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Quantum Computing

Machine Learning

• Computations inaccessible to classical computing

• Entanglement and coherence for computing

• Predictions from learned correlations

Two Disruptive Computing Technologies for the Standard Model



332 qubits

2019 : Quantum Advantage in Computing




NISQ-era quantum devices for applications
Hemmerling, Cornel, https://www.photonics.com/Article.aspx?AID=64150

2017 : First Quantum Devices for Scientific Applications


https://www.photonics.com/Article.aspx?AID=64150


Quantum Systems for Quantum Systems

Quantum mechanics “works the same” at 
all scales we have probed so far


- The promise to simulate systems at one scale with 
systems at another with fidelity                              
(Feynman, Benioff, Manin and others)


-
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The Potential of Quantum Computing

~ 100 qubit devices can address problems in chemistry that are beyond classical computing

300 qubits :  more states [1090] than atoms in universe [1086]

50 qubits : ~ 20 petabytes ~ Leadership-Class HPC facility

Dave Wecker (Microsoft)



Where to look for a quantum advantage

If a classical computer can solve the problem, 

why “compete” using a quantum device?

Use quantum devices to solve the problems (or parts of problems!) that classical 
computers can’t solve “at scale”


“ Gotta know your problems!” 



Potential for Impact of Quantum Simulations
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Real-time dynamics and particle production


Lattice quantum field theories - Quantum Chromodynamics and Electroweak, 
Effective Field Theories


Fragmentation and highly inelastic processes




Equation of state and non-equilibrium dynamics of dense and/or hot matter

Early universe phase transitions - baryogensis

Conquering “sign problems”

Potential for Impact of Quantum Simulations
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Neutrino dynamics in extreme astrophysical environments 

Electroweak processes in nucleons and nuclei

Low-energy nuclear reactions and fission

Potential for Impact of Quantum Simulations
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Precision structure and interactions of medium and large nuclei

Exponentially large Hilbert spaces

Potential for Impact of Quantum Simulations
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Entanglement - Perspective

In part: 

20th Century HEP - QFT 

 —“chasing” short-distance fundamental interactions

 — nonperturbative lattice QCD using HPC

 — modeling gave way to EFTs - leading order separable


20th Century NP - QMB systems 

 — “handling” short-distance (phenomenological) repulsion


— ended NT for a few years!  Re-invigorated by RG and EFT from HEP, chemistry

 — quantum many-body computations using HPC

 — modeling gave way to EFTs


21st Century HEP+NP - QFT+QMB systems

— quantum correlations and non-locality using/for quantum simulation and 
quantum computing



Separable

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

Vacuum Negativity and Separability in 1D, 2D, 3D

Massless, noninteracting scalar field theory … short-distance strong interactions
Entanglement in harmonic chains - Reznik and many others

Natalie Klco, MJS
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Entanglement in Nuclei

Toward Hybrid QPU-CPU Nuclear Structure

Mututal Information Negativity

Harmonic Oscillator basis

Self-Consistent, Correlated

2018: Entanglement Entropy as an organizing principle

Gorton and Johnson [MS thesis, Gorton]

Caroline Robin, MJS, Nathalie Pillet 



Suppressed sign problems in classical simulations

Emergent approximate 
symmetries in nuclear systems

Suppressed fluctuations in 
entanglement
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Entanglement - Emergent Symmetries

conformal points

Wigner symmetry

SU(4) for 2 flavors and SU(16) for 3 flavors (seen in LQCD calculations)

- more symmetry than large-Nc, [SU(4) and SU(6)]

Finding GS of n-body system is in QMA-complete - generally beyond QC

Beane, Kaplan, Klco, MJS

Dean Lee, et al



Complexity

The scaling of resources required to solve a problem

Scott Aaronson, Sci. Am. g.s. of k-local Hamiltonian

(Kempe, Kitaev, Regev)

Interacting Lattice 

Scalar Field Theory

(Jordan, Krovi, Lee, Preskill)

BQP = Polynomial scaling quantum resources to 
achieve a given precision (Bounded Error)

BPP (Bounded Probabilistic Polynomial) in BQP



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

Finite resources are not asymptotic.


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 easier


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


With a target precision, can use pertubative expansions to potentially change problem difficulty at 
(tractible) LO.        



Mapping and Scaling

Expect that n-dof locally interacting for time T 

requires 

n-dof evolved through ~T time steps for a total of 

~ nT operations. (fermions : ~ poly(n) T)


D-dim systems optimally simulated with D-dim 
systems. 

e.g., a 2-dim systems of spins will not optimally simulate a 3-dim system 
of locally interacting dof.


Implications for 3-d QFT and QMBs …. co-design

i.e., understand how to “simply” scale between system and device

Seth Lloyd - Time-evolution within BQP



Quantum Field Theories

•Finite lattice to support the fields

•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 will need to establish a complete quantification of uncertainties.
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Scattering in Scalar Field Theory

-Gold Standard for Algorithmic Design for SM



Scalar Field Theory

Particle basis also explored

Siopsis et al

PRA 103, 042410, arXiv:2012.00020 [hep-th]

Barata, NM, Tarasov, Venugopalan




Scalar Field Theory

If mapping reflects physical system - as it must for optimal simulation - build in physical correlation 
lengths into state preparation circuit design

Classical correlation

modified Bessel function
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Derek Leinweber Natalie Klco

Schwinger Model

• Charge screening, confinement

• fermion condensate



Dynamics in the Schwinger Model

1-dim systems
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Analog Quantum Simulation with Quantum Circuits

Lattice CFT Lattice Sine-Gordon

From presentation by 

Ananda Roy at IQuS



Analog Quantum Simulation with SRF Cavities

LLNL-Trento and FermiLab
Toward nuclear reactions 

and quantum field theories



Simulations with Rydberg Atoms

Link Models and Gauge Theories From presentation by 


Federica Surace at IQuS



 Toward Quantum Chromodynamics 

x
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Gauge Invariance

One of a number of frameworks

Color Irrep space truncated
 SU(3) links in 

       “angular momentum” space


 Kogut-Susskind Hamiltonian  

Zohar, Cirac, Resnik - How to impliment



Local Basis Scales

 Yang- Mills - Toward QCD

•  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 hand”

Link ket



| p,q >

Yang-Mills - first steps
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Trailhead for quantum simulation of SU(3) Yang-Mills lattice gauge theory in the local multiplet basis

Anthony Ciavarella, Natalie Klco, MJS

Phys.Rev.D 103 (2021) 9, 094501 • e-Print: 2101.10227 [quant-ph]


https://inspirehep.net/literature/1842617
https://inspirehep.net/literature?q=a%20A.Ciavarella.2
https://inspirehep.net/authors/1722450
https://arxiv.org/abs/2101.10227


SU(3) Kogut-Susskind - Classical/Quantum Resources

Require a 3-dim resource costing

Exponential convergence in field space


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



SU(2) in low-dimensions  

• e-Print: 2102.08920 [quant-ph]

• Matter fields 

• Non-dynamical gauge fields

https://arxiv.org/abs/2102.08920


Kink Scattering in Spin Models

-Elastic and Inelastic



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]

The utility of EFTs, such as SCET, in organizing 

calculation strategies and observables




Neutrino Evolution

© Can Stock Photo / nitimongkolchai

Pauli matrices in neutrino flavor space

First simulations, entanglement using a quantum devices



e.g., Neutrinos



Nuclear Structure



Reactions

np to d𝜸 

nnn
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nn with SRF



Hybrid Analogue-Digital using Trapped Ions



Three-Body Forces on Trapped-Ion Systems



Accessibility

Light-weight codes from Tech companies have been important to bring the field to where it is today 



SM Quantum Fields - Errors in QFT

e.g., Yang-Mills, Kogut-Susskind formulation

Gauss’s Law satisfied at each vertex,

Color = 1

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 in color codes

• Related to self-correcting topologically-ordered GS at 

finite-T.



Quantum Fields for EC

Stabilization of information against errors — the discovery of EC in 
1995 (Shor, Knill+Laflamme+Zurek,Aharonv+Ben-Or)


Toric Code (Kitaev)


— both hardware and algorithmic advances

— entangled, topologically ordered ground states of spin systems, with 
ancillars and (repeated…) application of stabilizers.  

— e.g. toric, surface codes, color codes,….

— threshold error rate, below which exponential reduction in logical qubit error rate from 
increasing number of physical qubits.



Google’s Demonstration of Repetition Codes

Exponential Suppression of Single Qubit Flips

Repetition code using Sycamore QPU



Honeywell’s Color Code Building Blocks

Single Logical Qubit

[[7,1,3]] Steane Code



Some Considerations for Simulations
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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
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•  EC thresholds for surface code around 0.5%

•  Different problems have different “𝛆”, and different circuits depths

•  Can be mapped differently onto hardware


•  A given hardware configuration (device) of physical qubits may be able to 
address multiple problems 


•  Co-developed hardware may be required for given problems

Modified from Google figure



Close

It is a remarkable period in the development of quantum simulations for Standard 
Model physics - quantum field theories and quantum many-body systems


Non-equilibrium dynamics, highly-inelastic processes, structure of large nuclei, 
neutrinos in dense systems, …..


Co-design and development


Quantum correlations, entanglement and simulation = New Frontier



FIN
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2020 : DOE and NSF : Funding for Quantum Centers



