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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


N-Tangles 



26Ne28Si

8-tangles

Magic and Multi-Partite Entanglement in Nuclei



Magic and Multi-Partite Entanglement in Nuclei

Shape co-existence



Restricted Boltzmann Machines 
Infidelity and Quantum Complexity



Complexity Rearrangment,  
Effective Model Spaces and Symmetries

Full theory has rotational symmetry


Truncated Hamiltonian does not


Angular optimization of truncated space




Complexity Rearrangment,  
Effective Model Spaces and Symmetries

Naive truncation: power law corrections


Optimized truncation: exponential corrections

over some of the Hilbert space


Likely to be of utility more generally for EFT 
developments




Complexity Rearrangment,  
Effective Model Spaces and Symmetries

Harmonic Oscillator wave function (lower)


Self-consistent wave function (upper) 


6He




Stabilizer Acceleration in Many-Body Systems

Explore all possible decompositions into Stabilizer Groups



Stabilizer Acceleration in Many-Body Systems



Part-2


Quantum Complexity

Quantum Complexity for Fundamental Quantum 
Many-Body Systems 

• Essential for optimal quantum simulations in fundamental 
physics - balancing quantum and classical resources 

• At the beginning stages 

• Potentially new methods for classical simulations



Part-3


Quantum Computing and 
Simulation

Focus on digital and lattice



Early 1980’s - Feynman’s Vision

( age: 63)



15 Years Later

Error-correction - Shor, Steane, Calderbanks, Bacon, Preskill, ….

Teleportation, No-cloning, Entanglement Distillation, ….

Time evolution with controlled systematic errors is efficient for quantum computers.



37 Years Later

Hardware, Error-Correction, Fault-Tolerance, Algorithms, Applications —- Co-design 

Cloud-accessible quantum computers, led by IBM



IBM Quantum Summit - NYC December 2023



43 Years Later

Demonstrations of logical qubits with fidelities greater than physical qubit fidelity.



Department of Energy Road Map
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Quantum Simulation in the NISQ Era

Klco, Roggero, Savage



Real-Time High-Energy Collisions of Matter

MIT-JLab Animation ProjectCERN event

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


A number of significant efforts working toward this objective



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



Why not wait until the quantum computers of the future arrive?



Steps to Perform using a Digital Quantum Computer

Repeat

Prepare Evolve Measure



x

Φ

Gold-Standard - Scalar Field Theory 

2011 2017

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



Lattice Scalar Field Theory 

Continuum and continuous



Digital Lattice Scalar Field Theory 

Nyquist-Shannon Sampling



Digital Lattice Scalar Field Theory 



Introduction to Trotterization

Time Evolution

• For nQ=3,  8x8-1= 63 angles to determine from U(t) for exact circuit implementation. 

• This is doable, but not scalable!



Introduction to Trotterization

Time Evolution

LO

NLO



JLP for nQ=3

Time Evolution



JLP for 3+1D

Time Evolution

x

Φ



State Preparation



Physics-Aware Mapping and State Preparation

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



Scattering in Lattice Scalar Field Theory



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



Quantum Electrodynamics in 1+1 Dimensions

• Charge screening, confinement
• Fermion condensate
• Gap
• Translationally invariant vacuum

V-

S+

V-V- Threshold

π=+1 π=-1
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This model is being used by several groups pursuing quantum simulations



Lattice Hamiltonian in 1+1D  
- which  gauge to choose?
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Weyl gauge

Axial gauge

Quantum Resources required to evolve over some time interval similar (!) 



JW Mapping with OBCs

Open Boundary Conditions

Local Nearest Neighbor Non-local 

Local Local 
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Confinement and Scalable Circuits

Local Nearest Neighbor Non-local 

Confinement is emergent

i.e. the Hamiltonian inspection is not enough for efficient implementation



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 >



Scalable Operators: Volume and Surface
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Scalable Operators: Circuits



Scalable Operators: Convergence of Layers
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Vacuum and Wavepacket Preparation and Evolution 
of U(1) Theory in 1+1D
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ibm_cusco
qiskit MPS circuit simulator

ibm_cusco Raw

ibm_cusco Mitigated

Beams/Pulses of HadronsRoland Farrell        Marc Illa      Anthony Ciavarella 



The Vacuum and Wavepackets



Production using IBM’s Heron Processor Torino

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



Error Mitigation - NISQ-Life

Pauli-Twirling
XX 𝞼

𝞼

𝞼

𝞼
a

b

c

d

=
Coherent errors from the control and target transformed to incoherent, 
averaged over all channels

Post-Selection
Device Hilbert space >>> Physical Hilbert space 

Select only members of measurement ensemble entirely in Physical space

Eliminates order-p errors.

IBM



Error Mitigation - Decoherence Renormalization

“Physics circuit”

“Mitigation circuit” 

- all angles set to zero (e.g.)



End of Day-2

Part-3


Quantum Computing and 
Simulation



Error Mitigation - Pauli Twirling



Dynamical Quantum Phase Transitions

2023

2018



1+1D SU(N) and Quantum Chromodynamics



1+1D QCD and Decays



Weak Decays : Expectations 
—Recovering Real-time Exponential-Decay

One available final state YF available final states



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



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




Systematics in Scattering ??

• High enough energy in collision will lead to quantum advantage

• The bond dimension is growing (exp) with energy


• What is physics and what is systematic error must be quantified



Abelian Gauge Theory: Moving in the Lattice Vacuum 
Classical Simulations

Heavy Quark : constant speed, well-defined position - implemented via Gauss’s law

Heavy quarks provide control for colliding partons
No energy-loss or hadronization in a Lorentz Invariant system (continuum) 

Composite Hadron

charge screening, confinement



Energy Loss, Hadronization and ``Damage’’ to  
Multi-Partite Entanglement in the Vacuum

n-tangles



Colliding Partons 
— One Static Background Heavy Quark 

vmax=0.2

Leading parton collisions 

dominate energy loss 



Marc Illa, Zhiyao Li

Energy-Loss in Non-Abelian Gauge Theories:  
Quantum Simulations using IBM



The SU(2) Hamiltonian



•Color entanglement

• Hadron interpolating operators


•Heavy-quark motion discrete only 

• by FSWAPs


•Lattice spacing artifacts from FSWAPs


•Domain Decomposition - scalability

Four New Ingredients - Beyond U(1)



Elaboration : Color Entanglement

Heavy-Quark 

positioned here

Note: An obvious waste of Hilbert space!!

Working toward dynamical re-assignment



Elaboration : HPC Optimization

Color-singlet operators in the ADAPT-VQE pool

• form factors and position



Elaboration : Domain Decomposition



Classical Results

Trotterized ground state heating

EE Z



Resources and Layout for L=3

ibm_pittsburgh



Production

1) Prepare the L=3 Ground State on 18 qubits of 
ibm_pittsburgh

• HPC optimized ADAPT-VQE (fidelity > 99.5)


2) t=0 : Shift Q from x=0 to x=1 using FSWAP 
 
3a) One 2nd-Order Trotter step from t=0 to t=1 
 
3b) Measure the energy in the light quarks

Total 2-Qubit Depth = 398

(after transpilation)



Charge Distribution

from an early implementation



Wavepacket Evolution in 1+1D SU(2)



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



Why Non-Abelian is More Complex than Abelian



• Only dynamical gauge fields 
• Gauge Variant Completions (GVC) 
• Severely truncated in field space 
• 2D, but really 1D

T a1…ap
b1…bq R(p,q)

Gauge Invariance

Also see Mari Carmen Banuls, Karl Jansen et al

IBM - Poughkeepsie D-Wave- Advantage

Plaquette chain will collapse to 1+1 dim in continuum limit

Yang-Mills 
First Attempts at SU(2) in 2+1D



SU(3) Yang-Mills Plaquettes - Examples

D-Wave - Advantage

IBM

large-N

Ciavarella, Bauer (2024)



Some Recent Simulation Results 

Farrell, Illa, Preskill, Zemlevskiy

Bauer, Ciavarella, Jiang, Klco, Di Matteo,Halimeh, Yao,. et al



Taming Non-Abelian Gauge Space



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



Qudits

2+1D QED



String Breaking as an Example



Entanglement in Particle Detection



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



Entanglement and Thermalization 
Stabilizer Scars



Entanglement and Thermalization



Nuclear Structure and Reactions

LLNL+Trento LANL

ORNL, AWS, CERN, UTK, UGeneva,

6Li

Bielefeld, IQuS



Neutrino Flavor Dynamics in Supernova

Simulations with qubits and qutrits

qutrits
qubits

IBM

qubits

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



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

NNEFT with Trapped Ion Systems



•  No quantum advantage yet …..   
•  Single lattice spacings - no tunings 
•  Percent-level or larger errors. [c/w classical] 
•  Single volumes 
•  1+1D, with few 2+1D (no quarks), no 3+1D 
•  Low-field irrep truncations 
•  10 or so Trotter steps before signal to noise degrades 
•  ~ 100 qubits x 400 depth 
•  Preparation and new/developing ideas for 2+1D and 3+1D 
•  First studies of error-correction/fault tolerance 
•  Nascent benchmarking 
•  No HEP (or NP) code-base(s)/workflows …. 
•  1+1D fermions are easy …..

Part-3


Quantum Computing and 
Simulation



FIN


