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Real-Time High-Energy Collisions of Matter

MIT-JLab Animation ProjectCERN event

Classic work by Jordan, Lee and Preskill in Scalar Field Theory


A number of significant efforts working toward this objective



Map scalar, fermion 
and vector systems

Optimize for target 
observables - Physics Aware

Encoding Systems in Multi-Hilbert Spaces Embedded 
in Large HPC systems 

Human-intensive exploration



Hamiltonian
Kogut-Susskind
1970’s

Yang-Mills:
Byrnes-Yamamoto
2005

SU(N):
Zohar et al
(2013)

QLM 
Banerjee et al
Tagliacozzo et al
(2013)

Simulating Lattice Gauge Field Theories

Limits

Continuum

Infinite Volume



Getting There Sooner

Considerations

• Suite(s) of productions runs, iteratively tuned to interpolate/extrapolate to nature

• Minimize use of QPU and maximize use of HPC for numerics 

• Maximize analytic results

• Utilize Hamiltonians that are simple, and nearby target 

Exponential approaches are good!

Pursue ``Gottesman+Knill organization’’




Lattice Hamiltonian in 1+1D - Which  Gauge to Choose?

<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="JTKB0seTeZo4VW3STchkng3ePIg=">AAACBHicbVDLSsNAFJ3UV62vqMtuBotQoZREirosiuCygmkLTQyT6aQdOnkwMxFKyMKNv+LGhSJu/Qh3/o2TNgttPXAvh3PuZeYeL2ZUSMP41korq2vrG+XNytb2zu6evn/QFVHCMbFwxCLe95AgjIbEklQy0o85QYHHSM+bXOV+74FwQaPwTk5j4gRoFFKfYiSV5OpVyzWg3YCNvKW258PrzDXu0zo6yVy9ZjSNGeAyMQtSAwU6rv5lDyOcBCSUmCEhBqYRSydFXFLMSFaxE0FihCdoRAaKhiggwklnR2TwWClD6EdcVSjhTP29kaJAiGngqckAybFY9HLxP2+QSP/CSWkYJ5KEeP6QnzAoI5gnAoeUEyzZVBGEOVV/hXiMOMJS5VZRIZiLJy+T7mnTPGu2blu19mURRxlUwRGoAxOcgza4AR1gAQwewTN4BW/ak/aivWsf89GSVuwcgj/QPn8AflKVeg==</latexit>

U0 , E
(a)
0

<latexit sha1_base64="G/wlqFZWeIPInVy2uAwYtShc9V4=">AAACBHicbVDLSsNAFJ3UV62vqMtuBotQoZREirosiuCygmkLTQyT6aQdOnkwMxFKyMKNv+LGhSJu/Qh3/o2TNgttPXAvh3PuZeYeL2ZUSMP41korq2vrG+XNytb2zu6evn/QFVHCMbFwxCLe95AgjIbEklQy0o85QYHHSM+bXOV+74FwQaPwTk5j4gRoFFKfYiSV5OpVyzWh3YCNvKW258PrzDXv0zo6yVy9ZjSNGeAyMQtSAwU6rv5lDyOcBCSUmCEhBqYRSydFXFLMSFaxE0FihCdoRAaKhiggwklnR2TwWClD6EdcVSjhTP29kaJAiGngqckAybFY9HLxP2+QSP/CSWkYJ5KEeP6QnzAoI5gnAoeUEyzZVBGEOVV/hXiMOMJS5VZRIZiLJy+T7mnTPGu2blu19mURRxlUwRGoAxOcgza4AR1gAQwewTN4BW/ak/aivWsf89GSVuwcgj/QPn8AgXiVfA==</latexit>

U1 , E
(a)
1

<latexit sha1_base64="g1udoKqo8BCWu2kpDHD3VWkGU3k=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxkuM7g==</latexit>a <latexit sha1_base64="g1udoKqo8BCWu2kpDHD3VWkGU3k=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxkuM7g==</latexit>a

<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

Weyl gauge

Axial gauge

``Cost’' for evolving over some time interval similar 



Confinement and Scalable Circuits 
(2023-)

Local Nearest Neighbor Non-local 

Builds upon ADAPT-VQE 

by Sophia Economou et al.

Roland Farrell, Marc Illa,   
Anthony Ciavarella and MJS



Scalable Operators: Volume and Surface
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Scalable Operators: Circuits



Decoherence Renormalization

The device is approaching a classical, 
depolarized set of qubits as time goes by.   


Mitigation methods are essential and effective
“Physics circuit”

“Mitigation circuit” - all angles set to zero (e.g.)



The Vacuum and Wavepackets
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Wavepacket Evolution 

IBM’s TorinoClassical



Scalar Field Theory 
Resource Scaling and Target Precision

Scaling

- system size

- precision

\

Jordan, Lee, Preskill Papers are the Gold Standard 

for Quantum Simulations of Scalar Field Theory


Two recent works:



Scattering Wavepackets in Scalar Field Theory

L=60 spatial sites

Variationally-optimized compressed 

scalable quantum circuits for time-evolution



Scattering in Scalar Field Theory

Scalable multi-qubit decoherence renormalization from the vacuum data



Scattering in Scalar Field Theory



From NISQ to Fault Tolerant 
Sequency Hierarchies

Magic in a Gaussian: 



Lorentz Violation by Lattice Spacing

• Lorentz invariance dictates energy conservation at fixed velocity in vacuum

• Energy loss into the light degrees of freedom is

• a lattice spacing artifact

• creating hadrons with some probability on top of the vacuum - useful but not physics



Lorentz Violation by the Lattice Spacing

n-tangles



1+1D QCD and Weak Decays (2022)

Naively Trotterized time evolution 

violates charge for Nc >= 3 ! 



SU(3) Yang-Mills Plaquettes - Examples

D-Wave - Advantage

IBM

large-N

Ciavarella, Bauer (2024)



Transport Properties  
Shear Viscosity in 2+1D SU(2)

At the Quantum Limit, same as liquid created in heavy-ion collisions

Berndt Mueller and Xiaojun Yao
Francesco Turro, Anthony Ciavarella and Xiaojun Yao



Example New Directions

2024 2023



Summary and Outlook 
  
-

2+1 and 3+1 Quantum Field Theory - Abelian and non-Abelian 
Frameworks and algorithms, quantum spin-liquids, topology 

Thermalization, collisions and transport 

Efforts to connect with experiment

Quantum simulations of gauge theories are advancing

Anticipate  a continuous evolution from NISQ to fault tolerance

Understanding how to organize magic and entanglement is important



FIN



Colliding Partons 



Qudits

2+1D QED

Pure-gauge 4 plaquettes


