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Quantum Computing/
Simulation
- Entanglement

Machine Learning/ 
Artificial Intelligence

Disruptive Technologies



Computing and Simulation Communication Sensing

We are in the Second Quantum “Revolution” 

IBM then said ~2 days



Entanglement and Coherence

How to include into theoretical and 
numerical frameworks for Standard 
Model physics?

Quantum Mechanics “works the same” at all scales

One cannot describe (all of) more fundamental 
theories with less fundamental theories



Where Should We Look For “Quantum Advantages” in 
Quantum Simulations of Standard Model Physics?

If a classical computer can solve the problem,  
why “compete” using a quantum device?

Use quantum devices to solve the (parts of) 
problems that classical computers can’t. 

“We have to know our problems!”  

Understand the Entanglement Structures and 
Dynamics of the systems

Quantum devices are embedded in large classical compute environments



Equation of state of dense, hot matter and dynamics
Conquering some “sign problems”

Low-energy nuclear reactions and fission
Electroweak processes in nucleons and nuclei
Neutrino dynamics in extreme astrophysical environments

Precision structure and interactions of medium and large nuclei
Exponentially large Hilbert spaces of many-body systems

Some Standard Model Objectives
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Real-time dynamics, particle production, fragmentation 
Lattice quantum field theories, QCD, EFT,…



Entanglement, Separability

A
B

If

then system is separable 



e.g., 2 qubits

The latter is a valid density matrix for 

Werner State, 1995

Entanglement, Separability

Local operations in A do not impact observables in B  
- quantum correlations are consistent with classical correlations - the system is separable 
- the ensemble contains states that are entangled - but cannot be distilled



Entanglement, Separability

A-B may be separable 
A-C may be separable 
B-C may be separable 

BUT 

AB-C might not be separable

This is a situation (and of course more complex) is found in quantum field 
theories and quantum many-body systems



One Perspective

20th Century High-Energy Physics - Quantum Field Theories 
 — identifying short-distance, fundamental interactions - Lagrangians 
 — non-perturbative lattice QCD using High-Performance Computing (HPC) 
 — modeling gave way to Effective Field Theories (EFT)  

— typically, leading order is un-entangled 
— EFTs were developed specifically to connect lattice QCD simulations to nature 

— systematic error reduction 

20th Century Nuclear Physics - Quantum Many-Body systems 
 — controlling short-distance (phenomenological) interactions 

— initially —- limited progress and was re-invigorated by RG, EFT from HEP, chemistry  
 — QMB computations using HPC - SciDAC projects, Exascale  
 — modeling and EFs guided by global symmetries 

21st Century HEP+NP - QFT+QMB systems
— quantum correlations and non-locality using, and for, quantum simulation, computing and sensing 
— requires entanglement-centric analytic, algorithmic, circuit, hybrid, numerical, co-design, … advances



Complexity of Our Systems
Should it be a limitation? …. Not until it is…

We are so far from “asymptotic resources” that all that 
we can know for sure is the performance of our 
current circuits on current hardware, and do some 
limited extrapolations. 

X10 is worse than e+0.01 x until x~ 9000 
(Highlighted by quantum chemists - what are the coefficients?) 

Complexity class indicates worst case 
- can be much better 

The “B” in BQP gives us latitude to change theories “a little” 

With a target precision, perturbative expansions can potentially change problem difficulty

Time evolution of a  
quantum system



Mapping, Scaling, Time-Evolution

Expect that n-dof locally interacting for time T requires  
n-dof evolved through ~T time steps for a total of ~ poly(n) T operations. 

D-dim systems optimally simulated with D-dim systems.  
e.g., 2-dim systems will not optimally simulate 3-dim systems

Real-time evolution through small time-steps lies within BQP  

Hot algorithmic area:  Implementation (mapping dependent)  
higher order, linear combinations of unitaries, qDrift, Fast Forwarding 

What is efficient on near-term devices?  at scale?

Hauke et al



Suppressed sign problems in classical simulations

Emergent approximate 
symmetries in nuclear systems

Suppressed fluctuations in 
entanglement
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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)]

Finding GS of generic n-body system is QMA-complete



Strong Interactions at Long and Short Distances

Derek Leinweber Bira van Kolck

Short Distances 

Perturbative QCD and asymptotic freedom 
Nearly free quarks and gluons

Long Distances 

Perturbative Chiral Perturbation Theory 
Nearly free pions

Expansions about free massless or nearly massless fields and long and short distances



Lattice Scalar Field Theory   
(= Harmonic Chains)

Reznik, Tonni, Cardy, …. many many others

The long-distance structure of 
entanglement is determined by the 
UV structure -  UV-IR connection 

Separable

We performed lattice calculations in 1,2,3D

1D: 2.82(3) 
2D: 5.29(4) 
3D: 7.6(1)



Reznik, Tonni, Cardy, …. many many others

Q: Will better understanding structure enable more efficient quantum simulations 
of quantum field theories? 
A: We don’t know yet ……. 

Lattice Scalar Field Theory   
Entanglement Cores/Strings

Natalie Klco Douglas Beck



Analog Quantum Simulation with Quantum Circuits

Lattice CFT Lattice Sine-Gordon

From presentation by  
Ananda Roy at IQuS



Entanglement in Heavy-Ion Collisions and 
Hadron Structure - examples

𝛬𝛬-entanglement induced by QCD strings 
Monte Carlo event generators 

Entanglement as an order-parameter  
for Chiral Symmetry breaking
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Entanglement as an Organizing Principle in Nuclei
Toward Hybrid QPU-CPU Nuclear Structure

Negativity

2018: Gorton and Johnson [MS thesis, Gorton]

Mutual 
Information

Caroline Robin, Nathalie Pillet, MJS 
Phys.Rev.C 103 (2021) 3, 034325 

Harmonic Oscillator

Self-Consistent,  
Correlated

Caroline Robin



Quantum Field Theories -  101

• Finite lattice to support the fields 
• 3-dim for 3-dim 
• Real-time Hamiltonian evolution 
• Fields mapped to qubits/qudits 
• BCs 
• Hybrid - tasks for QPU? 

•Different mappings (most “efficient’’ path to continuum physics?) 
•  “qubits arranged”  with fermions on sites and gauge fields on links (KS) 
•  or continuum fields de-localized. (e.g. quantum link models) 
•  truncations/samplings in gauge rotations or irreps 
•  and/or Integrate out gauge freedoms 
•  and/or Gauss’s law explicit/implicit, error correction to enforce

Truncations, convergence and errors (gauge field, spacetime)  
Ultimately, we need a complete quantification of uncertainties
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Parallelizes easily at the circuit level
- dual layer application per Trotter step

x

Φ

Scalar Field Theory

Jordan, Lee, Preskill 

Stephan Caspar Hersh Singh

Mappings to spin-systems



Circuits Reflecting Classical Correlations

Mapping should reflect physical system

Classical correlation 
modified Bessel function



Calibration - NISQ-Era Lessons - Continually Improving

nQ=4 

Probability of  
|0> and |8> states 

Probability of  
|7> and |15> states

vacuum: initially all |0> 
in-medium: initially nQ-1are in exponential

A need: 
Integrated workflows for calibration



More Lessons

Scaling of ensemble size — observables considered 
~1-cent per circuit — 1 million “shots” =  $$$

nQ=3 ⊗ nQ=3 ⊗ nQ=3 Hierarchical error correction



Scalar Field Theory
e.g., Time Evolution

Jordan, Lee and Preskill 
Use the exact dispersion relation 
and not the lattice relation



IBM’s Road Map as an Example



Google’s Demonstration of Repetition Codes
Exponential Suppression of Single Qubit Flips

Repetition code using Sycamore QPU



Hardware Evolution(s)  and Considerations for 
Simulations

10310210

Number of Logical qubits

102

104

106

108

1010

104

N
u

m
b

e
r
 o

f 
L

o
g

ic
a

l 
o

p
e

r
a

ti
o

n
s

105

Number of Physical qubits

10 102 103 104 105 106 107

10-2

10-4

10-6

10-8

10-10M
a

x
im

u
m

 e
r
r
o

r
 r

a
te

10-12

EC threshold

1012

Classical Computation

Representative Hardware Evolution

C

B
A

NISQ

NISQ

A

C

B

Modified from Google figure



Dynamics in the Schwinger Model - Abelian Gauge Theory
1-dim systems
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(2016) 1+1 dim QED

InnesbruckORNL-Washington-BasqueInnesbruck

Maryland

Quantum 2020-08-10, volume 4, page 306
arXiv:2002.11146v1 [quant-ph] 

Kharzeev-Kikuchi Chakraborty, Honda, Izubuchi, Tomiya

https://quantum-journal.org/volumes/4


Fragmentation and Collisions

A quantum algorithm for high energy physics 
simulations
Christian W. Bauer, Wibe A. de Jong, Benjamin Nachman, 
Davide Provasoli, arXiv:1904.03196 [hep-ph]

Simulating Collider Physics on Quantum 
Computers using Effective Field Theories
Christian W. Bauer, Benjamin Nachman, Marat Freytsis, 
arXiv:2102.05044 [hep-ph]



SU(2) in low-dimensions  

• e-Print: 2102.08920 [quant-ph]

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

• Matter fields  
• Non-dynamical gauge fields

https://arxiv.org/abs/2102.08920


 Yang- Mills
Toward the Standard Model

•  p and q define the number of up and down indices in a 
tensor representation of a color irrep.  

•  T,Y are isospin and hypercharge quantum numbers in left 
and right hand vertices joined by the link. 

•  state products (CG) are BQP (Bacon, Chuang, Harrow (06)) 

• Gauss’s Law enforced by the Hamiltonian Structure (and 
EC) 

• Local Gauge Invariance  -  only p,q, entangled between sites



Pure Yang-Mills

x

T a1…ap
b1…bq

𝟁(                  )
R(p,q)

R1 , R2 RL3

Gauge Invariance

One of a number of frameworks

Color Irrep space truncated
 SU(3) links in  
       “angular momentum” space 

 Kogut-Susskind Hamiltonian  

Also see Mari Carmen Banuls, Karl Jansens et al

Natalie Klco, Jesse Stryker, Anthony Ciavarella



| p,q >

SU(3) - 1-Plaquette 
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2-Plaquettes - Global

Including 1 , 3 , 3 , 8 on each link only 
_  

Keeping states with Casimir above  
6-threshold includes only part of that 
higher-energy space

• 15 basis states (4 qubits) 
• Max electric energy ~ 6*3 
• 8 ⊗ 8 ⊗ 8 

…



SU(3) Kogut-Susskind
Classical/Quantum Resources

Exponential convergence in field space 

Number of singlets ~ Cut-off ^(2 nR)



Errors in Standard Model Simulations

Gauss’s Law satisfied at each vertex, 
Color = 1 (singlet)

Color = 1, 3, 3, 8, 6, 6, …..

X

Gauss’s Law violated 

• Confinement will keep color charges “close” during dynamics - 
naively easier than EC for 3-dim QED 

• Single shot EC 
• Related to topologically-ordered GSs at finite-T.

Derek Leinweber



Neutrinos

Alessandro Roggero



Explosions of New Ideas and Techniques
Just  3 examples of many many



https://iqus.uw.edu/



IQuS Workshops



Quantum Mechanics 2.0 

A special time for computing, simulation,  
communication and sensing 

Starting down the road to quantum simulations 
of Standard Model physics.

Parting Comments

I’m incredibly grateful to my collaborators, colleagues, friends, funding agencies, UW, and more



FIN



IQuS People

Open positions 
Research Assistant Profs 

and  
Postdoctoral Fellows



IQuS Workshops



Complexity

A statement about the scaling of required 
computing resources to solve a given problem as 
the size of the system becomes asymptotically large. 

e.g., what are the scalings of computing resources 
required to compute …. 
•  the vacuum energy-density of a lattice theory with n-
body interactions,  

•  S-matrix elements (scattering amplitudes) in a given 
theory

https://stevelegler.com/2020/09/18/complexity-doesnt-need-to-be-complicated/


