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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



Map scalar, fermion 
and vector systems

Optimize for target 
observables

Physical Systems in Multi-Hilbert Space, Hybrid Devices 

Image: Bauer, Davoudi, Klco, Savage
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Parallelizes easily at the circuit level
- dual layer application per Trotter step

Jordan, Lee, Preskill 

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

Gold-Standard for QFT - Lattice Scalar Field Theory 

Could it be done better ?  

Can entanglement be used more strategically?




Hamiltonian
Kogut-Susskind
1970’s

Yang-Mills:
Byrnes-Yamamoto
2005

SU(N):
Zohar et al
(2013)

QLM 
Banerjee et al
Tagliacozzo et al
(2013)

Lattice Gauge Field Theories and the Standard Model 



Many ways to map/distribute the field(s) in the UV (lattice spacing)

Consider the 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



Maryland

Dynamics in the Schwinger Model - Abelian Gauge Theory 
1+1D QED
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Algorithmic resource requirement estimates: Lougovski, Wiebe Stryker, et al.

Florio, Kharzeev et al

2023



The Difference 5 Years Makes

2017-8 2022

Natalie Klco et al Roland Farrell et al



Non-Abelian GFT 
SU(2) LGT - 1+1, 2+1 D

Muschik, Lewis, et al (2021) Klco, Stryker, MJS (2019), A Rahman et al (2021)

Also see Mari Carmen Banuls, Karl Jansen et al

• Only dynamical gauge fields

• Gauge Variant Completions (GVC)

• Severely truncated in field space

• 2D, but really 1D



1+1Dimensional SU(3) [QCD]

Building on the works of others, Banuls, Dirac, Jansen, Muschik, Lewis, …. 
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Gauge Choice : Axial Gauge Vs Weyl Gauge

E(a)
E(a) = 0Color edge states

Found time-evolution requirements to be 

approx independent of gauge choice



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 (Bauer et al, Lewis et al)

Simulations using IBM’s Quantum Computers 
1-site, 3 colors, 1 flavor
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Entanglement structures

<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

Entanglement in SM physics:  Extensive literature that is rapidly growing.



Recovering Real-time Exponential-Decay 
Weak Interactions

One available final stateYF available final states

Quantinuum - ORNL



Decoherence Renormalization 
The Difference 1 Year Can Make!

Early-2022

Late-2022



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



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 (unphysical) lattice spacing


Conjecture: efficient digital quantum circuits exist for  
Standard Model 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.



For Cold-Atom Systems 
Dimensional Reduction

19

2+1D 1+1D

Caspar+Singh (2022)

with Amazon

Asymptotically-Free

Quantum Field Theory


- Lattice Control



Fragmentation and Collisions 
Vacuum and In-Medium

QQbar moving in mediumA quantum algorithm for high energy physics simulations
Christian W. Bauer, Wibe A. de Jong, Benjamin Nachman, Davide Provasoli, arXiv:1904.03196 
[hep-ph]

Simulating Collider Physics on Quantum Computers using 
Effective Field Theories
Christian W. Bauer, Benjamin Nachman, Marat Freytsis, arXiv:2102.05044 [hep-ph]

Fragmentation

Quantum simulation of non-equilibrium dynamics and thermalization in the Schwinger model, Wibe A. de 
Jong, Kyle Lee, James Mulligan, Mateusz Płoskoń, Felix Ringer et al. e-Print: 2106.08394 [quant-ph]

https://inspirehep.net/literature/1868802
https://inspirehep.net/authors/1887674
https://inspirehep.net/authors/1887674
https://inspirehep.net/authors/1492451
https://inspirehep.net/authors/1343719
https://inspirehep.net/authors/1042179
https://inspirehep.net/authors/1077892
https://arxiv.org/abs/2106.08394


Preserving Gauge Invariance



Scar States in Gauge Theories and Delayed Thermalization

• Anomalously-low bi-partite entanglement

• Distributed throughout spectrum

• Weakly connected to evolution Hamiltonian (cold sub-space)

• Delay thermalization

• Previously: only confining systems exhibited scars

• Shown to exist in de-confined regime 

• Shown not to exist in confining regime

March 2022



Neutron Scattering with Hybrid Quantum Simulation

LLNL+Trento



Hybrid Analogue-Digital using Trapped Ions



Examples of Co-Designing for Standard Model Physics
N-body Gates in Trapped Ion Systems



Neutrino Flavor Dynamics in Supernova



I

D-Wave


18 CNOTS per step

Quantinuum H1-2

A number of independent teams are pursuing these systems 

Coherent Neutrino Systems
Marc Illa



Coherent Neutrino Systems

18

All-to-all connectivity ideal



Coherent Neutrino Systems
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Our simulations:

Quantinuum’s H1-1, H1-1E 20 qubit trapped ion 

quantum computer and emulator


N=4,6,8,12 neutrinos


Time evolution

compute state probabilities

correlations 

n-tangles



Multi-Neutrino Entanglement
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Multi-Neutrino Entanglement



Entanglement Rearrangement and  
Hamiltonian Learning in Nuclei and Spin Systems

1818

Entanglement re-arrangement

Variational natural orbitals

Caroline Robin



Lipkin-Meshkov-Glick Model and  
Effective Model Spaces 

exact solutions:

np-nh excitation

<latexit sha1_base64="g/UvlPWwf3O7U42pxjgnj/nTCNU="></latexit>

H = "

2
�
�p

�c
†
p�cp� − V

2
�
pq�

c
†
p�c

†
q�cq−�cp−�

<latexit sha1_base64="hnukwvnOglDUGkP5TSAKRJ8oLlk="></latexit>

= "Jz − V

2
�J2+ + J2−�

N particles distributed on two 

N-fold degenerate levels 

<latexit sha1_base64="ggnQ0ghtcJXxxER3v0g7L9RDcng="></latexit>

Jz = 1

2
�
p�

�c†p�cp�

J+ =�
p

�c†p+cp− , J− = (J+)†

<latexit sha1_base64="G9kkX9YCgjKbu+jV59w3VeoFWOE="></latexit>

� (J)ex � = J�
M=−J

AJ,M �J,M� ≡ 2J�
n=0An�n�



Effective Model Spaces 
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Effective Model Spaces  
HL-VQE

Cost function to minimize:

★Hamiltonian-Learning-VQE:

⇒ learns the effective Hamiltonian and identifies the associated ground state simultaneously 

<latexit sha1_base64="6rg4oeUwScbDYxd+SBNmMSI7bbc="></latexit>

E(�,✓) = � (✓)�Ĥ(�)� (✓)�
<latexit sha1_base64="6iYBlLPbJEmGkDIklnIw2kUZlh8="></latexit>= �

i1,..,inq

hii,..,inq
(�) � (✓)��i1 ⊗ ...⊗ �inq

� (✓)�

<latexit sha1_base64="Vz3RHX1X+B4qKdohEoZ2V+jk4tA="></latexit>

� = {Î , X̂, Ŷ , Ẑ}

state preparation 

classical optimization of 

(gradient descent)

Measurement of cost function and 
derivatives

k=k+1
<latexit sha1_base64="8VUhkKR35U+5pHasjbLRr3MYnWM="></latexit>

@E(�(k),✓(k))
@�(k)

<latexit sha1_base64="J2Vkc11+3d1h0+Z/52txgt3pAoM="></latexit>

E(�(k),✓(k))

<latexit sha1_base64="6QO/kfQ/8hTF4Y6jwmFHciK/dLQ="></latexit>

 (✓(k))

<latexit sha1_base64="9CjlRdZR3lp4Y3lSQRm4DzDGPKM="></latexit>�✓(k),�(k)�

<latexit sha1_base64="WuMxg5oP2SDZVqgiajFml5AOqzI="></latexit>

@E(�(k),✓(k))
@✓(k)i

Connections to AI/ML

(Elizabeth Bennewitz)
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Effective Model Spaces  
Convergence in Truncation
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Effective Model Spaces  
Results from IBM’s Simulators and Quantum Computers

VQE iterations

en
er

gy

<latexit sha1_base64="KjLu8+bwqjOw7ywPBxdCsloWiKA="></latexit>

N = 30, v̄ = V (N − 1)
"

= 2.0, " = 1

<latexit sha1_base64="a/0S7dfVEs92ucdVOaL/MOQ8FUY=">AAACGHicbVDLSsNAFJ3UV42vqks3g0Wom5KUom6EghsXChXtA5pQJpNJO3QyiTMToYR+h+BK/8SduHXnj7h20mZhWw8MHM65d+7heDGjUlnWt1FYWV1b3yhumlvbO7t7pf2DtowSgUkLRywSXQ9JwignLUUVI91YEBR6jHS80VXmd56IkDTiD2ocEzdEA04DipHSkltxbvSsj+AlrJ32S2Wrak0Bl4mdkzLI0eyXfhw/wklIuMIMSdmzrVi5KRKKYkYmppNIEiM8QgPS05SjkEg3nYaewBOt+DCIhH5cwan6dyNFoZTj0NOTIVJDuehl4n9eL1HBhZtSHieKcDw7FCQMqghmDUCfCoIVG2uCsKA6K8RDJBBWuqe5K7f8XgeImP4jy+nIJKRcmaYuyl6sZZm0a1X7rFq/q5cbdl5ZERyBY1ABNjgHDXANmqAFMHgEz+AVvBkvxrvxYXzORgtGvnMI5mB8/QJCLZ7D</latexit>(⇤ = 2)
<latexit sha1_base64="a/0S7dfVEs92ucdVOaL/MOQ8FUY=">AAACGHicbVDLSsNAFJ3UV42vqks3g0Wom5KUom6EghsXChXtA5pQJpNJO3QyiTMToYR+h+BK/8SduHXnj7h20mZhWw8MHM65d+7heDGjUlnWt1FYWV1b3yhumlvbO7t7pf2DtowSgUkLRywSXQ9JwignLUUVI91YEBR6jHS80VXmd56IkDTiD2ocEzdEA04DipHSkltxbvSsj+AlrJ32S2Wrak0Bl4mdkzLI0eyXfhw/wklIuMIMSdmzrVi5KRKKYkYmppNIEiM8QgPS05SjkEg3nYaewBOt+DCIhH5cwan6dyNFoZTj0NOTIVJDuehl4n9eL1HBhZtSHieKcDw7FCQMqghmDUCfCoIVG2uCsKA6K8RDJBBWuqe5K7f8XgeImP4jy+nIJKRcmaYuyl6sZZm0a1X7rFq/q5cbdl5ZERyBY1ABNjgHDXANmqAFMHgEz+AVvBkvxrvxYXzORgtGvnMI5mB8/QJCLZ7D</latexit>(⇤ = 2)
<latexit sha1_base64="cC0nuhOmniu7I6sOtDqgqQJGf5o=">AAACGHicbVDLSgMxFM34rOOr6tJNsAh1U2akqBuh4MaFQkX7gM5QMplMG5pkxiQjlNLvEFzpn7gTt+78Eddm2lnY1gOBwzn35h5OkDCqtON8W0vLK6tr64UNe3Nre2e3uLffVHEqMWngmMWyHSBFGBWkoalmpJ1IgnjASCsYXGV+64lIRWPxoIcJ8TnqCRpRjLSR/LJ3Y2ZDBC9h9aRbLDkVZwK4SNyclECOerf444UxTjkRGjOkVMd1Eu2PkNQUMzK2vVSRBOEB6pGOoQJxovzRJPQYHhslhFEszRMaTtS/GyPElRrywExypPtq3svE/7xOqqMLf0RFkmoi8PRQlDKoY5g1AEMqCdZsaAjCkpqsEPeRRFibnmau3Ip7EyBm5o8sp6dSToW2bVOUO1/LImmeVtyzSvWuWqq5eWUFcAiOQBm44BzUwDWogwbA4BE8g1fwZr1Y79aH9TkdXbLynQMwA+vrF0V/nsU=</latexit>(⇤ = 4)

<latexit sha1_base64="cC0nuhOmniu7I6sOtDqgqQJGf5o=">AAACGHicbVDLSgMxFM34rOOr6tJNsAh1U2akqBuh4MaFQkX7gM5QMplMG5pkxiQjlNLvEFzpn7gTt+78Eddm2lnY1gOBwzn35h5OkDCqtON8W0vLK6tr64UNe3Nre2e3uLffVHEqMWngmMWyHSBFGBWkoalmpJ1IgnjASCsYXGV+64lIRWPxoIcJ8TnqCRpRjLSR/LJ3Y2ZDBC9h9aRbLDkVZwK4SNyclECOerf444UxTjkRGjOkVMd1Eu2PkNQUMzK2vVSRBOEB6pGOoQJxovzRJPQYHhslhFEszRMaTtS/GyPElRrywExypPtq3svE/7xOqqMLf0RFkmoi8PRQlDKoY5g1AEMqCdZsaAjCkpqsEPeRRFibnmau3Ip7EyBm5o8sp6dSToW2bVOUO1/LImmeVtyzSvWuWqq5eWUFcAiOQBm44BzUwDWogwbA4BE8g1fwZr1Y79aH9TkdXbLynQMwA+vrF0V/nsU=</latexit>(⇤ = 4)

preliminary 

IBM Lagos 32K

<latexit sha1_base64="uf7Lyx5NYxtPX7qmRGNrE/IQCCc=">AAACEHicbVBPS8MwHE3nv1n/TT16CQ7B02hl6I4TL16EiXYbbGWkWbqFpUlJUmF0+wyCJ/0m3sSr38Av4tl068FtPgg83u/fywtiRpV2nG+rsLa+sblV3LZ3dvf2D0qHR00lEomJhwUTsh0gRRjlxNNUM9KOJUFRwEgrGN1k9dYTkYoK/qjHMfEjNOA0pBhpI3mT654z6ZXKTsWZAa4SNydlkKPRK/10+wInEeEaM6RUx3Vi7adIaooZmdrdRJEY4REakI6hHEVE+enM7BSeGaUPQyHN4xrO1L8TKYqUGkeB6YyQHqrlWib+V+skOqz5KeVxognH80NhwqAWMPs57FNJsGZjQxCW1HiFeIgkwtrks3Dljj8YA4KZHZnPrkoiyrVtm6Dc5VhWSfOi4l5WqvfVcr2WR1YEJ+AUnAMXXIE6uAUN4AEMKHgGr+DNerHerQ/rc95asPKZY7AA6+sX/e2cpQ==</latexit>�A0�

<latexit sha1_base64="N9r2geAcGPaExu22JYjPENz/S+8=">AAACEHicbVBPS8MwHE3nv1n/TT16CQ7B02hl6I4TL16EiXYbbGWkWbqFpUlJUmF0+wyCJ/0m3sSr38Av4tl068FtPgg83u/fywtiRpV2nG+rsLa+sblV3LZ3dvf2D0qHR00lEomJhwUTsh0gRRjlxNNUM9KOJUFRwEgrGN1k9dYTkYoK/qjHMfEjNOA0pBhpI3mT65476ZXKTsWZAa4SNydlkKPRK/10+wInEeEaM6RUx3Vi7adIaooZmdrdRJEY4REakI6hHEVE+enM7BSeGaUPQyHN4xrO1L8TKYqUGkeB6YyQHqrlWib+V+skOqz5KeVxognH80NhwqAWMPs57FNJsGZjQxCW1HiFeIgkwtrks3Dljj8YA4KZHZnPrkoiyrVtm6Dc5VhWSfOi4l5WqvfVcr2WR1YEJ+AUnAMXXIE6uAUN4AEMKHgGr+DNerHerQ/rc95asPKZY7AA6+sX/5acpg==</latexit>�A1�

✴1 qubit (Λ = 2):

preliminary IBM Lagos 32K

<latexit sha1_base64="uf7Lyx5NYxtPX7qmRGNrE/IQCCc=">AAACEHicbVBPS8MwHE3nv1n/TT16CQ7B02hl6I4TL16EiXYbbGWkWbqFpUlJUmF0+wyCJ/0m3sSr38Av4tl068FtPgg83u/fywtiRpV2nG+rsLa+sblV3LZ3dvf2D0qHR00lEomJhwUTsh0gRRjlxNNUM9KOJUFRwEgrGN1k9dYTkYoK/qjHMfEjNOA0pBhpI3mT654z6ZXKTsWZAa4SNydlkKPRK/10+wInEeEaM6RUx3Vi7adIaooZmdrdRJEY4REakI6hHEVE+enM7BSeGaUPQyHN4xrO1L8TKYqUGkeB6YyQHqrlWib+V+skOqz5KeVxognH80NhwqAWMPs57FNJsGZjQxCW1HiFeIgkwtrks3Dljj8YA4KZHZnPrkoiyrVtm6Dc5VhWSfOi4l5WqvfVcr2WR1YEJ+AUnAMXXIE6uAUN4AEMKHgGr+DNerHerQ/rc95asPKZY7AA6+sX/e2cpQ==</latexit>�A0�
<latexit sha1_base64="N9r2geAcGPaExu22JYjPENz/S+8=">AAACEHicbVBPS8MwHE3nv1n/TT16CQ7B02hl6I4TL16EiXYbbGWkWbqFpUlJUmF0+wyCJ/0m3sSr38Av4tl068FtPgg83u/fywtiRpV2nG+rsLa+sblV3LZ3dvf2D0qHR00lEomJhwUTsh0gRRjlxNNUM9KOJUFRwEgrGN1k9dYTkYoK/qjHMfEjNOA0pBhpI3mT65476ZXKTsWZAa4SNydlkKPRK/10+wInEeEaM6RUx3Vi7adIaooZmdrdRJEY4REakI6hHEVE+enM7BSeGaUPQyHN4xrO1L8TKYqUGkeB6YyQHqrlWib+V+skOqz5KeVxognH80NhwqAWMPs57FNJsGZjQxCW1HiFeIgkwtrks3Dljj8YA4KZHZnPrkoiyrVtm6Dc5VhWSfOi4l5WqvfVcr2WR1YEJ+AUnAMXXIE6uAUN4AEMKHgGr+DNerHerQ/rc95asPKZY7AA6+sX/5acpg==</latexit>�A1�
<latexit sha1_base64="of1ptuRDfCnpg2CpfcCxlUjHDR4=">AAACEXicbVDLSgMxFM3UVx1fVZdugkVwVWZK0S4rbtwIFe0D2qFk0kwbm2SGJCOUaf9BcKV/4k7c+gX+iGsz7Sxs64HA4dzXyfEjRpV2nG8rt7a+sbmV37Z3dvf2DwqHR00VxhKTBg5ZKNs+UoRRQRqaakbakSSI+4y0/NF1Wm89EaloKB70OCIeRwNBA4qRNlJzctUrT+xeoeiUnBngKnEzUgQZ6r3CT7cf4pgToTFDSnVcJ9JegqSmmJGp3Y0ViRAeoQHpGCoQJ8pLZm6n8MwofRiE0jyh4Uz9O5EgrtSY+6aTIz1Uy7VU/K/WiXVQ9RIqolgTgeeHgphBHcL067BPJcGajQ1BWFLjFeIhkghrE9DClVtxbwyEzOxIfXZVzKnQdhqUuxzLKmmWS+5FqXJXKdaqWWR5cAJOwTlwwSWogRtQBw2AwSN4Bq/gzXqx3q0P63PemrOymWOwAOvrFzi4nLs=</latexit>�A2�
<latexit sha1_base64="26LqEmsYKyxN49QRfYbo2ZClp8M=">AAACEXicbVDLSgMxFM3UVx1fVZdugkVwVWa0aJcVN26EivYB7VAyaaaNTTJDkhHKtP8guNI/cSdu/QJ/xLWZdha29UDgcO7r5PgRo0o7zreVW1ldW9/Ib9pb2zu7e4X9g4YKY4lJHYcslC0fKcKoIHVNNSOtSBLEfUaa/vA6rTefiFQ0FA96FBGPo76gAcVIG6kxvuqej+1uoeiUnCngMnEzUgQZat3CT6cX4pgToTFDSrVdJ9JegqSmmJGJ3YkViRAeoj5pGyoQJ8pLpm4n8MQoPRiE0jyh4VT9O5EgrtSI+6aTIz1Qi7VU/K/WjnVQ8RIqolgTgWeHgphBHcL067BHJcGajQxBWFLjFeIBkghrE9DclVtxbwyEzOxIfXZUzKnQdhqUuxjLMmmcldyLUvmuXKxWssjy4Agcg1PggktQBTegBuoAg0fwDF7Bm/VivVsf1uesNWdlM4dgDtbXLzpinLw=</latexit>�A3�

✴2 qubits (Λ = 4):



Lipkin-Meshkov-Glick Model with Pairing

Basis that naturally embeds in a qu5it

but also a physics-aware JW mapping

Trotter errors magnified in coherently summing 

over many states with small amplitudes

Low in spectrum High in spectrum



Lipkin-Meshkov-Glick Model with Pairing



Lipkin-Meshkov-Glick Model Generalized



Lipkin-Meshkov-Glick Model Generalized



Possibly ….

It is starting to become clear that: 

techniques from nuclear many-body methods, mean-field methods, building in 
correlations, renormalization group, effective model spaces and effective field 
theories  

….  

likely to be able to advance lattice gauge theory Hamiltonian calculations and 
dynamics in dense neutrino systems for quantum simulation 

…. 

and maybe vice versa 



Summary
• Standard Model dynamics requires quantum simulations 

• Early stages in assessing requirements. Significant obstacles remain.  

• Encouraging progress in quantum simulations in low-dimensional systems.   

• Efforts toward 2+1 and 3+1 simulations. 

• Connections within Nuclear Physics are emerging 





18

Effective Model Spaces 
(Simple) Quantum Circuits for State Preparation 

<latexit sha1_base64="kIbGt6j41A4eT8y+ZMiD0nuJdcg="></latexit>

� (✓)� = cos�✓
2
� �0� + sin�✓

2
� �1�✴1 qubit (Λ = 2): |0> RY(θ)

<latexit sha1_base64="8fHVMM2r2e9UxxlZ0h+L8E07zZI="></latexit>� (✓0, ✓1, ✓2)�
✴2 qubits (Λ = 4):

|0>

|0>

S

RY(θ0)

Rzx(θ1)

Z

X RY(θ2)S
<latexit sha1_base64="i9KunKZk1t31DZTWYjRvD4OUQIA=">AAACE3icbVBNS8MwGE7n16xfU49egkPwNFoR3XHgxYsw0X3AWkaapl1YmpQkFUbZnxA86T/xJl79Af4Rz6ZbD27zgcDD8349eYKUUaUd59uqrK1vbG5Vt+2d3b39g9rhUVeJTGLSwYIJ2Q+QIoxy0tFUM9JPJUFJwEgvGN8U9d4TkYoK/qgnKfETFHMaUYy0kfpeiOKYSHtYqzsNZwa4StyS1EGJ9rD244UCZwnhGjOk1MB1Uu3nSGqKGZnaXqZIivAYxWRgKEcJUX4+8zuFZ0YJYSSkeVzDmfp3IkeJUpMkMJ0J0iO1XCvE/2qDTEdNP6c8zTTheH4oyhjUAhafhyGVBGs2MQRhSY1XiEdIIqxNRAtX7viDMSCY2VH49FSWUK7tIih3OZZV0r1ouFeNy/vLeqtZRlYFJ+AUnAMXXIMWuAVt0AEYMPAMXsGb9WK9Wx/W57y1YpUzx2AB1tcvKb2dyw==</latexit>

†

<latexit sha1_base64="975pEMVY/87b+LNwpDmMYpLA4PI="></latexit>

Rzx(✓) = e−i ✓
2 X̂⊗Ẑ


