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Feynman’s VisionA Feynman Century



Fundamental Forces of Nature

https://rootofscience.com



Quantum Chromodynamics

F ~ 2 x 105 N

• Analytic techniques fail to converge
• The vacuum is non-trivial with a quark condensate
• Lattice QCD enables reliable calculations - HEP and NP

Derek Leinweber
Derek Leinweber



Lattice Spacing :
1/Λχa << m⇡L >> 2⇡

Lattice Volume : 

Reliable extrapolation to 
a = 0 and L =1

(Nearly Continuum) (Nearly Infinite Volume)

Systematically remove non-QCD parts of calculation through effective field theories

~ 1/a
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Lattice Quantum Chromodynamics
- Discretized Euclidean Spacetime

5



6

Lattice QCD
The Quark Masses

e-Print: arXiv:1802.04248 [hep-lat] 

http://arxiv.org/abs/arXiv:1802.04248


NP - Hadrons and Nuclei
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Effective Field Theory

Barnea et al (2015), Contessi et al,  Bansal et al

Nucleon Spin and Momentum Decomposition Using Lattice QCD Simulations  
C. Alexandrou, M. Constantinou, K. Hadjiyiannakou, K. Jansen, C. Kallidonis, G. Koutsou, A. Vaquero Avilés-Casco,  
C. Wiese, Phys.Rev.Lett. 119 (2017) no.14, 142002 

NPLQCD (2013)

https://inspirehep.net/record/1604028
https://inspirehep.net/author/profile/Alexandrou%2C%20C.?recid=1604028&ln=en
https://inspirehep.net/author/profile/Constantinou%2C%20M.?recid=1604028&ln=en
https://inspirehep.net/author/profile/Hadjiyiannakou%2C%20K.?recid=1604028&ln=en
https://inspirehep.net/author/profile/Jansen%2C%20K.?recid=1604028&ln=en
https://inspirehep.net/author/profile/Kallidonis%2C%20C.?recid=1604028&ln=en
https://inspirehep.net/author/profile/Koutsou%2C%20G.?recid=1604028&ln=en
https://inspirehep.net/author/profile/Vaquero%20Avil%C3%A9s-Casco%2C%20A.?recid=1604028&ln=en
https://inspirehep.net/author/profile/Wiese%2C%20C.?recid=1604028&ln=en


Essential, Extensive Collaboration

NUCLEI 
collaboration 
network 

Math /Computer Science 

Physics 
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performance*USQCD-Joint NP-HEP



“ Features “

Signal to Noise Problem
[Sign Problem]

Statistical sampling of the path integral is the limiting element
Michael Wagman, PhD Thesis



Time evolution of system with baryon number, isospin, electric charge, strangeness, …..
Currents, viscosity, non-equilibrium dynamics - real-time evolution

h✓̂i ⇠
Z

DUµ ✓̂[Uµ] det[[Uµ]] e�SY M

Complex for non-zero chemical potential

“ Features - Finite Density “

Sign Problem



Fragmentation
Vacuum and In-Medium

Free-space and in-medium

Diagnostic of state of dense and hot matter 
- heavy-ion collisions (e.g., jet quenching)
- finite density and time evolution

Highly-tuned phenomenology and pQCD calculations
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Quantum Computing
- We are now Entering the NISQ Era
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Quantum Field Theory
with Quantum Computers

- Foundational Works

Detailed formalism for 3+1 quenched 
Hamiltonian Gauge Theory

Phys.Rev. A73 (2006) 022328 

Quantum Information and Computation 14, 1014-1080 (2014) 
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Gauge Field Theories
e.g. QCD

323 lattice requires naively > 4 million qubits !
Natalie Klco

State Preparation - a critical element

| random > = a |0> + b |(pi pi)> + c | (pi pi pi pi ) > + …. + d | (GG) > + ….

Conventional lattice QCD likely to play a key role in QFT on QC



Starting Simple 1+1 Dim QED
- Pivotal Paper
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(2016)

Based upon a string of 40Ca+ trapped-ion quantum system 
Simulates 4 qubit system with long-range couplings = 2-spatial-site Schwinger Model
> 200 gates per Trotter step
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Quantum Field Theory
- recent examples
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Scalar Field Theory

Jordan, Lee and Preskill - several works

Preliminary

Natalie Klco and MJS - work in progress
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Scalar Field Theory
Digitization

Jordan, Lee and Preskill - several works

Natalie Klco and MJS - work in progress

Preliminary



Starting Simple 1+1 Dim QED
Construction
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Derek Leinweber Natalie Klco

• Charge screening, confinement
• fermion condensate

Quantum-Classical Dynamical Calculations of the Schwinger Model using Quantum Computers  
N. Klco, E.F. Dumitrescu, A.J. McCaskey, T.D. Morris, R.C. Pooser, M. Sanz, E. Solano, P. Lougovski, M.J. Savage.  
arXiv:1803.03326 [quant-ph] 

http://inspirehep.net/record/1659289
http://inspirehep.net/author/profile/Klco%2C%20N.?recid=1659289&ln=en
http://inspirehep.net/author/profile/Dumitrescu%2C%20E.F.?recid=1659289&ln=en
http://inspirehep.net/author/profile/McCaskey%2C%20A.J.?recid=1659289&ln=en
http://inspirehep.net/author/profile/Morris%2C%20T.D.?recid=1659289&ln=en
http://inspirehep.net/author/profile/Pooser%2C%20R.C.?recid=1659289&ln=en
http://inspirehep.net/author/profile/Sanz%2C%20M.?recid=1659289&ln=en
http://inspirehep.net/author/profile/Solano%2C%20E.?recid=1659289&ln=en
http://inspirehep.net/author/profile/Lougovski%2C%20P.?recid=1659289&ln=en
http://inspirehep.net/author/profile/Savage%2C%20M.J.?recid=1659289&ln=en
http://arxiv.org/abs/arXiv:1803.03326


Starting Simple 1+1 Dim QED
Living NISQ - IBM

Classically Computed U(t)
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ibmqx2 - cloud-access
8K shots per point

Cartan sub-algebra



Starting Simple 1+1 Dim QED
Living NISQ - IBM

Trotter U(t)

213.6 QPU-s and 260 IBM units
[ ``Capacity computing’’  - required only 2 of the 5 qubits on the chip ]



Summary

• Quantum Computing and QIS offer the possibility of a 
Quantum Advantage in QFTs (and other quantum 
many-body systems).  Required to address Grand 
Challenge problems in NP and HEP.

• Essential collaborations between universities, 
national laboratories and technology companies 
forming around QIS, QC and the domain sciences.

• Algorithm and circuit designing is critical - 
fundamental change in thinking - will surely benefit 
others areas.
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The promise of 
Quantum Computing

Parallel Processing of quantum states and information
e.g., for a 3-bit computer (23 states)
Classical computer in 1 of 8 possible states

Quantum computer could be in all states at once!


