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The Objective



Nuclear Physics Scientific 
Objectives and Applications Rely 
on High-Performance Computing

1. Design and Optimization of the vibrant NP experimental 
program

2. Acquisition and handling of experimental data

3. Large-scale simulations and calculations of emergent complex 
systems from subatomic to cosmological

~ $1.2 Bn enterprise for construction+operations, ~4000 users

High Performance Computing is essential for NP research program



e.g., Hadrons and Nuclei

Static quantities with exascale computing …. reactions and dynamics remain ``difficult’’

~10% of Leadership Class Computing resources



Hot and Dense Matter



Nuclei and Nuclear Matter

“Parking-garage” structures in nuclear astrophysics and cellular biophysics  
D.K. Berry, M.E. Caplan, C.J. Horowitz, Greg Huber, A.S. Schneider.  
Phys.Rev. C94 (2016) no.5, 055801 

http://inspirehep.net/record/1391292
http://inspirehep.net/author/profile/Berry%2C%20D.K.?recid=1391292&ln=en
http://inspirehep.net/author/profile/Caplan%2C%20M.E.?recid=1391292&ln=en
http://inspirehep.net/author/profile/Horowitz%2C%20C.J.?recid=1391292&ln=en
http://inspirehep.net/author/profile/Huber%2C%20Greg?recid=1391292&ln=en
http://inspirehep.net/author/profile/Schneider%2C%20A.S.?recid=1391292&ln=en


Nuclear Physics Scientific 
Objectives and Applications Rely on 

High-Performance Computing



Essential, Extensive Collaboration
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Exascale Ecosystem for 
Nuclear Physics

 Solve computational problems of extreme complexity and magnitude across a very 
wide range of physical scales. 

1 Exaflop-System is expected to sustain ~ 100 Petaflops on application code

Multi Exascale need in NP alone, >10x in the US

Exascale machine will be oversubscribed by a large factor



Lattice Spacing :
1/Λχa << m⇡L >> 2⇡

Lattice Volume : 

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

E

k

Lattice Quantum Chromodynamics
- Discretized Euclidean Spacetime
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Lattice QCD
The Quark Masses



Pattern of states suggest 
gluonic excitations 
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Lattice QCD
Spectroscopy and GlueX

David J. Wilson, Raul A. Briceno, Jozef J. Dudek, Robert G. Edwards, Christopher E. Thomas,  
Phys.Rev. D92 (2015) no.9, 094502

http://inspirehep.net/author/profile/Wilson%2C%20David%20J.?recid=1382163&ln=en
http://inspirehep.net/author/profile/Briceno%2C%20Raul%20A.?recid=1382163&ln=en
http://inspirehep.net/author/profile/Dudek%2C%20Jozef%20J.?recid=1382163&ln=en
http://inspirehep.net/author/profile/Edwards%2C%20Robert%20G.?recid=1382163&ln=en
http://inspirehep.net/author/profile/Thomas%2C%20Christopher%20E.?recid=1382163&ln=en
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Lattice QCD
Fundamental Symmetries

Dave Hertzog, 2016
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Lattice QCD
QCD to Nuclear Forces: First Steps

pionless theory, SU(3) symmetric point

RIKEN Fellow Zohreh Davoudi led this work

Baryon-Baryon Interactions and Spin-Flavor Symmetry from Lattice Quantum Chromodynamics  
Michael L. Wagman, Frank Winter, Emmanuel Chang, Zohreh Davoudi, William Detmold, Kostas Orginos,  
Martin J. Savage, Phiala E. Shanahan.  
Phys.Rev. D96 (2017) no.11, 114510 

SU(6) spin-flavor symmetry, coefficients indicate very nearly SU(16) symmetry

Zohreh Davoudi (UMD)

http://inspirehep.net/record/1606087
http://inspirehep.net/author/profile/Wagman%2C%20Michael%20L.?recid=1606087&ln=en
http://inspirehep.net/author/profile/Winter%2C%20Frank?recid=1606087&ln=en
http://inspirehep.net/author/profile/Chang%2C%20Emmanuel?recid=1606087&ln=en
http://inspirehep.net/author/profile/Davoudi%2C%20Zohreh?recid=1606087&ln=en
http://inspirehep.net/author/profile/Detmold%2C%20William?recid=1606087&ln=en
http://inspirehep.net/author/profile/Orginos%2C%20Kostas?recid=1606087&ln=en
http://inspirehep.net/author/profile/Savage%2C%20Martin%20J.?recid=1606087&ln=en
http://inspirehep.net/author/profile/Shanahan%2C%20Phiala%20E.?recid=1606087&ln=en


The Periodic Table at a  
Pion Mass of ~800 MeV

mπ

α α
α

α α α

αα
16O

12C

α

no membranesmembranes

Lattice QCD combined with Nuclear Many-body calculations can explore  
impact of a significant range of fundamental constants 
- currently limited by precision of lattice QCD results (determined by compute resources ! ) 15

Ground-State Properties of 4He and 16O Extrapolated from Lattice QCD with Pionless EFT  
L. Contessi, A. Lovato, F. Pederiva, A. Roggero, J. Kirscher, U. van Kolck., e-Print: arXiv:1701.06516 

pion mass = ~800 MeV

Pion-less effective field theory for atomic nuclei and lattice nuclei  
A. Bansal, S. Binder, A. Ekström, G. Hagen, G.R. Jansen, T. Papenbrock. e-Print: arXiv:1712.10246

http://inspirehep.net/author/profile/Contessi%2C%20L.?recid=1510266&ln=en
http://inspirehep.net/author/profile/Lovato%2C%20A.?recid=1510266&ln=en
http://inspirehep.net/author/profile/Pederiva%2C%20F.?recid=1510266&ln=en
http://inspirehep.net/author/profile/Roggero%2C%20A.?recid=1510266&ln=en
http://inspirehep.net/author/profile/Kirscher%2C%20J.?recid=1510266&ln=en
http://inspirehep.net/author/profile/van%20Kolck%2C%20U.?recid=1510266&ln=en
http://arxiv.org/abs/arXiv:1701.06516
http://inspirehep.net/record/1645429
http://inspirehep.net/author/profile/Bansal%2C%20A.?recid=1645429&ln=en
http://inspirehep.net/author/profile/Binder%2C%20S.?recid=1645429&ln=en
http://inspirehep.net/author/profile/Ekstr%C3%B6m%2C%20A.?recid=1645429&ln=en
http://inspirehep.net/author/profile/Hagen%2C%20G.?recid=1645429&ln=en
http://inspirehep.net/author/profile/Jansen%2C%20G.R.?recid=1645429&ln=en
http://inspirehep.net/author/profile/Papenbrock%2C%20T.?recid=1645429&ln=en
http://arxiv.org/abs/arXiv:1712.10246


S-matrix elements, equilibrium properties, definite quantum numbers, e.g.,  2 neutrons and 1 proton

“ Features “

Signal to Noise Problem
[Sign Problem]

Statistical sampling of the path integral is the limiting element



Michael Wagman, PhD Thesis

(Derek Leinweber, U. of Adelaide)

“ Features “



N
cont. = u!d!s! (Naive)

= (A + Z)!(2A� Z)!s!

Proton : N cont = 2 
  235U   : N cont = 101494

Symmetries  provide significant reduction  (NPLQCD, PACS -  2010) 

3He : 2880! 93

Large number of quark contractions
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“ Features “



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



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

In production - large resource requirements - limits are visible 

“ Features “



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



The sign problem and the desire for dynamical evolution of QCD 
systems, requiring beyond exascale classical computing 
resources, lead us to consider the potential of quantum information 
and computing. 

Why Quantum Computing?

Workshop on Computational Complexity 
and High Energy Physics
July-31 — August 2, 2017

Quantum Computing for Nuclear Physics
November 14-15, 2017

Intersections Between Nuclear Physics
and Quantum Information
November 14-15, 2017

[2016-2017]

Image made by Dave Wecker @ Microsoft
Institute for Nuclear Theory (2017)
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Quantum Computing

Maryland

Caltech

53 qubits !!
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Quantum Computing
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The promise of 
Quantum Computing

Parallel Processing of quantum states and information
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time=0 for Quantum Computing
in Nuclear Physics

Nuclear Physics

http://arxiv.org/abs/1801.03897

See talk by David Dean this morning.
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Quantum Field Theory
with Quantum Computers

- Foundational Works

Detailed formalism for 3+1 Hamiltonian Gauge Theory

Discretrized spatial volume - no quarks

104 spatial lattice sites would require 105 * D qubits , 
D=size of register defining value of the field

Phys.Rev. A73 (2006) 022328 

Quantum Information and Computation 14, 1014-1080 (2014) 

Scalar Field Theory - Hamiltonian is nice
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Quantum Field Theory
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arXiv:1704.02877

arXiv:1802.07347 [quant-ph]

Quantum Field Theory
- recent examples

arXiv:1803.11166 [hep-lat]

arXiv:1712.09362 [hep-th]

arXiv:1702.05492
proposed method
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Quantum Field Theory
and Quantum Information

Are there new insights into the forces of nature and/or 
calculational techniques to be had by thinking in terms of quantum 
information?

Pichler et al. (2016)

Preskill, Swingle, and others

New ways to arrange QCD calculations ?
New ways to address QCD analytically ?

Entanglement in HEP and NP  systems 
is starting to be considered, 
e.g. fragmentation

Entanglement entropy in scattering (tensor networks)



Starting Simple 1+1 Dim QED
- Pivotal Paper

31

(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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Gauge Field Theories
e.g. QCD

323 lattice requires naively > 4 million qubits !

Natalie Klco



What is the
QCD Vacuum   :  Ea |0>=0  ?

1 vacuum configuration

Probability e-SQCD

Random fields at each point in spacetime is far from ground state.
- generally all 0++ states will be populated with some amplitude

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

Classical Lattice QCD calculations will likely be required to provide 
initialization of vacuum.  How to do this ? What are the algorithms?
e.g. parallel of tensor methods in 1-dim ?
but no explicit fermions,..

(Derek Leinweber)



QC for QFT
Start Simple

DOE-ASCR 
Heterogeneous Digital-Analog Quantum Dynamics Simulations 
Methods and Interfaces for Quantum Acceleration of Scientific Applications

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
Construction

35

Derek Leinweber Natalie Klco

• Charge screening, confinement
• fermion condensate

• Clearly, this is just a start - far from infinite-volume and continuum limits 
• Will require improved (Symanzik-like) actions, effective field theories, etc



Starting Simple 1+1 Dim QED
Symmetries

36

• Gauss’s Law
• (Angular) Momentum
• Parity

Classical pre-processing
Can this be done in situ ?

Classical post-processing 

V-

S+

V-V- Threshold

π=+1 π=-1
0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

ΔE



Starting Simple 1+1 Dim QED
Living NISQ - IBM

Classically Computed U(t)

37

ibmqx2
8K shots per point

Cartan sub-algebra



Starting Simple 1+1 Dim QED
Living NISQ - IBM

Trotter U(t)

383.6 QPU-s and 260 IBM units
[ ``Capacity computing’’  - required only 2 of the 5 qubits on the chip  -  5 CNOT gates per step]



Starting Simple 1+1 Dim QED
Simple Coding

Chroma Vs Python3

39

Lattice QCD application chroma code written by Savage (2012) for NPLQCD, 
adapted from other chroma codes written by Robert Edwards and Balint Joo [JLab, 
USQCD, SciDAC].

c++

Displaced propagator sources generate hadronic blocks projected onto cubic irreps. 
to access meson-meson scattering amplitudes in L>0 partial waves.

Python3 code written by Savage (2018) to access IBM quantum devices through 
``the cloud’’ (through ORNL).  IBM templates and example codes.

Calculates Trotter evolution of +ve parity sector of the 2-spatial-site Schwinger Model.



Summary

• Exascale conventional computing will provide 
required precision for many experimentally 
important quantities in NP and HEP.

• Important finite density systems (including modest 
size nuclei) and dynamics require exponentially 
large conventional computing resources.

• QFTs on QCs are important for NP and HEP … 
start simple … explore all architectures

• Workforce development is essential - competing 
with tech. companies for junior scientists is 
challenging

• NISQ-era coherence times and noise present 
challenges



FIN
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Nature

Lattice QCD
Fundamental Symmetries

Tanmoy Bhattacharya, Vincenzo Cirigliano, Saul Cohen, Rajan Gupta, Huey-Wen Lin, Boram Yoon  
Phys.Rev. D94 (2016) no.5, 054508

http://inspirehep.net/author/profile/Cohen%2C%20Saul?recid=1471727&ln=en
http://inspirehep.net/author/profile/Gupta%2C%20Rajan?recid=1471727&ln=en
http://inspirehep.net/author/profile/Lin%2C%20Huey-Wen?recid=1471727&ln=en
http://inspirehep.net/author/profile/Yoon%2C%20Boram?recid=1471727&ln=en
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Finite-Volume Energy Eigenvalues  

Unnatural systems with approximate SU(6) and 
SU(16) Spin-Flavor Symmetries 

Must calculate over a range of quark masses to 
refine nuclear forces

mπ ~ 800 MeV

Lattice QCD
QCD to Nuclear Forces: First Steps



DOE: Data Management Plans

 Read, write, manage, analyze, curate, and track data/code of complexity 
and scale never before encountered

Exascale Ecosystem for 
Nuclear Physics


