowX4934mLTmjGxmG/0p4/MHxYKeyw==</latexit>

Digitization

<latexit sha1_base64="e4IIbxIS1Jq0GpRP0DrTq8Exn+k=">AAAB9XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKqCcJevEYwU0C2TXMTnqTIbMPZnqVEPMfXjwo4tV/8ebfOEn2oIkFDUVVN91dQSqFRtv+tgpLyyura8X10sbm1vZOeXevoZNMcXB5IhPVCpgGKWJwUaCEVqqARYGEZjC4nvjNB1BaJPEdDlPwI9aLRSg4QyPdexJCfHI9JXp9vOyUK3bVnoIuEicnFZKj3il/ed2EZxHEyCXTuu3YKfojplBwCeOSl2lIGR+wHrQNjVkE2h9Nrx7TI6N0aZgoUzHSqfp7YsQirYdRYDojhn09703E/7x2huGFPxJxmiHEfLYozCTFhE4ioF2hgKMcGsK4EuZWyvtMMY4mqJIJwZl/eZE0TqrOWfX09rRSu8rjKJIDckiOiUPOSY3ckDpxCSeKPJNX8mY9Wi/Wu/Uxay1Y+cw++QPr8wenIpKf</latexit>

|Uigroup element basis

<latexit sha1_base64="hcacq0nfHTT5aBygjrgKKSVqCH4=">AAACEnicbVBNS8NAEN34WetX1KOXxSLopSRS1ItS9OKxgmkLTSib7aZduvlgdyKUWP+CF/+KFw+KePXkzX/jtg2orQ8GHu/NMDPPTwRXYFlfxtz8wuLScmGluLq2vrFpbm3XVZxKyhwai1g2faKY4BFzgINgzUQyEvqCNfz+5chv3DKpeBzdwCBhXki6EQ84JaCltnnoChbAneNK3u3BOT7DE+H+B7nVNktW2RoDzxI7JyWUo9Y2P91OTNOQRUAFUaplWwl4GZHAqWDDopsqlhDaJ13W0jQiIVNeNn5piPe10sFBLHVFgMfq74mMhEoNQl93hgR6atobif95rRSCUy/jUZICi+hkUZAKDDEe5YM7XDIKYqAJoZLrWzHtEUko6BSLOgR7+uVZUj8q28flynWlVL3I4yigXbSHDpCNTlAVXaEachBFD+gJvaBX49F4Nt6M90nrnJHP7KA/MD6+AQtjnwA=</latexit>

|Ui = | i

block product encoding: BT, BI

[Lamm,YYL, Shu, Wang, Bin, arXiv:2405.12890] qudit system?

<latexit sha1_base64="Ehjyd8cVhNQV9gHjUTxPb8G0Psk=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBVUmkqBuh6sZlBdMW+mIymbRDJ5MwcyOUUHDjr7hxoYhbf8Kdf+P0sdDWAxcO59zLvff4ieAaHOfbyi0tr6yu5dcLG5tb2zv27l5Nx6mizKOxiFXDJ5oJLpkHHARrJIqRyBes7g9uxn79gSnNY3kPw4S1I9KTPOSUgJG69oGHLzHrZBz3WlxCx+lmZIQDwFejrl10Ss4EeJG4M1JEM1S79lcriGkaMQlUEK2brpNAOyMKOBVsVGilmiWEDkiPNQ2VJGK6nU1+GOFjowQ4jJUpCXii/p7ISKT1MPJNZ0Sgr+e9sfif10whvGhnXCYpMEmni8JUYIjxOBAccMUoiKEhhCpubsW0TxShYGIrmBDc+ZcXSe205J6VynflYuV6FkceHaIjdIJcdI4q6BZVkYcoekTP6BW9WU/Wi/VufUxbc9ZsZh/9gfX5A/qXlns=</latexit>

U = eig
R 0
a dtA



13

<latexit sha1_base64="m0vq3Fae1miz8ygGut+G/aO1zcU="></latexit>

⇡
⇥
e�i�tKLe�i�tU⇤

⇤t/�t

<latexit sha1_base64="y3CIeMS7b5hcljFpykpcAceLsZc=">AAACB3icbVBNS8NAEN34WetX1KMgwSJ4sSRSVDxI0YMeK5i20ISy2U7apbtJ2N0IJfbmxb/ixYMiXv0L3vw3btsctPXBwOO9GWbmBQmjUtn2tzE3v7C4tFxYKa6urW9smlvbdRmngoBLYhaLZoAlMBqBq6hi0EwEYB4waAT9q5HfuAchaRzdqUECPsfdiIaUYKWltrl3nXmCHwno6l0ghuceg1A9uJ6g3Z66aJslu2yPYc0SJycllKPWNr+8TkxSDpEiDEvZcuxE+RkWihIGw6KXSkgw6eMutDSNMAfpZ+M/htaBVjpWGAtdkbLG6u+JDHMpBzzQnRyrnpz2RuJ/XitV4Zmf0ShJFURksihMmaViaxSK1aECiGIDTTARVN9qkR4WmOhIZFGH4Ey/PEvqx2XnpFy5rZSql3kcBbSL9tEhctApqqIbVEMuIugRPaNX9GY8GS/Gu/ExaZ0z8pkd9AfG5w96j5m2</latexit>

G�register : |Ui

<latexit sha1_base64="9Fd+uw8jSANZty29UcQOzdV3PGs=">AAACAXicbVBNS8NAEN3Ur1q/ol4EL8EieCqJFPVY9OKxgmkLTQib7aZdutmE3YlQQr34V7x4UMSr/8Kb/8ZNm4O2Phh4vDfDzLww5UyBbX8blZXVtfWN6mZta3tnd8/cP+ioJJOEuiThieyFWFHOBHWBAae9VFIch5x2w/FN4XcfqFQsEfcwSakf46FgESMYtBSYR16MYRRJPM7daZB7wGKqpp5XC8y63bBnsJaJU5I6KtEOzC9vkJAspgIIx0r1HTsFP8cSGOF0WvMyRVNMxnhI+5oKrBf5+eyDqXWqlYEVJVKXAGum/p7IcazUJA51Z3GvWvQK8T+vn0F05edMpBlQQeaLooxbkFhFHNaASUqATzTBRDJ9q0VGWGICOrQiBGfx5WXSOW84F43mXbPeui7jqKJjdILOkIMuUQvdojZyEUGP6Bm9ojfjyXgx3o2PeWvFKGcO0R8Ynz/spJcy</latexit>

U⇥

<latexit sha1_base64="GpEx2nDL3MC8Xvjkyzp58NU6fP0=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSK4sSRS1GXRjcsKpi20IUymk3bo5MHMRCkxn+LGhSJu/RJ3/o2TNgttPTBwOOde7pnjJ5xJZVnfxsrq2vrGZmWrur2zu7dv1g46Mk4FoQ6JeSx6PpaUs4g6iilOe4mgOPQ57fqTm8LvPlAhWRzdq2lC3RCPIhYwgpWWPLM2CLEaBwJPMif3sjM798y61bBmQMvELkkdSrQ982swjEka0kgRjqXs21ai3AwLxQineXWQSppgMsEj2tc0wiGVbjaLnqMTrQxREAv9IoVm6u+NDIdSTkNfTxZB5aJXiP95/VQFV27GoiRVNCLzQ0HKkYpR0QMaMkGJ4lNNMBFMZ0VkjAUmSrdV1SXYi19eJp3zhn3RaN41663rso4KHMExnIINl9CCW2iDAwQe4Rle4c14Ml6Md+NjPrpilDuH8AfG5w9O7ZQK</latexit>

U�1 <latexit sha1_base64="63kXLgpz0AZtssHEook/7b+LbX4=">AAAB/nicbVBPS8MwHE3nvzn/VcWTl+AQPI1WhnocevE4Yd0Gaylplm5hSVqSVBhl4Ffx4kERr34Ob34b060H3XwQeLz3+/F7eVHKqNKO821V1tY3Nreq27Wd3b39A/vwqKuSTGLi4YQlsh8hRRgVxNNUM9JPJUE8YqQXTe4Kv/dIpKKJ6OhpSgKORoLGFCNtpNA+8TnS41iiSe7NwtyXHHbkLLTrTsOZA64StyR1UKId2l/+MMEZJ0JjhpQauE6qgxxJTTEjs5qfKZIiPEEjMjBUIE5UkM/jz+C5UYYwTqR5QsO5+nsjR1ypKY/MZBFWLXuF+J83yHR8E+RUpJkmAi8OxRmDOoFFF3BIJcGaTQ1BWFKTFeIxkghr01jNlOAuf3mVdC8b7lWj+dCst27LOqrgFJyBC+CCa9AC96ANPIBBDp7BK3iznqwX6936WIxWrHLnGPyB9fkDrYeV9Q==</latexit>

UTr

<latexit sha1_base64="j2rHFtPId0fpVce+w2wUuAQSJMo=">AAAB+XicbVBNS8NAFHypX7V+RT16WSyCp5KIqMeiIB4rmLbQhrDZbtqlm03Y3RRK6D/x4kERr/4Tb/4bN20O2jqwMMy8x5udMOVMacf5tipr6xubW9Xt2s7u3v6BfXjUVkkmCfVIwhPZDbGinAnqaaY57aaS4jjktBOO7wq/M6FSsUQ86WlK/RgPBYsYwdpIgW33Y6xHkcTj3JsF+f0ssOtOw5kDrRK3JHUo0Qrsr/4gIVlMhSYcK9VznVT7OZaaEU5ntX6maIrJGA9pz1CBY6r8fJ58hs6MMkBRIs0TGs3V3xs5jpWaxqGZLHKqZa8Q//N6mY5u/JyJNNNUkMWhKONIJ6ioAQ2YpETzqSGYSGayIjLCEhNtyqqZEtzlL6+S9kXDvWpcPl7Wm7dlHVU4gVM4BxeuoQkP0AIPCEzgGV7hzcqtF+vd+liMVqxy5xj+wPr8Af9Hk+g=</latexit>

UF

<latexit sha1_base64="j2rHFtPId0fpVce+w2wUuAQSJMo=">AAAB+XicbVBNS8NAFHypX7V+RT16WSyCp5KIqMeiIB4rmLbQhrDZbtqlm03Y3RRK6D/x4kERr/4Tb/4bN20O2jqwMMy8x5udMOVMacf5tipr6xubW9Xt2s7u3v6BfXjUVkkmCfVIwhPZDbGinAnqaaY57aaS4jjktBOO7wq/M6FSsUQ86WlK/RgPBYsYwdpIgW33Y6xHkcTj3JsF+f0ssOtOw5kDrRK3JHUo0Qrsr/4gIVlMhSYcK9VznVT7OZaaEU5ntX6maIrJGA9pz1CBY6r8fJ58hs6MMkBRIs0TGs3V3xs5jpWaxqGZLHKqZa8Q//N6mY5u/JyJNNNUkMWhKONIJ6ioAQ2YpETzqSGYSGayIjLCEhNtyqqZEtzlL6+S9kXDvWpcPl7Wm7dlHVU4gVM4BxeuoQkP0AIPCEzgGV7hzcqtF+vd+liMVqxy5xj+wPr8Af9Hk+g=</latexit>

UF
<latexit sha1_base64="xQ8OmzCI7NYKQJQkN6KvX7/q6eE=">AAAB7XicbVBNTwIxEJ3FL8Qv1KOXRmLiiewaoh4JXjxi4gIJbEi3dKHSbTdt10g2/AcvHjTGq//Hm//GAntQ8CWTvLw3k5l5YcKZNq777RTW1jc2t4rbpZ3dvf2D8uFRS8tUEeoTyaXqhFhTzgT1DTOcdhJFcRxy2g7HNzO//UiVZlLcm0lCgxgPBYsYwcZKLb/fa8infrniVt050CrxclKBHM1++as3kCSNqTCEY627npuYIMPKMMLptNRLNU0wGeMh7VoqcEx1kM2vnaIzqwxQJJUtYdBc/T2R4VjrSRzazhibkV72ZuJ/Xjc10XWQMZGkhgqyWBSlHBmJZq+jAVOUGD6xBBPF7K2IjLDCxNiASjYEb/nlVdK6qHqX1dpdrVJv5HEU4QRO4Rw8uII63EITfCDwAM/wCm+OdF6cd+dj0Vpw8plj+APn8wdPm474</latexit>

U⇤

<latexit sha1_base64="G4vzAKUfqBvuBoSMSn1cPbS+Hlo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwse1flSr1Sqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3RzjLg=</latexit>

+

<latexit sha1_base64="BqGrl6lVEIEdj/wCJyX+ggVGSGc=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi6CHCqYttKFsttN26WYTdjdCCf0NXjwo4tUf5M1/47bNQVsfDDzem2FmXpgIro3rfjuFldW19Y3iZmlre2d3r7x/0NBxqhj6LBaxaoVUo+ASfcONwFaikEahwGY4upn6zSdUmsfy0YwTDCI6kLzPGTVW8u+62f2kW664VXcGsky8nFQgR71b/ur0YpZGKA0TVOu25yYmyKgynAmclDqpxoSyER1g21JJI9RBNjt2Qk6s0iP9WNmShszU3xMZjbQeR6HtjKgZ6kVvKv7ntVPTvwoyLpPUoGTzRf1UEBOT6eekxxUyI8aWUKa4vZWwIVWUGZtPyYbgLb68TBpnVe+iev5wXqld53EU4QiO4RQ8uIQa3EIdfGDA4Rle4c2Rzovz7nzMWwtOPnMIf+B8/gC3U46j</latexit>

KL

<latexit sha1_base64="8651H29gQ9Rs9/8rYBXWTZoH2iY=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVUS9C0UvBS0X7Ae1Ssmm2DU2ya5ItlKW/w4sHRbz6Y7z5b0zbPWjrg4HHezPMzAtizrRx3W8nt7K6tr6R3yxsbe/s7hX3Dxo6ShShdRLxSLUCrClnktYNM5y2YkWxCDhtBsPbqd8cUaVZJB/NOKa+wH3JQkawsZJf7aZ3DxN0jTo6Ed1iyS27M6Bl4mWkBBlq3eJXpxeRRFBpCMdatz03Nn6KlWGE00mhk2gaYzLEfdq2VGJBtZ/Ojp6gE6v0UBgpW9Kgmfp7IsVC67EIbKfAZqAXvan4n9dOTHjlp0zGiaGSzBeFCUcmQtMEUI8pSgwfW4KJYvZWRAZYYWJsTgUbgrf48jJpnJW9i/L5/XmpcpPFkYcjOIZT8OASKlCFGtSBwBM8wyu8OSPnxXl3PuatOSebOYQ/cD5/ALrokXA=</latexit>

HKS =
X

<latexit sha1_base64="ORNheOk5xc+wg1dRwU8RY7kjHYQ=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHhRHYNUY9ELx4hkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSwfzCRBP6JDyUPOqLFSo9wvltyKuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia88adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpcV76pSbVRLtdssjjycwTmUwYNrqME91KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AG/njLU=</latexit>

(
<latexit sha1_base64="I7M8Rptcfj7965+LSlRwW+GxU74=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoOgl7ArQT0GvXhMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGdzO/9YRK81g+mHGCfkQHkoecUWOl+kWvWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rwxp9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6WvatypV4pVW+zOPJwAqdwDh5cQxXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A3FrjLY=</latexit>

)

U | 0i ! | (t)i

<latexit sha1_base64="mfZxQFhqboFWKV17tjWIV8Ih5k4=">AAACJnicbVDLSsNAFJ34rPUVdekmWIS6KYkUdKMU3bisYNpCE8JkOmmHTh7M3Cgl9mvc+CtuXFRE3PkpTtqA2npgmMM59zJzjp9wJsE0P7Wl5ZXVtfXSRnlza3tnV9/bb8k4FYTaJOax6PhYUs4iagMDTjuJoDj0OW37w+vcb99TIVkc3cEooW6I+xELGMGgJE+/cEIMA4J5Zo8dTgN4dBLJPNMRrD+Ay9mFhYgfftwqnBS2p1fMmjmFsUisglRQgaanT5xeTNKQRkA4lrJrmQm4GRbACKfjspNKmmAyxH3aVTTCIZVuNo05No6V0jOCWKgTgTFVf29kOJRyFPpqMg8l571c/M/rphCcuxmLkhRoRGYPBSk3IDbyzoweE5QAHymCiWDqrwYZYIEJqGbLqgRrPvIiaZ3WrHqtfluvNK6KOkroEB2hKrLQGWqgG9RENiLoCb2gCXrTnrVX7V37mI0uacXOAfoD7esbC1qnVg==</latexit>

Propagation

Ying-Ying Li (李英英)
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[Lamm,YYL, Shu, Wang, Bin, arXiv:2405.12890]

<latexit sha1_base64="GpEx2nDL3MC8Xvjkyzp58NU6fP0=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSK4sSRS1GXRjcsKpi20IUymk3bo5MHMRCkxn+LGhSJu/RJ3/o2TNgttPTBwOOde7pnjJ5xJZVnfxsrq2vrGZmWrur2zu7dv1g46Mk4FoQ6JeSx6PpaUs4g6iilOe4mgOPQ57fqTm8LvPlAhWRzdq2lC3RCPIhYwgpWWPLM2CLEaBwJPMif3sjM798y61bBmQMvELkkdSrQ982swjEka0kgRjqXs21ai3AwLxQineXWQSppgMsEj2tc0wiGVbjaLnqMTrQxREAv9IoVm6u+NDIdSTkNfTxZB5aJXiP95/VQFV27GoiRVNCLzQ0HKkYpR0QMaMkGJ4lNNMBFMZ0VkjAUmSrdV1SXYi19eJp3zhn3RaN41663rso4KHMExnIINl9CCW2iDAwQe4Rle4c14Ml6Md+NjPrpilDuH8AfG5w9O7ZQK</latexit>

U�1

<latexit sha1_base64="hcacq0nfHTT5aBygjrgKKSVqCH4=">AAACEnicbVBNS8NAEN34WetX1KOXxSLopSRS1ItS9OKxgmkLTSib7aZduvlgdyKUWP+CF/+KFw+KePXkzX/jtg2orQ8GHu/NMDPPTwRXYFlfxtz8wuLScmGluLq2vrFpbm3XVZxKyhwai1g2faKY4BFzgINgzUQyEvqCNfz+5chv3DKpeBzdwCBhXki6EQ84JaCltnnoChbAneNK3u3BOT7DE+H+B7nVNktW2RoDzxI7JyWUo9Y2P91OTNOQRUAFUaplWwl4GZHAqWDDopsqlhDaJ13W0jQiIVNeNn5piPe10sFBLHVFgMfq74mMhEoNQl93hgR6atobif95rRSCUy/jUZICi+hkUZAKDDEe5YM7XDIKYqAJoZLrWzHtEUko6BSLOgR7+uVZUj8q28flynWlVL3I4yigXbSHDpCNTlAVXaEachBFD+gJvaBX49F4Nt6M90nrnJHP7KA/MD6+AQtjnwA=</latexit>

|Ui = | i

U | 0i ! | (t)i

<latexit sha1_base64="mfZxQFhqboFWKV17tjWIV8Ih5k4=">AAACJnicbVDLSsNAFJ34rPUVdekmWIS6KYkUdKMU3bisYNpCE8JkOmmHTh7M3Cgl9mvc+CtuXFRE3PkpTtqA2npgmMM59zJzjp9wJsE0P7Wl5ZXVtfXSRnlza3tnV9/bb8k4FYTaJOax6PhYUs4iagMDTjuJoDj0OW37w+vcb99TIVkc3cEooW6I+xELGMGgJE+/cEIMA4J5Zo8dTgN4dBLJPNMRrD+Ay9mFhYgfftwqnBS2p1fMmjmFsUisglRQgaanT5xeTNKQRkA4lrJrmQm4GRbACKfjspNKmmAyxH3aVTTCIZVuNo05No6V0jOCWKgTgTFVf29kOJRyFPpqMg8l571c/M/rphCcuxmLkhRoRGYPBSk3IDbyzoweE5QAHymCiWDqrwYZYIEJqGbLqgRrPvIiaZ3WrHqtfluvNK6KOkroEB2hKrLQGWqgG9RENiLoCb2gCXrTnrVX7V37mI0uacXOAfoD7esbC1qnVg==</latexit>

Propagation
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[Lamm,YYL, Shu, Wang, Bin, arXiv:2405.12890]

<latexit sha1_base64="GpEx2nDL3MC8Xvjkyzp58NU6fP0=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSK4sSRS1GXRjcsKpi20IUymk3bo5MHMRCkxn+LGhSJu/RJ3/o2TNgttPTBwOOde7pnjJ5xJZVnfxsrq2vrGZmWrur2zu7dv1g46Mk4FoQ6JeSx6PpaUs4g6iilOe4mgOPQ57fqTm8LvPlAhWRzdq2lC3RCPIhYwgpWWPLM2CLEaBwJPMif3sjM798y61bBmQMvELkkdSrQ982swjEka0kgRjqXs21ai3AwLxQineXWQSppgMsEj2tc0wiGVbjaLnqMTrQxREAv9IoVm6u+NDIdSTkNfTxZB5aJXiP95/VQFV27GoiRVNCLzQ0HKkYpR0QMaMkGJ4lNNMBFMZ0VkjAUmSrdV1SXYi19eJp3zhn3RaN41663rso4KHMExnIINl9CCW2iDAwQe4Rle4c14Ml6Md+NjPrpilDuH8AfG5w9O7ZQK</latexit>

U�1

<latexit sha1_base64="hcacq0nfHTT5aBygjrgKKSVqCH4=">AAACEnicbVBNS8NAEN34WetX1KOXxSLopSRS1ItS9OKxgmkLTSib7aZduvlgdyKUWP+CF/+KFw+KePXkzX/jtg2orQ8GHu/NMDPPTwRXYFlfxtz8wuLScmGluLq2vrFpbm3XVZxKyhwai1g2faKY4BFzgINgzUQyEvqCNfz+5chv3DKpeBzdwCBhXki6EQ84JaCltnnoChbAneNK3u3BOT7DE+H+B7nVNktW2RoDzxI7JyWUo9Y2P91OTNOQRUAFUaplWwl4GZHAqWDDopsqlhDaJ13W0jQiIVNeNn5piPe10sFBLHVFgMfq74mMhEoNQl93hgR6atobif95rRSCUy/jUZICi+hkUZAKDDEe5YM7XDIKYqAJoZLrWzHtEUko6BSLOgR7+uVZUj8q28flynWlVL3I4yigXbSHDpCNTlAVXaEachBFD+gJvaBX49F4Nt6M90nrnJHP7KA/MD6+AQtjnwA=</latexit>

|Ui = | i

U | 0i ! | (t)i

<latexit sha1_base64="mfZxQFhqboFWKV17tjWIV8Ih5k4=">AAACJnicbVDLSsNAFJ34rPUVdekmWIS6KYkUdKMU3bisYNpCE8JkOmmHTh7M3Cgl9mvc+CtuXFRE3PkpTtqA2npgmMM59zJzjp9wJsE0P7Wl5ZXVtfXSRnlza3tnV9/bb8k4FYTaJOax6PhYUs4iagMDTjuJoDj0OW37w+vcb99TIVkc3cEooW6I+xELGMGgJE+/cEIMA4J5Zo8dTgN4dBLJPNMRrD+Ay9mFhYgfftwqnBS2p1fMmjmFsUisglRQgaanT5xeTNKQRkA4lrJrmQm4GRbACKfjspNKmmAyxH3aVTTCIZVuNo05No6V0jOCWKgTgTFVf29kOJRyFPpqMg8l571c/M/rphCcuxmLkhRoRGYPBSk3IDbyzoweE5QAHymCiWDqrwYZYIEJqGbLqgRrPvIiaZ3WrHqtfluvNK6KOkroEB2hKrLQGWqgG9RENiLoCb2gCXrTnrVX7V37mI0uacXOAfoD7esbC1qnVg==</latexit>

Propagation

optimization?
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Physics Benchmarks

Now - Noisy Intermediate Scale Quantum (NISQ) era 

more than 50 well controlled qubits, not error-corrected yet



Ying-Ying Li (李英英)

Physics Benchmarks for Quantum Computing

17

[Roland C. Farrell, et al., PRX Quantum 5, 020315]

<latexit sha1_base64="sr/atBu2yctFIRZaJbDtG/oHw24=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBZBEEoiRT0WvXisYD+gDWWz2bRLdzdhdyOU0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmBQln2rjut1NaW9/Y3CpvV3Z29/YPqodHHR2nitA2iXmsegHWlDNJ24YZTnuJolgEnHaDyV3ud5+o0iyWj2aaUF/gkWQRI9jkknfhhcNqza27c6BV4hWkBgVaw+rXIIxJKqg0hGOt+56bGD/DyjDC6awySDVNMJngEe1bKrGg2s/mt87QmVVCFMXKljRorv6eyLDQeioC2ymwGetlLxf/8/qpiW78jMkkNVSSxaIo5cjEKH8chUxRYvjUEkwUs7ciMsYKE2PjqdgQvOWXV0nnsu5d1RsPjVrztoijDCdwCufgwTU04R5a0AYCY3iGV3hzhPPivDsfi9aSU8wcwx84nz8QdY2c</latexit>

1 + 1d Schwinger Model — Chiral condensate 
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“Quantum potential for first-principle calculations!” 

18

S. P. Jordan, 
  K. S. M. Lee, 

J. Preskill 

|qiN ! |Gi

<latexit sha1_base64="OVUBOLikoVWeZMkb4zzR+F/49dU=">AAACEnicbZDLSsNAFIYn9VbrLerSTbAIuimJFHQlRRe6kgr2Ak0sk+mkHTrJxJkTpcQ+gxtfxY0LRdy6cufbOG2z0NYDAx//fw5nzu/HnCmw7W8jNze/sLiUXy6srK6tb5ibW3UlEklojQguZNPHinIW0Row4LQZS4pDn9OG3z8b+Y07KhUT0TUMYuqFuBuxgBEMWmqbBy6nATzcupJ1e3ByczkBLKW4n1jnmdU2i3bJHpc1C04GRZRVtW1+uR1BkpBGQDhWquXYMXgplsAIp8OCmygaY9LHXdrSGOGQKi8dnzS09rTSsQIh9YvAGqu/J1IcKjUIfd0ZYuipaW8k/ue1EgiOvZRFcQI0IpNFQcItENYoH6vDJCXABxowkUz/1SI9LDEBnWJBh+BMnzwL9cOSUy6Vr8rFymkWRx7toF20jxx0hCroAlVRDRH0iJ7RK3oznowX4934mLTmjGxmG/0p4/MHxYKeyw==</latexit>

U |GiL ! | 0i

<latexit sha1_base64="0VodhIs6LZa/kWMF+bQ7CdIQmMQ=">AAACInicbVDLSsNAFJ3UV62vqEs3wSK4KokU1I0UXejCRQXTFppYJtNJOzh5MHOjlNhvceOvuHGhqCvBj3HSZKGtBwYO59zLnXO8mDMJpvmllebmFxaXysuVldW19Q19c6slo0QQapOIR6LjYUk5C6kNDDjtxILiwOO07d2eZX77jgrJovAaRjF1AzwImc8IBiX19GMnwDAkmKf22OHUh4dzR7DBEE5uLnOChYjuc8uJJeuZhd/Tq2bNnMCYJVZBqqhAs6d/OP2IJAENgXAsZdcyY3BTLIARTscVJ5E0xuQWD2hX0RAHVLrpJOLY2FNK3/AjoV4IxkT9vZHiQMpR4KnJLJCc9jLxP6+bgH/kpiyME6AhyQ/5CTcgMrK+jD4TlAAfKYKJYOqvBhligQmoViuqBGs68ixpHdSseq1+Va82Tos6ymgH7aJ9ZKFD1EAXqIlsRNAjekav6E170l60d+0zHy1pxc42+gPt+wfWIqWy</latexit>

U | 0i ! | (t)i

<latexit sha1_base64="mfZxQFhqboFWKV17tjWIV8Ih5k4=">AAACJnicbVDLSsNAFJ34rPUVdekmWIS6KYkUdKMU3bisYNpCE8JkOmmHTh7M3Cgl9mvc+CtuXFRE3PkpTtqA2npgmMM59zJzjp9wJsE0P7Wl5ZXVtfXSRnlza3tnV9/bb8k4FYTaJOax6PhYUs4iagMDTjuJoDj0OW37w+vcb99TIVkc3cEooW6I+xELGMGgJE+/cEIMA4J5Zo8dTgN4dBLJPNMRrD+Ay9mFhYgfftwqnBS2p1fMmjmFsUisglRQgaanT5xeTNKQRkA4lrJrmQm4GRbACKfjspNKmmAyxH3aVTTCIZVuNo05No6V0jOCWKgTgTFVf29kOJRyFPpqMg8l571c/M/rphCcuxmLkhRoRGYPBSk3IDbyzoweE5QAHymCiWDqrwYZYIEJqGbLqgRrPvIiaZ3WrHqtfluvNK6KOkroEB2hKrLQGWqgG9RENiLoCb2gCXrTnrVX7V37mI0uacXOAfoD7esbC1qnVg==</latexit>

hOi

<latexit sha1_base64="6ZD20VBihU0PQrQBWzohU51m280=">AAACAXicbVBNS8NAEN3Ur1q/ol4EL4tF8FQSKehBpOjFmxXsBzSlbLabdulmE3YnQgn14l/x4kERr/4Lb/4bN20O2vpg4PHeDDPz/FhwDY7zbRWWlldW14rrpY3Nre0de3evqaNEUdagkYhU2yeaCS5ZAzgI1o4VI6EvWMsfXWd+64EpzSN5D+OYdUMykDzglICRevaBJ1gAF15IYEiJSG8nnuKDIVz27LJTcabAi8TNSRnlqPfsL68f0SRkEqggWndcJ4ZuShRwKtik5CWaxYSOyIB1DJUkZLqbTj+Y4GOj9HEQKVMS8FT9PZGSUOtx6JvO7FI972Xif14ngeC8m3IZJ8AknS0KEoEhwlkcuM8VoyDGhhCquLkV0yFRhIIJrWRCcOdfXiTN04pbrVTvquXaVR5HER2iI3SCXHSGaugG1VEDUfSIntErerOerBfr3fqYtRasfGYf/YH1+QPFZ5ca</latexit>

2020 - 

2030s - 

(2030s) narrow down the framework with
• improving algorithms                        —— efficient Fourier transformations
• theoretical studies of uncertainties  —— phase diagrams for improved H
• hardware co-design                            —— qudits for blocking encodings
• benchmark studies 
• …
                  HEP case calculations for experiments

2011-

18

⇠ ⇠ 10

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

various 
methods



Thank you
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BACK UP
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<latexit sha1_base64="EIsCS7OvmQ9FdYkargiy89/3k74=">AAAB+XicbZC7SgNBFIbPxluMt1VLm8EgWIVdEbWwCNpYRjAXSJZldjKbDJm9MHM2EJa8iY2FIra+iZ1v4yTZQhN/GPj4zzmcM3+QSqHRcb6t0tr6xuZWebuys7u3f2AfHrV0kinGmyyRieoEVHMpYt5EgZJ3UsVpFEjeDkb3s3p7zJUWSfyEk5R7ER3EIhSMorF82+4FHKkfktsFaN+uOjVnLrIKbgFVKNTw7a9eP2FZxGNkkmrddZ0UvZwqFEzyaaWXaZ5SNqID3jUY04hrL59fPiVnxumTMFHmxUjm7u+JnEZaT6LAdEYUh3q5NjP/q3UzDG+8XMRphjxmi0VhJgkmZBYD6QvFGcqJAcqUMLcSNqSKMjRhVUwI7vKXV6F1UXOvapePl9X6XRFHGU7gFM7BhWuowwM0oAkMxvAMr/Bm5daL9W59LFpLVjFzDH9kff4A7YmTNw==</latexit>

�f < �s

In the Scaling Regime:
significantly reduces the errors in 

simulating SU(2) physics 

<latexit sha1_base64="ggBaMrTleRcG5vstdgpMDw4QMQk=">AAAB+nicbZDLSgNBEEVr4ivG10SXbhqD4CrMiKgrCbpxGcE8IBmGnk5P0qTnQXeNEmI+xY0LRdz6Je78GzvJLDTxQsPhVhVVfYNUCo2O820VVlbX1jeKm6Wt7Z3dPbu839RJphhvsEQmqh1QzaWIeQMFSt5OFadRIHkrGN5M660HrrRI4nscpdyLaD8WoWAUjeXb5W7AkfohuSJz0r5dcarOTGQZ3BwqkKvu21/dXsKyiMfIJN W64zopemOqUDDJJ6VupnlK2ZD2ecdgTCOuvfHs9Ak5Nk6PhIkyL0Yyc39PjGmk9SgKTGdEcaAXa1Pzv1onw/DSG4s4zZDHbL4ozCTBhExzID2hOEM5MkCZEuZWwgZUUYYmrZIJwV388jI0T6vuefXs7qxSu87jKMIhHMEJuHABNbiFOjSAwSM8wyu8WU/Wi/VufcxbC1Y+cwB/ZH3+AEpKk2M=</latexit>

�f > �s

[Lamm,YYL, Shu, Wang, Bin, arXiv:2405.12890]

[Gustafson, Lamm, Lovelace, Mush, PRD 106, 114501]

infinities in QFT|qiN ! |Gi

<latexit sha1_base64="OVUBOLikoVWeZMkb4zzR+F/49dU=">AAACEnicbZDLSsNAFIYn9VbrLerSTbAIuimJFHQlRRe6kgr2Ak0sk+mkHTrJxJkTpcQ+gxtfxY0LRdy6cufbOG2z0NYDAx//fw5nzu/HnCmw7W8jNze/sLiUXy6srK6tb5ibW3UlEklojQguZNPHinIW0Row4LQZS4pDn9OG3z8b+Y07KhUT0TUMYuqFuBuxgBEMWmqbBy6nATzcupJ1e3ByczkBLKW4n1jnmdU2i3bJHpc1C04GRZRVtW1+uR1BkpBGQDhWquXYMXgplsAIp8OCmygaY9LHXdrSGOGQKi8dnzS09rTSsQIh9YvAGqu/J1IcKjUIfd0ZYuipaW8k/ue1EgiOvZRFcQI0IpNFQcItENYoH6vDJCXABxowkUz/1SI9LDEBnWJBh+BMnzwL9cOSUy6Vr8rFymkWRx7toF20jxx0hCroAlVRDRH0iJ7RK3oznowX4934mLTmjGxmG/0p4/MHxYKeyw==</latexit>

Digitization
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Quantum Computing for HEP

1

HEP-QIS QuantISED program is aligned with the ``Science First’’ 
driver for the national QIS program

Brookhaven
Argonne

Oak Ridge 
LBNL

Fermilab
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Quantum Computing for HEP

“offers the fascinating opportunity to 
solve problems which are extremely 
hard or even impossible to address on 
conventional computers”

… chart future for use of quantum computing in particle physics
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gauge equivalent states
<latexit sha1_base64="2GU6ttVQyJIWxXm1Y8zjVliTNwo="></latexit>

⇥̂⌦(x) |U�1U1U�2U2i =
��U 0

�1U
0
1U

0
�2U

0
2

↵

<latexit sha1_base64="fNcT7rpX9oki8f8MSYfiKgiefjo=">AAAB7XicbVBNTwIxEJ3FL8Qv1KOXRmLiRbJrCHokevGIiQsksCHd0oVKt920XROy4T948aAxXv0/3vw3FtiDgi+Z5OW9mczMCxPOtHHdb6ewtr6xuVXcLu3s7u0flA+PWlqmilCfSC5VJ8Saciaob5jhtJMoiuOQ03Y4vp357SeqNJPiwUwSGsR4KFjECDZWavn97MKb9ssVt+rOgVaJl5MK5Gj2y1+9gSRpTIUhHGvd9dzEBBlWhhFOp6VeqmmCyRgPaddSgWOqg2x+7RSdWWWAIqlsCYPm6u+JDMdaT+LQdsbYjPSyNxP/87qpia6DjIkkNVSQxaIo5chINHsdDZiixPCJJZgoZm9FZIQVJsYGVLIheMsvr5LWZdWrV2v3tUrjJo+jCCdwCufgwRU04A6a4AOBR3iGV3hzpPPivDsfi9aCk88cwx84nz8IVI7J</latexit>

U�1
<latexit sha1_base64="dJ7MHOkaZwVPr2C/ICrBGrYtXR8=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cKpi20oWy2k3bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemAqujet+O6W19Y3NrfJ2ZWd3b/+genjU0kmmGPosEYnqhFSj4BJ9w43ATqqQxqHAdji+m/ntJ1SaJ/LRTFIMYjqUPOKMGiv5fj/3pv1qza27c5BV4hWkBgWa/epXb5CwLEZpmKBadz03NUFOleFM4LTSyzSmlI3pELuWShqjDvL5sVNyZpUBiRJlSxoyV39P5DTWehKHtjOmZqSXvZn4n9fNTHQT5FymmUHJFouiTBCTkNnnZMAVMiMmllCmuL2VsBFVlBmbT8WG4C2/vEpaF3Xvqn75cFlr3BZxlOEETuEcPLiGBtxDE3xgwOEZXuHNkc6L8+58LFpLTjFzDH/gfP4AnZyOkg==</latexit>

U1

<latexit sha1_base64="ZFAS05J2hejeqcHBLmAalYx9F5s=">AAAB7XicbVBNTwIxEJ3FL8Qv1KOXRmLiRbJLiHokevGIiQsksCHd0oVKt920XROy4T948aAxXv0/3vw3FtiDgi+Z5OW9mczMCxPOtHHdb6ewtr6xuVXcLu3s7u0flA+PWlqmilCfSC5VJ8Saciaob5jhtJMoiuOQ03Y4vp357SeqNJPiwUwSGsR4KFjECDZWavn97KI27ZcrbtWdA60SLycVyNHsl796A0nSmApDONa667mJCTKsDCOcTku9VNMEkzEe0q6lAsdUB9n82ik6s8oARVLZEgbN1d8TGY61nsSh7YyxGellbyb+53VTE10HGRNJaqggi0VRypGRaPY6GjBFieETSzBRzN6KyAgrTIwNqGRD8JZfXiWtWtW7rNbv65XGTR5HEU7gFM7BgytowB00wQcCj/AMr/DmSOfFeXc+Fq0FJ585hj9wPn8ACdmOyg==</latexit>

U�2

<latexit sha1_base64="6XCO4bt5+7Si8W5wzh+L5L9X7Fc=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY9FLx4rmLbQhrLZTtulm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSK4Nq777RQ2Nre2d4q7pb39g8Oj8vFJS8epYuizWMSqE1KNgkv0DTcCO4lCGoUC2+Hkbu63n1BpHstHM00wiOhI8iFn1FjJ9/tZbdYvV9yquwBZJ15OKpCj2S9/9QYxSyOUhgmqdddzExNkVBnOBM5KvVRjQtmEjrBrqaQR6iBbHDsjF1YZkGGsbElDFurviYxGWk+j0HZG1Iz1qjcX//O6qRneBBmXSWpQsuWiYSqIicn8czLgCpkRU0soU9zeStiYKsqMzadkQ/BWX14nrVrVu6rWH+qVxm0eRxHO4BwuwYNraMA9NMEHBhye4RXeHOm8OO/Ox7K14OQzp/AHzucPnyGOkw==</latexit>

U2

<latexit sha1_base64="9LvYe9YremfT5J+VFls0GRJfHk0=">AAAB9XicbVBNS8NAEN3Ur1q/qh69LBbBU0lE1GPRizcr2A9o0rLZTNKlm03Y3Sgl9H948aCIV/+LN/+N2zYHbX0w8Hhvhpl5fsqZ0rb9bZVWVtfWN8qbla3tnd296v5BWyWZpNCiCU9k1ycKOBPQ0kxz6KYSSOxz6Pijm6nfeQSpWCIe9DgFLyaRYCGjRBup797FEJG+G5AoAjmo1uy6PQNeJk5BaqhAc1D9coOEZjEITTlRqufYqfZyIjWjHCYVN1OQEjoiEfQMFSQG5eWzqyf4xCgBDhNpSmg8U39P5CRWahz7pjMmeqgWvan4n9fLdHjl5UykmQZB54vCjGOd4GkEOGASqOZjQwiVzNyK6ZBIQrUJqmJCcBZfXibts7pzUT+/P681ros4yugIHaNT5KBL1EC3qIlaiCKJntErerOerBfr3fqYt5asYuYQ/YH1+QNpc5J4</latexit>

⌦†

<latexit sha1_base64="9LvYe9YremfT5J+VFls0GRJfHk0=">AAAB9XicbVBNS8NAEN3Ur1q/qh69LBbBU0lE1GPRizcr2A9o0rLZTNKlm03Y3Sgl9H948aCIV/+LN/+N2zYHbX0w8Hhvhpl5fsqZ0rb9bZVWVtfWN8qbla3tnd296v5BWyWZpNCiCU9k1ycKOBPQ0kxz6KYSSOxz6Pijm6nfeQSpWCIe9DgFLyaRYCGjRBup797FEJG+G5AoAjmo1uy6PQNeJk5BaqhAc1D9coOEZjEITTlRqufYqfZyIjWjHCYVN1OQEjoiEfQMFSQG5eWzqyf4xCgBDhNpSmg8U39P5CRWahz7pjMmeqgWvan4n9fLdHjl5UykmQZB54vCjGOd4GkEOGASqOZjQwiVzNyK6ZBIQrUJqmJCcBZfXibts7pzUT+/P681ros4yugIHaNT5KBL1EC3qIlaiCKJntErerOerBfr3fqYt5asYuYQ/YH1+QNpc5J4</latexit>

⌦†

<latexit sha1_base64="MW8hrJAgFL8OnIEy2q7X4HirfQc=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKqMegF29GMA9IljA76U3GzGOZmRXCkn/w4kERr/6PN//GSbIHTSxoKKq66e6KEs6M9f1vr7Cyura+UdwsbW3v7O6V9w+aRqWaQoMqrnQ7IgY4k9CwzHJoJxqIiDi0otHN1G89gTZMyQc7TiAUZCBZzCixTmp27wQMSK9c8av+DHiZBDmpoBz1Xvmr21c0FSAt5cSYTuAnNsyItoxymJS6qYGE0BEZQMdRSQSYMJtdO8EnTunjWGlX0uKZ+nsiI8KYsYhcpyB2aBa9qfif10ltfBVmTCapBUnni+KUY6vw9HXcZxqo5WNHCNXM3YrpkGhCrQuo5EIIFl9eJs2zanBRPb8/r9Su8ziK6Agdo1MUoEtUQ7eojhqIokf0jF7Rm6e8F+/d+5i3Frx85hD9gff5A2IfjwQ=</latexit>

⌦

<latexit sha1_base64="MW8hrJAgFL8OnIEy2q7X4HirfQc=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKqMegF29GMA9IljA76U3GzGOZmRXCkn/w4kERr/6PN//GSbIHTSxoKKq66e6KEs6M9f1vr7Cyura+UdwsbW3v7O6V9w+aRqWaQoMqrnQ7IgY4k9CwzHJoJxqIiDi0otHN1G89gTZMyQc7TiAUZCBZzCixTmp27wQMSK9c8av+DHiZBDmpoBz1Xvmr21c0FSAt5cSYTuAnNsyItoxymJS6qYGE0BEZQMdRSQSYMJtdO8EnTunjWGlX0uKZ+nsiI8KYsYhcpyB2aBa9qfif10ltfBVmTCapBUnni+KUY6vw9HXcZxqo5WNHCNXM3YrpkGhCrQuo5EIIFl9eJs2zanBRPb8/r9Su8ziK6Agdo1MUoEtUQ7eojhqIokf0jF7Rm6e8F+/d+5i3Frx85hD9gff5A2IfjwQ=</latexit>

⌦
<latexit sha1_base64="dJ7MHOkaZwVPr2C/ICrBGrYtXR8=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cKpi20oWy2k3bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemAqujet+O6W19Y3NrfJ2ZWd3b/+genjU0kmmGPosEYnqhFSj4BJ9w43ATqqQxqHAdji+m/ntJ1SaJ/LRTFIMYjqUPOKMGiv5fj/3pv1qza27c5BV4hWkBgWa/epXb5CwLEZpmKBadz03NUFOleFM4LTSyzSmlI3pELuWShqjDvL5sVNyZpUBiRJlSxoyV39P5DTWehKHtjOmZqSXvZn4n9fNTHQT5FymmUHJFouiTBCTkNnnZMAVMiMmllCmuL2VsBFVlBmbT8WG4C2/vEpaF3Xvqn75cFlr3BZxlOEETuEcPLiGBtxDE3xgwOEZXuHNkc6L8+58LFpLTjFzDH/gfP4AnZyOkg==</latexit>

U1

<latexit sha1_base64="ZFAS05J2hejeqcHBLmAalYx9F5s=">AAAB7XicbVBNTwIxEJ3FL8Qv1KOXRmLiRbJLiHokevGIiQsksCHd0oVKt920XROy4T948aAxXv0/3vw3FtiDgi+Z5OW9mczMCxPOtHHdb6ewtr6xuVXcLu3s7u0flA+PWlqmilCfSC5VJ8Saciaob5jhtJMoiuOQ03Y4vp357SeqNJPiwUwSGsR4KFjECDZWavn97KI27ZcrbtWdA60SLycVyNHsl796A0nSmApDONa667mJCTKsDCOcTku9VNMEkzEe0q6lAsdUB9n82ik6s8oARVLZEgbN1d8TGY61nsSh7YyxGellbyb+53VTE10HGRNJaqggi0VRypGRaPY6GjBFieETSzBRzN6KyAgrTIwNqGRD8JZfXiWtWtW7rNbv65XGTR5HEU7gFM7BgytowB00wQcCj/AMr/DmSOfFeXc+Fq0FJ585hj9wPn8ACdmOyg==</latexit>

U�2

<latexit sha1_base64="6XCO4bt5+7Si8W5wzh+L5L9X7Fc=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY9FLx4rmLbQhrLZTtulm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSK4Nq777RQ2Nre2d4q7pb39g8Oj8vFJS8epYuizWMSqE1KNgkv0DTcCO4lCGoUC2+Hkbu63n1BpHstHM00wiOhI8iFn1FjJ9/tZbdYvV9yquwBZJ15OKpCj2S9/9QYxSyOUhgmqdddzExNkVBnOBM5KvVRjQtmEjrBrqaQR6iBbHDsjF1YZkGGsbElDFurviYxGWk+j0HZG1Iz1qjcX//O6qRneBBmXSWpQsuWiYSqIicn8czLgCpkRU0soU9zeStiYKsqMzadkQ/BWX14nrVrVu6rWH+qVxm0eRxHO4BwuwYNraMA9NMEHBhye4RXeHOm8OO/Ox7K14OQzp/AHzucPnyGOkw==</latexit>

U2

<latexit sha1_base64="jqylwcxBagMhesCQ8VFOWEkScmo=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUcCGzI79MLI7OxmZtZICF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOknjQU=</latexit>x

<latexit sha1_base64="fNcT7rpX9oki8f8MSYfiKgiefjo=">AAAB7XicbVBNTwIxEJ3FL8Qv1KOXRmLiRbJrCHokevGIiQsksCHd0oVKt920XROy4T948aAxXv0/3vw3FtiDgi+Z5OW9mczMCxPOtHHdb6ewtr6xuVXcLu3s7u0flA+PWlqmilCfSC5VJ8Saciaob5jhtJMoiuOQ03Y4vp357SeqNJPiwUwSGsR4KFjECDZWavn97MKb9ssVt+rOgVaJl5MK5Gj2y1+9gSRpTIUhHGvd9dzEBBlWhhFOp6VeqmmCyRgPaddSgWOqg2x+7RSdWWWAIqlsCYPm6u+JDMdaT+LQdsbYjPSyNxP/87qpia6DjIkkNVSQxaIo5chINHsdDZiixPCJJZgoZm9FZIQVJsYGVLIheMsvr5LWZdWrV2v3tUrjJo+jCCdwCufgwRU04A6a4AOBR3iGV3hzpPPivDsfi9aCk88cwx84nz8IVI7J</latexit>

U�1

<latexit sha1_base64="jqylwcxBagMhesCQ8VFOWEkScmo=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUcCGzI79MLI7OxmZtZICF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOknjQU=</latexit>x

<latexit sha1_base64="5Q2k3khYt9nUUyECjcKwjCe6hqc=">AAACI3icbVDLSgNBEJz1bXxFPXoZDEJyCbsiKoIgetCbCkaFbAy9k052cPbBTK8YlvyLF3/FiwdFvHjwX5w8Dr4KBoqqanq6glRJQ6774YyNT0xOTc/MFubmFxaXissrlybJtMCaSFSirwMwqGSMNZKk8DrVCFGg8Cq4Per7V3eojUziC+qm2IigE8u2FEBWahb3/BAo9y9CJOg1/dMIO1C+r/B97uN9WpbcT0NZHuoVPggf9276kUqzWHKr7gD8L/FGpMRGOGsW3/xWIrIIYxIKjKl7bkqNHDRJobBX8DODKYhb6GDd0hgiNI18cGOPb1ilxduJti8mPlC/T+QQGdONApuMgELz2+uL/3n1jNq7jVzGaUYYi+GidqY4JbxfGG9JjYJU1xIQWtq/chGCBkG21oItwft98l9yuVn1tqtb51ulg8NRHTNsja2zMvPYDjtgJ+yM1ZhgD+yJvbBX59F5dt6c92F0zBnNrLIfcD6/AJnVovs=</latexit>

⇥̂⌦(x) = exp(i�(⌦)Ĝa(x))

gauge transformation

infinities in QFT|qiN ! |Gi

<latexit sha1_base64="OVUBOLikoVWeZMkb4zzR+F/49dU=">AAACEnicbZDLSsNAFIYn9VbrLerSTbAIuimJFHQlRRe6kgr2Ak0sk+mkHTrJxJkTpcQ+gxtfxY0LRdy6cufbOG2z0NYDAx//fw5nzu/HnCmw7W8jNze/sLiUXy6srK6tb5ibW3UlEklojQguZNPHinIW0Row4LQZS4pDn9OG3z8b+Y07KhUT0TUMYuqFuBuxgBEMWmqbBy6nATzcupJ1e3ByczkBLKW4n1jnmdU2i3bJHpc1C04GRZRVtW1+uR1BkpBGQDhWquXYMXgplsAIp8OCmygaY9LHXdrSGOGQKi8dnzS09rTSsQIh9YvAGqu/J1IcKjUIfd0ZYuipaW8k/ue1EgiOvZRFcQI0IpNFQcItENYoH6vDJCXABxowkUz/1SI9LDEBnWJBh+BMnzwL9cOSUy6Vr8rFymkWRx7toF20jxx0hCroAlVRDRH0iJ7RK3oznowX4934mLTmjGxmG/0p4/MHxYKeyw==</latexit>

Digitization

error corrections: 
• circuits constructed for general groups,
• error thresholds derived as guidelines to keep gauge redundancies

Carena, Lamm,YYL, Liu, arXiv:2402.16780
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PDF: light-cone correlators

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>

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>

<latexit sha1_base64="VCgZE765NgMDd35v5VXZQPDYRLc=">AAACHXicbVDLSgMxFM34rPVVdekmWARXZUaKiquiG1dSwVahLSWT3mmDSWZI7gh1aD/Ejb/ixoUiLtyIf2P6WPg6EDicc26Se8JECou+/+nNzM7NLyzmlvLLK6tr64WNzbqNU8OhxmMZm+uQWZBCQw0FSrhODDAVSrgKb05H/tUtGCtifYn9BFqKdbWIBGfopHahnDWNorZvEdTQijsYDs7b9WM6lnWqQjDDOBpKhig4uASCHbQLRb/kj0H/kmBKimSKarvw3uzEPFWgkUtmbSPwE2xlzLhLJQzyzdRCwvgN60LDUc0U2FY23m5Ad53SoVFs3NFIx+r3iYwpa/sqdEnFsGd/eyPxP6+RYnTUyoROUgTNJw9FqaQY01FVtCMMcJR9Rxg3wv2V8h4zjKMrNO9KCH6v/JfU90vBQal8US5WTqZ15Mg22SF7JCCHpELOSJXUCCf35JE8kxfvwXvyXr23SXTGm85skR/wPr4AaA6kAQ==</latexit>

system size NV : number of lattice sites

Lattice QCD - Euclidean Spacetime
intrinsically Minkowski problem

<latexit sha1_base64="lI/23bwbu3QYjt86fcJNEOna0uQ=">AAACBnicbVDLSsNAFL3xWesr6lKEwSK4KokUdVnUhcuK9gFNLJPppB06eTAzEUrIyo2/4saFIm79Bnf+jZM2C209MHA4517m3OPFnEllWd/GwuLS8spqaa28vrG5tW3u7LZklAhCmyTikeh4WFLOQtpUTHHaiQXFgcdp2xtd5n77gQrJovBOjWPqBngQMp8RrLTUMw8cFirkBFgNCebpVYaceMgQvU8Zus16ZsWqWhOgeWIXpAIFGj3zy+lHJAloqAjHUnZtK1ZuioVihNOs7CSSxpiM8IB2NQ1xQKWbTs7I0JFW+siPhH461ET9vZHiQMpx4OnJPK+c9XLxP6+bKP/cTVkYJ4qGZPqRn3CkIpR3gvpMUKL4WBNMBNNZERligYnSzZV1CfbsyfOkdVK1T6u1m1qlflHUUYJ9OIRjsOEM6nANDWgCgUd4hld4M56MF+Pd+JiOLhjFzh78gfH5A4ACmIM=</latexit>Z
D�eiS

Monte Carlo Sampling
``Sign Problem” 

第⼀性原理计算


