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This report presents a summary of research carried out under the Grant-in-Aid of the
Ministry of Education, Science, Sports and Culture entitled “Development of Research
of the Standard Model on the Lattice using the Massively Parallel Computer CP-PACS”
(Grant No. 09304029). The grant was allocated over a three year period from JFY 1997 to
JFY 1999. The report consists of a research summary, a list of publications, and reprints
of papers.

The research presented in this report was conducted through a collaboration consisting
of the members listed in the Grant and a number of other collaborating researchers,
with the Center for Computational Physics of University of Tsukuba serving as the main
base. Since six researchers of the collaboration were from countries outside Japan, and for
convenience of colleagues in the related fields abroad, the research summary is presented
in English.

We hope that this report conveys the achievements that have been obtained on lattice
field theory with the massively parallel computer CP-PACS, in particular those in lattice

quantum chromodynamics.
March 2000

Yoichi Iwasaki
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1 Overview

This report presents a summary of research carried out under the Grant-in-Aid of the
Ministry of Education, Science, Sports and Culture entitled “Development of Research
of the Standard Model on the Lattice using the Massively Parallel Computer CP-PACS”
(Grant No. 09304029). The grant was allocated over a three year period from JFY 1997
to JEY 1999.

The CP-PACS is a massively parallel computer developed at the Center for Computa-
tional Physics, University of Tsukuba, for advancing research in computational physics.
Its name stands for “Computational Physics with Parallel Array Computer System”. The
development of the CP-PACS started in 1992, and was completed in September 1996.
At that time the theoretical peak performance of 614GFLOPS and the performance of
368.2GFLOPS for the Linpack Benchmark both broke the world record.

The research program reported here aimed to exploit this computational power for sig-
nificantly advancing the study of the non-perturbative aspects of the Standard Model
using the space-time lattice formulation of field thery and numerical simulations. Partic-
ular emphasis was laid on the study of Quantum Chromodynamics that describes hadrons
and their strong interactions based on quarks and gluons.

Numerical studies of lattice QCD have been pursued since the early 1980’s. Conse-
quently there had been much development in these studies, both in breadth and depth.
At the time of the start of the program, however, there remained several fundamental
issues which had not been satisfactorily answered, and are crucial for further progress of
lattice QCD. We have set up the research program with a focus on these issues. Specifi-

cally, the program decided to concentrate effort on the following subjects:
e Light hadron spectrum in quenched lattice QCD
e QCD simulation with two flavors of dynamical quarks
e Finite-temperature phase transition and equation of state
e Domain-wall QCD

In the remainder of this overview, we briefly describe the reasons and the focus of these
subjects. A summary of results obtained through the program will be given in the fol-

lowing chapters.

1.1 Light hadron spectrum in quenched QCD

Deriving the spectrum of hadrons from first principles of QCD has the fundamental im-

portance for establishing the validity of QCD in the low-energy non-perturbative domain,



and also for checking the reliability of numerical methods for extracting the predictions
of QCD.

The first step toward achieving this goal is a precision calculation of the spectrum in
quenched QCD; this is a subject continuously pursued since 1981. Building upon the
large body of work made on this issue over the years, we have made a major attempt at
determining the quenched light hadron spectrum. The principal result from this study
is that the quenched light hadron spectrum deviates clearly and systematically from the
experiment if examined at a precision better than a 10% level. This effort and its outcomes

are described in Sec. 2.

1.2 QCD simulation with two flavors of dynamical quarks

Our study of the quenched light hadron spectrum has clearly pointed toward the impor-
tance of full QCD study including effects of dynamical quark. Exploiting the computer
power of the CP-PACS, we have carried out a systematic attempt at full QCD with two
flavors of light dynamical quarks, to be identified as degenerate u and d quark, treating s
and heavier quark in the quenched approximation. As will be described in detail in Sec. 3
this study involves a number of subjects, both from the computational and physical point

of view:

e Choice of action
Since simulations with dynamical quarks are computationally much more intensive
than quenched calculations, a preparatory study on the strategy to follow in the
actual simulations was carried out. This has led to our choice of a renormalization
group improved action for gluons and the “clover” improvement of the Wilson action
for quarks. Some details of our action choice and parameters of simulations are

described in Sec. 3.1.

e Light hadron spectrum
Once full QCD configurations are generated taking into account effects of sea quarks,
there are a number of interesting physics questions that can be addressed. Whether
the disagreement between the quenched spectrum and experiment is resolved is one

such problem, to which we found affirmative results (Sec. 3.2).

e Light quark masses
Masses of quarks are one of the fundamental constants of nature. A byproduct of
the spectrum calculation is a determination of the masses for u, d and s quarks. The
results turned out to be very interesting; the values predicted through full QCD are
20-30% smaller than those in the quenched QCD. In particular the strange quark
mass in two-flavor full QCD is 90 £ 10 MeV, which is significantly smaller than the



phenomenological value ~ 150 MeV often used in hadron phenomenology. These

results are described in Sec. 3.3

e 7' meson mass and U(1) problem
Another important issue in hadron phenomenology is the mechanism for a large
mass of the 5’ meson. Our results on this U(1) problem are introduced in Sec. 3.4,

where our study of topology is also summarized.

e Sea quark effects in the decay constant of B meson
Physics of heavy b quark is a focus of recent particle physics research, both in
experiment and in theory, as it promises to provide vital information on the question
of CP-violation in weak interactions and possibly into physics beyond the standard
model. Lattice QCD can contribute in this effort by providing the values of b-quark
related matrix elements. The simplest and yet a very important matrix element is

the decay constant of the B meson.

Our full QCD simulation enables us to examine how much the value of the decay
constant depends on dynamical sea quarks. A comparison of the decay constant
for two-flavor full QCD and in quenched QCD was carried out using the same set
improved quark and gluon actions. The results show an increase of 10-20% due to

two flavors of dynamical quarks both with the clover quark action for heavy quark

(Sec. 3.5) and with NRQCD (Sec. 3.6).

e Sea quark effects in the heavy quarkonium spectrum
The question of sea quark effects has also been examined for the spectrum of heavy
quarkonia using NRQCD for heavy quark. A clear signature of such effects were
found for the hyperfine splitting. A large scaling violation was also observed at the
same time, as described in Sec. 3.7. In this section we also describe an attempt at
the hybrid spectrum using space-time anisotropic lattices, and a recent result on sea

quark effects in the spectrum.

1.3 Finite-temperature phase transition and equation of state

Elucidating the physics of quark-gluon plasma is another of the major goal of lattice
QCD. We have made a set of studies in this direction with the improved gluon and
quark actions employed in the zero-temperature full QCD simulations. One such study
concerned the equation of state in the pure gluon sector (Sec. 4.1). The results in the
continuum limit showed a good agreement with that obtained with the standard plaquette
action. This work has been extended to full QCD with two flavors of quarks. As described
in Sec. 4.2, the phase structure for the improved clover quark was explored, and the

equation of state was calculated on an N; = 4 lattice.



1.4 Domain-wall QCD

A difficulty with conventional lattice quark actions is explicit breaking of chiral sym-
metry which is intimately tied with the necessity for avoiding doublers. This is a serious
shortcoming, particularly for simulations of weak matrix elements such as By, for which
chiral symmetry often plays an important role.

Domain-wall QCD offers an interesting possibility to resolve this problem. As a first
step to establish its viability a careful study of chiral property as a function of various
parameters of the formalism, including the size of the extra dimension, has been carried
out. Results of this examination are described in Sec. 5. Work with domain wall is now

extended to calculations of physical matrix elements relevant for CP violation studies.
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2 Light hadron spectrum in quenched QCD

papers: 6-16, 7.1-(5,7), 7.2-(1, 5, 8)
(see Sec. III for reference)

Among various subjects pursued by lattice QCD, deriving the light hadron spectrum
has been regarded as a key issue of lattice QCD, because it would be the most convincing
demonstration on the validity of QCD in the low energy non-perturbative domain. It
would also provide us with confidence when we apply lattice QCD to calculations of other
physical quantities. Accordingly, numerous number of studies have been devoted to this
issue since 1981 when the first attempt to calculate the spectrum was made.

Although lattice QCD formulation provides us with a straight-forward method to derive
the spectrum, it was revealed afterwards that we have to overcome several difficulties to
obtain numerically precise results.

Because of a limitation of computer power, most of studies had to employ quenched
approximation, in which one ignores effects due to pair creation and annihilation of quarks
and anti-quarks. One expects that the quenching error is not so large, because valence
quark models describe qualitatively the observed spectrum. However, it is not known a
priori to what level of precision the quenched QCD reproduces the experimental spectrum
and how quenching distorts it.

In addition, calculations aiming at precise results have to have good control over the
systematic errors which are specific to lattice QCD simulations. The lattice prediction
for the real world can be obtained only after the infinite volume and continuum limit is
taken. Moreover, because computational cost rapidly becomes very large as the quark
mass decreases, one has to extrapolate results obtained at heavy quark masses to the
physical up and down quark masses.

The first step toward the goal of the spectrum calculation is therefore to obtain the
definitive result for the quenched QCD spectrum, by controlling all systematic errors
arising from extrapolations mentioned above. The best work prior to our effort was
obtained by Weingarten and collaborators with the GF11 computer in 1991-1992. Per-
forming extrapolations in terms of quark masses and lattice spacings, supplemented by
corrections from the finite lattice size, they carried out the first systematic calculation
of the quenched hadron mass spectrum in the continuum limit. The results from this
calculation are shown in Fig. 1. The main conclusion was that the calculated spectrum
turned out to be consistent with experiment within one standard deviation, or 1-9 %,
depending on the particle.

In spite of these promising results, we were not quite satisfied. First, the entire spectrum
was not covered as masses of hadrons consisting of non-degenerate quarks were determined
with an assumption on mass formulae for non-degenerate cases. Second, the errors were

still too large to answer the the question in what manner the quenched spectrum deviates

11
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from experiment.

In view of this situation, we have carried out an extensive quenched simulation aiming
to obtain the entire spectrum with a precision reliably better than 5%, thereby establish-
ing the quenched spectrum and simultaneously exploring the limitation of the quenched
approximation. To avoid the assumption on mass formulae, we have calculated hadron
masses for both degenerate and non-degenerate cases.

The strategy we have chosen is to employ the standard method of lattice QCD sim-
ulations, and carry out, as much as the computing power of the CP-PACS allows, a
measurement of hadron masses down to small quark masses at small lattice spacings
employing large lattices and high statistics.

Ingredients of our calculations are summarized as follows. 1) We employed the standard
plaquette gauge action and the Wilson quark action. 2) We employed four lattice spacings
covering the range a = 0.1-0.05 fm, which was pushed closer toward the continuum limit
than the range a = 0.14-0.07 fm used by GF11. 3) We employed lattices with a physical
size of La =~ 3 fm, which is known to be large enough to avoid size effects beyond 1%
level, as compared to La &~ 2.3 fm of GF11. 4) We selected five quark masses ranging over
125 > m, > 23 MeV, reducing the smallest quark mass by a factor 2 from m, ~ 40 MeV
of any previous works with the Wilson quark action. 5) Statistics were much improved.

From these simulations together with detailed systematic analyses, we have succeeded
to determine the quenched QCD spectrum with statistical errors of about 1-2% for mesons
and 2-3% for baryons. All of systematic errors except that due to quenching are smaller
or at worst comparable to the statistical error. In Fig. 2, we show our quenched prediction
for hadron masses which are much better in quality than any previous results.

The results of our calculations cover a wide range of issues in hadron physics. The

12
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3: Strange quark mass in quenched QCD as functions of the lattice spacing.

major results can be summarized as follows.

o A discrepancy between quenched hadron masses and their experimental values is
unambiguously established, with precisions amounting up to 7 ¢ for several particles.
In particular, the hyperfine meson mass splitting (K—K* mass splitting) is about
10% smaller than experiment, irrespective of the choice of input (K or ¢) to fix the

strange quark mass.

e On the other hand, the magnitude of this discrepancy is at most 10%, which is

consistent with theoretical estimations of the quenching error.

o The quark mass dependence of pseudo scalar meson masses and decay constants
is consistent with a prediction of the quenched chiral perturbation theory with the

coefficient 6 ~ 0.1 of quenched singular terms.

e Light quark masses determined from either the vector Ward identity (VWI) or the
axial-vector Ward identity (AWI), differing at finite lattice spacings, converge to a
common value in the continuum limit. (See Fig. 3 for the results of the strange quark
mass.) This behavior is compatible with our expectation that the chiral symmetry

of the Wilson quark action is recovered in the continuum limit.

o The strange quark masses determined with either kaon mass or ¢ meson mass exhibit
a 20% disagreement even in the continuum limit. The discrepancy originates from

the small meson hyperfine splitting, and hence represents a quenching effect.

Our principal conclusion is that the quenched light hadron spectrum systematically

deviates from the experimental spectrum when examined with a precision better than a

13



10% level. The magnitude of systematic deviation due to the quenched approximation
far exceeds those of the other systematic errors and the statistical error. In this sense we

consider that our study has established the quenched hadron mass spectrum.
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3 QCD with two flavors of dynamical quarks

3.1 Choice of action and numerical simulation

papers: 6-(5, 15), 7.1-7, 7.2-(4, 6, 16)

Simulation of full QCD is computationally much more demanding than simulation of
quenched QCD. A rough estimate shows that about a factor of O(100) or more increase
of computer time is needed. This means that even with a TFLOPS-class computer such
as CP-PACS, a full QCD simulation with similar lattice sizes and lattice spacings as our
quenched simulation is not possible. We therefore decided to explore the use of improved
actions designed to have reduced cutoff errors. This allows us to do calculations on coarser
lattices and correspondingly smaller lattice sizes and smaller computational costs and still
remain roughly at the same physical lattice size.

The question, how much the use of improved actions leads to better scaling behavior
had not yet been fully studied in the context of full QCD. As our first project in full
QCD we therefore decided to first do an examination of this question. For this purpose
we compared the influence on improving the gauge and/or the quark action on various
quantities.

For the gauge action we compared the standard Wilson plaquette action with an im-
proved action including a 1 x 2 Wilson loop with a coefficient determined by an approx-
imate renormalization group analysis (RG-action). For the quark action, on the other
hand, we compared the standard Wilson quark action with the so-called clover action,
where we also compared various choices of the clover coefficient csyr. We did a systematic
comparison, using all four possible combinations of gauge and quark actions.

For hadron masses we found the improvement of the quark action and the use of a mean-
field improved cgy to be crucial for better scaling behavior. This finding is illustrated in
Fig. 4. The quality of the rotational symmetry of the static quark-antiquark potential,
on the other hand, was found to depend mainly on the improvement of the gauge action.
Together we found that the improvement of both the gluon and the quark action is
important. This is the reason why we chose to use the RG gauge action and the clover
quark action with a perturbatively mean-field improved clover coefficient for our full QCD
production runs.

Our full QCD simulations were carried out with two flavors of sea quarks, to be identified
with the degenerate u and d quarks, while the strange and heavier quarks are treated in the
quenched approximation. The parameters of the simulations are summarized in Table 1.

For continuum extrapolation we cover the range of lattice spacings a ~ 0.2 — 0.1 fm
and use lattices with a physical spatial extent of about 2.5 fm. It turned out that an
initial run at § = 2.2 results in a spatial size of 2.06 fm which is significantly smaller than

for the rest of the simulations. This run was therefore replaced by another calculation

15



% 1: Parameters in full QCD and quenched simulations with improved actions. The scale

a, is fixed by /o = 440 MeV. Quenched runs have 200 configurations for each /.

Full QCD simulations
lattice  j3 csw  a [fm] La [fm] Keea #traj. m./m, a, [fm]

125x24  1.80 1.60 0.215(2) 2.58(3) 0.1409 6250  0.807(1) 0.289(3)
0.1430 5000  0.753(1) 0.152(2)
0.1445 7000  0.694(2) 0.269(3)
0.1464 5250  0.547(4) 0.248(2)
16°x32 195 1.53 0.155(2) 2.48(3) 0.1375 7000  0.804(1) 0.204(1)
0.1390 7000  0.752(1) 0.193(2)
0.1400 7000  0.690(1) 0.181(1)
0.1410 5000  0.582(3) 0.170(1)
24%x48 210 1.47 0.110(2) 2.64(5) 0.1357 2000  0.810(2) 0.1342(6)
0.1367 2000  0.757(3) 0.1259(5)
0.1374 2000  0.693(3) 0.1201(5)
0.1382 2000  0.571(6) 0.1128(3)
24%x48 220 1.44 0.086(3) 2.06(6) 0.1351 2000  0.800(2) 0.1049(2)
0.1358 2000  0.754(2) 0.1012(3)
0.1363 2000 0704(3) 0.0977(3)
0.1368 2000  0.629(5) 0.0947(2)

Quenched simulations

163 %32 243 x 48

B a, [fm] a, [m] B a, [fm] a, [m]
2.187 0.2079(15) 0.2004(20) 2.416 0.1359(7)  0.1446(18)
2214 0.1977(13) 0.1903(19)  2.456 0.1266(13) 0.1328(13)
2.247 0.1853(9)  0.1807(18)  2.487 0.1206(9)  0.1284(14)
2.281 0.1727(10) 0.1765(20)  2.528 0.1130(9)  0.1206(13)
2.334  0.1577(9)  0.1632(16)  2.575 0.1065(7)  0.1130(11)

at # = 2.1. For extrapolations in the quark mass four values of the sea quark hopping
parameter corresponding to mps/my &~ 0.8, 0.75, 0.7 and 0.6 and five values of the
valence quark hopping parameter k,4; corresponding to mps/my ~ 0.8, 0.75, 0.7, 0.6 and
0.5 were chosen.

Runs were made with the hybrid Monte Carlo algorithm. To speed up calculations
several algorithmic improvements like a higher order discretization scheme for molecular
dynamics or the even/odd BiCGStab algorithm for inversions of the quark matrix have
been implemented.

Measurements of light hadron propagators were made every fifth trajectory. Masses
were extracted from hadron propagators with the standard correlated y? fit. Errors were
estimated with the jackknife procedure with a bin size of 50 trajectories, a choice resulting
from the analysis of autocorrelations.

In order to make one-to-one comparisons between quenched and full QCD results from

16
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simulations with similar parameters, we made additional runs in quenched QCD using
the same improved actions. Simulations were made at 10 values of 3 chosen so that the
lattice spacing fixed by the string tension matches that of our full QCD runs for each
simulated value of sea quark mass and for the chiral limit of 7= 1.95 and 2.1. Ranges of
quark masses were chosen to match the range of valence quark masses in our full QCD

runs. Parameters of these quenched runs are also given in Table 1.

3.2 Light hadron spectrum

papers: 7.1-7, 7.2-(9, 10, 21)

The most interesting result in the light hadron spectrum concerns the value of meson
masses. Fig. 5 shows a comparison of our results in full QCD with the ones in quenched
QCD with the standard quark and gluon action (see Sec. 2) and with improved actions.

Concentrating first on the case for quenched QCD, we found that the results for the
two different actions agree in the continuum limit within error bars. Note that for this
comparison we analyzed the data in both cases in the same way, namely using polynomial
functions for chiral extrapolations. If we did the analysis in the same way as described in
Section 2, using formulae from quenched chiral perturbation theory, our conclusion that
they are consistent is not changed.

An additional feature in the analysis of the chiral behavior of our full QCD data is
that hadron masses depend on both the sea and valence quark masses. We took this into
account by employing combined quadratic fits. The results, displayed in Fig. 5, show
clearly that the discrepancies in the quenched meson spectrum are reduced in two-flavor
full QCD. The remaining difference might be caused by the quenching of the third light

17
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mass.

(strange) quark.

Sea quark effects on baryons are less clear than for mesons. The main reason for this is
that statistical errors for baryons in full QCD are too large to reliably discuss continuum
extrapolations. On the other hand, we find quenched results with standard and improved

actions to be consistent in the continuum limit also for baryons.

3.3 Light quark masses

papers: 7.1-7, 7.2-(8, 9, 21)
Masses of light quarks belong to the most fundamental parameters of the Standard
Model. Because quarks are confined in hadrons, their values have to be indirectly inferred
from hadron masses. This can be achieved within lattice QCD by using the functional
relation between hadron masses and quark masses obtained in spectrum calculations.
We calculated quark masses both in quenched QCD and in full QCD using the spectrum
results described in Sections 2 and 3.2. In Fig. 6 and 7 we show our results for the average
up and down quark mass and the strange quark mass as function of the lattice spacing
and after extrapolation to the continuum limit.
On the lattice several definitions of the quark mass are possible by employing the Ward
identity for axial vector currents (AWI) or the Ward identity for vector currents (VWI).

Due to the explicit breaking of chiral symmetry, different methods give different values at
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finite lattice spacings. We found, however, that they converge toward the continuum limit

and consequently employed combined continuum extrapolations, requiring a unique value

in the continuum. Results after continuum extrapolations are summarized in Table 3.3.

Comparing the results from quenched simulations with the standard action with the

ones from improved actions we found a nice agreement, confirming the universality of the

continuum limit. OQur full QCD results, however, tend to be significantly lower. We found

that two flavors of dynamical quarks reduce quark masses by about 25%.

The strange quark mass can be determined by using either the K meson mass or the

¢ meson mass as experimental input. As can be seen in Table 3.3, the strange quark

mass in the quenched approximations depends on the choice of input, differing by about

20-30%. This is a systematic error of the quenched approximation. The discrepancy is

reduced to a 10% level for two-flavor full QCD.

7% 2: Results for quark masses

myq (MeV)

ms (MeV) (Mg input)

ms (MeV) (M, input)

Ny = 0 standard 4.55(18) 115(2)
Ny = 0 improved 4.4(2) 110(4)
Ny=2 3.5(3) 89(7)

143(6)
132(3)
99(5)
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In full QCD we obtained a quark mass of about 90 — 100 MeV. This is significantly
smaller than previous estimates from phenomenological models. This finding can have a
strong impact on the determination of fundamental parameters of the Standard Model.
A possible implication concerns the magnitude of direct CP-violation, for which recent

experimental results favor smaller strange quark mass.

3.4 U(1) problem and topology

papers: 7.2-18

One of the long-standing problems of QCD is the U(1) problem why the flavor singlet
meson has a mass significantly heavier than the flavor octet mesons and how this relates
to U(1) anomaly and gluon field topology.

Computationally, propagators of flavor non-singlet meson consist of a loop of valence
quark propagator. Propagators of flavor singlet meson have an additional contribution
with two disconnected valence quark loops. Experimentally, the flavor singlet meson n’
is much heavier than the corresponding non-singlet meson 7. This means that, for the
n' propagator, the two-loop contribution should exactly cancel the 7 pole of the one-loop
contribution, leaving the heavy n’ pole. This is a critical test of QCD and can be answered
using lattice QCD.

Calculation of the two-loop contribution requires a large amount of computations. For
this reason only limited results were available before our study. We performed the first
systematic investigation in full QCD including continuum extrapolations.

We first tested two different methods for the calculation of the disconnected propagator.
The first method uses a volume source without gauge fixing. For the second method we
employed a U(1) volume noise source with 10 random noise ensembles for each color and
spin combination. By comparing the results of the two methods we found them to be
consistent with each other. Furthermore we found for both methods the behavior of the
ratio of disconnected to connected diagrams to be consistent with theoretical expectations.

Using the first method, we computed the mass of the flavor-singlet uu + dd meson
in an approximation omitting the mixing with the s3 state. We performed systematic
extrapolations to the physical light quark mass and to the continuum limit, as presented
in Fig. 8. We obtained values which are much larger than the flavor non-singlet pion
mass. An extrapolation to the continuum limit gives m, ;4,7 = 863(86) MeV. In the real
world, the uu + dd state mixes with the s5 state to lead to n(547) and 7'(958) mesons.
The fact that our value is slightly smaller than the experimental value 958 MeV is quite
encouraging. We are planning to extend the study to investigate the effects of the mixing.

In a related study we investigated the topological charge in full QCD. Previous studies
have encountered the problem that topological modes have a very long auto-correlation

time.
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9: Time history and histogram of topological charge at 5 = 1.95.

In our work we employed the field theoretic definition of the topological charge together
with cooling. In a pilot study we showed within pure SU(3) gauge theory that ambiguities
due to the charge definition and the cooling procedure vanish in the continuum limit. As
a side result we obtained the value y; =(178(9) MeV)* for the topological susceptibility,
in agreement with previous studies.

In full QCD we have measured the topological charge only at 3 = 1.95 up to now.
In Fig. 9 we show the time history of the topological charge at two quark masses, the
heaviest and the lightest one. We found auto-correlation times to be encouragely small
even for the smallest quark mass, a fact which might be partly explained by the coarseness
of our lattice. A more systematic investigation of this point is planned by extending

measurements to gauge configurations at other values of the gauge coupling f.
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3.5 B meson decay constant with clover heavy quark action

papers: 7.2-(11, 22)

The accurate calculation of the CKM matrix is an important goal in particle phe-
nomenology. Potentially useful observables are the axial decay constants fg and fg;.
An accuracy of 5 to 10% for these quantities (and their ratio) would constrain signif-
icantly the CKM matrix elements |Vis| (AA? in the Wolfenstein parameterization) and
|Via| (AX?|1 — p —an|) which at present have uncertainties of approximately 55% and 15%
respectively. A determination of the “bag parameter” Bg which tests the accuracy of a
vacuum saturation approximation in B — B mixing is also necessary. Almost all previous
groups have computed these decay constants in the quenched approximation (we refer to
this as Ny = 0 lattice QCD) where the effect of sea quarks have been eliminated. While
the size of the error due to this approximation is debatable for all observables, analytic
calculations indicate that they may be very large in this case. For these reasons it is an
important goal to obtain a more precise measurement of fg, fgs, Bg and Bgs where the
quenched approximation is progressively eliminated.

The CP-PACS collaboration is at present completing a calculation of fg and fgs in the
quenched approximation of lattice QCD and where the effect of two degenerate flavors
of light sea quark on the gluon field are included (referred to as Ny = 2 lattice QCD).
We employ a relativistic formalism that has been employed successfully by a group based
at Fermilab and the JLQCD collaboration in the quenched approximation. This involves

using the same fermion action as the light spectrum calculation but where the operators
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N; =0 Ny =2
fe[MeV]  202(5)(11)  230(6)(13)
f8.MeV]  229(3)(13)  272(6)(16)
f./fs  1.123(33)(8) 1.185(41)(14)

% 3: Results for the decay constants from clover heavy quark action.

and field definitions are redefined and a different meson mass definition is employed. The
current results indicate a significant shift of approximately 15% in the decay constants,
as can be seen in Fig. 10. These results are consistent to within 1-2 standard deviations
of the non-relativistic NRQCD results (see Sec. 3.6). Our present results are given in
Table 3.

In conjunction with experimental data and other lattice data, this can be used to
constrain the CKM matrix. To illustrate the present status of the constraint, we quote an
analysis from a review by Sinya Aoki (paper 7.1-9) in Fig. 11. The parameters AM; and
AM, are proportional to Bgfg and Bp,fg, respectively. The value fg = 210(30)MeV
employed for the anlysis incorporates a higher value of fg for two-flavor full QCD indicated
by our results obtained with clover action for heavy quark and with NRQCD (see Sec. 3.6

for the latter). As one can see, this almost constrains p to be positive.

3.6 B spectrum and leptonic decay constants from NRQCD

papers: 7.2-27

First principles calculations of leptonic B decay constants are important for the de-
termination of CKM matrix elements from BB mixing experiments. Lattice calculations
of the b hadron spectrum provide an important test of the lattice implementation of the
hadrons. For some states, predictions can be made which can help to guide experimental
analysis. CP-PACS is performing the first systematic study in full QCD.

The b quark inside a heavy-light meson can be thought of as essentially non-relativistic.
Non-relativistic formulations, such as NRQCD and the Fermilab reinterpretation of rel-
ativistic heavy quark actions, are useful lattice implementations for heavy quarks where
discretization errors are mass-dependent but dominated by the momentum of the heavy
quark which is small inside the B meson. They are expected to have different systematic
errors, and the CP-PACS collaboration is performing calculations using both heavy quark
formalisms in parallel.

In the calculation using the non-relativistic heavy quarks, we use an NRQCD La-
grangian that is corrected through O(1/M). In the simulation, five heavy quark masses

around the b mass are used. Our light valence quarks are tree-level tadpole-improved
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12: On the left, fg from NRQCD is shown as a function of the lattice spacing. Lines
indicate a constant fit. The filled symbols are the results of the fit; both the statistical
and systematical errors of the results are shown. On the right, we compare fg, from
NRQCD and relativistic heavy quarks, both for quenched and full QCD. The solid error

bars show statistical, and the dashed ones, systematical errors.

clover, at five masses m in the range 0.5ms; < m < 3m;. For the gauge fields, we use
a renormalization-group improved action. Simulations have been done at f = 1.95 and
2.1, for four sea quark masses, each. To enable a systematic study of quenching effects,
we performed quenched runs at similar lattice spacings using the same gauge and quark
actions.

In Fig. 12 we present results for fg from NRQCD as a function of the lattice spacing
(determined from the p mass). For lattices with @ < 0.8GeV™", we assume fg and fg, to
be in a scaling window, and extract our final results using a constant fit in this region.
The results are presented in Table 4, including the statistical and systematic errors. The
latter are taken to include scaling violations, O(a?), O(1/M?), and the uncertainty in the
determination of the strange quark mass.

We observe a systematic upwards shift (~ 15—20%) of fg and fg, with two dynamical
light quarks. For fg,/fB, we do not resolve a significant difference between Ny = 0 and
Ny =2.

The NRQCD results are within the error bars in agreement with the relativistic action,
which corroborates the expectation that the heavy quark discretization errors are under
control. A comparison between fg, from NRQCD and relativistic heavy quarks, both for
Ny =0 and 2, is also shown in Fig. 12.
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Nf 0 N; =2

fa[MeV] 85(5)(15) 220(5)(*37)
fB[MeV] 21(4)(18) 261(4)(*33)
fs./fs 1. 180(16)(+39) 1.190(14)(*1})

7% 4: Results for the decay constants from NRQCD.

3.7 Spectrum of Heavy Quarkonia from NRQCD

papers: 6-9, 7.2-(17,25)

The study of heavy quark systems on the lattice is complicated by discretization errors
from the large momentum scales. To circumvent this problem on conventional lattices,
alternative formulations have been developed, in which the heavy quark propagation is
described by an effective Hamiltonian. For heavy quarkonia there is also a wealth of
experimental data, against which the accuracy of such an approach can be estimated.
The ultimate goal is to devise an efficient non-perturbative framework for first-principle

predictions in heavy quark phenomenology.

Effects of Dynamical Sea Quarks in Heavy Quarkonia

Prior to our work there was little known about the vacuum polarization effects in
heavy quarkonia. Using ensembles of quenched and unquenched gauge field configurations
at several different lattice spacings, we were able to resolve such effects against other
systematic errors. In Fig. 13 we compare the spin-structure in Bottomonium with two
dynamical sea quarks (N; = 2) to the results from a quenched simulation (N; = 0).
It can be seen that the hyperfine splitting is particularly sensitive to this change. Our
investigation has clearly established the need of unquenched simulations to control the

systematic uncertainties in lattice calculations to a similar degree as the statistical errors.

Excited States on Anisotropic Lattices

The coarse dynamical lattices of the previous section are not well suited to resolve
high excitations above the ground state. To this end one needs a much better resolution
in the temporal direction. Among the most interesting states are gluonic excitations of
the ground state, which are predicted by QCD, but which have yet to be discovered in
experiment.

Here we studied non-relativistic hybrid quarkonia on anisotropic lattices with a fine tem-
poral discretization. This approach has led to very accurate first-principle determinations

of spin-averaged hybrid states as well as other excited states with higher orbital angular
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momentum. Using spatially coarse and anisotropic lattices, we could also study other sys-

tematic errors such as mass dependence, relativistic corrections, finite volume effects and

lattice spacing artifacts. In Fig. 14 we present our scaling analysis which demonstrates

an unprecedented control over statistical errors and stability against discretization errors.

Encouraged by those results we extended the formalism to also investigate the spin-

structure of heavy quarkonia on anisotropic lattices. It became clear that the coupling

between spin and gluon angular momentum results in potentially large splittings of up to

100 MeV. Ultimately one should also study dynamical sea quarks on anisotropic lattices.

However, an exploratory study on isotropic lattices shows little quenching effect for the

hybrid spectrum.
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4 Finite-temperature QCD

4.1 Thermodynamics of pure gluon system

papers: 6-14, 7.2-23

At sufficiently high temperatures, the quark-confinement property is expected to be
lost so that hadrons dissolve into the quark-gluon-plasma (QGP). Since such transition
is a non-perturbative phenomenon, understanding QGP transition numerically is one of
major goals of lattice QCD.

An important subject toward this goal is calculation of equation of state, namely the
energy density € and pressure p as a function of temperature T', which is needed in a variety
of phenomenological analyses. As a first step toward this goal in full QCD, we studied the
equation of state for pure gluon system using a renormalization-group improved action.

We employed the integration method for p and the operator method for € — 3p:

o |°
T4

& €e—3p dg
= [ dp'AS =T—AS 1
Bo Bo 5 ’ T4 dT ’ ( )

where 3 is a gauge coupling and AS = N} ((S)r — (S)o) with (S)r and (S), expectation
values of action density S at 7" > 0 and T" = 0 respectively. The energy density and
pressure were calculated on a 16® x 4(N; = 4) and a 32% x 8( N; = 8) lattice. Temperature
scales were fixed through the string tension of the static quark potential \/o.
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Extrapolating the results to the continuum limit (N, = o), we found that the energy
density and pressure are in good agreement with those obtained with the standard plaque-
tte action within the error of 3-4% as shown in Fig. 15. This provides a concrete support
for the expectation that results in the continuum limit are not sensitive to the choice
of lattice actions. We also observed that the energy density and pressure at finite N,
overshoot those in high temperature limit calculated from one-loop perturbation theory.

Understanding the origin of this behavior is reverved for further investigations.

4.2 Phase diagram and thermodynamics for two flavors of dynamical quarks

papers: 7.2-24

In the past full QCD studies of QCD thermodynamics have been made mainly with
the Kogut-Susskind quark action, particularly for the equation of state. In order to test
the reliability of the results, it is important to make a study also with Wilson-type quark
actions. In this study, we present the first result of the equation of state from Wilson-type
quarks.

As the first step, we studied the system for two flavors of quarks on N; = 4 lattices. Since
lattice artifacts in thermodynamical quantities are known to be severe for the combination
of the plaquette gauge and Wilson quark actions. we adopt a renormalization-group (RG)
improved gauge action and a meanfield-improved clover quark action employed in the
zero-temperature simulations.

In Fig. 16, we show the phase diagram at N; = 4. The line of finite-temperature
transition K; denoted by a dashed curve is determined by the Polyakov loop and its
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susceptibility. The shaded region is the parity-broken phase, which is determined by
measuring the pion screening mass. The cusp of the parity-broken phase is located at
Bewsp ~ 1.51.

We studied the scaling properties of the chiral phase transition of two-flavor QCD,
which is expected to belong to the universality class of O(4) spin model. In particular,
we investigated a scaling relation for the magnetization of the spin model, identifying
the chiral condensate defined by axial Ward identities with the magnetization. We found
that the scaling ansatz works well. The best fit is obtained when the chiral transition
point is 3., = 1.47(7). When we directly extrapolate the transition curve K, to the chiral
limit assuming the O(4) critical exponents, we obtain 3. ~ 1.43 — 1.59. These values are
consistent with ., indicating that the cusp locates very close to the chiral transition
point.

For investigation of the equation of state, we adopt the integral method to compute
the pressure p as in our study of the pure-gluon case. The quark contributions to the
derivatives of the free energy are evaluated by the U(1) noise method. In full QCD, the
integration path can be arbitrarily chosen in the parameter space (3, K). We checked
that the result for p is independent of the choice of the integration path. We also found
that the error of the pressure obtained from the integration path along the K-direction is
smaller than that along the 3-direction.

We computed € —3p by the operator method. This method requires the derivatives of 3
and K with respect to the lattice spacing a. We determined these quantities from values

of pseudo scalar (mps) and vector (my) meson masses.
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Figure 17 and 18 show the pressure and the energy density as functions of 7'/7,. at
fixed mpg/my obtained on a 16 x 4 lattice. Here T, is the pseudo-critical temperature
at the same value of mpg/my. The temperature scale is set by my through 7'/T,. =
my (Bp)/my () with 3,. the pseudo-critical coupling.

We found that the pressure for fixed 7'/T,. depends only weakly on the quark mass even
for relatively heavy quark in the range mps/my = 0.65-0.8. For heavier quark masses,
the pressure decreases toward the pure gauge value (dashed line) as expected.

We also noticed that the magnitude of pressure and energy density overshoot the Stefan-
Boltzman value in the continuum at high temperatures. These features are probably a
result of large discretization errors at small N;. Indeed the Stefan-Boltzman values on an
N; = 4 lattice shown at the top-right in Fig. 17 and Fig. 18 are much larger than that in
the continuum limit. In order to remove this discretization error, we have to extend the

simulation to lager ;.
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5 Domain-wall QCD

papers: 6-(7, 13), 7.2-(19,20)
Domain-wall QCD (DWQCD) is a new development employing the domain-wall fermion
formalism for quarks. Domain-wall fermion is a 5-dimensional Wilson fermion with free

boundaries in the fifth dimension, with the action given by

Sow = ZZ[ Z( )o(1+7,)U(n)ib(n + ) + $(n)a(1 = 4,) Ul (n — p)ib(n — p).)

n s=1

+% (E(n)s(1+vs)@’u(n)s+1+ﬂ( )s(1 = 75)tb(n) s )+(M—5) (n)s w(n)sl
— my Z ( ~N.Prip(n)1 + E(n)lpL;’u(n)Ns) , (2)

Here n is a four dimensional space-time coordinate and s is an extra fifth dimensional or
“flavor” index. The fifth dimensional Dirac mass or domain-wall height M is a parameter
of the theory which we set within 0 < M < 2 to realize massless fermion at tree level.
The parameter m; is the physical quark mass. It is important to notice that we have
boundaries for the flavor space, 1 < s < N;, and we assume N; to be even.

At each of the boundaries either the left- or right-handed chiral mode is expected to
be localized exponentially. In the DWQCD the zero mode of domain-wall fermion is
extracted by the “physical” quark field defined by the boundary fermions

q(n) = Prp(n)1 + Prip(n)n,,
q(n) = P(n)n, Pr+ (n): Pr. (3)

where Pg/y, is a projection matrix Pr/; = (14 ~5)/2.

DWQCD would realize exact chiral symmetry in the large N limit if the mixing be-
tween two zero modes at each of the boundaries is suppressed exponentially. CP-PACS
collaboration decided to check whether this property of DWQCD indeed holds, and to
investigate how the explicit chiral symmetry breaking at finite N depends on 3, M and
the choice of the gauge action.

In order to check the chiral property of DWQCD, we examined the pion mass m, and

the anomalous quark mass ms, defined by

(38, (n)P*(2))
(P(m) PP () @

77’L5q =
where

P(n) = q(n)T"ys9(n), (5)
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is the pion operator, and

Ti(n) = %(w(mya(lmm(n)%l—M%Hm—wwm%). (6)

is the anomalous term of the axial Ward-Takahashi identity.
At given quark mass my and the size of the fifth dimension N, these quantities should

behave as

= C -+ aexpl=EN] + yms + O(), @
ms, = Cs + a5 exp[—E&Ny] +ysmy + O(m3). (8)

Here (' = ('s = 0 means that the chiral symmetry becomes exact in DWQCD.

We measure m2 and ms, at both a™' ~ 1 GeV and 2 Gev, employing the plaquette
action and RG improved action for gauge fields and varying my, Ny and M. The result
for m2 for the plaquette gauge action at a™' =1 GeV (3 = 5.65 ) is best summarized in
Fig. 19 . This figure shows that C' # 0 and thus exact chiral symmetry is not be realized
at a=' = 1 GeV for the plaquette gauge action. We found that this conclusion also holds
for the RG-improved gauge action. Therefore we conclude that DWQCD fails to realize

exact chiral symmetry even in the N, — oo limit at coarse lattices at a=! ~ 1 GeV.
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At finer lattices (a™! &~ 2 GeV), on the other hand, the behavior looks different. In
Fig. 20 ms, at m; = 0 is plotted as a function of N,. From this figure it is clearly seen
that ms, at my = 0 decreases exponentially in N, for the RG improved gauge action,
suggesting C's = 0 in this case. However, for the plaquette action, it seems that C5 # 0
though the remaining constant is very small, corresponding to quark mass of less than 1
MeV.

The main conclusion from our study is that DWQCD realizes exact chiral symmetry for
sufficiently fine lattices satisfying a='> 2 GeV, while it does not work at coarse lattices
such as a=!' ~ 1 GeV. The RG-improved gauge action shows improved chiral symmetry.
Accordingly we start to measure weak matrix elements, for which the chiral symmetry is

essentially important, using DWQCD with the RG-improved gauge action at 1/a>2 GeV.
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