Recent Results

Generation of gauge configurations with the improved Asqtadaction: We have nearly com-
pleted our long term project of generating gauge configomatiwith three flavors of improved
Asqgtad quarks. We have worked with a one—loop Symanzik ingat@auge action and the Asg-
tad staggered quark actioh][ Both the gauge and quark actions have all lattice arsfeetoved
through ordes? (ais the lattice spacing) at the tree level, and are tadpoledugal. So, the leading
discretization errors are of ordaf/log(a). The masses of the up and down quarks were taken to
be equal, which has a negligible effeet %) on isospin-averaged quantities. The average value
of the up and down quark masses, which we denot&bis much smaller than other energy scales
in QCD, and up to now it has been too expensive to perform sitimuis at its physical value. In-
stead, we have worked with a range of valuesiipwhich are small enough so that extrapolations
to its physical value could be performed with the aid of dipexturbation theoryd]. On the other
hand, the strange quark mass is heavy enough so that we wert glerform simulations at its
physical valuems, and in most ensembles we attempt to keep it fixed at that zslwee varied the
lattice spacing andh.

We have generated Asqgtad ensembles with lattice spaaing318, 0.15, 0.12, 0.09 and 0.06 fm
with the light quark mass in the rangelds < m < mg and the strange quark mass fixed close
to its physical value. We have also completed ensemblesawitt®.045 fm andm = 0.2mg and
a~ 0.09 fm andm = 0.05ms. In addition, we have generated a number of ensembles wath th
strange quark mass less then its physical value to aid imlaftrapolations. All of the Asqgtad
configurations are publicly available. A table of ensemblék a < 0.12 fm can be found at the
link asqgtad configurations
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Figure 1: Comparison of the topological susceptibility floe Asqtad and HISQ actions. The col-
ored plotting symbols are data points from our simulati@msl the solid curves are from a chiral
perturbation theory fit to all of the Asqtad data. The blackveuand plotting symbols are ex-
trapolations to the continuum limit. The yellow line is ad@ag order continuunXPTcalculation.

Generation of gauge configurations with the highly improvedHISQ action: Our program of
QCD simulations has now reached the point where moving to i mighly improved fermion
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Figure 2: A comparison of taste splittings of the pion mageeshe HISQ and Asqtad actions.
The HISQ results are inside the dashed boXds. is the mass of the Goldstone pion aklg, of
one of the heavier pions. The abscissa is proportionaf féog(a)2. The line on the lower right
illustrates the expected linear dependence of the magsrggdion the lattice spacing. The vertical
bar labeled X3 shows the size of a factor of three on this ¢agplot.

action is more efficient than further decreasing the quarksnaad lattice spacing with the Asg-
tad action. The HISQ action, which was introduced by the HBQUKQCD collaboration 8], is
intended to reduce lattice artifacts while maintaining éeenomy of staggered quarks. Like the
Asqtad action, the leading discretization errors for th€®laction are of ordea®/log(a). How-
ever, the HISQ action has two important advantages overa@isdtirst, the HISQ action reduces
taste symmetry violations significantly below those for Asgjtad action. Since taste symmetry
violation effects are one of, if not the largest impedimeaducing errors in lattice QCD calcula-
tions with staggered quarks, the HISQ action provides apeagnising path to improved accuracy.
Furthermore, the HISQ action incorporates improvementsarquark dispersion relations that en-
able one to use it to describe charm quarks at lattice spaeiocessible with today’s computers,
which is not not the case for the Asqtad action.

We have begun to generate gauge configurations with fourrlaHISQ quarks: up, down,
strange and charm. The strange and charm quarks are setteltiseir physical values, and,
as in the case of the Asqtad ensembles the up and down quarkskan to be degenerate. In
the simulations undertaken to date, the light quark nrmass 0.2ms, and ensembles are being
generated with lattice spacings~ 0.15, 0.12 and 0.09 fm. In general, we find that a HISQ
ensemble with lattice spaciraghas lattice artifacts approximately the size of an Asqtaskerble
with lattice spacing%a. As an example, we show in Fid. the topological susceptibility as a
function of the taste singlet pion ma®g . Data is shown for the Asqgtad action with three different
lattice spacings. Note that the single HISQ point at latsigacinga ~ 0.12 fm falls very close to
the Asqgtad curve fom =~ 0.09 fm. For the Asqtad action, the lattice artifacts o= 0.09 fm
are approximately half those at~ 0.12 fm. Similar results are obtained for a number of other
physical quantities.

Taste symmetry violation effects show up most prominentlyhie splitting of the pions. In our
full QCD calculations, we find that these splittings are @stliby a factor of approximately three
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Figure 3: Contributions of each order®J (3) XPT are shown for the pion decay constant, coming
from a fit to our low-mass data. The leading order term is kb&LO;” contributions from leading
order and next-to-leading order are labeled “NL&¢. Here the simulated strange sea quark mass
my is always less than or equal to60ns (wherem is the physical mass) and the valence masses
obeymy +m, < 0.6ms. At higher masses, neams, 3J (3) XPT is less well behaved. But that is
not a problem for us because we can fix the LO and NLO terms frbnhilke this one, which then
gives good control over the needed chiral extrapolatiooworhasses (the physical masses of the
u andd quarks).

compared to those for the Asqgtad action, as is shown inZiflote that the vertical bar labeled
X3 shows the size of a factor of three on this log-log plot.

During the coming year we plan to complete the three ensendolegently in progress withny =
0.2ms, and generate additional ones with light quark masges 0.1ms and 004ms using the
same three lattice spacings. In the future we hope to genensembles at these three light quark
masses and lattice spacirgs: 0.06 fm.

Properties of light pseudoscalar mesonsDuring the past year we have extended our work on
light pseudoscalar mesons to new ensembles with latticerggsa ~ 0.06 and 0.045 fm, and to
ensembles with the simulation strange quark nmddess that the physical strange quark mass
The latter ensembles are important because the physiaabstiquark mass is not light enough for
SU(3) chiral perturbation theory to converge rapidly invitsinity. To anchor chiral fits and to test
the convergence of chiral perturbation theory, it is themrefextremely helpful to have ensembles
with the strange sea quark mass held fixed at a value well bibleywhysical strange quark mass.
Another improvement in the analysis is to consider fitSiid2) SXPT in addition to our standard
fits to QU (3). The U (2) fits are likely to be a good approximation for ensembles with= mg
andm < ms; while U (3) should work best fom{, < ms. We find consistent physical results from
both approaches. FiguBeshows the good convergence 8 (3) XPT for m{ < 0.6ms, and the
agreement witt8J (2) XPT in the limit of vanishing light quark mass.
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Figure 4: Pion decay constants valence quark mass, in units of the scale An SU (3) chiral

fit line for each ensemble is shown as a function of valencekgumass. Only “pion” points (two
equal valence masses) are shown, although the fit-parantdttre lines come fromthe fit to the
entire data set for decay constants and masses. The reépiresents the result in full QCD after
extrapolation of parameters to the continuum, and witmgieasea quark fixed at its physical mass.
The red plus shows our extrapolated valuegfin agreement with experiment (dark blue burst)
within systematic errors (blue bar).

Preliminary results from the new analysis figrare:
W(3): fr=1280+0.3+29MeV V(?2): fr=1287+09732Mev (1)

using theSUJ (3) and J (2) chiral fits, respectively. The first error is statistical eheé second
systematic. Our result fofy; is consistent with the experimental valug 130.4+ 0.2MeV. The
SU(3) fit is shown in Fig4.

For other quantities, smaller systematic errors can baradaaby usingf;; itself to set the lattice
scale. We obtain

fx = 156.2(3)(11) MeV
f/fr=1.1982) (") Vus| = 0.2247719)
f, = 1228(3)(5) MeV (Qu)2 = —(2791)(2)(4) MeV)®
f3 = 111(2)(4) MeV (Qu)3 = —(2455)(4)(4) MeV )3
fo/f3 = 1.107(3)(39) (Qu)o/ (0u)3 = 1.47(1)(10)
2L —Ls=0.19(12)(1) 2Lg —Ls = —0.47(8)(14)
L4 = 0.30(13)(4) Ls = 1.64(12)(17) 2)
L = 0.24(10)(3) Lg = 0.59(5)(2)
(3 = 3.15(64)(42) (4 = 4.01(16)(13)
ms = 89.0(2)(16)(45)(1) MeV M= 3.25(1)(7)(16)(0) MeV
my = 1.96(0)(6)(10)(12) MeV my = 4.53(1)(8)(23)(12) MeV
ms/h = 27.41(5)(22)(0)(4) my/my = 0.432(1)(9)(0)(39) .
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Figure 5: The semileptonic form factdr, (g?) for the decay of & meson into & meson, a
lepton, and a neutrino, as a function of the momentum tratsfle leptons?. The orange curve
is the lattice prediction and the plotting symbols are expental results from the Belle, BaBar
and CLEO-c collaborations.

The errors are statistical, lattice-systematic, pertiivedfor masses and condensates; from two-
loop perturbation theorys]) and electromagnetic (for masses; from continuum esés)at, (f3)
represents the three-flavor decay constant in the two {tfies@r chiral limit, anduu)2 ((uu)s)is

the corresponding condensate. TRé(3) low energy constantk; are in units of 102 and are
evaluated at chiral scale,; the SJ (2) low energy constant& 4 are derived from thé; and are
scale invariant. The condensates and masses are MiShszheme at scale 2 GeV.

Our result form, /my confirms, with improved control of the chiral extrapolatoour 2004 finding
that ruled out the possibility that the (high-energy) uprguaass could vanish.This puts to rest a
long standing proposa#] that a vanishing up quark mass could solve the Strong CPI&{iZjz
Alternative solutions are now more likelg:g., the axion 8], a possible component of Dark Matter.

The result for the CKM elemenY,s| comes, following Marciano9], from our value offyk / f;
and uses recent results for kaon leptonic branching frasti]. This result is competitive with
the alternative determinatioivys| = 0.225519) [4], which uses kaon semileptonic decays and
continuum theory; an earlier version of our calculation baeady been quoted by the Particle
Data Group4].The determination of\s| provides an important constraint on the Standard Model.

For comparison with ER, we give the results from th®&J (2) chiral fits for quantities involving
only theu andd valence quarks:

f, = 1237(8)(14) MeV (Qu)p = —(280(3)(4)(4) MeV )3
(3=3.0(6)("9) (4=39(2)(3)
M= 3.23(3)(73)(16)(0) MeV (3)

Weak decays of particles containing heavy quarksWe are engaged in a long term effort with
the Fermilab Lattice Collaboration to study the decays andngs of pseudoscalar mesons with
one light and one heavy quark. Strong interaction effecteptonic decays are characterized by
decay constants, in semi-leptonic decays by various fogtofs, and in the mixing of neutral
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Figure 6: The form factor for the semileptonic deday- 1dv. The solid line is the lattice predic-
tions and the plotting symbols experimental results.

particles with their anti-particles by bag parameters. Vélees of these quantities f& andBs
mesons, which contain heatyquarks, play a critical role in tests of the Standard Modat ttave
been a major focus of the experimental program in high enphygics for a number of years.

If the accuracy of lattice calculations can keep pace withititreasing accuracy of the related
experiments, there will be important opportunities to pleartests of the Standard Model and
search for new physics beyond it. At the same time, the demagtants and form factors Bfand

Ds mesons, which contain heagyquarks, have been measured to high accuracy by the CLEO-c
Collaboration and other experimental groups. Since thedéatechniques for studying mesons
with ¢ andb quarks are identical, these experiments provide an exdteallgoortunity to validate

the lattice approach, as well as to make further tests of tiwedard Model.

In 2005, we and our Fermilab collaborators predicted théolsp decay constants of tHe™
and Ds mesons to befp+ = 201+ 34+ 17 MeV and fp, = 249+ 3+ 15 MeV, where the un-
certainties are statistical and systematif][ Shortly thereafter, an experiment by the CLEO-
¢ Collaboration foundfp+ = 223+ 16:*5 MeV [11], and one by the BaBar Collaboration gave
fp, = 283+ 17+ 7+ 14 MeV [12]. Thus, within statistical and systematic errors, theres wa
agreement between the experimental results and lattiacticicns. Over the last few years,
however, both the experimental and lattice errors have Ibedaced significantly, and an in-
teresting situation has emerged. The most recent resolts fhe CLEO-c Collaboration are
fp+r =2058+8.9 MeV [13], and fp, = 2595+ 7.3 MeV [14] and fp+ / fp, = 0.793+ 0.040 [14].

We have improved the accuracy of our calculations by pustonigttice spacings as small as
a~ 0.09 fm. Our current preliminary numbers arg;+ = 207+ 11 MeV, fp, = 249+ 11 MeV,
and fp+/ fp, = 0.833+ 0.019, in reasonable agreement with experiment. In the nmeantihe
HPQCD collaboration has publishet the results for their lattice calculation using our Asqtad
gauge configurations and highly improved staggered (HIS@Bnce quark actior8]. They ob-
tain fp+ = 207+ 4 MeV, fp, = 241+ 3 MeV, andfp+ / fp, = 0.859+ 0.008. So, while both lattice
calculations forfp+ are in agreement with experiment, there is a discrepaneydeet the HPQCD
result for fp, and experiment. This discrepancy is even more marked foratien fp+/ fp..
Clearly, it is crucial to continue to improve the precisidrtlre lattice determinations (as well as
that of the experiments), and we are in the process of doing so

In 2004, we and our Fermilab collaborators posted our iniéaults for the form factors of the
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Figure 7: Comparison of lattice and experimental valuesfeariety of hadron masses and split-
tings.

semileptonic decap — Klv [16]. Figure5 compares our prediction with with data from a se-
ries of experiments giving progressively tighter confirimatof our result 17, 18, 19, 20]. More
recently, we have carried out studies of other heavy-liglangjities that are especially important
in constraining the CKM matrix and searches for new physWs. have just completed calcula-
tions of the semileptonic form factors for the dec®ys- v [22] andB — D*lv [23]. Figure6
compares our result for tHeé — 1dv form factor with an earlier experiment by the BaBar Collab-
oration R1]. The B — 1wV form factor is used to extra¢¥,|, which provides a key constraint on
the CKM matrix. The form factor must be calculated on thedatat small pion recoil momen-
tum, a region of phase space where, unfortunately, expataherrors are large. Analyticity and
unitarity constraints are therefore used in a combined fiatiice results and experimental data
over a wide range of pion recoil momeng#]. We obtainedV,,| = (3.38+0.36) x 103, wheras
the Particle Data Group give¥ | = (3.93+ 0.36) x 10~2 from a world average dominated by
inclusive measurements. TlBe— D*lv form factor enables one to determine the CKM matrix
elementVg,. Our result igVep| = (38.74+0.9+1.0) x 103, where the first error is due to the ex-
perimental uncertainty in the — D*/v form factor, and the second is the lattice error. This result
should be compared with the inclusivie £ c/v) determination ofVgp| = (412+1.1) x 1073,
which makes use of the operator product expansion and pattan theory. We note that there is
a slight discrepancy between the two determinations, asdhts important to improve the lattice
determination of this quantity.

The mass spectrum of strongly interacting particles We are calculating the masses of strongly
interacting particles as we generate gauge configurat@sjs\Vith several quark masses and lat-
tice spacings to work with, we can make extrapolations t@thesical light quark mass and to the
continuum limit. Figure7 shows a comparison of several of the lightest hadrons wipleement,

as well as splittings afc andbb mesons calculated by the HPQCD and Fermilab Lattice Collabo
rations using our configurations. The knowandK masses are used to fix the light quark masses.
The cc andbb (Y) masses are shown as splittings relative to tBgrbund state. Th¥ 1S— 1P
splitting is used to determine the lattice spacing.

Strongly interacting matter under extreme conditions We are currently seeking to significantly
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Figure 8: The energy density (squares) and pressure (solid<) on lattices with eight time slices.

improve our determinations of the transition temperatune the equation of state through a new
set of calculations on lattices with six and eight time dic&his project is being carried out as
part of the work of the recently formed HotQCD Collaboratioh which we are member2f)].
Figure8 shows the energy density and three times the pressure astefuaf temperature for the
two different staggered actions being studied by the Hot@oDaboration: Asqtad (red symbols)
and Fat3p4 (blue symbols). Crosses with error bars indit&teystematic error in the pressure
that arises from different integration schemes used to coeip This quantity was calculated with
an average light quark mass that is approximately twice agyhas that in Nature. The excellent
agreement between the two quark formulations, which hdterent finite lattice spacing artifacts,
indicates that the results are close to those of the continile estimate that lattice uncertainties
that arise from finite lattice spacing and quark mass effaet®f order 10%. An accurate determi-
nation of the equation of state is crucial to hydrodynanmeatieling of the expansion and cooling
of the quark-gluon plasma, and we present in R&6] i parameterization of the equation of state
suitable for input for hydrodynamic models of heavy ion isidins.

During the past year we have extended our study of the equatistate of the quark-gluon plasma
for the Asqtad action by including the effects of the charrarfun the quenched approximation.
That is, the charm quark appears as a valence quark, but aatyasmical sea quark. Our results
for the interaction measure, pressure and energy denditythe addition of the charm quark are
shown in Fig.9 where we compare them to the data with three flavors of qudyk @fe conclude
that the charm quark has a significant contribution to theaBgn of state at temperatures higher
than about 225 MeV. It is an interesting observation thapiieshe largeness of the mass of the
charm quark, its effects are pronounced and cannot be aismbtor perturbatively. The equation
of state with the charm quark added is most applicable tottieyf the early universe, since the
time scale relevant to the experimental conditions is tamtsior the charm quark to thermalize
and have a visible effect on the particle data from the heamycollisions. In addition, we have
begun a study of the effects of the bottom quark on the quirrgplasma equation of state.
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with the charm quark added (black) compared with the caseemwlie have only the up, down and
strange quarks accounted for in our calculation (red).
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