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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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From Classical to Error-Corrected Quantum Computing

Insights, ideas, sub-parts, 
observables and algorithms

Precision simulations to 
compare with experiments and 
make reliable predictions 

Insights, ideas, sub-parts, 
observables and algorithms



Community Identified Opportunities and Priorities



Real-Time High-Energy Collisions of Matter

MIT-JLab Animation ProjectCERN event

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



Digital To-Do List for Quantum Chromodynamics

x

Φ

1. Map quarks and gluons on a 
quantum register of qubits, 
qutrits, … 

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



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



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



Low-Dimensional Models:  
e.g., Quantum Electromagnetism in 1 Space and 1 Time Dimensions

QCD in 3+1D

This model is being used by several groups pursuing quantum simulations



Confinement and Scalable Circuits 
(2023-)

Classical Optimization

Symmetries and Confinement Classical Extrapolations

Quantum Implementation

Local Nearest Neighbor Non-local 

Builds upon ADAPT-VQE 

by Sophia Economou et al.

Roland Farrell, Marc Illa,   
Anthony Ciavarella and MJS



The Schwinger Model on IBM PCs



The Vacuum and Wavepacket Evolution 
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Production using IBM’s QPU Torino 
(The largest quantum simulation that had been performed) 

IBM’s TorinoClassical

Production highlights 

• 14K CNOTs for 14 Trotter steps

• 1.05 Trillion total CNOTs applied

• 154 Million shots

• 112 qubits x 370 depth



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.)



1+1D Preparations

Ising+ , Milsted et al
Hadronization , Florio et al

Wavepackets , Davoudi et al

Thirring , Chai et al

QAOA, Rodeo , Pederiva et al



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



1+1D QCD and Weak Decays (2022)
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g & 2.5

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

Balance between mass and gauge-field energies



Dynamical Quantum Phase Transitions

2023

2018



Modeling the QCD Phase Diagram

Physical thermal pure quantum 

(PTPQ)

QITE algorithms to “cool”

Z2 gauge theory

Phys. Rev. Lett. 131, 081901 – Published 21 August 2023




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

Dynamical Gauge Fields - Yang-Mills 
Byrnes-Yamamoto — Kogut-Susskind

Left-space Right-spaceIrrep

Truncations in irrep space !!!!!T a1…ap
b1…bq T c1…cp

d1…dq

SU(N) Gauge invariant  
Hilbert space



SU(3) Yang-Mills Plaquettes - Examples

D-Wave - Advantage

IBM



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 YaoFrancesco Turro, Anthony Ciavarella and Xiaojun Yao



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



Neutrino Flavor Dynamics in Supernova

0 2 4 6 8 10 12 14 16 18
N ° n

100

101

102

103

ø n

2 4 6 8n :
øn ª Nn/2 øn ª Nn°2

Multi-Neutrino Entanglement

I

Amitrano, Balantekin, Pooser, Roggero, 

Siopsis, Pederiva, …..



6 Rubidium atoms in an optical trap

Kaufman et al, Greiner, Science 353 (2016), p. 794 
Polkovnikov, Sels, Science 353 (2016), p. 752

71 Rubidium atoms, 
U(1) Lattice Gauge Theory

Entanglement and Thermalization

Slide content from Niklas Mueller


Many key QIS results and a large body of significant work - just starting to enter Nuclear and Particle Physics 



Entanglement and Thermalization



Magic (non-Stabilizerness)
Aaronson+Gottesman

Classical gate set   =

Quantum gate set   =    Classical gate set    +  

|0⟩⨂n{ Classical gate set }   =  |Stabilizer State⟩
1-qubit  : 6       stabilizer states

2-qubits: 60     stabilizer states

3-qubits: 1080 stabilizer states


Magic are measures of non-stabilizerness


Classical computing needs scale exponentially with Magic

 

Quantum resources required to prepare states that cannot be accessed 
using the classical gate set



Entanglement and Magic Phase Transitions



Magic and Multi-Partite Entanglement in Nuclei



Neutron Scattering with Hybrid Quantum Simulation

LLNL+Trento



Lessons from the LMG and Agassi Models 
“Sign Problems” in Evolution

Low in spectrum High in spectrum

2 high-energetic energy particles collide to produce 
many lower energy particles

 



Some New Directions

2021

2018-2024



Some New Directions

2024

2023



Qudits

2+1D QED



N-body Gates in Trapped Ion Systems
Co-Design in Action

NNEFT with Trapped Ion Systems



Workshops 
Research 
Visitors

To Accelerate progress At the Interface of Quantum Information and Nuclear Physics



Workshops



The Near Future 
  
-

2+1 and 3+1 Quantum Field Theory - Abelian and non-Abelian 
Thermalization, collisions and transport 

Efforts to connect with experiment

Quantum Information Science and Quantum Computers are here and now !! 
How we view quantum many-body systems for fundamental physics is rapidly changing 

Chasing quantum advantages for applications

1+1D Quantum Field Theory - Abelian and non-Abelian - great progress 
Early demonstrations of scalable paths forward for quantum simulations of important quantities 

quantum simulations of both 1+1D QED and QCD in the near term 

Close to complete studies in 1+1 D, effective sandbox, heading to 2+1D and 3+1D
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