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High-Energy Collisions

There is a lot of physics that takes place in collisions of matter

- Production of new particles, e.g., Higgs

- Collisions of nuclei with satellites, energy loss with materials - quantification

- Properties and thermalization of quark-gluon plasma/liquid

- Fragmentation, hadronization, confinement - QCD is now the background

- Transport in strongly interacting, correlated non-equilibrium matter - open quantum system(s)

- Neutrino interactions with matter and properties



Hot and Dense Non-Equilibrium Matter
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Hierarchies

Mass 235U ~ 220 900 MeV 6

NN wavefunction at E=0 Neutron-Induced Fission



IBM Quantum Summit - NYC December 2023



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)



Insights, 
ideas, 
sub-parts, 
observables,
algorithms

Precision simulations 

Logical Qubits 

Qudits


Cold

Atoms


From Classical to Error-Corrected Quantum Computing

Physics Output 
Optimization



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 co-design exploration



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

2+1D simulations are starting - Zn-like

QCD in 3+1D

This model is being used by several groups pursuing quantum simulations



String Breaking as an Example



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



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.)



Hadronization and Fragmentation

Barata et al, Gong et al Hadronization,  Florio et al

Energy Loss and Multi-partite Entanglement,  Farrell et alFragmentation,  Bauer et al

Baryon Entanglement, 



1+1D Preparing for the Future

Ising+ , Milsted et al

Wavepackets , 

Davoudi et al

Thirring model , Chai et al

QAOA, Rodeo , Pederiva et al Confinement in Z2, Mildenberger et al Scalar FT, Zemlevskiy



Error Correction in Gauge Theories Abelian Zn models

Gauss’s law Stabilizers



1+1D Quantum Chromodynamics

SU(3) and higher is quite different from U(1) and SU(2) 

IBM

(Perth, Jakarta)



>2300 entangling gates



>450 entangling gates



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

IBM

Hot Starts
Perturbative Expansions


and 

Effective Field Theories

One Plaquette



Reducing Group Space Overheads in non-Abelian LGT 
reducing the number of links per vertex

2024 2023



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



Improved Hamiltonian for Honeycomb lattices 
non-Abelian LGTs in 2+1



Improved Hamiltonian for Hyper-Honeycomb  
lattices non-Abelian LGTs in 3+1

Defines Leading-Order Magnetic Contribution



Improved Hamiltonian - Tadpoles

Space-time dependent tadpole corrections



Improved Hamiltonian - Tadpoles

Scalar Field Theory with bounded, smooth 

wave packet on interacting vacuum

Vacuum tadpole correction plus 

Lattice spacing finite density term



Entanglement and Thermalization



Entanglement and Thermalization 
Stabilizer Scars



When is a Quantum Computer Required? 

Quantum Complexity of Physical Systems? 

Entanglement

Magic

Alioscia Hamma

https://www.youtube.com/watch?v=UrOCCGpL_go


Suppressed sign problems in classical simulations

Emergent approximate 
symmetries in nuclear systems

Suppressed fluctuations in 
entanglement

36

conformal  
points

Wigner  
symmetry

SU(4) for 2 flavors and SU(16) for 3 flavors 
- more symmetry than large-Nc, [SU(4) and SU(6)]

Low-energy QCD: NN and YN S-Wave Scattering



Entanglement Rearrangment,  
Effective Model Spaces and Symmetries



The Magic Power of the S-Matrix 
- Fluctuations in Magic

Neutron-Proton

Hyperon-Nucleon

Indicates the fluctuations in quantum magic due to nuclear forces

-



Magic and Multi-Partite Entanglement in Nuclei

26Ne28Si

8-tangles



Magic and Multi-Partite Entanglement in Nuclei



Neutrino Flavor Dynamics in Supernova

Simulations with qubits and qutrits

qutrits
qubits

IBM

qubits

Spagnoli et al (2025)
Turro et al (2024)



Quantum Complexity in Neutrinos  
- Qutrits

Figure created by Ramya Bhaskar

For the two-qutrit system, explicit calculation gives a maximum value of magic in a tensor-product state of M2 = 2 

(consistent with 2× the maximum value for a single three-flavor neutrino), 

while entangled states can support a maximum value of M2 = 2.23379.



Quantum Complexity in Neutrinos 
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Lorentz Violation by Lattice Spacing



Lorentz Violation by the Lattice Spacing

n-tangles

What is the Magic doing?



From NISQ to Fault Tolerant 
Sequency Hierarchies

Magic in a Gaussian: 

UV versus IR qubits

• e-Print: 2407.13835 [quant-ph]

https://arxiv.org/abs/2407.13835


1-Plaquette of SU(2) Yang-Mills 
Magic to Guide Truncations (?)

jMax =1/2, 1, 3/2, 2, …

qudit
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Magic in the GS

Preliminary



Summary and Outlook 
  
-

Quantum simulations focused on fundamental physics are advancing

Evolution from NISQ to fault tolerant/error correcting

Understanding how to organize quantum complexity

 (Multiple) focused teams with access to forefront quantum hardware are essential

A unique time in the history of computing !!



FIN



>450 entangling gates


