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Abstract

The importance of lattice QCD to our understanding of thacstire, spectroscopy, and
interaction of hadrons is decribed. Recent accomplishsnargach of these areas is outlined,
and the opportunities emerging with increasing computatipower are identified. Milestones
at the 10 Tflops-years, 100 Tflops-years and Petaflops-yealessare presented.

1 Motivation

Understanding how the structure, spectroscopy, and ttterss of hadrons emerge from QCD is
one of the central challenges of contemporary nuclear phyBecent advances in lattice field the-
ory, developments in computer technology and investmecwmputer resources for fundamental
QCD research have now made lattice QCD a powerful quangtaiol that provides an unprece-
dented opportunity to understand the phenomena arisimg @&D from first principles and to
make precision calculations of the predictions of QCD.

The internal quark and gluon structure of the nucleon is anohgficomponent of hadronic physics
just as the structure of the hydrogen atom is of atomic pByditence, one goal of lattice QCD
is precision calculation of fundamental experimental diti@s characterizing the nucleon. These
include form factors specifying the distribution of chaayel current and how constituents interact
to recoil together at high momentum transfer, moments dbpatensities, helicity, and transver-
sity distributions as a function of momentum fraction, ahd tmhoments of generalized parton
distributions (GPD's). The calculations of all of these specified as DOE Nuclear Physics 2014
milestones in Hadronic Physics (HP)[1]. These first pritesgalculations will have direct impact
on key experimental measurements at JLab and RHIC-spiludimg 1) the HP 2008 milestones
of measuring the spin carried by glue in the proton and etitrg@ccurate information on gener-
alized parton distributions, 2) the HP 2010 milestones ¢émheining four EM form factors t@?

= 3.5 GeV and electroweak form factors to 1 G&\and 3) the HP 2013 milestone of measuring
flavor-identifiedq andq contributions to the proton spin.



Another essential goal in hadron structure is obtainingghitsinto how QCD works. How does
the spin of the nucleon arise from the helicity and orbitajidar momentum of quarks and of
gluons? What is the fundamental mechanism for confinemehivuat is the role of diquarks and
instantons in hadrons? How does hadron structure changeeasdes parameters that cannot be
varied experimentally, such as the number of colors, thebaumof flavors, the quark masses, or the
gauge group? Finally, once lattice calculations are vedidlay extensive comparison with directly
comparable experiments, one can exploit lattice QCD toigeinformation complementary to
experiment. For example, the moments of GPD’s calculatethenattice and the convolutions
of GPD’s measured experimentally can be combined to cangB&D'’s far more effectively than
either experiment or lattice QCD could separately.

A detailed knowledge of the meson and baryon spectra fromgdiisciples will distill the key
degrees of freedom needed to describe the bound states tifeitwy. The complete combined
analysis of available experimental data on the photopriialuof nucleon resonances is the Nu-
clear Physics 2009 milestone in Hadronic Physics (HP), hadrteasurement of the electromag-
netic properties of the low-lying baryons is an HP 2012 nidas. The so-called hybrid mesons,
a new form of excited state in which excitations of the glueitdfiplay an explicit structural role,
are especially interesting, and the GlueX Collaboratimppsal to seek information about exotic
mesons is a flagship component of the 12 GeV upgrade at Jeffeeboratory.

The current intense experimental efforts in hadron spectney demand a commensurate effort to
predict and understand the hadron spectrum from first-jplie calculations using lattice QCD.
This interplay between theory and experiment is essertitild interpretation of resonance data,
and to extract the greatest benefit from the Department ofgigsefacilities.

A grand challenge for strong interaction physics is to be a@blrigorously compute the proper-
ties and interactions of nuclei. The many decades of thieatetnd experimental investigations
in nuclear physics have, in many instances, provided a vagige phenomenology of the strong
interactions in the non-perturbative regime. Howeverha point we have little understanding
of much of this phenomenology in terms of QCD. At low energ@se can consider the effective
theory in which the top, bottom and charm quarks have beegiated out, and any nuclear ob-
servable is essentially a function of only five constants |&émgth scale of the strong interactions,
Naqcp , the quark massesy,, my, ms, and the electromagnetic couplirug.

The way to proceed toward nuclei is to establish a small numiteffective theories, each of which
has well-defined expansion parameters and can be shown ke lmedast general form consistent
with the symmetries of QCD. Each theory must provide a cotepdiescription of nuclei over
some range of atomic number. Calculations in two “adjacdregdries are performed for a range
of atomic numbers for which both theories converge. One thatches coefficients in one EFT
to the calculations in the other EFT or to the lattice, andeahg one can make an indirect, but
rigorous connection between QCD and nuclei. Although $icamt development needs to be done,
it appears that several different calculational regimegrget Lattice QCD, exact many-body
methods, coupled cluster calculations, density functitimeory. Once this calculational scheme
has been put into place, or even just those components atljadattice QCD, reliable calculations
of strong interaction processes in regimes where expetimarot feasible become possible. A
great example of this is the interaction between hyperodsacleons, which plays an important
role in determining the nuclear equation of state in theriotef a neutron star.
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Figure 1. Chiral extrapolation of full QCD calculations@¥. The solid line and error band denote
the infinite volume chiral perturbation theory fit to the LHIRAILC results shown in red. Note
that the other full QCD calculations existing at the timelu# talculation are consistent with the
fit and its continuation to higher masses indicated by theeddine.

2 Accomplishments

Accomplishments over the last five years have establistedh#thodology and laid the ground-
work for hadron structure, spectroscopy, and hadron soagtealculations. Because of the cost
of full QCD calculations with light quarks in the chiral rege, initial calculations were restricted
to the “heavy pion” domain of pion masses in excess of 500 Miethis domain, form factors,
the lowest three moments of quark, spin, and transverstyilutions[2], and generalized form
factors corresponding to the lowest three moments of gépedaparton distributions have been
calculated [3, 4]. Salient achievements include sepaydkia contributions of the quark spin and
orbital angular momentum to the nucleon spin [3] and obsgregirong dependence of the trans-
verse size of the nucleon on the longitudinal momentumitsadé]. The transition form factors
between the nucleon and Delta has been calculated to expkrele of deformation [5, 6].

In spectroscopy, techniques to calculate extended sowitl@s the appropriate representation of
the hypercubic group have been developed and utilized tuledé ground and excited states in
each symmetry channel [7, 8], and evidence for pentaquat&sssought [9, 10]. Finally, the re-
alization was made that lattice QCD computations in foraskefuture could be used to derive
rigorous results for nuclear physics[11], thus openingnapdrtant new avenue for lattice compu-
tations that are at the core of this whitepaper.

An essential step toward the chiral regime with light qudr&s recently been taken using a hybrid
calculation combining computationally economical stagdesea quark configurations generated
by the MILC collaboration and domain wall valence quarkg treve lattice chiral symmetry. The
axial charge[13], moments of structure functions and gaized form factors[14], and the axial

N to Delta transition form factors[15] have been calculdtadpion masses as light as 350 MeV.
Hybrid calculations of the pion form factor were also penfied [16]. A number of meson-meson
scattering lengthd,= 2 Tut[12], Knt[17] andKK, have been determined with reasonable precision
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Figure 2: Isovector Fform factor at five masses compared with experiment (lefepaand chiral
extrapolation of form factor slope (right panel).

at pion masses down to; ~ 290 MeV. The first calculations of nucleon-nucleon scattpfiL8]
and hyperon-nucleon scattering [19] have been succegffeiformed in the last year. Finally,
partially-quenched calculations have been used to daterencharge-symmetry breaking quantity,
the neutron-proton mass-difference, from isospin-symimednfigurations [20].

Important highlights include:

¢ Nucleon axial charge

The nucleon axial charge, governing neutfdrlecay, has been calculated for pion masses
as light as 350 MeV using domain wall valence quarks on a staggfermion sea. Using
chiral perturbation theory, analytic expressions for tlessand volume dependence were used
to extrapolate to the physical pion mass and infinite voluaieaining the axial charge to a
precision of 6.8% and in agreement with experiment as shavAag 1.[13]

e Isovector nucleon form factors

Full QCD calculations with domain wall valence quarks onaggered sea down to the chiral
regime[21] dramatically display the the growth of the nodeion cloud as the pion mass
decreases into the chiral regime. As seen in Fig. 2, {hfem factor monotonically decreases
toward the experimental result as the pion mass decreadesdmral perturbation theory fit to
the slope extrapolates to the experimental value. Singjlad the pion mass decreases, these
calculations also approach the experimental result foratie F; /F, measured by polarization
transfer experiments at JLab.

e Quark helicity and orbital angular momentum contribution t o the nucleon spin

Recent lattice calculations provide the first glimpse ofdhgin of the nucleon spin in the chiral
regime. The contribution of the spin of the up and down quéokke total spin of the nucleon
is given by the zeroth moment of the spin dependent struétmetion %AZ = %(1)Au+Ad and

by the Ji sum rule [22], the contribution of the quark orb@algular momentum is given by
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Figure 3: Nucleon mass spectrum, plotted according to tbee@ymmetries allowed on a lattice,
observed experimentally (left panel) and calculated imghed QCD withmy; ~ 700 MeV [25].

Lg=3 (Aggdm) +B439(0) ) — 2A3. The dominant connected diagram contributions to these

matrix elements have been calculated down to the chiraimegising domain wall valence
guarks on a staggered sea[21] with the result that the dracti the nucleon spin arising from
quark helicity decreases from around 70%at= 900 MeV to approximately 50% at 350 MeV,
and a negligible fraction comes from the total quark ortataular momentum.

e Spectra of pure-gauge glueballs and quenched nucleons

Correlation matrix techniques offer a powerful means fdedaining the excitations of a the-

ory. A dramatic and highly cited demonstration of the metivad the determination, within the

pure-gauge Yang-Mills theory, of the spectrum of gluehailsre gluonic states characteristic
of the non-Abelian nature of the theory[23, 24]. More rebgrat basis of operators for baryon

states has been developed [7, 8], so that an analogous prdgratates containing quarks is
now within reach. Preliminary results are shown in Fig. 3evéheven at this unphysically large
pion mass, one observes the emergence of patterns seerexpér@nental spectrum.

¢ Nature of Roper resonance

The Roper resonance, the lowest-lying radial excitatiothefnucleon with a mass below that
of the lightest negative-parity state, t8g(1535), is difficult to reconcile with phenomenolog-
ical models of QCD. Employing the overlap-fermion formidatto reach unprecedentedly low
pion masses, and using Bayesian analysis techniques, #seafittie Roper in the quenched ap-
proximation to QCD has been shown to approach that o%thas the pion mass decreases[26].
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Figure 4: Meson-meson scattering lengths. The left par@bish = 2 rut scattering lengths as a
function of my/ fr [12], while the right panel shows the prediction for th& scattering lengths at
the physical pion mass [17].

¢ Radiative transition form factors and two-photon decays incharmonium

The first calculation of the transition form factors betwéles lowest-lying charmonium states
was performed, showing good agreement both with QCD-iedpmodels, and with experi-
mental measurements[27]. This work lays the ground workfdture computations of pho-
tocouplings both to hybrid states, and in the light-quarkt@§27]. In a novel extension, the
two-photon decay rate was computed[28].

e Meson-meson scattering

Meson-meson scattering lengths were calculated by the NIFELQollaboration with domain-
wall fermions onN¢ = 2+ 1 dynamical MILC sea configurations with pion masses down to
My ~ 290 MeV [12], obtaining the results shown in Figure 4. Thetfmediction of theKTt
scattering lengths in both isospin channels was made pedsybcombining the lattice QCD
calculation in thd = 3/2 channel with chiral perturbation theory, the result of evhis shown

in Figure 4. To circumvent the Maiani-Testa theorem [29]jclirstates that one cannot com-
pute Green functions at infinite volume on a Euclidean latdind recover S-matrix elements
except at kinematic thresholds, this work computes theggreigenstates of the two particle
system at finite volume to extract the scattering amplitd@¢ §nd supersedes earlier CP-PACS
calculations ol = 2 tut scattering with pion masses downrtg ~ 500 MeV.

¢ Nucleon-nucleon scattering

The first studies of nucleon-nucleon scattering with fuliyramical lattice QCD were per-
formed this year.[18]. Although the pion masses used indhsutationm;;> 350 MeV were too
large to uniquely match to low-energy effective theoryluidling the physical scattering lengths
led to the chiral behavior indicated in Figure 5, and demmattisig the power of the method
for future calculations. In addition, the first calculatsoof hyperon-nucleon interactions were
performed [19], in which it was shown that the scatteringgghshifts for elastic processes such
asnz—, of importance for the nuclear equation of state at high itiesscan be extracted.
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Figure 5: Results of the fully-dynamical lattice QCD cahtidns [18] (data points) and effective
field theory chiral extrapolations (shaded regions).

3 Future Opportunities

The recent success in solving full QCD with dynamical quankfe chiral regime opens an excit-
ing range of research opportunities with the potential fgnisicant impact on experiment, on our
understanding of how QCD works, and allowing us to make bédigheoretical predictions where
experiments are not possible and where other theoretidahigues fail. This section summarizes
the prospects for high precision calculations of presecdlgulable observables, new observables
and theoretical issues to be addressed, and anticipatestanes accessible with successive levels
of computational resources.

3.1 Precision computation of presently calculable obsenides

Using the methodology and algorithms already developedestéd in calculations entering the
chiral regime, the new computational resources becomiadadle in the coming five years will
enable precision calculation of a broad range of importdiseovables, ultimately reducing the
combination of systematic and statistical errors to thellev a few percent. Key developments
will include increasingly sophisticated use of chiral pep&ation theory, the use of smaller lattice
spacings to approach the continuum limit, larger volumeapproach the infinite-volume limit,
smaller pion masses to approach the chiral limit, and ndag®ative operator renormalization.

In hadron structure, these high precision calculationsapiply to a wide range of isovector op-
erators that can be evaluated with connected diagramsuding electromagnetic form factors,
moments of structure functions, generalized form factorsesponding to moments of general-
ized parton distributions, transition form factors andleoa polarizabilities.

In hadron spectroscopy, the new computational resourdesewolutionize our ability to compute
the low-lying hadron spectrum with sufficient reliability both guide and interpret the future ex-



perimental program. The use of anisotropic lattices, wetmporal lattice spacing smaller than
that in the spatial directions, enables the energies to lye precisely resolved, and is crucial for
studies of the excitation spectrum. Capitalizing on thaeadment of the HP2009 Milestone will
require precise computations of the baryon resonancerspeat lattice QCD. We have demon-
strated our ability to extract several energies in prelanynstudies of the spectrum. Delineating
resonances and their quantum numbers from these enerdiesquire that the computations be
performed at several volumes and lattice spacings, andffatisatly small values for the quark
masses so that reliable chiral extrapolations can be made.

In the study of hadron interactions, the resources will nplkecise calculations of many of the
two-body processes of interest to nuclear and patrticleipisys at pion masses close to those of
nature and at small lattice-spacings so that chiral anttéaipacing extrapolations are reliable
and independent of the quark discretization employed. § bakulations can be performed with
the lattices employed for the study of hadron structure aedhiadron spectrum. It is likely that
peta-scale resources will be required in order to make fsegnit progress in computing nucleon-
nucleon scattering at or very near the physical pion mass.

Estimates of resources for precision calculations

Since the calculation of hadronic matrix elements is thetrhaghly-developed of the current
nuclear physics calculations, we present here illuseatxamples of the resources required to
achieve significant increases in precision based on thistgtat precision attained in present cal-
culations.

We consider dynamical domain wall configurations at latsjgacingsa = 0.123 fm anda = 0.093
fm generated using the RHMC algorithm, and use the same oosufa as used in table 4 of
the white paper “Fundamental parameters from future &ttadculations”. For each independent

a My Size L | TF-Days| TF-Days
(fm) | (MeV) (fm) | config. | matrix elts.
0.123] 350 [24°x64] 3 0.267 0.113
0.123| 300 |24°x64| 3 0.286 0.153
0.123| 250 |243x64| 3 0.316 0.218
0.123| 200 |328x64| 3.7 | 0.730 0.665
0.093| 350 [32x64]| 3 0.973 0.214
0.093| 300 |328x64| 3 1.005 0.290
0.093| 250 |328x64| 3 1.061 0.418
0.093| 200 |40°x64| 3.7 | 2.671 1.250

Table 1: Example of CPU requirements for future lattice ggttons of nucleon matrix elements
with dynamical domain wall fermions. The number of Teraflolays are listed for generating
each independent configuration and for making eight measents of a complete set of matrix
elements on each configuration. In all cases- 16



configuration, all the matrix elements of twist-two operateequired for form factors, moments of
structure functions, and generalized form factors are oredsn eight separate space-time regions
of the lattice. For both lattice spacings, matrix elemenéscalculated at masseas; = 200, 250,
300, and 350 MeV and extrapolated to the physical mass usimgl perturbation theory. The
spatial volume is (3 fnP)for the three heaviest quark masses and is (3.7 fanthe lightest mass.
The CPU requirements, in Teraflops-Days, for generating estependent configuration and for
calculating eight complete sets of matrix elements on a gardtion are tabulated in Table 1. Note
that the cost of calculating matrix elements is smaller thainof the same order of magnitude as
configuration generation.

Axial charge and momentum fraction

Using the CPU requirements in Table 1 and knowledge of the piass dependence of the vari-
ance of hadronic matrix elements, the CPU time required @sune the full set of hadronic matrix
elements with statistical precision such thathas fractional error 5% or 3% or that) has frac-
tional error 5% or 3%, is shown in Table 2. Since the axial ghas a particularly favorable case,
the estimates fofx) are more representative of typical matrix elements. Wittasneements at
both lattice spacings, the remaining systematic errons famcertainties in correcting for finite
lattice spacing and finite volume, and for uncertaintieseimormalization factors are expected to
be the order of a few percent. Finally, since the dynamicaiaia wall configurations are of broad
utility and will be shared by many applications, it is usetilnote that for the most expensive
case of determiningx) to 3% ata=0.093 fm, only 7.1 of the total 23.8 TF-Yrs are required for
calculating all the hadronic matrix elements.

a [00a=5%|00a=3%|0(X)=5%| (X) =3 %
(fm) | (TF-Yrs) | (TF-Yrs) | (TF-Yrs) | (TF-Yrs)
0.123 1.9 5.3 2.5 7.0
0.093 6.5 18 8.6 23.8

Table 2: CPU time in Teraflops-Years required to calculatellasket of matrix elements with
statistical precision such thgi has fractional error 5% or 3% or that) has fractional error 5%
or 3%.

3.2 New observables and theoretical issues

Much of the intellectual vitality and excitement of the fieddnters on new theoretical develop-
ments and ideas for calculating important physical quiastthat are presently inaccessible. Strik-
ing developments in recent years, such as the discoverywotdh@nplement chiral symmetry on
the lattice, highlight the impact of innovation in latticeli theory. Some of the key problems
under intense investigation in hadronic physics are desdrbelow.

To calculate flavor-singlet matrix elements, in additiorttie connected contributions, it is nec-
essary to calculate disconnected contributions, whichygieally several orders of magnitude
more computationally expensive. Current development gémminode expansions and stochastic
source techniques offer the prospect of calculating flawaglst form factors, moments of quark
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Figure 6: Lattice calculations of the masses of light thybrid mesons. The vertical lines corre-
spond to the physical pion asdpion masses, respectively, and the dashed line shows tshtiid
corresponding td; 1t production.

distributions, and generalized form factors, thereby assing the full range of experimental nu-
cleon observables including strangeness contributiodslit®nal new calculations include gluon
distributions, mixing of gluon and flavor singlet operataperator mixing of higher moments of
structure functions and generalized form factors, higiwesttoperators, the neutron electric dipole
moment, and differences between moments of structureiumscof a free neutron plus a free
proton and a deuteron. Furthermore, these techniques eV for the calculation oft = 0 Tt
scattering andl = 1/2 Kt scattering.

The so-called “hybrid” mesons are emblematic of the medmamf confinement. There have been
only tentative explorations of the spectrum of light hylmdsons, predominantly in the quenched
approximation to QCD, as illustrated in Figure 6. We will d#eato extend these computations
from the relatively heavy quark masses used thus far to quasdses close to the physical light-
guark masses. In this region, these heavier states can begesonances, lying above two-particle
decay channels into which they can, in the continuum, dexsajlustrated in the figure.

Measuring decay widths of unstable states on the lattica ssaential part of understanding the
hadrons occurring in Nature, and can be accomplished udisgHer’s technique of calculating

the volume dependence of the energy[30]. Significant fiegissin calculating the decay width of

the p meson have recently been undertaken[31], and future resewrill enable the extraction of

decay-width information for exotic mesons.

Beyond establishing the spectrum, lattice QCD can comgie properties, expressed through
the form factors and transition form factors. In the baryeatar, the first experimental transition
form factors to resonance excitations are now appearirdgjcammensurate lattice computations
will enable a picture of these resonances to emerge. TheXGiuagram in Hall D at Jefferson
Laboratory aims to photoproduce hybrid and conventionalaneesonances through thehannel
exchange of a conventional meson. Thus a knowledge of tne®phigplings between conventional
and hybrid mesons is crucial to estimating expected phothmtion rates. Such photocouplings,
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though estimated in QCD-inspired models, are unknown, aesknt a clear target for lattice QCD
computations to make predictions vital for the experimigotagram.

The hyperon-nucleon interactiontsra incognita, but with important astrophysical implications,
in particular, impacting the late time evolution of a sug@ Thus experimental programs in
hypernuclear physics are gaining increasing importanaghBrmore, the hyperon-nucleon inter-
action probes an additional aspect of the nuclear forcajaipthe role of valence strange quarks in
the force between hadrons. Thus its study represents atingxeew opportunity for lattice QCD
to work in concert with a vigorous hypernuclear physics expental program. Finally, with the
development of better algorithms, the potential betwedinitely massive hadrons, such as B-
mesons and\, baryons will become computable. These potentials will iotjaur understanding
of the nucleon-nucleon potential.

3.3 Milestones

Based on present experience and algorithms, it is possidgttapolate and estimate many of
the lattice calculations that become feasible at sucoe$swels of computational resources. All
estimates below are expressed in terms of sustained Tesafégys (the number of operations
performed in one year of running at one sustained Terafldg@sjivated by DOE plans for lead-
ership class machines with peak speed 100 Teraflops in 2@DTQ00 Teraflops (1 Petaflops) in
2008, and discussion of a follow-on machine sustaining affgts, we have grouped milestones
in categories of 10, 100, and 1000 Teraflops-years.

10 Teraflops-years

This level of resources will enable fully chiral calculatiof hadron structure observables using do-
main wall valence quarks on a domain wall sea, with 0.123 fm anda = 0.094 fm. Calculations
of form factors, moments of quark distributions, generdiform factors and related operators at
pion masses down to 200 MeV at these two lattice spacingsbicaa with chiral perturbation
theory, will enable controlled extrapolation in latticeaspg, lattice volume, and pion mass with
high statistics. Based on the previous success with hylatidracalculations and the estimates
given above, it is reasonable to expect a range of obsew/édlee calculable at the level of 5-
10%. Significant calculations of disconnected diagramsgindn observables are also expected
in this regime.

Our understanding of the hadron spectrum and hadronicaictiens will be facilitated though
calculations performed on anisotropic lattices, with vo&s up to 4 fm, lattice spacings af=
0.125 and 010 fm, and pion masses down to 200 MeV. This will yield the faalculations in
the light-quark regime of the spectrum of exotic meson nmasaed the first predictions of thg
hybrid photocouplings to conventional mesons, providiitglvnput into the GlueX experimental
program. The computation of the low-lying baryon resonaspectrum, including their decay
widths, will confront the experimental analysis to yieldiights into the degrees of freedom of
QCD.
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High precision calculations aftrt, Kt and KK scattering amplitudes will be possible, and pre-
dictions of the scattering lengths can be compared with mireg experimental determinations.
Investigations of hyperon-nucleon scattering lengthsprvdvide insight into the hyperon-nucleon
interactions, about which there is a paucity of phenomegodd knowledge, and complementing
the experimental initiatives in hypernuclear physics.

100 Teraflops-years

At this level of resources, fully chiral structure calcidais with domain wall valence and sea
guarks will be possible for the same observables as aboteaw4t0.06 fm, my; of the order of 200
MeV, and high statistics. The lattice spaceng: 0.06 fm also has the virtue of enabling calculation
of form factors up to the order of 10 GEV For physical quantities such as the neutron electric
dipole moment, where topology plays a fundamental role imeation with the®-angle, an ac-
curate, fully chirally symmetric calculation will be a sifjoant breakthrough. Higher statistics
on computationally demanding disconnected diagram anshgbbbservables are expected to have
significant physics impact.

Calculations of the spectrum using anisotropic cloverdast will be possible at three lattice spac-
ings ofa=0.08,0.10 and 0125 fm, and at pion masses as low as 180 MeV. Thus the spectrum
both of baryons and mesons in the continuum limit will be knpand the transition form factors

for the many of these states will become accessible.

The nucleon-nucleon scattering lengths will be known witffisient precision at pion masses
within the range of convergence of effective field theory Isat tan extrapolation to the physical
pion mass will be possible. Furthermore, calculations gfdmgn-nucleon scattering at a similar
level of precision will be performed, and ambiguities in théclear equation of state, currently
due to the lack of experimental data, will be greatly redudd first studies of the three-nucleon
interaction will be performed, with an eye toward computthg nuclear reactions between the
lightest elements. Exploratory studies of the direct cotapon of electroweak transition matrix

elements in the two-nucleon sector will become possible.

1 Petaflops-year

At this scale of resources, we expect to reach the unpretadiemlestone of carrying out calcu-
lations with chiral fermions at the physical pion mass. Ehealculations, combined with chiral
perturbation theory analysis including higher massegjlshenable precision calculations of many
observables at the level of a few percent. Validated precisalculations of moments of general-
ized parton distributions can be used to complement exgetiah measurements of convolutions
of generalized parton distributions and determine detdithese distributions inaccessible to ex-
periment alone. One can expect a detailed knowledge of thmaf the nucleon spin.

A precise computation of the deuteron binding energy aneérogphoperties of the deuteron at
the physical pion mass may well be possible with 1 Petafl@gas;ya remarkable achievement
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critical for satisfying the Department of Energy’s milestédfor 2014. The computation of nuclear
reactions among the lightest nuclei may become possiblethig magnitude of computing power.

4 Conclusions

Lattice QCD has a vital role in addressing questions thabgbe heart of hadronic and nuclear
physics, and to our understanding of the strong interactibme last five years have witnessed
the opening of new avenues for lattice QCD, most notably énapplication to the nuclear force,
and the emergence of new theoretical and algorithmic ingrents that are vastly increasing the
utility of lattice QCD in more established areas. The next fjears afford the opportunity to
exploit these advances to address many of the key questidralronic and nuclear physics, but
this will only be accomplished with the appropriate invesirhboth in computational resources,
and the theoretical effort to exploit these resources.
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