
Physics from Lattice QCD delivered by Graphical Processing Units

A product of the worldwide games industry is the creation of fast, efficient, and relatively inexpensive cards
for processing graphics. These graphical processing units (GPUs) have been built into clusters for effective use in
nuclear physics as emphasised in last year’s Accomplishments Highlights. Lattice gauge theory is a way to formulate
Quantum Chromodynamics (the theory of the strong interaction of quarks and gluons) in a form amenable to
practical calculation of the properties of hadrons, the particles that quarks and gluons make, like protons and pions.
Lattice computations start with the generation of complex configurations of quark and gluon fields: calculations
that can only be performed on leadership class machines like a Cray or BlueGene. Such configurations are the basic
lattice data, rather like the raw results of experiment. These are shared between whole communities, for instance
USQCD, of which the JLab lattice group are leading members. From these configurations, “measurements” are
made of physics quantities of interest. It is here that GPUs have proved exceedingly nimble. To achieve this
performance boost required significant investment in software porting and optimization. USQCD collaborators at
Boston University, Harvard and Jefferson Lab have developed and put into production quality matrix inversion
routines that are parallelized across several GPUs. These accelerated kernels lower the cost of a significant portion
of the work flow by a factor of ten.

Most of the hadrons we have observed in experiment can be regarded as made of quarks: mesons are built of a
quark and antiquark, while baryons like the proton are made of three quarks. Gluons are there just to bind the
quarks together. However QCD has always hinted that there may exist states in which gluons contribute not just
to the mass of each hadron, but its spin properties too. Some of such states would be regarded as “exotic”, as they
cannot be made just of quarks (and antiquarks). Using GPUs, the JLab Theory Center group [1] have reported a
precision calculation of the mass of the lowest lying of these exotic states. The results are shown in Fig. 1a as a
function of the light quark mass. Physics is at the left hand end of this plot. As can be seen the JLab results have
far greater precision than all previous calculations. These predictions will aid the search for these states, which is
a key mission of the 12 GeV upgrade at JLab.

Not only can GPUs be used to compute the static properties of hadrons, like their masses, but also their dynamics
encoded in scattering amplitudes, which are closer to what can be measured in experiment. Researchers in the
JLab Theory Center, together with colleagues at Trinity College Dublin [2], combining GPUs with novel theoretical
methods, have been able to perform the first calculation of the S-wave amplitude for π+π+ elastic scattering, which
can be represented as a phase-shift. The results of these calculations for different size lattices are shown in Fig. 1b.
These first results are in remarkably good agreement with available experimental data. The techniques developed
will soon be applied to hadron scattering in channels with resonant behavior to study excited hadron decays of the
type that will be measured with GlueX in Hall D and CLAS12 in Hall B. What is more, GPUs are also particularly
efficient at performing the computations required for partial wave analyses, that separate experimental data into
components with definite angular momentum. Using GPU clusters is a step towards being able to analyse the vast
quantities of data these experiments will produce and so test the predictions for light “exotics” from Lattice QCD.
Video games have a lively future in nuclear physics.

Figure 1: (a) The black, blue and green points depict the results [1] for JPC = 1−+, 0+−, 2+− states respectively
for different values of the light quark mass, or equivalently the mass squared of the pion. The orange points are
previous lattice results. (b) The I = 2, J = 0 ππ phase shift results [2] in degrees as a function of the square of
the centre-of-mass momentum, k. The lattice results (colored points) are shown for different pion masses. These
are compared with the experimental data (grey) — see [2] for references to these data.
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