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Select Recent Advances in Quantum Computing

Cold-Atom arrays with 

    Optical Tweezers 


Mid-circuit 

measurements

Qudits with trapped ions 


Surface code

>100 superconducting qubits

4 Logical Qubits

32-qubit H2-1 trapped ions 
(Quantinuum-Microsoft)







Real-Time Dynamics and 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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Quantum Simulation in the NISQ Era
Today: Error Mitigation and Dreaming of Correction

Insights, ideas, sub-parts, 
observables and algorithms

Precision simulations to 
compare with experiments and 
make reliable predictions 



Errors are a Defining Consideration in Simulations

Theory errors, mapping errors , 
algorithm errors, workflow errors, 
device errors, analysis errors …..

Can find the source(s) of the largest errors

and relax the others.


Exponential improvability is good!

Klco, Roggero, MJS

Scaling

- system size

- precision

Rahul Trivedi





Bauer, Davoudi, Klco, Savage



Bauer, Davoudi, Klco, Savage



 Hadronization and Fragmentation  

For example, jet production, energy-loss, hadronization


3+1D, quantum chromodynamics, quarks+gluons


Event generators constrained by decades of precise data,

Asymptotic freedom, effective field theory relations,

Lacks entanglement and quantum coherence.

Major classical computing resource requirement. 



Quantum Electrodynamics in 1+1 Dimensions

• Charge screening, confinement
• Fermion condensate
• Gap
• Translationally invariant vacuum
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Lattice Hamiltonian in 1+1D - Which  Gauge to Choose?
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Weyl gauge

Axial gauge



Jordan-Wigner Mapping with OBCs

Open Boundary Conditions

Local Nearest Neighbor Non-local 

Local Local 
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Confinement Means …..
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Vanishes exponentially with increasing separation 
—with a length scale set by the gap 

Truncation of non-local term(s) in the Hamiltonian will converge rapidly

< Qi Qj >



Building in Correlations 
Bounded in the IR and UV - Confinement Scale



Physics-Aware Mapping and State Preparation

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



Preparing the Vacuum: Outline of Strategy 
Introducing … SC-ADAPT-VQE

Classical OptimizationSymmetries and 
Confinement Classical Extrapolations Quantum Implementation

Adaptive Derivative-Assembled Pseudo-Trotter ansatz Variational Quantum Eigensolver (ADAPT-VQE)



Scalable Operators: Volume and Surface
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Real wavefunction from real initial wavefunction : (all) symmetries in operators



Scalable Operators: Volume and Surface

Trotterized to minimize circuit depth for a given level of precision. 

Confinement means finite correlation length :  Max d operators are limited  



Strong Coupling Vacuum — Why?

Build on top of strong-coupling vacuum where long-distance physics is correct 
- limit ``workload’’ to correlated regions. 

g = infinity   or   Hopping = 0 — same wavefunction  



Scalable Operators: Circuits



Scalable Operators: Convergence of Layers
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Scalable Operators:  
Convergence of Parameters
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Decoherence Renormalization

Works well today …..



Operator Decoherence Renormalization 
Localized Error Mitigation for Localized Observables

Angles from ADAPT-VQE

Vacuum of 1+1 QED Physics wavefunction

Angles = 0 [Clifford]


Strong-coupling vacuum 

Mitigation wavefunction


Known values for observables 

of interest

For each different Pauli-string operator forming observable, e.g., Z Z

Errors in New York should not impact simulations in Seattle, i.e. errors are in the laboratory 
…… use local mitigation strategies



Charge-Charge Correlations 
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qiskit MPS circuit simulator

Twirls and statistics limited



Production on IBM’s 127-Qubit Eagles

• SC-ADAPT-VQE 
• 2-layers, expect systematic errors at ~ 1%, ~700 CNOTS 
• 3-layers explored ~1300 CNOTS 

• Operator decoherence renormalization (ODR) 
• With and without readout error mitigation 

• Run on MPS for classical comparison for L<=100 
• Modest number of twirls as circuit elements repeat - ~150 
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ibm_cusco Mitigated

100 qubits, 150 twirls, each with 8x103 shots



Wavepacket Preparation  
Naive Expectations

Preparing beams of ``protons’’ 
 - we don’t know their wavefunction from first principles 
 - Let the system do it for us! 



The Protocol



Wavepacket Preparation  
Modest-sized Wave Packet to ``Match’’ to

Classical Simulations



Wavepacket Preparation on the Vacuum  
Matching to Quantum Circuits



Truncations in Electric Interactions 
Confinement



Verifying Systematic Approximations (Classical)

Exact
2-step SC-Adapt-VQE
Exact evolution

2-step SC-Adapt-VQE
Truncated Electric H
Exact evolution

2-step SC-Adapt-VQE
Truncated Electric H
2nd-order Trotter



Production Details using IBM’s Torino



Results on 112 Qubits with up to 14 Trotter Steps

IBM’s Quantum Computer - Torino 
ComputedClassical Expectation



“Side-By-Side” Comparison



The Key Role of Error Mitigation



1+1D QCD (2022)

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

Building on the works of others, Banuls, Dirac, Jansen, Muschik, Lewis, …. 



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



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

|⇡0i
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<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
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<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



Real-time Exponential-Decay 
Weak Interactions

Quantinuum - ORNL



(Classical) Steps Toward Hadronization 
and Fragmentation (in 1+1D)

Classical background charges  

Continuum and infinite volume limits


• Lattice spacing taken to zero

• recover Lorentz symmetry, special relativity


• Length taken to Infinity

• Fixed physics with parametrically suppressed 

corrections


• Present quantum resources ~ limit lattice 
size and spacing (number of sites)

• Classical HPC simulations only at 

present - quantum circuit depth 

• Lattice spacing artifacts large




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



Colliding Partons 



Matter and Coherence



Dynamical Quantum Phase Transitions

2023

2018



Summary

• Quantum Simulations are essential for advancing capabilities in describing 
dynamical quantum systems…. Standard Model physics and beyond. 


• 1+1D systems are a key developmental arena for 3+1D simulations 

• conceptual, algorithmic, workflow, co-design 

• confinement, charge screening, fermion condensate, hadrons


• We introduced of scalable quantum circuits for lattice QFT simulations, and 
showed our results from >100 qubits, >14k entangling gates


• Quantum Magic and Multi-partite Entanglement are ``new’’ areas being pursued 
(see Caroline Robin’s talk tomorrow)
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