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1. Abstract
The computing group founded in 2011 as a part of the RIKEN BNL Research Center established at Brookhaven National Labo-

ratory in New York, USA, and dedicated to conduct researches and developments for large-scale physics computations important for
high energy particle and nuclearphysics. The group was forked from the RBRC Theory Group.

The main mission of the group is to provide important numerical information that is indispensable for theoretical interpretation
of experimental data from the first principle theories of particle and nuclear physics. Their primary area of research is lattice quantum
chromodynamics (QCD), which describes the sub-atomic structures of hadrons, which allow the ab-initio investigation for strongly
interacting quantum field theories beyond perturbative analysis.

The RBRC group and its collaborators have emphasized the necessity and importance of precision calculations, which will pre-
cisely check the current understandings of nature, and will have a potential to find a physics beyond the current standard model of
fundamental physics. The first-principle studies also elucid intrecate nature of various phenomena in quantitive and unambiguous
manners. We have therefore adopted techniques that aim to control and reduce any systematic errors. This approach has yielded many
reliable results.

The areas of the major activities are R&D for high performance computing codes, developments for computing algorithms,
and researches of particle, nuclear, and lattice theories. Since the inception of RBRC, many breakthroughs and pioneering works
has carried out in computational forefronts. These are the use of the domain-wall fermions, which preserve chiral symmetry, a key
symmetry for understanding dynamics of subnuclear elementary particle quark, the three generations of QCD devoted supercomputers
and very efficient software library for lattice gauge theories, pioneering works for QCD calculation for Cabibbo-Kobayashi-Maskawa
theory, QCD+QED simulation for isospin breaking, novel algorithms for statistical error reduction in general lattice calculation etc.
The chiral quark simulation has been performed in a uncompromised setup at the physical up, down quark mass, the precision for
many basic quantities reached to accuracy of sub-percent, and the group is working for further important and challenging calculations,
such as the full and complete calculation of CP violating K → ππ decay and ε′/ε, or hadronic contributions to muon’s anomalous
magnetic moment g − 2.

Recent focus area is stusies of the nucleon’s shape, structures, and the motion of quarks and gluon inside nucleon called parton
distribution, which provide theoretical guidance to physics for sPHENIX and future Electron Ion Collider (EIC), Hyper Kamiokande,
DUNE. Closely related calculation has been carried out for the origin of the current matter rich universe (rather than anti-matter).
Towards finite density QCD, they also explored Quantum Computing for field theories. Applications of the Machine Learning (ML)
and Artificial Intelligence (AI) for novel and more efficient ways to carry out lattice QCD calculations are among the new topics of
the group.

2. Major Research Subjects
(1) Search for new law of physics through tests for Standard Model of particle and nuclear physics, especially in the framework

of the Cabibbo-Kobayashi-Maskawa (CKM), hadronic contributions to the muon’s anomalous magnetic moment (g − 2) for
FNAL and J-PARC’s experiments, as well as B physics at Belle II and LHCb

(2) Nuclear Physics and dynamics of QCD or related theories, including study for the structures of nucleons related to physics
for sPHENIX, Electron Ion Collider (EIC or eRHIC), Hyper Kamiokande, T2K, DUNE, or the matter rich universe

(3) Theoretical and algorithmic development for lattice field theories, QCD machine (co-)design and software development

3. Summary of Research Activity
Research activities during the current report period by RBRC members include various nulcleon formfactor and structure calcu-

lations, hadronic contributions to the anomalous magnetic moment (g − 2)µ, kaon and B meson physics, and algorithm & software
developments.

In April 2020, (g − 2)µ experiment collaboration at FNAL carried out a very precise measurement of precession rate of muons
under magnetic field to 0.14 parts per million accuracy. This provides a very stringent test of the current understanding of elementary
particle physics so called the Standard Model of particle physics. The strong interaction of quark and gluon is described by Quantum
Chromo Dyanics (QCD) and is a dominant source of uncertainty in the theoretical prediction of (g − 2)µ. Members of RBRC has
been working on the two separate mode of QCD contributions, Hadronic Vacuum Polarization (HVP) and Hadronic Light-by-Light
(HLbL). This year, an update of HVP was reported with an improved precision by adding calculation on the finner space-time lattice
to remove systematic error due to non-zero lattice spacing. The quantities are not yet the final total conribution for (g − 2)µ but a large
part of QCD contributionfrom intermediate energies scale, roughly 200 MeV–1 GeV. The new results of HVP contribution turned out
significantly larger than our previous results and consistent with other lattice QCD calcuation by other groups, which emphasis the
importance and difficulty of removing lattice spacing error. No an interesting observation is our new value (and other lattice QCD
values) has about 4+σ tention to the HVP prediction from hadronic cross section in electron-position collision. It is important to note
this is still a comparison of the partial HVP contribution from the intemediate energy region, and the final total HVP contribution
including other energies as well as the other systematic effects is ongoing to updated with greater precision soon.

This is only a selected research highlight of members of RBRC this year among other various researches: Machine Learning
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Fig. 1. Feynman diagrams for Lattice QCD computations of Muon’s anoma-
lous magnetic moment (g − 2)µ. Hadronic Vaccum Polarization contri-
bution (Left) and Hadronic Light-by-Light contribution (Right).
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Fig. 2. Current summary of the Hadronic Light-by-Light contribution
(HLbL) contribution for Muon’s anomalous magnetic moment (g − 2)µ.
Above the upper horizontal line shows various Lattice QCD determi-
nations of HVP while the red results from hadronic decay of electron
positron scattering (R-ratio), the green bands is the experimental results
of (g − 2)µ showing a 3–4σ discrepancies.

for Lattice QCD ensemble generation, Lattice QCD sampling for non-zero baryon density and sign problem, real-time lattice QCD
formulation in Minkowski space-time, solving critical slowing down problem via trivializing maps, lattice QCD+QED and isospin
breaking of hadrons and their decays, HLbL for (g−2)µ, nucleon electric dipole moment and matter-rich universe, nucleon anti-nucleon
oscillation, proton decay, CP violating K → ππ decay and ε′/ε, etc.

The RBRC group and its collaborators have emphasized the necessity and importance of precision calculations, which will provide
stringent checks for the current understandings of nature, and will have a potential to find physics beyond the current standard model
of fundamental physics. We have therefore adopted techniques that aim to control and reduce any systematic errors. This approach
has yielded many reliable results, many of basic quantities are now computed within sub-percent accuracies.

The group also delivers several algorithmic breakthroughs, which speed up generic lattice gauge theory computation. These novel
technique divides the whole calculation into frequent approximated calculations, and infrequent expensive and accurate calculation
using lattice symmetries called All Mode Averaging (AMA), or a compression for memory needs by exploiting the local-coherence
of QCD dynamics. Together with another formalism, zMobius fermion, which approximate chiral lattice quark action efficiently, the
typical calculation is now improved by a couple of orders of magnitudes, and more than an order of magnitude less memory needs
compared to the traditional methods. RBRC group and its collaborators also provide very efficient and generic code optimized to the
state-of-arts CPU or GPU, and also improve how to efficiently generate QCD ensemble.
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Special Postdoctoral Researcher
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Visiting Scientists
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S. Syritsyn (invited), “Nucleon electromagnetic form factors at large momentum from lattice QCD,” Triangle Nuclear Theory Colloquium
at UNC Chapel Hill, November 29, 2022.

S. Syritsyn (invited), “Nucleon electromagnetic form factors at large momentum from lattice QCD,” Baryons 2022, Seville, Spain, Novem-
ber 7, 2022.

S. Syritsyn (invited), “Baryon number-violating amplitudes on a lattice with physical chirally-symmetric quarks,” 14th Conference on the
Intersections of Particle and Nuclear Physics (CIPANP), Orlando, FL, August 31, 2022.

S. Syritsyn (invited), “Nucleon & nuclear structure inputs to beyond-SM searches,” SNOWMASS Rare Processes & Precision Frontier,
Cincinnati, OH, May 17, 2022.

S. Syritsyn (invited), “Proton decay amplitudes with physical chirally-symmetric quarks,” BNL-HET & RBRC Joint Workshop
“DWQ@25,” December 16, 2021.

S. Syritsyn (invited), “A more perfect universe: Role of lattice QCD in constraining violations of fundamental symmetries,” Physics &
Astronomy Colloquium, Stony Brook University, November 9, 2021.

L. Jin (Invited), “The hadronic light-by-light scattering contribution to the muon g − 2,” χ QCD annual collaboration meeting, Online,
December 17, 2022.

L. Jin (Invited plenary talk), “Muon g−2 from lattice QCD,” The 13th International Workshop on e+e− collisions from Phi to Psi, Online,
August 17, 2022.

L. Jin (Invited), “Lattice QCD input for the first row CKM unitarity tests,” Seattle Snowmass Summer Meeting 2022, Online, July 19,
2022.

L. Jin (Invited), “Combining infinite-volume photons and finite-volume hadronic matrix elements computed on the lattice,” QED in Weak
Decays, Higgs Centre for Theoretical Physics, JCMB, Online, June 24, 2022.

L. Jin (Invited), “The hadronic light-by-light scattering contribution to the muon g−2 (RBC/UKQCD),” SchwingerFest 2022: muon g−2,
Physics and Astronomy Building, Mani L. Bhaumik Institute, UCLA, June 17, 2022.

L. Jin (Invited), “QCD + QED studies,” USQCD All Hands’ Meeting 2022, MIT, Online, April 22, 2022.
L. Jin (Invited), “Lattice calculation of the pion mass splitting using the infinite volume reconstruction method,” χ QCD annual collabo-

ration meeting, Online, December 19, 2021.
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L. Jin, (Invited), “Attice calculation of the pion mass splitting using the infinite volume reconstruction method,” BNL-HET & RBRC Joint
Workshop “DWQ@25,” Online, December 16, 2021.

L. Jin (Invited plenary talk), “Hadronic light-by-light contribution to muon g − 2,” The 10th International Workshop on Chiral Dynamics,
Institute of High Energy Physics (IHEP), CAS, Online, November 19, 2021.
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N. Matsumoto, “Search for an effective change of variable in QCD simulations,” DWQ@25, USA (BNL), Online, December 13, 2021.
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Japan, Online, July 12, 2022.
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August 8, 2022.
L. Jin, “Lattice calculations in muon g− 2,” Department of Physics and Astronomy, University of California, Davis, Online, May 3, 2021.
L. Jin, “Lattice calculations in muon g − 2,” Hadron mass and structure forum, Online, April 20, 2021.
L. Jin, “Lattice calculations in muon g − 2,” Institute of Theoretical Physics, Chinese Academy of Sciences, Online, April 15, 2021.
L. Jin, “Muon g − 2: hadronic light-by-light contribution and lattice QCD,” Muon g − 2 discussion forum, Peking University, Online,

April 13, 2021.
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