Progress Report

In this attachment, we review research that we have carredtdhe NSF Centers during the last year, and
present a set of figures that illustrate some of this work.

Generation of gauge configurations with improved gauge andwgrk actions: The Table at the end of the
attachment entitletmpact of the Asqgtad Gauge Configuratiagisows the current status of our three flavor
gauge configuration sets with lattice spaciags 0.15, 0.12, 0.09 and 0.06 fm. Ensembles marked with an
N are available from the NERSC Gauge Connection archive arstimarked with aR are still in progress.
During the past year we completed the most ambitious run we ¢terried out to date, that with= 0.09 fm
and light quark masey = 0.1ms. The time history of this run is shown in Fig. 2 below. Note thajor
increase in progress when one of the streams was shifteé 83K Cray XT3. This ensemble will anchor
our extrapolations to the physical valueraf. We have made major progress on our rumat 0.06 fm
andm = 0.4ms on 48 x 144 lattices. As of July 6, 2006 we had saved 297 equilibratedigurations,
following our practice of saving one configuration every fimelecular dynamics time steps. We expect to
complete this ensemble on the Brookhaven National LabgratQ CDOC during the next twelve months.
In addition, we have begun to equilibrate &48144 lattice witha~ 0.06 fm andm = 0.2ms, and expect to
complete this process and start archiving equilibratedigorations by October 1, 2006. Tlaex~ 0.06 fm
configurations will have lattice artifacts that are smatlain those of the ~ 0.09 fm ones by a factor
of nearly 2.6. They will therefore enable us to significantigluce errors in the extrapolation of physical
guantities to the continuum limit. We have completed theegation five ensembles with lattice spacing
a= 0.15 fm and light quark masseg = 1.0ms, 0.6ms, 0.4ms, 0.2ms and 01mg begun last year. These
configurations are helping us estimate the size of the fiatteé artifacts in physical quantities. As is the
case with all our configurations, the new ones are being meaitable to other physicists for use in their
research. In the attachment titledpact of the Asgtad Gauge Configuratipmge set out the wide range of
topics which our configurations are currently being usedudys and list the papers that have arisen from
this work.

Physics of light pseudoscalarsDuring the past year, we have refined our computations obtep decay
constants, quark masses, and low energy constants, filshmin Refs. [1, 2]. The previous calculation
was based on the analysisodndK mesons on all the coarse4 0.12 fm) configurations wittam; = 0.05
and on the fineq ~ 0.09 fm) configurations withm = 0.4ms andm;, = 0.2ms. We now have a complete
ensemble on the fine configurations with= 0.1ms and a partial ensemble at the “super fin@’{0.06 fm)
lattice spacing withm = 0.4ms. In addition we have analyzed these quantities on the coaosdgurations
with a~ 0.15 fm anda ~ 0.18 fm.

For each set of sea quark masses we have lattice data for aavige of valence quark masses; in other
words the data is “partially quenched.” We then fit, simuttausly, masses and decay constants at multiple
lattice spacings to the form required bYFST [3], which takes into account discretization errors up ta?).
Good fits are possible including all but the coarsest cordigums @ ~ 0.18 fm), where theo (a*) effects

are clearly too large to be neglected. The fact that both &indrcoarser configurations than those included
in Ref. [1] can be fit with the sameX®T forms gives us added confidence that the systematic féct
discretization errors are well understood. From such fiteareextrapolate fit parameters to the continuum
and set valence and sea quark masses equal to obtain full €Cisr,

Figure 3 shows fits to the kaon and pion masses as a functiégghtiguark mass. Extrapolating fit param-
eters to the continuum gives the dashed red line. Requinagthert andK take on their physical masses
my andmy (in the absence of electromagnetism and averaged oveingalgermines, up to overall nor-
malization, the physical values of the strange quark masand the average of the up and down masses,
M. Extrapolating the light valence mass in the kaon furtheil tire K™ mass is reached then gives the up
guark massn,. We obtain (still preliminary):

ms/M 27.2(0)(4)(0)(0)

my/mg = 0.42(0)(1)(0)(4)
m/S = 90(0)(5)(4)(0) MeV
WS = 3.3(0)(2)(2)(0) MeV



2.0(0)(1)(1)(1) MeV
— 4.6(0)(2)(2)(1) MeV

where the errors are statistical (rounded down to 0), Eficstematics, perturbation theory, and an estimate
of the effects of electromagnetism, which have not beemded in the simulation. The masses are evaluated
at scale 2 GeV. The result fan,/my rules out, at the 1®level, the possibility ofn, = 0. This puts to rest a
long standing proposal [4] that the up quark could be masskesnassless up quark might have solved the
Strong CP Puzzle [5]. Alternative solutions are now moreljike. g., the axion [6], a possible component
of Dark Matter.

To obtain the above values of quark masses in MeV, the magdhttor for the lattice to continuum mass
is needed. In Refs. [1, 2], the one-loop perturbative evalnaf the mass renormalization constant [2, 7]
was used. The two-loop value has recently been calculafecfi@ it in fact differs quite significantly
(=~ 12% higher) from the one-loop result. This is the main reabahthe quark mass values quoted above

are larger than those in Refs. [1, 2]. For exampi> has increased by 14 MeV; 11 MeV of that are due
to perturbation theory, and the remaining 3 MeV comes froenrtbw running. Since the two-loop term is
so large, it becomes very important to evaluate the rendzatedn non-perturbatively in order to check that
the corrections from still higher orders are under contkde propose such a computation for the coming
year.

%

Figure 4 shows similar)@T fits for the decay constarfi, which governs the decay of theto a muon (or
electron) and neutrino. Such fits give (also preliminary)

fr = 1286+0.4+3.0 MeV
fk = 1553+£0.4+31MeV

fu/fn = 1.2082)(*,4)
where the first error is statistical and the second is systema

Our result for f;; is consistent with the value [9] 130+ 0.4MeV, which comes from an experimental
determination of the decay rate coupled with the accurdevn CKM matrix elementy,q, that gives
the strength of the weak interaction in the decay. frofor more precisely the ratiéx / f;;), our errors are
small enough that our result can be used to provide a coriveetiétermination of the corresponding CKM
element,V,s. Following Marciano [10], we findVys| = 0.2223729). The Particle Data Book [9] quotes
0.220Q26) for V,s; while newer experiments [11] giveZR6223).

At the moment, our configurations with the smallest diszegidn errors (the super fine, with= 0.06 fm
andm = 0.4mg) does not have much influence on the final results for decagtants. That is because:
(1) the run is only half finished and the statistical errors significantly greater than those for the other
configurations, and (2) the light sea quark magsds among the largest of those included in the fit, so
its effect on the chiral extrapolation is limited. Note inrfieular that thef; data from this (blue “fancy
diamonds” in Fig. 4) are further from the continuum, full Q@ied) line, than the lowest mass fine points
(black squares). The situation will improve as this run isnpteted and as the super fine simulations
at lighter massry = 0.2ms andm = 0.1ms) are added over the coming one to two years. Once those
ensembles are included, we expect this method to reducentietainty inV,s significantly, providing an
important constraint on the Standard Model.

The current data set already allows us to substantiallyangthe evaluation of chiral low energy constants
in Ref. [1]. The improvement comes largely from the light swais = 0.1 m; fine ensemble, completed over
the last year, as well as additional coarse runs with liglated hence more chiral, strange sea quark masses
(the Q03/0.03 and 001/0.03 runs). Our preliminary new results are
2Lg— L4 =0.5(1)(2)

2lg—Ls=-0.1(1)(1)
Ls=0.1(2)(2)
Ls =2.0(3)(2)
in units of 1073, at chiral scalen,. These are consistent with, but have significantly smatiers than, the
phenomenological values, summarized for example by P2h [lhe errors on these parameters have been
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reduced by 20 to 100% from our previously published numizerd,should continue to go down as the new
runs become available over the next one to two years. Figeteo®s the impact our published numbers
have already had on determinations of the pion scatterimggls; it will be very interesting to see how the

determinations are affected by our updated results.

Weak decays of particles containing heavy quarksDuring the past year we and our Fermilab collabo-
rators have extended our calculations of the weak decayart€les containing heavy quarks in essential
ways.

Last year we used the~ 0.12 fm gauge configurations to predict the leptonic decay temts of theD ™
andDs mesons. We foundp+ = 201+ 3+ 6+9+ 13 MeV andfp, = 249+ 3+ 11+ 10 MeV, where the
uncertainties are statistical and a sequence of systesratits [13]. Several lattice uncertainties cancel in
the ratio of the decay constants, so it is useful to define ety Ry/s = /Mp+ fp+ /,/Mp, fp,. Our pre-
diction for it wasRy /s = 0.786+0.042 [13]. Since then, an experiment by the CLEO-c Collakandbund

fp+r =223+ 16fg MeV [14], and one by the BaBar Collaboration gayg = 279+ 17+ 6+ 19 MeV [15].
Taking the ratio of decay constants from these experimenes &;/s = 0.779+ 0.093 [14, 15] in nice
agreement the lattice result. The experimental resultthiindividual decay constants agree with the lat-
tice predictions within errors, but it is clear that erroeed to be reduced for both. Additional experimental
data is being collected, and during the past year we haveaedeour calculations of the decay constants to
thea~ 0.15 and 0.09 fm configurations, which should substantialjuoe our errors in extrapolations to
the continuum limit. We will present results from this cdition at the Lattice 2006 meeting.

We have nearly completed a computation of the leptonic deoagtants of th& and Bs mesons on the
a= 0.15, 0.12 and 0.09 fm configurations, and will present firstiltesor these important quantities at
Lattice 2006. Our new results f@ decays will be compared with those from the HPQCD Collalionat
which also employ our configurations, but use a differentégue for theb quark called NRQCD [16].

We have also used oara 0.12 fm configurations to calculate the form factors for the itptonic decay

D — Klv [17]. Our prediction was first confirmed experimentally bg ffocus Collaboration [18], and more
recently by the Belle Collaboration with more precise da@].] We show our results and the Belle data in
Fig. 6. We are in the process of extending this calculatiothém ~ 0.09 fm ensembles. As noted in the
proposal, the calculation of form factors for the semilemadecays oB mesons, as well as the study of

BY — BY and B — B2 mixing are among our major goals for the coming year. Workl@se projects has
begun on the ~ 0.12 fm configurations, and preliminary results will be prasdrat Lattice 2006.

Hadron mass spectrum with the improved action Calculation of the masses of the lightest hadrons re-
mains an essential test of lattice QCD, and computationseofitasses of excited hadrons have the potential
to clarify long standing questions in the quark model of badrand to help clarify the existence or nonexis-
tence of exotic hadrons. We have been computing the mas#es sifmplest hadrons on all of our improved
three flavor configurations. With several quark masses atiddapacings to work with, we can make ex-
trapolations to the physical light quark mass and to theigouoim limit. Figure 7 shows a comparison of
several of the lightest hadrons with experiment, as welléitings of cc andbb mesons calculated by the
HPQCD and Fermilab Lattice Collaborations using our coméigans.

The masses of two baryons made of light quarks, the nucled@anare “gold plated” quantities, meaning
that they can be accurately measured and are theoretitedly.cAmong other things, this requires that they
be well below strong interaction decay thresholds. Thesiedamasses, extrapolated to the continuum and
physical quark masses, are an important test of our lattethods. TheQ™ mass also tests our determi-
nation of the strange quark mass. Figure 8 shows nucleones&®sn our simulations, and a continuum
extrapolation. The solid curves are chiral perturbaticeotli with various assumptions, and the cluster of
points at the left are the experimental value and the vamhiral extrapolations. The inset shows how the
chiral extrapolations compare to the experimental vall@38fMeV. Figure 9 show®~ masses, with a con-
tinuum and chiral extrapolation. Since e mass has no chiral logs involvingg, the chiral extrapolation
for this quantity is much simpler than for most other paetcl

With Kogut-Susskind quarks there are many different picogiesponding to different combinations of the
four internal flavors of quarks. While they are degenerathéncontinuum limit, at nonzero lattice spacing
their mass differences are easily resolved. They have ledied in detail on the& =~ 0.12 and 0.09 fm
ensembles, and on oar~ 0.06 fm, m = 0.4ms run now in progress. These splittings are important input
for including the “taste symmetry breaking” effects in ehiperturbation theory. They also provide a good
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test of whether the taste symmetry is restored in the expeedy as the lattice spacing shrinks. Figure 10
shows the splittings among these pions at three differdtitdaspacingsa ~ 0.12, Q09 and 006 fm with

m = 0.4ms. The splittings are plotted as a functionasti2, wherea is the lattice spacing ark the strong
coupling constant. We expect the splittings to be lineahis quantity.

TheP-wave scalar mesorg and fo decay typically to two lighte&wave pseudoscalar mesons, including
pions, kaons, and the eta meson. At the nearly physical quadses in our simulations, these two-body
channels are lighter than the pure quark-antiquark stdtess, standard methods to observe them in two-
point correlators must take into account the two-body stafertunately, chiral perturbation theory provides
a credible model for the two-body contributions. But, p@hadhe most important reason for studying
these channels with the staggered fermion action is thatffieets of taste-symmetry breaking are very
apparent [20], so, we must use staggered chiral perturbttepry to model their contributions. The model
is highly non-trivial. Thus, a study of the spectroscopyhiede channels becomes a test of the methodology.
Using previously generated ensembles at 0.12 fm, we haveleted a study of the scalar meson decay
channels for theg and fpo and confirm predictions of staggered chiral perturbati@woit for these channels
[21].

High temperature QCD with three flavors of quarks: We have completed our study of the equation of
state at zero baryon chemical potential with three flavorssoftad staggered quarks at lattice resolutions of
N; = 4 and 6. Final results will be presented at the Lattice 2008ezence at the end of July, and a journal

article is in preparation [22]. This is the first study at tfésolution with an improved action and a realistic

set of quarks. Our results fof = 6 andm = 0.1ms are shown in Fig. 11. Our principal result is an accurate
determination of the energy density at temperatures upit®tikie crossover temperatufg

We have begun a study of the equation of state at nonzerorbahgmical potential, using the Taylor expan-
sion method of the Bielefeld-Swansea group [23]. This metikexpected to give a reliable extrapolation
to the experimentally relevant regime. For this study werausing our existing archive of configurations.
The code was brought into production this Spring, and wemplbrt preliminary results fox; = 4 at the
Lattice 2006 conference.
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Figures lllustrating Recent Progress

Comparison of Lattice Results with Experiment
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Figure 1: The ratio of several quantities calculated withAlsgtad gauge configurations to their experimen-
tal values [24]. The panel on the left shows results from thenghed approximation in which the vacuum
polarization due to the quarks is neglected, and that onigihé from full QCD. Some of these quantities
involve only light valence quarks, while others hay& or b valence quarks. This work is a joint effort of
the MILC Collaboration, and of the Fermilab Lattice, HPQGIhd UKQCD Collaborations, which are also

using our configurations.



Time History of the Gauge Ensemble a= 0.09 fm and m = 0.1 mg
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Figure 2: The history of progress in generating configuration a 48 x 96 lattice witha ~ 0.09 fm and

m = 0.1ms. The run was started in early 2003. After equilibration isveplit into two streams. The stream

in black was run on the PSC TCS1 until mid-2005 when it was rdagehe PSC Cray XT3. Note the large

improvement in the rate of lattice generation on the XT3. fdtkstream was run on the NCSA Tungsten
cluster and at NERSC. In mid-2005, this stream was movedad@DOC at Brookhaven National Lab

(blue line).



Pseudoscalar Meson Masses
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Figure 3: Squared meson masses as a function of light valaeass () divided by the simulation value

of the strange quark massy,. We show results from four lattices:~ 0.15 fm (“coarser”) with sea quark
masses 00484 0.0484;a~ 0.12 fm (“coarse”), with sea masse®05,0.05; a= 0.09 fm (“fine”), with sea
masses 0031 0.031; anda = 0.06 fm (“super fine”), with sea masse€)0720.018. Three sets of kaon
points, with various heavier valence quark masg (iear the strange mass are plotted for each lattice. Pion
points havem, = m,. The statistical errors in the points are not visible on #uale. The dashed red lines
give the continuum-extrapolated fit, and the cyan verticsted! line shows the physicah/is obtained.
Extending the red kaon line (short dark red continuatiort)l itnntersects thek ™ value then givesn,/n,

from which we findm, /h or m,/my.



Leptonic Decay Constant of the Pion
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Figure 4: Pion decay constants. quark mass, in units of the scalgform the static quark potential. The
mass renormalization the lattices (relative the fine laffjchas been included so that data from all may be
presented on the same plot. Lines through the data pointe é@m a XPT fit to the entire data set for
decay constants and masses. The red line represents thecfiofuin “full QCD” (valence and sea masses
set equal) after extrapolation of parameters to the comtimand with strange sea quark fixed at its physical
mass. The red plus shows our extrapolated valug;oin agreement with experiment (black burst) within
systematic errors (blue bar).



Determination of the Pion Scattering Lengths
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Figure 5: Various determinations of the pion scatteringglbaag andag. The previously published MILC
results give the light blue horizontal ellipse. We thank @ll&ngelo for providing us with this plot.
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Semileptonic Form Factor of the D Meson
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Figure 6: The semileptonic form factdr (g?) for the decay of & meson into & meson, a lepton,and a
neutrino, as a function of the momentum transfer to the e, The orange curve is our lattice prediction,
and the blue points are the experimental results of the Brllaboration.
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Figure 7: Comparison of lattice and experimental valuesfeariety of hadron masses and splittings. The
known 1t and K masses are used to fix the light quark masses. cEtendbb (Y) masses are shown as
splittings relative to the 3ground state. Th& 1S— 1P splitting is used to determine the lattice spacing.
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Mass of the Nucleon
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Figure 8: This figure shows the nucleon mass from our sinariatiand an extrapolation of our results to the
continuum limit. The solid curves are chiral perturbatibedry with various assumptions, and the cluster
of points at the left are the experimental value and the uvarihiral extrapolations. The inset shows how
the chiral extrapolations compare to the experimentalevaftf38 MeV.
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Mass of theQ—
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Figure 9: The mass of the™ as a function of the square of the pion mass in units;0fThe red octagons
are data from the coarsa £ 0.12 fm configurations, and the red line the extrapolation ekéhpoints to
the physical value oin. The blue squares and blue line are the data and chiral elitagn for the fine
(a~0.09 fm configurations). The magenta line shows the continuugichiral extrapolations, and the black
cross is the experimental value.. Since fhemass has no chiral logs involvingy, the chiral extrapolation
for this particle is much simpler than for most others, saritsss can be determined with high accuracy on
the lattice. This calculation serves as an important checkus determination of the strange quark mass.
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Taste Splittings of the Pion
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Figure 10: Taste splitting among the pions for lattice spg&i0.12, 0.09 and 0.06 fm witm = 0.4m.

The splittings are plotted as a functionastx2, the variable in which they are expected to be linear at smalll
lattice spacings. These splittings are important inpuirfoluding the “taste symmetry breaking” effects in
chiral perturbation theory. They also provide a good teswloéther the taste symmetry is restored in the
expected way as the continuum limit is approached.
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Figure 11: The energy density(black diamonds), interaction measuir@ed squares) and pressyréblue
circles) in units ofT# as a function of the temperatufeon lattices with six time slices fon = 0.1ms. The
horizontal dashed line is the continuum result for threeofiswf massless, non-interacting quarks.
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