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L A T T I C E  Q C D

• Hadron masses

• Form factors

• Some Elastic Scattering Amplitudes

• Muon g-2

• REAL TIME DYNAMICS

• FINITE DENSITY SYSTEMS



W H Y  
Q U A N T U M  S I M U L A T I O N ?
Simulating Physics with Computers (Richard Feynman 1982)

Properties of Efficient Simulation
• Size of the computer scales 

linearly with the size of space 
being simulated

• Time the calculation takes is 
proportional to the amount of 
time evolution in the simulation

• Computers have only local 
connectivity between their 
components

Efficient classical simulation of generic 
quantum systems forbidden by Bell’s Theorem
Instead, we can engineer quantum systems to 
simulate the theories we wish to study.

DISCLAIMER: Not all quantum states 
violate Bell inequalities. Some states can be 
efficiently represented classically.



Q U A N T U M  S I M U L A T I O N  O F  G A U G E  
T H E O R I E S

Pick Lattice Regularization

Perform time evolution

Prepare a physically relevant state
Measure

Mitigate Errors



H A M I LT O N I A N  F O R M U L A T I O N  O F  
L A T T I C E  G A U G E  T H E O RY

Phys. Rev. D 11 (1975) 395
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Magnetic Formulations
• Discrete Subgroups – PRD 102, 114513 (2020)
• Discrete Jacobi Transform - arXiv:2311.11928
• Axis-Angle Coordinates – arXiv:2307.11829  

Electric Formulations
• Spin Operators – PRA 73 (2006) 022328
• Loop String Hadron - PRD 101 (2020) 11, 114502
• Electric multiplet – PRD 103 (9), 094501
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3 + 1 D  L A T T I C E  Q C D  H A M I LT O N I A N

Staggered 
fermions in 3D

2 Flavors in the 
continuum limit

Symmetries
• Translation by two sites
• Translation by one site = Chiral symmetry (Broken)
• Diagonal Translations   = Isospin symmetry
• SU(4) Wigner Spin-Flavor Symmetry at Strong Coupling

PRD 15, 1111 (1977)

Resources need to probe continuum physics
• Glueballs need lattice sizes of 24x24x24
• Continuum physics reached by g~0.8
    (Rough estimate from strong coupling expansions)
• Requires p,q truncation at 3
    𝑂 10!  qubits
• Number of time steps = lattice length 
     𝑂 10"!  gates

Physical Review D 
108 (9), 094513

PRD 15, 1111 (1977)

PRD 103 (9), 094501 (2021)

PRD, 73:014516 (2006)

PRD 102 (2020) 9, 094515



1 D  S I M U L A T I O N S  A T  S C A L E
• Recent hardware advances have enabled simulations of large 1D lattices

Vacuum State Preparation
PRX Quantum 5, 020315

Hadron State Preparation
Phys. Rev. D 109, 114510



G A U G E  F I E L D  O P E R A T O R S  I N  M U LT I P L E  
D I M E N S I O N S

Active Control



C H A L L E N G E S  O F  G O I N G  T O  S C A L E  I N  
M U LT I P L E  D I M E N S I O N S

• Gate count for time evolution scales as Λ!"

Active Control



L A R G E  N  E X PA N S I O N

SU(3) SU(N), Expand in 1/N

• Qualitatively reproduces many 
aspects of QCD

• Provides a starting point for 
describing interactions between 
baryons

• Used in event generators that 
simulate collider physics

Phys. Rev. Lett. 133, 111901

• Expand operators in powers of 1/N

• Truncate both in powers of 1/N and 
electric energy

• The only electric basis states that are 
relevant are those that can be created 
from the electric vacuum by 
applying plaquette operators

• The large N scaling of a state is 
determined by the maximum 
overlap of the state with

 

= O(1)

= O(1/N)



L A R G E  N  S C A L I N G  O F  S T A T E S
• The Large N scaling is determined by

• This can be evaluated in the magnetic basis, 

    using the identity

Simple Scaling Rule

 

𝑚! =# Plaquettes enclosed by loop i



L A R G E  N  T RU N C A T I O N

• The Hamiltonian can be truncated in 1/N as well as in irreps

• This reduces both the qubit count and computational cost

• At the harshest truncation, only one qubit is required per plaquette

• Resources can be compared for a small lattice at this truncation (4x1)



R E A L  T I M E  E V O L U T I O N  O N  I B M ’ S  
Q U A N T U M  C O M P U T E R S

• Yellow and blue qubits are used to 
represent the state of the system

• Square qubits are used to enable 
communication between those used to 
represent the system

• One Trotter step = CNOT depth 45

Interaction Picture Trotterization



E R RO R  M I T I G A T I O N

• Quantum simulations have errors coming from inherent hardware errors

• Pauli twirling converts coherent errors into a Pauli error channel

• Decoherent Pauli noise renormalizes Pauli operators

𝜓 #𝑃 𝜓 →𝜂# 𝜓 #𝑃 𝜓

• This can be mitigated by running a circuit with a known answer to determine 𝜂#
• Other sources of hardware error can be mitigated by artificially introducing noise by 

applying more CNOT gates and extrapolating to zero noise. 5x5

Operator Decoherence Renormalization
Phys. Rev. Lett. 127, 270502 
arXiv:2210.11606
PRX Quantum 5, 020315
Phys. Rev. D 109, 114510

112 qubits, CNOT depth 370 (13,858 CNOTs)



A L G O R I T H M I C  E R RO R S

• Errors also come from the Trotterization of the time evolution operator.

• This can be mitigated by performing the evolution with multiple step sizes that sample 
the same points in time and extrapolating.

• Noise in circuits scales with circuit depth not system size so small simulations can be 
used to validate the results of larger ones.

• CuQuantum was used to perform a classical simulation for a 8x8 lattice.

5x5 8x8

129 Qubits
CZ Depth 113
1500 CZ Gates
8733 1 Qubit Gates



RY D B E R G  A T O M S

• The LGT Hamiltonian at this truncation is the same as that describing a Rydberg atom 
array

• This can enable analog simulations in the near term

SU(3) Yang Mills Neutral Atom Array



S U M M A RY  &  F U T U R E  G O A L S

• The large N expansion can be used to reduce the 
resources needed for simulation.

• This also allows for straightforward implementation on 
neutral atom platforms.

• The truncated Hamiltonian is similar to the PXP model 
indicating there may be connections to condensed matter 
work on scarring and confinement in spin models.

• Future work will look at including quarks and 1/N 
corrections.


