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Map scalar, fermion 
and vector systems

Optimize for target 
observables

Physical Systems in Multi-Hilbert Space, Hybrid Devices 

Minimize time-to-solution 
within a specified error



Digital To-Do List for Quantum Chromodynamics
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1. Map quarks and gluons on a 
quantum register of qubits, 
qutrits, … 

2. Develop unitary operators to 
evolve initial wavefunctions 
forward in time 

3. Develop observables
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N steps



Real-Time Dynamics and  
Improved modeling of Reaction Pathways

J. Phys. Chem. B 2013, 117, 49, 15894-15902

Femto-second chemistry reveals reaction mechanisms 
Quantum simulations will reveal the reactions pathways of QCD
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Parallelizes easily at the circuit level
- dual layer application per Trotter step

Jordan, Lee, Preskill 
Scalar field theory is BQP-complete 

Double exponential convergence of field digitization 
- Nyquist-Shannon - JLP, FNAL, UW
- QFT and exact conjugate-momentum space operator

Gold-Standard for QFT 
Can entanglement be used more strategically?

Could it be done better ?  

Can entanglement be used strategically?
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Hamiltonian: Kogut-Susskind
1970’s

Yang-Mills: Byrnes-Yamamoto
2005

SU(N): Zohar et al
(2013)

QLM: Banerjee et al
Tagliacozzo et al
(2013)

First Quantum Simulation:
Innesbruck, 4 Trapped Ions  
(2016)

Lattice Gauge Field Theories and the Standard Model 



Many valid ways to distribute fields in the UV with same IR physics 
e.g., Kogut-Susskind basis = electric basis

Electric Field Casimir operator Magnetic Field operator 
Off-diagonal on electric basis

T a1…ap
b1…bq T c1…cp

d1…dq

SU(N) Gauge invariant  
Hilbert space Truncate in Casimir  

= dimensionality of irrep 

Continuum limit 

Yang-Mills 
Byrnes-Yamamoto — Kogut-Susskind

Left-space Right-space



Lattice Hamiltonian for two-flavor QCD in 1+1D  
A0=0 Weyl Gauge
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Lattice spacing = a 

Explicit degrees of freedom (qubits) for gauge fields 

- locally constrained by Gauss’s law
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Staggered Lattice of size      with (anti)quarks on (odd) even numbered sites 
<latexit sha1_base64="BqTXvOruhm2rCeIPqbEnXfcORWM=">AAAB6XicdVDLSsNAFJ3UV62vqks3g0VwFSYhTeuu6MaFiyq2FtpQJtNJO3QyCTMToYT+gRsXirj1j9z5N04fgooeuHA4517uvSdMOVMaoQ+rsLK6tr5R3Cxtbe/s7pX3D9oqySShLZLwRHZCrChngrY005x2UklxHHJ6F44vZv7dPZWKJeJWT1IaxHgoWMQI1ka6ca/65Qqyq1XPqzoQ2civ+zXfEMd10VkNOjaaowKWaPbL771BQrKYCk04VqrroFQHOZaaEU6npV6maIrJGA9p11CBY6qCfH7pFJ4YZQCjRJoSGs7V7xM5jpWaxKHpjLEeqd/eTPzL62Y6qgc5E2mmqSCLRVHGoU7g7G04YJISzSeGYCKZuRWSEZaYaBNOyYTw9Sn8n7Rd2/Ft79qrNM6XcRTBETgGp8ABNdAAl6AJWoCACDyAJ/Bsja1H68V6XbQWrOXMIfgB6+0TiESNYw==</latexit>

2L

Quark Kinetic Term (Hopping) Quark Mass Term  Chromo-electric energy

Formal : Banuls, Cirac, Jansen, ….
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Quark Kinetic Term (Hopping) Quark Mass Term  Chromo-electric energy

<latexit sha1_base64="k0ldScxmq5jIerS5GSfhIRa2hrs="></latexit>

+
g2

2

2L�2X

n=0

8X

a=1

0

@
X

mn

Q(a)
m

1

A
2<latexit sha1_base64="vbC1Mo/Br91E8tQEIoDmBlFXcVI="></latexit>

HKS =
X

f=u,d

"
1

2

2L�2X

n=0

⇣
 
(f)†
n  

(f)
n+1 + h.c.

⌘
+ mf

2L�1X

n=0

(�1)n (f)†
n  

(f)
n

#

Staggered Lattice of size      with (anti)quarks on (odd) even numbered sites 
<latexit sha1_base64="BqTXvOruhm2rCeIPqbEnXfcORWM=">AAAB6XicdVDLSsNAFJ3UV62vqks3g0VwFSYhTeuu6MaFiyq2FtpQJtNJO3QyCTMToYT+gRsXirj1j9z5N04fgooeuHA4517uvSdMOVMaoQ+rsLK6tr5R3Cxtbe/s7pX3D9oqySShLZLwRHZCrChngrY005x2UklxHHJ6F44vZv7dPZWKJeJWT1IaxHgoWMQI1ka6ca/65Qqyq1XPqzoQ2civ+zXfEMd10VkNOjaaowKWaPbL771BQrKYCk04VqrroFQHOZaaEU6npV6maIrJGA9p11CBY6qCfH7pFJ4YZQCjRJoSGs7V7xM5jpWaxKHpjLEeqd/eTPzL62Y6qgc5E2mmqSCLRVHGoU7g7G04YJISzSeGYCKZuRWSEZaYaBNOyYTw9Sn8n7Rd2/Ft79qrNM6XcRTBETgGp8ABNdAAl6AJWoCACDyAJ/Bsja1H68V6XbQWrOXMIfgB6+0TiESNYw==</latexit>

2L

<latexit sha1_base64="+nJI2n4tFVmB8lBuCXupEKBTgyQ=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDabTbt0swm7E6GU/ggvHhTx6u/x5r9x0+agrQ8GHu/NMDMvSKUw6LrfTmltfWNzq7xd2dnd2z+oHh61TZJpxlsskYnuBtRwKRRvoUDJu6nmNA4k7wTju9zvPHFtRKIecZJyP6ZDJSLBKFqp02dhgqYyqNbcujsHWSVeQWpQoDmofvXDhGUxV8gkNabnuSn6U6pRMMlnlX5meErZmA55z1JFY2786fzcGTmzSkiiRNtSSObq74kpjY2ZxIHtjCmOzLKXi/95vQyjG38qVJohV2yxKMokwYTkv5NQaM5QTiyhTAt7K2EjqilDm1Aegrf88ippX9S9q/rlw2WtcVvEUYYTOIVz8OAaGnAPTWgBgzE8wyu8Oanz4rw7H4vWklPMHMMfOJ8/59SPTA==</latexit>· · ·
<latexit sha1_base64="InoRkaZnbgWvjB240NTkIJJuwuI=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5cY3vf65YpX9ebAq8TPSQVyNPrlr95A0TRm0lJBjOn6XmKDjGjLqWDTUi81LCF0TIas66gkMTNBNr92is+cMsCR0q6kxXP190RGYmMmceg6Y2JHZtmbif953dRG10HGZZJaJuliUZQKbBWevY4HXDNqxcQRQjV3t2I6IppQ6wIquRD85ZdXSeui6l9Wa/e1Sv0mj6MIJ3AK5+DDFdThDhrQBAqP8Ayv8IYUekHv6GPRWkD5zDH8Afr8AU19jvY=</latexit>

 0
<latexit sha1_base64="yKECDTxfj8IDAakpMdmybavwims=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5cY3vf75YpX9ebAq8TPSQVyNPrlr95A0TRm0lJBjOn6XmKDjGjLqWDTUi81LCF0TIas66gkMTNBNr92is+cMsCR0q6kxXP190RGYmMmceg6Y2JHZtmbif953dRG10HGZZJaJuliUZQKbBWevY4HXDNqxcQRQjV3t2I6IppQ6wIquRD85ZdXSeui6l9Wa/e1Sv0mj6MIJ3AK5+DDFdThDhrQBAqP8Ayv8IYUekHv6GPRWkD5zDH8Afr8AU8Bjvc=</latexit>

 1
<latexit sha1_base64="UkrSs9PgDKHPb/BniXeB/E6Fyic=">AAAB7XicbVBNSwMxEJ31s9avqkcvwSJ4KrulqMeiF48V7Ae0S8mm2TY2m4QkK5Sl/8GLB0W8+n+8+W9M2z1o64OBx3szzMyLFGfG+v63t7a+sbm1Xdgp7u7tHxyWjo5bRqaa0CaRXOpOhA3lTNCmZZbTjtIUJxGn7Wh8O/PbT1QbJsWDnSgaJngoWMwItk5q9ZRh/Wq/VPYr/hxolQQ5KUOORr/01RtIkiZUWMKxMd3AVzbMsLaMcDot9lJDFSZjPKRdRwVOqAmz+bVTdO6UAYqldiUsmqu/JzKcGDNJIteZYDsyy95M/M/rpja+DjMmVGqpIItFccqRlWj2OhowTYnlE0cw0czdisgIa0ysC6joQgiWX14lrWoluKzU7mvl+k0eRwFO4QwuIIArqMMdNKAJBB7hGV7hzZPei/fufSxa17x85gT+wPv8AVCFjvg=</latexit>

 2

<latexit sha1_base64="HuC8OZfX9YUMs4zyP21ffuLvDVY=">AAACIHicbZDLSsNAFIYnXmu9RV26GSxC3ZSkFNuNUKwLly3YCzRtmEyn7dCZJMxMhBLyKG58FTcuFNGdPo3TNoi2/jDw8Z9zOHN+L2RUKsv6NNbWNza3tjM72d29/YND8+i4JYNIYNLEAQtEx0OSMOqTpqKKkU4oCOIeI21vUpvV2/dESBr4d2oakh5HI58OKUZKW65Zbrlx7AgOG7WbJIGOpByO+kUNEXdjdGUn/Qps9OM8ukhc64eKrpmzCtZccBXsFHIgVd01P5xBgCNOfIUZkrJrW6HqxUgoihlJsk4kSYjwBI1IV6OPOJG9eH5gAs+1M4DDQOjnKzh3f0/EiEs55Z7u5EiN5XJtZv5X60ZqWOnF1A8jRXy8WDSMGFQBnKUFB1QQrNhUA8KC6r9CPEYCYaUzzeoQ7OWTV6FVLNiXhVKjlKtep3FkwCk4A3lggzKogltQB02AwQN4Ai/g1Xg0no03433RumakMyfgj4yvb01toS0=</latexit>

VQCD ⇠ g2
8X

a=1

Q(a)
0 Q(a)

2

Q(a) have diagonal and also off-diagonal action in color space 
Entangles in color space - distinct from QED 

Lattice Hamiltonian for two-flavor QCD in 1+1D  
Ax=0 Axial Gauge



Simulations using IBM’s Quantum Computers 
1+1D QCD



Color Edge States 

E(a)

E(a) = 0

OBCs support color-edge states



Low-Lying Spectra



Simulations using IBM’s Quantum Computers 
1-site, 3 colors, 1 flavor: m=g=L=1

Circuits to implement Trotterized Gauge term



IBM 7 qubit Perth and Jakarta


34 CNOTs per step

447 Pauli-Twirled circuits

1000 shots per circuits


Dynamic Decoupling

Pauli-Twirling

Post selection

De-coherence renormalization

Simulations using IBM’s Quantum Computers 
1-site, 3 colors, 1 flavor: m=g=L=1



The Difference 5 Years Makes

2017-8 2022



Error Mitigation - NISQ-Life

Pauli-Twirling
XX 𝞼

𝞼

𝞼

𝞼
a

b

c

d

=
Coherent errors from errors on control and target transformed to incoherent, 
averaged over all channels

Post-Selection
Device Hilbert space >>> Physical Hilbert space 

Select only members of measurement ensemble entirely in Physical space

Eliminates order-p errors.

IBM



Decoherence Renormalization 
The Difference 1 Year Can Make!

Early-2022

Late-2022



Twirling and Decoherence Mitigation



<latexit sha1_base64="5cfvcpWrMhGHy/Bfti3K2VZCg24=">AAAB/XicbVDJSgNBEK1xjXEbl5uXxiB4CjMS1GPQi8cIZoHMGHo6laRJT8/Q3SPEEPwVLx4U8ep/ePNv7CwHTXxQ8Hiviqp6USq4Np737Swtr6yurec28ptb2zu77t5+TSeZYlhliUhUI6IaBZdYNdwIbKQKaRwJrEf967Fff0CleSLvzCDFMKZdyTucUWOllnsYCGsbEqT83iOBorIrsOUWvKI3AVkk/owUYIZKy/0K2gnLYpSGCap10/dSEw6pMpwJHOWDTGNKWZ92sWmppDHqcDi5fkROrNImnUTZkoZM1N8TQxprPYgj2xlT09Pz3lj8z2tmpnMZDrlMM4OSTRd1MkFMQsZRkDZXyIwYWEKZ4vZWwnpUUWZsYHkbgj//8iKpnRX982LptlQoX83iyMERHMMp+HABZbiBClSBwSM8wyu8OU/Oi/PufExbl5zZzAH8gfP5A+A5lN0=</latexit>

|⇡0i

1 2 3 4
3.0

3.5

4.0

4.5

5.0

5.5

6.0

<latexit sha1_base64="uSW0H71JUat1zrUvRTNUif2jrkk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5rBfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fz2OM9A==</latexit>g

<latexit sha1_base64="TyL8EFzMRHnYFjgt07HfCNfly8g=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksgqeSSFGPRS/ebMF+QFvKZrtpl242YXcilpCLf8WLB0W8+jO8+W/cpjlo64OBx3szzMzzIsE1OM63VVhZXVvfKG6WtrZ3dvfs/YOWDmNFWZOGIlQdj2gmuGRN4CBYJ1KMBJ5gbW9yM/PbD0xpHsp7mEasH5CR5D6nBIw0sI96wB4hacRETfAdpXGUGenALjsVJwNeJm5OyihHfWB/9YYhjQMmgQqiddd1IugnRAGngqWlXqxZROiEjFjXUEkCpvtJ9kCKT40yxH6oTEnAmfp7IiGB1tPAM50BgbFe9Gbif143Bv+qn3AZxcAknS/yY4EhxLM08JArRkFMDSFUcXMrpmOiCAWTWcmE4C6+vExa5xX3olJtVMu16zyOIjpGJ+gMuegS1dAtqqMmoihFz+gVvVlP1ov1bn3MWwtWPnOI/sD6/AFgWpbs</latexit> Q
u
a
r
k
O
c
c
u
p
a
t
io
n

1 2 3 4

0.86

0.88

0.90

0.92

0.94

0.96

<latexit sha1_base64="iAmHRHeBTC8EfphYjMEVvSBR7rM=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe4kqGXQxsIiEvMByRH2NnPJkr29Y3dPCCE/wcZCEVt/kZ3/xk1yhSY+GHi8N8PMvCARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyWj2acoB/RgeQhZ9RYqV7v3feKJbfszkFWiZeREmSo9Ypf3X7M0gilYYJq3fHcxPgTqgxnAqeFbqoxoWxEB9ixVNIItT+ZnzolZ1bpkzBWtqQhc/X3xIRGWo+jwHZG1Az1sjcT//M6qQmv/QmXSWpQssWiMBXExGT2N+lzhcyIsSWUKW5vJWxIFWXGplOwIXjLL6+S5kXZuyxXHiql6k0WRx5O4BTOwYMrqMId1KABDAbwDK/w5gjnxXl3PhatOSebOYY/cD5/AP8djZ8=</latexit>

SL

<latexit sha1_base64="uSW0H71JUat1zrUvRTNUif2jrkk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5rBfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fz2OM9A==</latexit>g

<latexit sha1_base64="5cfvcpWrMhGHy/Bfti3K2VZCg24=">AAAB/XicbVDJSgNBEK1xjXEbl5uXxiB4CjMS1GPQi8cIZoHMGHo6laRJT8/Q3SPEEPwVLx4U8ep/ePNv7CwHTXxQ8Hiviqp6USq4Np737Swtr6yurec28ptb2zu77t5+TSeZYlhliUhUI6IaBZdYNdwIbKQKaRwJrEf967Fff0CleSLvzCDFMKZdyTucUWOllnsYCGsbEqT83iOBorIrsOUWvKI3AVkk/owUYIZKy/0K2gnLYpSGCap10/dSEw6pMpwJHOWDTGNKWZ92sWmppDHqcDi5fkROrNImnUTZkoZM1N8TQxprPYgj2xlT09Pz3lj8z2tmpnMZDrlMM4OSTRd1MkFMQsZRkDZXyIwYWEKZ4vZWwnpUUWZsYHkbgj//8iKpnRX982LptlQoX83iyMERHMMp+HABZbiBClSBwSM8wyu8OU/Oi/PufExbl5zZzAH8gfP5A+A5lN0=</latexit>

|⇡0i

Entanglement structure in the mesons for 
<latexit sha1_base64="T+W9qbMBU9MegBXojrCVR6KQVuc=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5CUBshaGNhEdGYQHKEvc1esmRv79idE0LIT7CxUMTWX2Tnv3GTXKGJDwYe780wMy9IpDDout9ObmV1bX0jv1nY2t7Z3SvuHzyaONWMN1gsY90KqOFSKN5AgZK3Es1pFEjeDIbXU7/5xLURsXrAUcL9iPaVCAWjaKX728tKt1hyy+4MZJl4GSlBhnq3+NXpxSyNuEImqTFtz03QH1ONgkk+KXRSwxPKhrTP25YqGnHjj2enTsiJVXokjLUthWSm/p4Y08iYURTYzojiwCx6U/E/r51ieOGPhUpS5IrNF4WpJBiT6d+kJzRnKEeWUKaFvZWwAdWUoU2nYEPwFl9eJo+VsndWrt5VS7WrLI48HMExnIIH51CDG6hDAxj04Rle4c2Rzovz7nzMW3NONnMIf+B8/gCZYY1c</latexit>

L = 2

22

<latexit sha1_base64="Dj96JhijXyqQ1LF4s6VoJbVKYLw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtovV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1Lqu1Zq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP5JuNAg==</latexit>u<latexit sha1_base64="OlQqY3YZLIxt2bgUY/MluCmov9E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJu3azSbsboRS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCorZNMMWyxRCSqE1CNgktsGW4EdlKFNA4EPgSj25n/8IRK80Tem3GKfkwHkkecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9cKEZTFKwwTVuuu5qfEnVBnOBE5LvUxjStmIDrBrqaQxan8yP3RKzqwSkihRtqQhc/X3xITGWo/jwHbG1Az1sjcT//O6mYmu/QmXaWZQssWiKBPEJGT2NQm5QmbE2BLKFLe3EjakijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fyteM8Q==</latexit>

d
<latexit sha1_base64="mLj1RmCyDOhYrp3P/DvJiqAmUVg=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cV7AM6Q8lkMm1oJhmSjFCG/oYbF4q49Wfc+Tdm2llo64HA4Zx7uDcnTDnTxnW/ncra+sbmVnW7trO7t39QPzzqapkpQjtEcqn6IdaUM0E7hhlO+6miOAk57YWTu8LvPVGlmRSPZprSIMEjwWJGsLGS70trFtk8mg3rDbfpzoFWiVeSBpRoD+tffiRJllBhCMdaDzw3NUGOlWGE01nNzzRNMZngER1YKnBCdZDPb56hM6tEKJbKPmHQXP2dyHGi9TQJ7WSCzVgve4X4nzfITHwT5EykmaGCLBbFGUdGoqIAFDFFieFTSzBRzN6KyBgrTIytqWZL8Ja/vEq6F03vqnn5cNlo3ZZ1VOEETuEcPLiGFtxDGzpAIIVneIU3J3NenHfnYzFaccrMMfyB8/kDpASSFw==</latexit>

d
<latexit sha1_base64="379uy1SyiNCWBMWEysXlQXNgmtQ=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cV7AM6Q8mkaRuaSYY8hDL0N9y4UMStP+POvzHTzkJbDwQO59zDvTlxypk2vv/tldbWNza3ytuVnd29/YPq4VFbS6sIbRHJperGWFPOBG0ZZjjtporiJOa0E0/ucr/zRJVmUjyaaUqjBI8EGzKCjZPCUDozz2Z21q/W/Lo/B1olQUFqUKDZr36FA0lsQoUhHGvdC/zURBlWhhFOZ5XQappiMsEj2nNU4ITqKJvfPENnThmgoVTuCYPm6u9EhhOtp0nsJhNsxnrZy8X/vJ41w5soYyK1hgqyWDS0HBmJ8gLQgClKDJ86goli7lZExlhhYlxNFVdCsPzlVdK+qAdX9cuHy1rjtqijDCdwCucQwDU04B6a0AICKTzDK7x51nvx3r2PxWjJKzLH8Afe5w+92ZIo</latexit>

u
<latexit sha1_base64="Dj96JhijXyqQ1LF4s6VoJbVKYLw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtovV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1Lqu1Zq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP5JuNAg==</latexit>u<latexit sha1_base64="OlQqY3YZLIxt2bgUY/MluCmov9E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJu3azSbsboRS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCorZNMMWyxRCSqE1CNgktsGW4EdlKFNA4EPgSj25n/8IRK80Tem3GKfkwHkkecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9cKEZTFKwwTVuuu5qfEnVBnOBE5LvUxjStmIDrBrqaQxan8yP3RKzqwSkihRtqQhc/X3xITGWo/jwHbG1Az1sjcT//O6mYmu/QmXaWZQssWiKBPEJGT2NQm5QmbE2BLKFLe3EjakijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fyteM8Q==</latexit>

d
<latexit sha1_base64="mLj1RmCyDOhYrp3P/DvJiqAmUVg=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cV7AM6Q8lkMm1oJhmSjFCG/oYbF4q49Wfc+Tdm2llo64HA4Zx7uDcnTDnTxnW/ncra+sbmVnW7trO7t39QPzzqapkpQjtEcqn6IdaUM0E7hhlO+6miOAk57YWTu8LvPVGlmRSPZprSIMEjwWJGsLGS70trFtk8mg3rDbfpzoFWiVeSBpRoD+tffiRJllBhCMdaDzw3NUGOlWGE01nNzzRNMZngER1YKnBCdZDPb56hM6tEKJbKPmHQXP2dyHGi9TQJ7WSCzVgve4X4nzfITHwT5EykmaGCLBbFGUdGoqIAFDFFieFTSzBRzN6KyBgrTIytqWZL8Ja/vEq6F03vqnn5cNlo3ZZ1VOEETuEcPLiGFtxDGzpAIIVneIU3J3NenHfnYzFaccrMMfyB8/kDpASSFw==</latexit>

d
<latexit sha1_base64="379uy1SyiNCWBMWEysXlQXNgmtQ=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cV7AM6Q8mkaRuaSYY8hDL0N9y4UMStP+POvzHTzkJbDwQO59zDvTlxypk2vv/tldbWNza3ytuVnd29/YPq4VFbS6sIbRHJperGWFPOBG0ZZjjtporiJOa0E0/ucr/zRJVmUjyaaUqjBI8EGzKCjZPCUDozz2Z21q/W/Lo/B1olQUFqUKDZr36FA0lsQoUhHGvdC/zURBlWhhFOZ5XQappiMsEj2nNU4ITqKJvfPENnThmgoVTuCYPm6u9EhhOtp0nsJhNsxnrZy8X/vJ41w5soYyK1hgqyWDS0HBmJ8gLQgClKDJ86goli7lZExlhhYlxNFVdCsPzlVdK+qAdX9cuHy1rjtqijDCdwCucQwDU04B6a0AICKTzDK7x51nvx3r2PxWjJKzLH8Afe5w+92ZIo</latexit>

u

<latexit sha1_base64="5cfvcpWrMhGHy/Bfti3K2VZCg24=">AAAB/XicbVDJSgNBEK1xjXEbl5uXxiB4CjMS1GPQi8cIZoHMGHo6laRJT8/Q3SPEEPwVLx4U8ep/ePNv7CwHTXxQ8Hiviqp6USq4Np737Swtr6yurec28ptb2zu77t5+TSeZYlhliUhUI6IaBZdYNdwIbKQKaRwJrEf967Fff0CleSLvzCDFMKZdyTucUWOllnsYCGsbEqT83iOBorIrsOUWvKI3AVkk/owUYIZKy/0K2gnLYpSGCap10/dSEw6pMpwJHOWDTGNKWZ92sWmppDHqcDi5fkROrNImnUTZkoZM1N8TQxprPYgj2xlT09Pz3lj8z2tmpnMZDrlMM4OSTRd1MkFMQsZRkDZXyIwYWEKZ4vZWwnpUUWZsYHkbgj//8iKpnRX982LptlQoX83iyMERHMMp+HABZbiBClSBwSM8wyu8OU/Oi/PufExbl5zZzAH8gfP5A+A5lN0=</latexit>

|⇡0i

<latexit sha1_base64="6QTg9HtOkt/nERlpTekJI7hAxLg=">AAAB9XicbVDLSgNBEJz1GeMr6tHLYBA8LbshPo5BLx4jmAcka5id9CZDZmaXmVklLPkPLx4U8eq/ePNvnCR70MSChqKqm+6uMOFMG8/7dlZW19Y3Ngtbxe2d3b390sFhU8epotCgMY9VOyQaOJPQMMxwaCcKiAg5tMLRzdRvPYLSLJb3ZpxAIMhAsohRYqz0MMBdDlprJnDFPe+Vyp7rzYCXiZ+TMspR75W+uv2YpgKkoZxo3fG9xAQZUYZRDpNiN9WQEDoiA+hYKokAHWSzqyf41Cp9HMXKljR4pv6eyIjQeixC2ymIGepFbyr+53VSE10FGZNJakDS+aIo5djEeBoB7jMF1PCxJYQqZm/FdEgUocYGVbQh+IsvL5NmxfUv3OpdtVy7zuMooGN0gs6Qjy5RDd2iOmogihR6Rq/ozXlyXpx352PeuuLkM0foD5zPHyr0kac=</latexit>

g . 2.5
<latexit sha1_base64="vklWQpRtWe2aAiE4fHA9Oh8xeDA=">AAAB9HicbVBNTwIxEJ3FL8Qv1KOXRmLiabNL8ONI9OIRE0ES2JBu6S4NbXdtuySE8Du8eNAYr/4Yb/4bC+xBwZdM8vLeTGbmhSln2njet1NYW9/Y3Cpul3Z29/YPyodHLZ1kitAmSXii2iHWlDNJm4YZTtupoliEnD6Gw9uZ/ziiSrNEPphxSgOBY8kiRrCxUhCjbmysK1DVveiVK57rzYFWiZ+TCuRo9Mpf3X5CMkGlIRxr3fG91AQTrAwjnE5L3UzTFJMhjmnHUokF1cFkfvQUnVmlj6JE2ZIGzdXfExMstB6L0HYKbAZ62ZuJ/3mdzETXwYTJNDNUksWiKOPIJGiWAOozRYnhY0swUczeisgAK0yMzalkQ/CXX14lrarrX7q1+1qlfpPHUYQTOIVz8OEK6nAHDWgCgSd4hld4c0bOi/PufCxaC04+cwx/4Hz+AGA5kTM=</latexit>

g & 2.5

Peak in entanglement coincides with transition from quark-antiquark to baryon-anti-baryon structure

Balance between mass and gauge-field energies



Semileptonic Weak Decays : L=1, Nf=2

nQ=16 qubit JW mapping, with leptons at the end of the site. 

 — 6 quarks, 6 antiquarks and 4 leptons and anti-leptons



Semileptonic Decays : Expectations 
—Recovering Real-Time Exponential-Decay

One available final state YF available final states



Semileptonic Decays : Real-time Baryon Decay 
Quantum Simulation using Quantinuum, 16-qubits



Semileptonic Decays : Real-time Baryon Decay 
Quantum Simulation using Quantinuum, 16-qubits

1-step: 59 ZZ 2-steps: 212 ZZ gates



Resource Requirements

For 1 Trotter step

<latexit sha1_base64="hW3GNk7sK38yzZc46KWf1Wb8omA=">AAACAHicbVC7TsMwFHV4lvIKMDCwWFRITFVSVcBYwdKBoUj0ITUhclyntWo7ke0gVVEWfoWFAYRY+Qw2/ga3zQAtR7rS0Tn36t57woRRpR3n21pZXVvf2Cxtlbd3dvf27YPDjopTiUkbxyyWvRApwqggbU01I71EEsRDRrrh+Gbqdx+JVDQW93qSEJ+joaARxUgbKbCPm0GWeZLDIUtJnkNPUQ5vH2qBXXGqzgxwmbgFqYACrcD+8gYxTjkRGjOkVN91Eu1nSGqKGcnLXqpIgvAYDUnfUIE4UX42eyCHZ0YZwCiWpoSGM/X3RIa4UhMemk6O9EgtelPxP6+f6ujKz6hIUk0Eni+KUgZ1DKdpwAGVBGs2MQRhSc2tEI+QRFibzMomBHfx5WXSqVXdi2r9rl5pXBdxlMAJOAXnwAWXoAGaoAXaAIMcPINX8GY9WS/Wu/Uxb12xipkj8AfW5w/swZX6</latexit>

Hglue ⇠ L
2 • BUT this is too naive  — in reality it will be ~ L R, i.e. much fewer gates


• R = confinement scale (an emergent scale in the simulation)

• Now consistent with Feynman’s criterion for simulation

2.5K

10K

25K

900K



State Preparation with Localizable  
or Physics-Aware Quantum Circuits

Correlation length allows for fixed-point angles to be determined 
exponentially well with small-scale simulations



Doublers are less of a problem

28

From discussions with Anthony Ciavarella

One d-dim Kogut-Susskind fermion has 2d-1 doublers 


4+0 D : 1 fermion -> 16 massless fermions, 4 tastes of 4 component Dirac spinors


3+1D: 1 fermion -> 8 massless fermions,  2 tastes of 4 component Dirac spinors



Some of the Challenges

• Quantum Volume in Simulations and Errors


• Designing quantum circuits that scale efficiently


• (Sufficient) Access to devices - TI Vs SC


• 2+1D cold-atom systems


• Integration of HPC and Quantum algorithms


• Can quantum simulations crack chiral gauge theories ?



A High-Level Comment and a Conjecture

We are likely missing an important ingredient so far:

- all of the “power” of computation - the gates -  are being applied 

at the scale of the lattice spacing

- this becomes increasingly disparate from the scale of physics in 

the continuum limit

- Seek physics and circuit scalings to move away from the UV


I conjecture that efficient digital quantum circuits exist for Standard 
Model lattice field theory simulations where the gate-structure, or 
power, is dominantly focused at the scale of the physics/
observable(s).  i.e. EFTs can manifest at the quantum circuit level.



Summary

• Near-term : Great progress toward dynamic properties of matter 
from the Standard Model  
• 1+1D heading toward 2+1D 

• Advances in computers and simulators  

• Quantum simulations of Standard-Model physics face challenges 



FIN




