I. Research Objectives

We propose to continue the broad research program in Qua@timmmodynamics (QCD) that we have
been engaged in for a number of years. This research adgdrfesgamental questions in high energy and
nuclear physics, and is directly related to major experialgrograms in these fields. It includes studies of
the mass spectrum of strongly interacting particles, thakirgteractions of these particles, and the behavior
of strongly interacting matter under extreme conditions.

The Standard Model of High Energy Physics consists of twotyua field theories: the Weinberg-Salam
Theory of the electromagnetic and weak interactions, an® Qi theory of the strong interactions. It has
been enormously successful in explaining a wealth of daidymed in accelerator and cosmic ray exper-
iments over the past thirty years. However, our knowledgthefStandard Model is incomplete because
it has been difficult to extract many of the most interestingdictions of QCD, those that depend on the
strong coupling regime of the theory, and therefore requime-perturbative calculations. Although there
is little doubt that QCD is the correct theory of the strontgiactions, non-perturbative QCD calculations
are crucial for testing the weak interaction part of the 8taid Model: In the absence of such calculations
the strong effects completely obscure the weak physicssftrgiing to study. At present the only means of
carrying out non-perturbative QCD calculations from firghpiples and with controlled errors is through
large scale numerical simulations. These simulations eegled to obtain a quantitative understanding of
the physical phenomena controlled by the strong intenastito determine a number of the basic parame-
ters of the Standard Model, and to make precise tests of #rel&td Model’s range of validity. Despite the
many successes of the Standard Model, it is believed by highgg physicists that to understand physics
at the shortest distances a more general theory, which siaifiéour of the fundamental forces of nature,
will be required. The Standard Model is expected to be ailigitase of this more general theory, just as
classical mechanics is a limiting case of the more generahtgun mechanics. A central objective of the
experimental program in high energy physics, and of l[at)&D simulations, is to determine the range of
validity of the Standard Model, and to search for new phybiggond it. Thus, QCD simulations play an
important role in efforts to obtain a deeper understandirthefundamental laws of physics.

Several years ago we used our NRAC allocations to develomproved action (improved discretization)
for lattice QCD [1], which significantly increases the a@my of our simulations for a given amount of com-
puting resources. This improved Asgtad action, coupletl imitreases in computing resources available to
lattice gauge theorists, and major improvements in theopadnce of our code, have enabled us to make
important progress in our research. The bulk of the compgutsources in any lattice gauge theory calcula-
tion go into the generation of gauge configurations, whiehsarapshots of the ground state of QCD. These
configurations are saved and then used to calculate a wigywaf physical quantities. Over the last several
years, we have generated an extensive library of gauge coafiigns with the improved Asqtad action. Itis
necessary to work with a range of lattice spacings and lightlgmasses in order to perform extrapolations
of physical quantities to the continuum and chiral limitstadle showing the current status of our configu-
ration generation is contained in the attachment titkedact of the Asqtad Gauge Configuratiori3uring

the coming year we propose to use NSF and DOE resources taatgeadditional configurations at a lattice
spacing of 0.06 fm, the smallest with which we have workedatie dThese configurations will significantly
reduce errors in a wide variety of physical quantities of am@nce to the experimental programs in high
energy and nuclear physics.

The level of accuracy we seek in our calculations is detegthin large part by our studies of the weak inter-
actions of strongly interacting particles. An internatibeffort is in progress to determine the elements of
the Cabibbo-Kobayashi-Maskawa (CKM) matrix, which det@es how quarks, the fundamental strongly
interacting particles, couple to the weak interactionsambst cases both an accurate experiment and lattice
calculation are needed. By determining individual elers@fthe CKM matrix from different experiments
and lattice calculations, one can place powerful condsain the range of validity of the Standard Model.
In almost all cases, the precision of the determination ef @M matrix element is limited by the un-
certainties in the lattice calculations, rather than inékperiments. Our objective is to bring the lattice
errors down to, or below, the experimental ones. The impogaf doing so can be seen from the fact
that a significant fraction of the $750,000,000 per year thatUnited States spends on experimental high
energy physics is devoted to the study of the weak decays aidlgs of strongly interacting particles. Itis
clear that to fully capitalize on this investment, the tatcalculations must keep pace with the experimental
measurements.



In order to maximize the physics output from the large invesit of computing resources in the generation
of Asqtad gauge configurations, we are making them availablether lattice gauge theorists for their
research. In the attachment titlémpact of the Asqtad Gauge Configurations list the many physical
phenomena being studied with these configurations by otfeeipg, and provide references to the papers
that have resulted from this work. In order to demonstrat tie do have control over all sources of
systematic errors, we and several other groups making useroonfigurations have jointly calculated
a set of quantities whose values are well known experimignf2). Some of our results are shown in
Figure 1 of the Progress Report, which is contained in arclatt@nt. In each case the calculations agree
with experiment within statistical and systematic errdr8% or less. Among the more recent validations
of our approach have been our determination of the CKM matérmentV,s [3], and determination of the
strong coupling constant [4] by the HPQCD and UKQCD Collalions. In both cases the results were
in agreement with, and had errors comparable to the worldages obtained by other methods. There
have also been predictions that were subsequently confiopeatperiment. They include calculations of
the leptonic decay constants of tBeand D5 mesons [5] and the form factors for the semileptonic decays
of these patrticles [6] in joint work by our group and the FdamilLattice Collaboration, as well as the
determination of the mass of tli&g meson by the Fermilab Lattice and UKQCD Collaborations THese
calculations have have been featured in articleNature[8], Sciencg9], Physics Todayl10], the CERN
Courier [11] and FermiNews Today [12]. They indicate thatake in a position to determine a wide range
of physical quantities of great importance to the phenorogyoof high energy and nuclear physics.

In the attachment title@rogress Reportwe review in greater detail the research we have carriedinae
submitting our last LRAC proposal, and show figures illustiga some of our recent work. Results from
most of the projects discussed in the Progress Report witlresented at the international conference on
lattice gauge theory, Lattice 2006, in July.

In Section Il, we describe our code and recent work that hgsdued its performance. We also discuss
the integration into our code of a new class of algorithmgfamerating gauge configurations [13] that will
significantly accelerate our work. In Section Il we give fhstification for our resource request. We re-
guest a one year allocation with a total of 11,136,300 senvitts. A breakdown of our request by projects
and computing platforms is given in the attachment tifRabsource Request by ProjecBur request is to
support the work of six principal investigators, their psttoral research associates and graduate students.
Thus, it comes to 1,856,050 service units per principaldtigator. Furthermore, as noted in the attachment
Impact of the Asqtad Gauge Configuratipnsir configurations are being used by many other physidasts,
the impact of our allocations goes well beyond our own workde&cription of our local computing envi-
ronments, current and pending allocations of supercomguime, and the qualifications of the principal
investigators is given in the attachment titl€dmputer ResourcesA complete list of publications of our
collaboration, the current members of our group, and treeafithe principal investigators are provided in
the attachmerfPublications and Peopldn the remainder of this section we describe our researfgtives

in greater detalil.

Generation of gauge configurations with improved gauge and wprk actions: The ensembles of gauge
configurations that we have generated are the basis for avaiikty of physics calculations by our group
and by others; but, as is discussed below, in order to datersmme of the most interesting quantities
we are studying to an accuracy required by experiment, iecessary to push our simulations to smaller
lattice spacings and quark masses. We therefore proposatiowe to generate gauge configurations using
resources provided by the NSF and DOE.

Configurations are being generated with three flavors of mjee sea quarks: up, down and strange. These
three flavors of quarks are the only ones with masses conlpat@lhe energy scale of QCD. They are
therefore the only ones light enough to have a significanaichpn realistic calculations. We are working
with a one—loop Symanzik improved gauge action and the Alsgtaggered quark action [1]. Both the
gauge and quark actions have all lattice artifacts removemligh order? (a is the lattice spacing) at the
tree level, and are tadpole improved. So, the leading dizat®n errors are of order®/log(a).

We take the masses of the up and down quarks to be equal, wasch tegligible effect< 1%) on isospin-
averaged quantities. The average value of the up and dowk messes, which we denote hy, is much
smaller than other energy scales in QCD, and it is curreatlyexpensive to perform simulations at its
physical value. Instead one works with a range of valuesriowhich are small enough so that one can
perform extrapolations to its physical value with the aidchiral perturbation theory [14]. On the other



hand, the strange quark mass is heavy enough so that we dampsimmulations at its physical valugs,
and we attempt to keep it fixed at this value as we vary theéa#pacing andy.

We currently have ensembles at four different lattice spggia ~ 0.18 fm, 0.15 fm, 0.12 fm and 0.09 fm
with the light quark masses in the rangd s < m < ms, and have begun runs with lattice spacegr
0.06 fm and light quark masses4ns and 02ms on 48 x 144 lattices. One of our major objectives for the
coming year is to complete these two runs, as they will sulislly reduce the errors in extrapolations of
physical quantities to the continuum limit. Indeed, thalieg discretization errors in the five ensembles with
lattice spacings 0.18 fm to 0.06 fm are in the ratio 1.00/@.&®%/0.18/0.07, so in going from~ 0.09 fm
toa= 0.06 fm, these errors will be reduced by a factor of nearly 2.6.

We are working with the Kogut-Susskind (staggered) formaitaof lattice quarks because at present they
enable dynamical simulations with significantly smalleadumasses than other formulations. A problem
with Kogut—Susskind quarks is the breaking of taste symynéffaste” refers to the different ways one can
construct the same physical particle in the Kogut-Susskinchalism). Although particles with different
tastes become identical in the continuum limit, their massa differ at finite lattice spacing. However, the
Asqgtad action has significantly better rotational and tagtemetry than the conventional Kogut—Susskind
action [15]. (The rapid decrease of taste symmetry viafatigth decreasing lattice spacing is illustrated
in Figure 10 of the Progress Report). Furthermore, one o€ has developed techniques, based on the
pioneering work of Lee and Sharpe [16] for incorporating effects of taste symmetry breaking into chiral
perturbation theory [17, 18, 19], thereby significantly noyng our ability to make extrapolations to the
chiral and continuum limits.

Another difficulty with staggered quarks is that each Ko§usskind field represents four tastes of quarks
that become degenerate only in the continuum limit. So, deioto have one quark per flavor in the con-
tinuum, one uses the fourth root of the Kogut-Susskind datent in performing simulations. It has been
suggested that taking the fourth-root of the determinafihis lattice spacing might give rise to unphysical
non-localities that persist in the continuum limit [20], tor other unphysical effects [21]. However, the
agreement of existing results with experiment [2, 3, 4, ¥]6as well as a growing body of direct studies
of these issues [22, 23, 24, 25], give us confidence that raafuental problem exists.

Physics of light pseudoscalarsLattice computation of the properties of light pseudoascatesonsi(e., T,

K andn mesons) offers a unique opportunity to check our latticehoad to high £ 2 to 3%) precision,
and to calculate phenomenologically important physicalngities that are difficult or impossible to obtain
with controlled errors by other methods. The advantagehisfdystem stem firstly from the fact that we
are able to compute quantities such as thand K masses and decay constants at fixed lattice spacing
and (larger than physical) quark mass with extremely higlissical accuracy: 0.1% to 0.7%, depending
on the quark masses. Secondly, the dependence of thesdtiggamm quark masses is governed by the
formalism of chiral perturbation theory [14]. This fornat has been extended to the “partially quenched”
case [26], where valence and sea quark masses are diffanehtfurther, to the case of staggered quarks
with discretization errors included (“staggered chiraltpdoation theory” [16, 17, 18, 19] —X®T). The
latter allows us to fit the lattice data accurately, inclggine effects ob (a?) lattice spacing errors, and then
make a controlled chiral extrapolation (extrapolationtte physical value ofiy) followed by a controlled
continuum extrapolation.

Using the above method, we have computed the leptonic demagtants of thet and K mesons,f;; and

fk, with total errors of under 3% (see the attached Progressref he results agree with experiment at
this level, providing good evidence that we understand @mdoontrol our errors. A calculation dk / fr
enables one to determine the CKM matrix elem¥épt Our current value i$Vyg = 0.2223f§2, which is
consistent with the 2004 world average val\gs| = 0.220026) determined by the Particle Data Group
from experiment and non-lattice theory [27], as well as &mnéaipdate using new experimental results:
Vus| = 0.2262(23) [28].

The same computational method, coupled with perturbatleutation of the mass renormalization con-
stant, has allowed us to determine quark masses (the mass stfange quarkrs, the average mass of the
u andd quarks,m, and the ratian,/my) and several of the Gasser-Leutwyler parametarg14]. Two of
these quantities, in particular, urgently require pretasice QCD evaluations: Uncertainty ins severely
limits the theoretical precision of various phenomenatagistudies, including the important CP-violating
quantitye’ /e [29]. Determination ofn,/my addresses the long standing proposal [30] that 0. A mass-



less up quark could have solved the “Strong CP Puzzle” [3dWdver, our results rule that possibility out
at the 1@ level. Our current results [2, 3, 32] for decay constantgrkjunasses, arnld are presented in the
Progress Report.

To go further, we need to have more configurations on finécéstt We estimate that the configurations with
lattice spacinga~ 0.06 fm will allow us to reduce the systematic errorsfagrand fx to 2% or better, which
would be an important milestone for lattice QCD calculagiolVe expect corresponding improvements in
other physical quantities of interest. In particular, owaleation of|Vs| should become more accurate than
the current world average.

Weak decays of particles containing heavy quarksAt the SLAC and KEK B-factories, and at Fermilab,
a concerted experimental effort is under way to determiamenhts of the CKM matrix through studies of
the mixings and decays of B mesons. In addition, the prasedf D mesons are being measured to high
accuracy in the CLEO-c Program at Cornell. The CLEO-c mesmants can provide powerful constraints
on the CKM matrix, both directly (on matrix elements invelgic quarks) and indirectly (through implica-
tions forb quark systems). Indeed, one hopes that by tightly overt@nig these CKM matrix elements,
the range of validity of the the Standard Model will be detieied, and new physics beyond it will be dis-
covered. However, the experimental results do not in gédetarmine the CKM parameters without lattice
calculations of the effects of the strong interactions.

Our group and the Fermilab Lattice Collaboration are ingdhn an extensive joint study of the decays of
pseudoscalar mesons with one light and one heavy quark. @heahjects of our work arB (with a heavy

b quark and lightu or d antiquark),Bs (b quark ands antiquark),D (c quark andu or d antiquark) andDs (c
guark ands antiquark). We are studying both leptonic and semileptdeicays. Strong interaction effects
in leptonic decays are characterized by the decay constants,, fp and fp,. Semileptonic decays are
characterized by various form factdf$g?), whereq is the momentum transferred to the leptons. CLEO-c
is providing precise measurements of lhandDs leptonic and semileptonic decays. Comparisons of lattice
and experimental results offer a unique opportunity todeaé our approach, and insure that we do, in fact,
have full control over systematic errors. Our successfatljgptions of the leptonic decay constarfgsand

fp, [5] and the shape and normalization of the semileptonic ftaotors [6] forD mesons by us and our
Fermilab collaborators is a first step in this process. Waavein a position to carry out similar calculations
for the b-quark system, where the corresponding quantities havdesn measured, and are unlikely to

be in the near future. Lattice results for the leptonic decaystantsfg and fg, along with theB® — BO
mixing parameter8g andBg, with comparable precision would have a major impact on therdenation

of the poorly known CKM matrix elementy from experimental measurements®B and Bs-Bs mixing.
Similarly, accurate lattice determinations of semilejitdiorm factors forB — mv andB — D*lv would
significantly reduce errors on the CKM matrix elemevits andV.y, respectively. The calculation of these
guantities are our major goals for the coming year. This werik progress [33], and new results will be
reported at the Lattice 2006 meeting in July. Our goal in e few years is to determine the leptonic decay
constants, the mixing parameters and the correspondingegptomic form factors to an accuracy of 5% to
10%. We are using the same techniques in our studiBsdeicays and mixings that are being employed for
our work on theD mesons [34].

Hadron mass spectrum with the improved action Calculation of the spectrum of the light hadrons is an
essential test of lattice simulations. The nucleon @ndmasses are precisely known, and can be computed
accurately on the lattice, making them trenchant tests ofemhniques. Moreover, lattice computations can
shed light on some of the open questions regarding the natihe light hadrons. For example, the nature
of the ap(980) _is still somewhat controversial — to what extent is it a quarkiquark state, and to what
extent aK — K molecule? Also, the quark model assignments of many of théeskstates are not well
established, and lattice computations should help naihtdewn. Lattice calculations are also important
for understanding hadrons that are not explained by theergaiark model, namely hybrids and glueballs.
These hadrons, especially those with exotic quantum nwsnlaee an important part of the experimental
program at Jefferson Laboratory.

We have customarily computed the masses of the simplestisdiwhich can be produced from a point-
like operator with staggered quarks, as we have generagedaige configurations. This “point source”
spectrum gives us the masses of the, ap, a1, by and nucleon, together with the corresponding states
containing strange quarks. We will continue to calculate rimsses of these particles in parallel with our
configuration generation. In addition to being importantheir own right, these calculations are useful in



monitoring the progress of the runs.

An accurate determination of the mass of the nucleon hasdémrg term problem for lattice gauge theo-
rists. The major difficulties are the extrapolation to thggbal value ofm and contamination by excited
states, such as the delta. We expect to improve the accuf#ioy extrapolation through the use of our new
light quark mass, fine lattice spacing configurations, cediplith a staggered chiral perturbation theory
calculation of the dependence of the nucleon mags dieing carried out by a graduate student, Jon Bailey.
In addition to better fitting and extrapolation technigues, expect to account for delta contamination by
simultaneous fitting to nucleon and delta propagators, amd¢hepe to eliminate the contamination due to
other excited states by employing new nucleon operatorseofytpe suggested by Bailey. We will experi-
ment with these new operators and the new operators for e ight baryons [35]. We have calculated
theA andQ~ masses on all of the gauge configurations generated to dat@rapose to do so on the ones
we create during the coming year. In addition, we plan toyagpé partial quenching technique that was
so important for the study of light pseudoscalars to theystaidaryons. As with the pseudoscalars, having
a large number of data points with different valence quarksea should allow us to determine the many
parameters that appear in chiral perturbation theory, staggered (as under investigation by Bailey) or in
the continuum [36].

High temperature QCD with three flavors of quarks: At very high temperatures one expects to observe
a phase transition or crossover from ordinary stronglyraing matter to a plasma of quarks and gluons.
A primary motivation for the construction of the RelativisHeavy lon Collider (RHIC) at Brookhaven
National Laboratory was to observe the quark—gluon plasmledatermine its properties. The plasma was
the state of matter in the early development of the Univesise, may be a central component of neutron
stars today. The behavior of strongly interacting mattehavicinity of the phase transition or crossover
is inherently a strong coupling problem, which can only hedigd from first principles through lattice
gauge theory calculations. Among the issues that can ugitpecaddressed by lattice calculations are the
nature of the transition, the properties of the plasmagpitiolg strange quark content, and the equation of
state. We are engaged in a multi—year effort to carry outlddtatudies of these issues using the improved
Asqgtad action [37]. We have just completed a study of the gmuaf state of high temperature QCD at
zero baryon density on lattices with four and six time slifg8)]. Final results will be presented at the
Lattice 2006 conference, and a journal article is in preg@id39]. This is the first study with an improved
action and a realistic set of quarks with such small lattiggcéngs. Near and slightly beloWy there are
still lingering uncertainties even on lattices with six érslices {; = 6), since lattice artifacts are large
there. This temperature range is a phenomenologically itapbone, since it is relevant to the formation of
confined hadrons as the quark-gluon plasma cools. We prdpadbker calculations during the coming year
to reduce lattice artifacts in this temperature range

All of our simulations to date have been at zero baryon dgnisdwever, in heavy ion collision experiments
being conducted at RHIC, the baryon density is not zero. \Wettaerefore extending our study of the
equation of state to the small baryon densities relevantded experiments using the Bielefeld-Swansea
Taylor series method [40], which is expected to give a rédiaxtrapolation to the experimentally relevant
regime. For this study we are reusing our existing archiveeod baryon density gauge configurations. The
code was brought into production this Spring, and we wilbrépreliminary results foN; = 4 at the Lattice
2006 conference. We propose to reduce lattice artifactstgnding this study to the finer Euclidean time
resolutionN; = 6 in the coming year.

Topological Charge and Susceptibility In QCD gauge configurations may have nontrivial topologye T
topological susceptibility characterizes the degree oi-miwviality. Chiral perturbation theory gives a re-
lationship between the topological susceptibility and dnark masses for small values of the masses. In
particular, as the masses vanish, the susceptibility mast\eanish with a slope determined by the pion
decay constant and the number of quark species. As we medtadrove, our staggered fermion formalism
achieves the correct number of quarks by taking the fourdh @bthe fermion determinant. Thus it is im-
portant to verify that the measured slope of the vanishisgesptibility is consistent with the correct number
of quarks. As we generate our ensembles of gauge configusatice have been measuring the topological
susceptibility. We will continue to do so using local resmag. So far our results have been consistent with
the predictions of staggered chiral perturbation theom wie correct number of quarks [41]. An update is
in preparation [42].

Non-perturbative evaluation of quark masses Quark masses are fundamental parameters of the Standard



Model, but since free quarks do not exist because of confinem&CD, they can not be directly measured
in experiments. They can be inferred indirectly, through-perturbative calculations, such as the precise
pseudoscalar mass calculations done by us. However, sugbutations need a renormalization factor that
depends on the details of the quark action used. Up to nowAdqtad quarks the renormalization factor
has only been computed in perturbation theory. Its value@ba by about 12% when going from one
loop to two loops in perturbation theory, more than the estéd uncertainty due to the unknown higher
order contributions. Even using the two-loop result, theantainty in the renormalization factor constitutes
the largest systematic error in our determination of thitlgguark masses. There exists a well established
non-perturbative method to compute the renormalizatiotofd43]. We have implemented this method for
the Asqgtad quark action and intend to compute the renoratadiz factor non-perturbatively, removing the
largest systematic error in our quark mass values, and makirs the most accurate determination of them.

Il. Code Optimization and Algorithm Development

We have developed a family of highly portable codes for thdyof QCD with conventional and improved
Kogut-Susskind dynamical quarks, improved Wilson (Clpwmamical quarks, and in the quenched ap-
proximation. Compilation options allow one to choose amdiffgrent computer architectures, different
formulations of lattice QCD, and different algorithms fargying out simulations. The code and a man-
ual describing it in detail are publicly available at the URittp://www.physics.utah.edu/ “detar/milc. We
estimate about 15 downloads of the code per month, and weskgktal questions per month about it.

We continue to put significant effort into improving the merhance and flexibility of our code. Several of
us participate in the DOE-funded SciDAC project for lattgauge theory, which, over the past years, has
been developing a software framework for the US communitsitti€e gauge theorists. To take advantage of
the considerable optimization effort of that project, Mens7 of the MILC code inter-operates with SciDAC
modules and incorporates SciDAC optimization strategidshave already seen considerable improvement
in our production code. For example, the performance of tiiugate gradient subroutine for the inversion
of large sparse matrices, which uses the bulk of the floatigt pperations in any lattice gauge theory
calculation, increased from 408 to 580 Mflop/s per processdual-node, single-precision production runs
on the NCSA Tungsten cluster. The sparse matrix inversiandgfor the NCSA Teragrid machine and the
PSC Cray XT3 are 680 MFlop/s and 970 Mflop/s, respectively.

We are currently optimizing our code for the BlueGene/L. $tiategy is to convert time critical subroutines
to use the SciDAC QCD libraries, and then take advantage efStiDAC effort to optimize them for
the BlueGene/L. This has already been done for the two stibesuthat consume the largest number of
floating point operations in our work, those that perform $gparse matrix inversion and the calculation
of the fermion force. The performance of these routines le&s improved by a factor of approximately
2.5 over standard C code. Future work will focus on improving SciDAC linear algebra (QLA) and
message passing (QMP) libraries on the BlueGeene/L, whiolild provide further performance gains
ranging from 15% to 20%. Code developed up to now does nattefédy use the dual floating point units
of the BlueGene/L; however, work is in progress to generatke ¢hat will do so. Finally, the QMP library
is currently implemented on the BlueGene/L by making calsiPl. Much of the time this results in extra
copies of the data being made, which reduces performancavoid this problem the QMP library is being
rewritten to use the low level communications hardwareaotlye

Simulations of staggered quarks with fewer than four deggeeflavors (or Wilson quarks with non-
degenerate flavors) require a weight function that contliantional powers of the fermion determinant,
which introduces complications in the molecular dynamigsi@hms commonly used in lattice QCD. In the
past this problem has been handled by introducing a randdse imothe fermion force, the R-algorithm [44].
Recently a class of algorithms has been developed thatépmates the fractional powers of determinants
using rational functions [13]. These algorithms removertbed for a random noise in the fermion force,
and allow elimination of errors from the integration stepesin the molecular dynamics equations via a
Metropolis accept/reject step. It turns out that althoughdrrors in observables coming from the random
noise in the R-algorithm are formally of the same order indtep size as the errors from the integration
of the molecular dynamics equations, their magnitude isicienably larger. This means that much larger
integration step sizes can be used in the rational functigorithms than in the R-algorithm.

In the past year, we have added the technology for ratiomakiion approximations to the MILC code suite,
and have begun a program of testing different variants af $kt of algorithms for the lattice sizes and



parameters of our current and planned large simulationis.chide is currently being used in our production
run on 48 x 144 lattices witha ~ 0.6 fm andm = 0.2ms. The variant that we are currently using runs two
to three times faster than the R-algorithm code at the sattieelapacing and quark masses. Furthermore,
there are a number of enhancements that we plan to work oreiodiming year that are likely to lead to
additional gains in performance.

[1l. Resource Justification

A breakdown of our request by projects and computing platfois given in the attachmeResource Re-
guest by ProjectswWe request 3,300,000 service units on the PSC Cray XT3940Q service units on the
NCSA Tungsten Cluster, 2,295,000 service units on the PSE1T 2,040,000 service units on the SDSC
BlueGene/L, and 781,800 service units on the TeragridutarClusters.

Generation of lattices with improved gauge and quark actiois. Our major lattice generation efforts in
the next year will be the completion of the = 0.2ms andm, = 0.4ms ensembles at lattice spaciag= 0.06

fm run. We plan to finish the.@m run ensemble on the QCDOC at Brookhaven National Laborzamigy

to generate 1,000 trajectories of th@®s one on the Kaon Cluster at Fermilab. We request time on the
PSC Cray XT3 for 1,500 trajectories of th&éns ensemble. In production runs with this lattice spacing and
guark mass on 1,536 processors of the XT3 our code achievedamance of 1.5 Tflop/s. At this rate,
one molecular dynamics trajectory takes 2,200 processarsh Thus, the 1,500 trajectories we propose to
generate on the XT3 will require 3,300,000 service units.

Hadron mass spectrum and decays of light pseudoscalar mesoiWe calculate the masses of the simplest
light hadrons, the heavy quark potential and the partiallgrched light pseudoscalar masses and decay
constants as soon as we generate the gauge configurationggWést resources to analyze 250 reew
0.06 fm, my = 0.4mg configurations during the coming year. On the NCSA Tungsligster eachn = 0.4mg
configuration requires 2,800 processor-hours for the ligitiron spectrum, 2,000 processor-hours for the
Q™ and Delta masses, and 4,050 processor-hours for the psalmtomasses and decay constants. Thus,
the total time for these calculations will be 258,850= 2,212 500 processor-hours on the Tungsten
cluster. We also request resources to run the light hadrectigpn and pseudoscalar codes on 4690.06,

ms = 0.2mg configurations. Both will have to be run in double precisidve estimate that the spectrum code
will require 15,000 processor-hours per configuration anSBDSC BlueGene/L, and the light pseudoscalar
code will require 5,400 processor-hours, based on the ggtion effort discussed above. Thus, 100
20,400= 2,040,000 processor-hours on the BlueGenelL.

Weak decays of particles containing heavy quarksOur studies of the weak decays BfandB mesons
on thea = 0.12 and 0.09 fm ensembles are being carried out on clustersratilb. In this proposal we
request time to perform this analysis on 150 of thé 4844, a ~ 0.06 fm, m = 0.4ms configurations.
Each configuration requires 25,300 processor-hours on 8@ PCS1. We therefore request a total of
150x 15,300= 2,295 000 service units on TCS1 for this work.

High temperature QCD with three flavors of quarks: We expect to finish the calculation of the equation
of state for non-zero baryon density on lattices vNth= 4 by the end of our current allocation, and request
time to extend this work to lattices witly = 6. We propose to analyze approximately 600 configurations
at each of thirteen temperature points. Each configuraéquires an average of 65 processor-hours on the
Tungsten cluster, so our total request is 507,000 procéwaos on Tungsten. The second part of this project
is to measure the equation of state for zero baryon densifyeimegime below the crossover temperature
with the exact RHMC algorithm in order to eliminate the firstep size errors that dominate the uncertainty
in our current results. We require seven high temperature ofi 6,000 trajectories each which will cost a
total of 350,000 processor-hours on the Teragrid clusterfaur low temperature runs of 1,200 trajectories,
which will cost 250,000 processor-hours on this platforrhud, our total request for this work is 600,000
service units on the Teragrid cluster, and 507,000 servids an the Tungsten cluster.

Non-perturbative evaluation of quark masses We propose to analyze 200 configurations from each of
the ensembles with lattice spacings- 0.12 fm anda ~ 0.09 fm and light quark masses = 0.4ms, 0.2mg

and 01ms. On the Teragrid cluster, theea~ 0.12 ensembles will require an average of 28 processor-hours
per configuration, while thea ~ 0.09 fm ensembles will require an average of 275 processaishper
configuration. So, we request 68028+ 275 = 181 800 service units on the Teragrid cluster for this
work.
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