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We present the first results for the static quark potential and the light hadron spectrum using dynamical
fermions at3=5.2 using anO(a) improved Wilson fermion action together with the standard Wilson
plaquette action for the gauge part. Sea quark masses were chosen such that the pseudoscalar-vector mass ratio,
mps/my, varies from 0.86 to 0.67. Finite-size effects are studied by using three different voluine 8
122X 24, and 18% 24. Comparing our results to previous ones obtained using the quenched approximation, we
find evidence for sea quark effects in quantities such as the static quark potential and vector-pseudoscalar
hyperfine splitting[ S0556-282(99)00613-X]

PACS numbds): 12.38.Gc, 12.40.Yx

[. INTRODUCTION main aim of this study is to understand the qualitative fea-
tures of dynamical simulations with improved fermions, such
Recent years have seen a lot of progress in understandirgg the sea quark mass dependence of obs_erva_bles, finite-
the spectrum and decays of hadrons using numerical simulyolume effects, and estimates of autocorrelation times. The
tions of lattice QCD(for recent reviews, segl—3]). While comp_lete rem_ov_al 90(@) lattice artifacts is therefore not
much effort has been invested in controlling systematic erour highest priority in this work. Results for the hadron spec-
rors such as finite-size effects and lattice artifacts, the inclulrum obtained with the “correct” values df,, will be pub-
sion of quark loops in the stochastic evaluation of the Feynlished elsewherg18]. . _
man path integral still presents a major challenge. Therefore, 1N€ plan for the remainder of this paper is as follows. In
most simulations rely on the quenched approximation fo>eC: Il we describe the details of our simulation, including
which the systematic errors incurred by neglecting dynami—the |mple_mentat|on _Of the algor!thm and the analysis of au-
cal quark effects cannot be assessed. However reCemcorrelatmns. Section Il contains our results for the static
progress in the development of efficient algorith4$ a{nd q_uark pptenual. The results for the light hadron spectrum and
increased computer bower have areatly increased the rodlscussmns of finite-volume and sea quark effects are pre-
computer po 9 y P'O%&nted in Sec. IV. Section V contains our conclusions. Fi-
pects for s_|mulat|ons with dy”am'ca' quarks_. _Sev_eral gro_up%a”y' in the Appendix A we list our results for hadron
have published results fo_r hadronic quantities in the I|gh asses on all lattice sizes and parameter values.
quark sector and the static quark potential from dynamica
simulations[5-12). At the same time it has been demon-
strated that leading lattice artifacts of orderin physical Il. SIMULATION
observables can be eliminated through the nonperturbative |, this section we fix our notation, describe the details of

implementation of the Symanzik improvement programi,e jmplementation of the generalized hybrid Monte Carlo
[13,14. The nonperturbativelyD(a) improved Wilson ac-  (GHMC) algorithm[19] on the Cray T3E, and give an over-
tion has been determined in the quenched approximatiofie, of the simulation parameters used in our calculation.

[15,16, and first results have also been reportedrfpr2  \yg end this section with a discussion of autocorrelations.
flavors of dynamical quarkgl7]. This enables one to study

the effects of the inclusion of dynamical quarks while having
better control over discretization errors.

In this work we report on calculations of the light hadron  The lattice action can be split into a pure gauge [yt
spectrum using two flavors oDb(a) improved dynamical and a fermionic parSg:
Wilson quarks aj3=5.2. For the improvemer(tlover co- _ _
efficient, we have used,,=1.76, a preliminary estimate S U, ¢, y]1=Sc[U]+ Se[U, 4, 4], @
kindly supplied by the ALPHA Collaboration prior to the
final result cg,=2.017 atB=5.2, presented if17]. The where

A. Lattice action
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1 We now describe the integration schemes used in the mo-
SelU1=8> ( 1-3ReTrU p) (2 lecular dynamics part of the GHMC algorithm. As usual, one
P introduces a set of conjugate momeRtéor the gauge fields
U. The HMC Hamiltonian is then defined as

H=T[P]+Sc[U]+S[U, 4", 4], (6)

is the Wilson plaquette action arg} is defined by

SF[U,lp,lp]:S\é\/[U,l/I, lﬂ]
i K . whereT[ P] is the kinetic energy and we have writt&p in
~Csigy > W(X)o,,F L (X)(x). (3)  terms of the pseudofermion fields and ¢'. HereT[P] is
Xopy related to the evolution operatdf in molecular dynamics
time 7, so that for any given séf andP of gauge fields and
conjugate momenta, respectivgéBRa],

um)
P(r))

Here S is the standard Wilson action ard,, denotes the
improvement coefficient multiplying the Sheikholeslami-
Wohlert term[20]. The bare parameters of the theory are the

gauge couplingﬂ56/g§ and the hopping parameter Here T=
we work with a doublet of degenerate dynamical Wilson

quarks, and hence gauge configurations are characterized Qyyere 47 denotes a finite interval in simulation time. The

the set of parametersB(«;cg,). For a description of the operatorsTp and T, are defined by
GHMC algorithm, it is useful to rewrite the fermionic part of P v

the action in terms of a complex, bosonic pseudofermion Te(d7): U—eld™u,
field ¢. In matrix notation we have

Tp
Ty

U(r+dr)
P(r+d7)

. (7)

. J
SF:¢T(MTM)71¢_2 2 IndetA,, . (4) Ty(d7): PHP—IdTm(SG'FSF). (8
even sites
Since7 represents a numerical integration of the equations of
motion, it does not conservi, but introduces an errak’A.
Myy=Axx— k°Dx A, Dy, (5  Forasingle application df, this error is expected to grow as
a power of the time stedr [24,25:

The odd-even preconditioned fermion mathikis given by

whereD is the Wilson-Dirac matrix ané denotes the matrix
for the Sheikholeslami-Wohlert term. AHoc(dT)9. 9)

B. Implementation of the GHMC algorithm Verification of this relation for a given integration scheme
o provides a check on the correct implementation of the equa-

The main limitation of the performance of the Cray T3E ions of motion. We have compared three integration
is the memory bandwidth. The increased complexity of the?chemes defined by
memory system and the fact that the processors support mul-
tiple instruction issue leads to a loss of performance even for T,=Tp(dn)Ty(d7), (10)
highly optimizedFORTRAN codes. We have therefore chosen
to write key routines IPASSEMBLER, while usingFORTRAN dr dr
90 for less CPU-intensive parts. Less than 25% of the re- TzZTp(—) TU(dT)TP(_>1 (11)
quired run time is spent executif@RTRAN code. 2 2

Using 32-bit instead of 64-bit precision to represent the

fields increases the speed by a factor 1.7. However, this gain _+ (2 at+b

has to be weighed against the degradation of the acceptance Ts=Te(3 dr|Ty(adr)Te 2 dr | Ty(b dr)

rate, reversibility, and the accuracy in the evaluation of the +b

(global energy difference required in the Metropolis accept- <T a dr T (adnT (Ed ) 12
reject step. The last issue has been addressed by evaluating Pl 207 u(@dnTe 2°7) (12

energy differences site by site and performing the subsequent
summation in higher precision. wherea=1/(2—2%%) andb= —2Y¥/(2—2%3). Note thatT,

The inversion of the fermion matrix was performed usingis the standard leapfrog integration scheme. One expects that
the stabilized biconjugate gradieBicGSTAB) algorithm  T;, T,, and T; causeAH to vary as €7)2, (d7)3, and
with odd-even preconditioninf21]. The gain compared to (d7)°, respectively. This can be compared to the values of
using the ordinary conjugate gradient algorithm was 40%obtained from the slope of W+ as a function of Ing7).
Further algorithmic improvements applied in this simulationSuch a comparison is shown in Table I. The numerically
are described if22]. determined values af agree well with the expected behavior

The version of the Cray T3E used in this work consistedof AH for the three integration schemes, and thus we con-
of 96 processors, each capable of 900 MFlops peak speedude that the integration of the equations of motion has been
Using all our algorithmic improvements and exploiting the implemented correctly. In our production runs we have cho-
architectural features of the T3E, we typically achieve sussen an integration scheme which, liKg, is exact up to
tained speeds of 25—30 GFlops on such a configuration. order @d7)3. To this end we define the operators
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TABLE I. Leading variation ofAH for the three integration
schemes considered and measured valuep of

In order to distinguish the bare quark mass used in the
generation of dynamical configurations from that used to
compute quark propagators for hadronic observables, we in-

Scheme dn q troduce the notatiom®®®to denote the hopping parameter of
T (d7)? 1.9824) the doublet of dynamical quarks, while reservir§' for the
T, (d7)? 3.0532) valence quarks. In order to study the dep'ender)ce of observ-
T, (dn)° 5.0586) ables on the sea quark mass, gauge conflguratl_ons hgve been
generated at several values/©f?2 In Table Il we list lattice
sizes, the values o0f**®and«*?, and the number of configu-
J rations.
Te(dr): P—P—idr—Sg, Quark propagators were calculated for every combination
oy of (k%%3k"@) and combined to form hadronic two-point cor-
relation functions. In order to increase the projection onto the
_ d ground state, the quark propagators used to form hadronic
Te(d7):  P—P-id TG SR (13 two-point functions have been “fuzzed” at the source and/or

sink according to the prescription defined[6]. Statistical
errors of observables have been estimated using the boot-
strap procedure described if27] using 250 bootstrap
samples.

and consider the generalized leapfrog integration scheme

dr dr dr\|"_ (dr
TG%TPFTG% TF?
(14
The determination of autocorrelation times is important in

This particular scheme allows for a more efficient evaluationorder to achieve small statistical correlations among the en-
of the derivative ofSg+ S¢ with respect to the gauge field. It semble of configurations and to eliminate the effects of in-
reduces to the simple leapfrog schemererl. In practice, sufficient thermalization.
we have useth=1 or 2. The autocovariance of an observablds defined a$28]
Finally, we note that although the generalized hybrid
Monte Carlo algorithm had been implemented, we have used Fo(1)=((Qs= () (Qsr1—(Q))),
where the subscripts ol label the values obtained on suc-

standard hybrid Monte Carlo algorithm in all production
runs. cessive configurations. In practice, the expectation vatue
is replaced by the ensemble average over a finite number of

configurations. We define the autocorrelation functiof)of

Our simulations have been performed@at5.2. In order by
to be able to study consistently finite-volume effects and the
dependence on the dynamical quark mass, we have used
Csw=1.76 in all calculations described in this paper. The
standard lattice size in this simulation was’¥24 and was and from the large-behavior ofp, one obtains the expo-
chosen such as to guarantee a spatial volume in physicaential autocorrelation time®®.
units of more tharf1 fm)3. Smaller and larger lattices of size
83x 24 and 168x 24 were used to monitor finite-size effects.

dr
T(d 'T) = TF _2
D. Autocorrelations

(15

C. Simulation parameters

po(t)=T'o(1)/T4(0), (16)

_/-EXp
t/7 . t—oo,

pa(t)xe 17

TABLE Il. Summary of simulation parameters and statistics for the computation of hadronic observables.

L3xT B Cew  No. conf. xSea KV
83x 24 5.2 1.76 78 0.1370 0.1370 0.1380 0.1390 0.1395
100 0.1380 0.1370 0.1380 0.1390 0.1395
100 0.1390 0.1370 0.1380 0.1390 0.1395
60 0.1395 0.1370 0.1380 0.1390 0.1395
128x24 5.2 1.76 151 0.1370 0.1370 0.1380 0.1390 0.1395
151 0.1380 0.1370 0.1380 0.1390 0.1395
151 0.1390 0.1370 0.1380 0.1390 0.1395
121 0.1395 0.1370 0.1380 0.1390 0.1395
98 0.1398 0.1380 0.1390 0.1395 0.1398
16°x 24 5.2 1.76 90 0.1390 0.1390 0.1395 0.1398
100 0.1395 0.1390 0.1395 0.1398
69 0.1398 0.1390 0.1395 0.1398
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(a) TABLE Ill. Estimates of autocorrelation times for the average
O T T T T T T T T plaguette for3=5.2, andcg,=1.76 on several volumes.
- >~ 1 &
r \\\\\\ .. - L3XT K582 No. conf. Feum 7P
-1 b \\\ /' . 83x 24 0.1370 4900 >20 35734
= I RN A 0.1380 6700 44+ 13 433
I o[ "N\, =TT N 0.1390 6600 36720 53¢
s [ Y ] 0.1395 11800 >57 8511
i Y ] 12%x 24 0.1370 6000 26" ¢ 29°3
-3k \ . 0.1380 6000 3571° 42*3
C \ e ] 0.1390 5600 52"21 433
r ANV ] 0.1395 5100 51731 51"%
—4g— 0 16% 24 0.1390 3800 38"l 3773
t 0.1395 4200 3218 2743
(b) 0.1398 3000 322 32"2
AU S B B BN B
X - 1 lead to an increase img™. In other words, a plot ofrg™
30 T e /,/ s _ versust ., should ideally exhibit a plateau for large enough
- F 7 et N tmax-
i T //’ " In order to obtain reliable estimates faf*® and 7™,
QE‘/ 20 /.- ™~ 7] autocorrelations should ideally be measured using ensembles
gt ) N . containing many more configurations than the value @t
C RRAY . This requirement is not easy to satisfy in simulations whose
10 ST ~. primary aim is to compute hadronic properties, i.e., for
r G which the calculation of observables requires a non-
N T S negligible amount of CPU time. A convenient quantity to

0 100 200 300 200 500 determine autocorrelations is the average plaquette, which in
our simulations has been measured after every HMC update,
and not only on the subset of configurations used to compute
FIG. 1. Autocorrelations for the average plaquette ohxi24 quark propagators. AIthougi‘flum depends on the quantiy,
and«**%=0.1370.(3) In p({) plotted versus and(b) the cumulative o jntegrated autocorrelation times estimated from the
ﬁﬁ;icgﬁ,?tﬁg tégr?] plotted againtfs, [see Eq.tgl:}rr?)]l The solid plaguette provide a useful guideline for the computation of
puted values for jift) and 7*“™ The dashed hadronic observables
lines represen_t the error bands estimated from a jackknife procedure Examples of our aﬁalysis of autocorrelations are shown in
as described in the text Fig. 1. Here the statistical errors plotted foft) and 7™
were estimated using a jackknife procedure. In order to take
into account the effects of autocorrelations in the error esti-
mate ofp(t) and 7°“™ themselves, the original data for these
aguantities were grouped in bins of sikeJackknife averages
were then formed for varying bin sizes, and by increaging
until the jackknife errors stabilized the error bands in the

max

The slowest mode g, is thus characterized by*?, which

is relevant for the equilibration of the system. By contrast,
the integrated autocorrelation time)' depends on the ob-
servable and is required for the estimation of the statistic
error in{}, once the system is in equilibrium. It is defined by

1 Z 1 = plots were obtained. Figurdd) shows a plot of Iip(t) versus
r}'}‘zEE po(t)= 5t pa(t), (18 t. Herer®Pand its error are extracted from the linear slope at
- t=1 larget using a fitting routine. Figure(b) shows the cumu-

lative autocorrelation time. The central valuersf™ and the

where the latter equality holds singe,(—t)=pa(t). ThiS o e read off in the region wher€"™ shows no signifi-

d_ef|n|t|0n implies 'Fhat statistically mdep_ergdent conflgura-cam variation within statistical errors.
tions for the quantity) are separated by73, . In practice, Our results for*® and 7Y™ estimated from the average

one has to truncate the infinite sum in E48) at some finite 54y ette are shown in Table I1l. One observes a pronounced

Va'“etmaX'Jnt'e resulting, so-called cumulative autocorrela-yenendence of autocorrelation times with the mass of the sea

tion time 7o, quark. In the range o£*®investigated in our study:>® and
1 tmex Mincrease by roughly a factor of 2 as one goes to smaller

=2 S (), (19) sea quar!< masses. Also, a mild volume erendencé’xef
2 = and 7™ is observed, so that autocorrelations appear to be

A slightly weaker on larger lattices. In view of the large errors,
is a good approximation te{)', provided that,,,, has been however, this dependence is not really significant.
chosen large enough so that any further increase does not We have calculated quark propagators on configurations
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AL B L =0.140478, which is reasonably close to the value ob-
5.5, 6 o o saes 7] tained from the scaling analysis of the HMC algorithm.
] The procedure outlined in this subsection has its merits
In N, because many inversions are performed in a typical simula-
1 tion, and thus a statistically significant value fdgg is eas-
i | ily obtained. Strictly speaking, one should only consider the
5 + x o poasses first inversion of the computation of a new trajectory, since
i this is the only one guaranteed to be performed on a physical
- vk, =0.148 + %X 0 DOAsesd . . g . . g
* Koy =0.147 configuration(i.e., immediately after the global accept-reject
[ sx.,=0.146 + x onosses step.
L .k,,=0.145 X
45_ °'Ccm=0~144 + X O DOAded i
: Bxem=0.l43 + x0D0ALSS
- ok_,=0.142 X000 IIl. STATIC QUARK POTENTIAL
I~ * 'ccrlt=o‘l41 + X O00ALGS . . . . .
| tK,,=0.140 +x 600080t | In this section we describe the computation of the static
T T T B | quark potential using our dynamical configurations. The
-3

force between static quarks, calculated from the potential,

-2 -1
In(1/6-1/1) serves to determine the lattice scale using the hadronic radius
ro [29]. Furthermore, we study finite-size effects and inves-

FIG. 2. InNgg plotted versus In(k—1/k¢) for several trial tigate possible evidence for string breaking.

values ofk; for k%%%=0.136 on 13x 24.

separated by 60 sweeps on bothx@4 and 18x 24, and 40
sweeps on 18x 24, respectively.

A. General procedure

The method to extract the potenti&l(r) from Wilson
loops W(r,t) of area|r|Xt is standard. We have used the
algorithm described if{30] to compute “fuzzed” gauge
links with a link-staple weighting of 2:1 and between 10 and

nge we \.N'Sh to report pnefly on a simple ”."ethOd to 20 iterations in the fuzzing algorithm. Using two different
obtain an estimate of the critical value of the hopping param;

eter k. based on the scaling behavior of the HMC algo fuzzing levels, we have constructed x 2 variational basis
crit - 7 H H _
rithm with the quark mass. This method is particularly usefulOf Wilson loops{31] and subsequently determined the eigen

because it can be applied independently of an analysis values and eigenvectors of the generalized eigenvalue equa-

spectroscopy data, i.e., without computing any quark propz(a%-on 33,34

gators at all. We stress, however, that it serves only to obtain
a preliminary estimate ok, whose actual value has to be
extracted from the current quark mass or the quark mass
behavior of the pseudoscalar meson.

Motivated by the idea that the computer time required for
the generation of a dynamical gauge configuration follows arp,e eigenvectoks(r)®, corresponding to(D(r:t,ty) att
scaling behavior near the critical quark mass, we make the. 1, t,=0, was then used to project onto the approximate

ansatz ground stat¢29,32). This combination of{t) turned out to
be a compromise between good projection properties and the
(200  need to avoid the introduction of additional statistical noise.
The resulting correlator was then fitted to both single and
double exponentials for time slices up te 8. As a cross-
where N¢g is the number of conjugate gradient iterations check, we also performed exponential fits to the fuk 2
required to invert the fermionic pai '™ to some given matrix correlator. No significant deviations in the fit param-

accuracy and is a critical exponent. eters as a result of different fitting procedures have been
If the value ofk,;; is known, we expect that INc¢ plot-  observed.

ted against In(Xf—1/k;;) should be linear with slopé.
Conversely, ifxg; is not knowna priori, we can use several
trial values fork,;, taking the value which reproduces the
linear behavior of IlN¢ as the preliminary estimate of the  The computed values of the potenfiflr) can be used to
true kqii. Such an analysis is shown in Fig. 2 fa®®® determine the forcd=(r) between a static quark-antiquark
=0.136 on 13x 24. Here a straight line is obtained between pair separated by a distance: |r|. As discussed ifi29], the
k¢it=0.140 and 0.141. This procedure can be optimized byorce can be matched at a characteristic scgl® phenom-
performing a linear fit of INgg. For instance, on <24  enological potential models describing quarkonia. More pre-
such a fit yieldsc;= 0.140044). This is to be compared to cisely, rq is defined through the relation

the value obtained from the quark mass behavior of the pseu-
doscalar mass described in Sec. IV, which giveg;

E. Scaling of the HMC algorithm and the value of k;

Wi (1,0) (1)) =M1t t) Wi (1, t0) (1),

ijk=1,2. (21)

\ 1 1 ) °
oC
G K Kcrit

B. Determination of ry/a on different volumes

F(ro)ri=1.65, (22)
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TABLE IV. Results forry/a for different lattice sizes and quark RS 1 T T T T T T ]
masses. The lattice spacing was obtained usyig0.49fm. The  ay(r/a) [ }i e o 83x24 ]
first error is the statistical, the second an estimate of the systematic ol r=ba ®123x24 g
error as described in the text. r ® r=5a i x163x24 ]

C i ]
L3xT No.conf. xS rola a[fm] 15 B r=da e : - A
C I» r=3a o Tone g“ : b
83x 24 119 01370 223633 021927374 F o I e
72 01380 2475 74*%  0.1980'%3+18 S - o
75 01390 2.89T° %1% 016953753 [ = r=a - o om e
125  0.1395 37188375  0.1318211 0.5¢ ]
128x 24 123 0.1370 2.294'2%*7 0.2136 % "2 C | | | ]
110 0.1380 25683 3  0.1908 3 % 0-—%137 0138 0139 . 0.4
100  0.1390 3.046 %%  0.16093573, *
103 01395 343533737  0.1426 3319, FIG. 3. Static quark potential for the first six on-axis separations
100 0.1398 3.652°2277, 0.1342 %% rla=1,...,6 plotted against**®for different lattice sizes.

16°x 24 100  0.1390 3.026'%'2° 016191373
90 0.1395 3.444"9+26 0.1423 2430 ferent fitting intervals We note that the systematic error in
79 0.1398 3.651"31714 0.1342 113 ro/a, in particular for smaller values of the sea quark mass,
is dominated by the uncertainty incurred by considering dif-
ferent points in the interpolation step. A summary of our
which corresponds to,=0.49 fm. Equatior{22) can thus be results on all lattices and for all values &f**is shown in
used together with lattice data for the force to extrggta,  Table IV. The configurations on which the potential has been
which then yields a value for the lattice scale in physicaldetermined were separated by 40 HMC trajectories for all
units. This definition has the advantage that one needs tittice sizes and quark masses.
know the force only at intermediate distances. An extrapola- The comparison of results obtained on th&x@4 and
tion of the force to infinite separation, which is convention- 12°x 24 lattices shows that there are pronounced finite-size
ally performed to extract the string tension, is thus avoidedeffects at «***=0.1395, whereas for larger quark masses
Hence the procedure is well suited to the case of full QCDthese effects are small. The presence or absence of finite-size
for which the concept of a string tension as the limiting valueeffects is easily recognized in the values of the potential
of the force appears rather dubious, because the string M(r) itself, as shown in Fig. 3. On the other hand, there is
expected to break at some characteristic distagce remarkable agreement in the data obtained otx1Bt and
Our determination of y/a follows closely the procedures 12°x 24, even at the lightest quark mass considered. This is
described if29,32. We have computed the forég(r,) for illustrated in Fig. 4, where the results of/a on all lattices

orientationsd of Wilson loops according to are plotted against 47°2 Our findings can be translated into
a bound orl/ry, above which finite-size effects in the static
Fye(rp)=d|"V(r)—V(r—d)], (23 quark potential are largely absent at this level of precision.

From our results we infer that the bound is
r?=—|d[Gu(N -G (r—d)] %,

(24 L/ry=3.2, (26)
where G, (r) is the lattice Greens function for one-gluon 4.5 ]
exchange: C ]

ro/a | ]

- P _concn L

CLN=AT| omPast sk 22 o ow ¢ 1624 ]

3.5 i -

This definition ensures thdt(r|) is a tree-level improved ) .
quantity [29]. In our study we have concentrated on “on- 3 % -
axis” orientations of Wilson loops, i.e., whew=(1,0,0). C L B 1
We have obtained estimates igf in lattice units by a local 25 § .
interpolation ofF(r,)r,2 to the point defined in Eq22). We ¥
emphasize that this procedure does not rely on any model | I U ST B R
assumptions about thredependence of the force. 7.15 7.2 7.5 7.3

sea
Systematic errors img/a were estimated through varia- 1/%
tions in the mterpozlatlon stefe.g., by considering a third £ 4. Hadronic scale,/a plotted against ¥*?for different
data point for(r,)ri” besides those which straddle 1}é®d  |attice sizes. The chiral limit is approximately at the left margin of
also by using alternative fitting procedures in the extractiorthe figure. Solid error bars represent the statistical errors, whereas
of the potential(e.g., single or double exponential fits, dif- the dotted error bars denote the linearly added systematic error.
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which, for instance, is still satisfied fok**30.1380 on L L L
83x24. This bound, however, should not be generalized L E: x*2=0.1370
prima facieto other quantities, in particular the spectrum of L 3: x*=0.1380 T T T T T 2
hadronic states discussed in Sec. IV, for which finite-volume ol ¥ Ke=0.1390
effects could well be different. We will return to this point in  wm=0.1395
Sec. IVC. : x*=0.1398
Figure 4 shows that the data figy/a obtained at the three
lightest quark masses dfa=12 and 16 show a linear be- %
havior. We have therefore attempted a linear extrapolation of
ro/a to the chiral limit using the data ak®*%=0.1390,
0.1395, and 0.1398 only, despite the lack of a theoretical I
motivation as to why such an ansatz for the quark mass de -
pendence of 3/a should be valid. Taking into account only
statistical errors irry/a, the extrapolations fob/a=12,16 T

:_ Iﬁﬁﬂnﬁﬁ L%.E h _

(b) ]
PR S T SR T SN SR YT SO | NN SO M n AN NN | BT

0 1 2 3 r/ro

HH B tel 101 bd

V(ry)]*r,
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[V(r)

|
[AV]
I

°o o
LAY

L/a=12: ry/a=4.10+0.06, a=0.122+0.002 fm,
(27)

L/a=16: ry/a=4.15:0.06, a=0.121+0.002 fm.
(28 -0.2

Deviation
o

]
o
-

T

-

Thus the overall box sizes in the chiral limit amount to

1'46(2) fm'for L/a=12 and 1'9&) fm for L/a=16. A com- . FIG. 5. (a) Scaled and normalized potential as a function/of,
parison with data foro/a obtained in the quenched approxi- 45 ghtained on £x 24. The solid curve is the prediction from Eq.
mation shows that our estimates in the chiral limit for (29 (b) Deviation between the data points and E29).

=2 massless quarks @#8=5.2, c,,=1.76 roughly corre-

spond to values aroung=>5.85-5.9 in quenched QCD ¢qrresponding to a broken string. The masses of such static-

[35,36. light mesons have been calculated on®%24 for %2
=0.1390 and 0.1395 using the technique describel@&h
C. Is there evidence for dynamical quark effects? The error bands of this determination are shown as the dotted

We now examine our data for the static quark potentia x> *=0.1395) and dashed**=0.1390) lines in Fig. a).

for possible evidence for the effects of dynamical quarks. In Our data for the potential for distances-1 fm are nei-
Fig. 5(@ we show the potential in units of,, normalized to ther in disagreement with the curve in E9) nor with the

V(ry), for five values ofc*®used on 12x 24. We compare €xpected asymptotic value ofVg™™. In order to check

our results to the expression whether more statistics could help in revealing the flattening
of the potential at large distances, we have computed the
r lo potential on 194 stored HMC trajectories foi*®=0.1395 on
[V(r)=V(ro)]ro=(1.65- e)(a—l) & T 1)' our larger lattice size of £6< 24, but no qualitative change

(29 compared to the data in Fig(& could be detected. Thus
there is at present no conclusive evidence for string breaking
which follows from the standard linear-plus-Coulomb ansatzat length scales up to=1.5fm. There are a number of ar-
for V(r), viz., guments why this is so. First, we wish to stress that the data
points which probe the largest separations in Fig. 5 have
typically been obtained using smaller values o2 for
which the sea quarks may still be too heavy in order to pro-
duce a significantly different qualitative behavior\ér).
and the conditior{22). Hereo denotes the string tension and It has also been argud@] that the Wilson loop used to
we have see= 7/12[37], so that the solid line in the figure extractV(r) does not project well onto states of broken
has not been obtained through a fit. The data at diffex&ft  strings. This has, in fact, been confirmed in simulations using
have been offset by/(ry), whose value was obtained by a bosonic matter fields39,40. In QCD, further investigations
local interpolation of the potential. of this issue are required, in particular for smaller sea quark
In the presence of dynamical quarks, one expects a devignasses. Without a clear demonstration of string breaking, we
tion of the data at large separations from the linear behaviozan only give a rough estimate for the breaking scgtgom
described by the curve in E429), so that the potential in the intersection of the data of the potential with the value
full QCD flattens out due to string breaking. For separationM 32", From Fig. %a), we read offr,=2.6r.
larger than the breaking scalg, one expects that the poten- At small distances, where the potential is dominated by
tial is equal to the mass of two “mesons,” consisting of athe Coulombic part, we find that the expression in E29)
static quark and a light antiquark, i.e., the energy of a statetill describes the data surprisingly well, although the points

V(r)=Vo+ar—§, (30
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FIG. 6. Effective mass plots on a 3224 volume for«*®%= x¥3=0.1398. In(a) the pseudoscalar and {h) the nucleon are shown for
different fuzzing combinations, i.e., F®), FL (<), LF (O), and LL (X).

obtained for the three lightest quark masses have a tendency IV. HADRON SPECTROSCOPY
to lie somewhat below the curve at the smallest separations.
This is h|ghl|ghted n Fig. .Eb) where th_e de_V|at|0n between hadron spectrum. The simulation parameters used have been
the data points and E9) is plotted. It implies that the data | .
at small distances and quark masses seem to favor a Iarg%"rSCLISSEOI in Sec. 1l C.
value fore compared t®= 7/12 in the pure gauge theory, as _ -
has been observed also[B]. This qualitative observation is A. Analysis and fitting procedure
consistent with the expected influence of dynamical quarks The amplitudes and masses of hadrons are obtained in a
on the short-distance regime of the potential throughrthe standard way by correlated leggt-fits of the correlation
dependence in the running of the strong coupling constant.functions. The fitting function used was different for mesonic
However, if one wants to quantify the changegnone  and baryonic channels. In the mesonic case, we have taken
should take into account the lattice Greens funct@®(r) into account the backward propagating particle on a periodic
for one-gluon exchange in order to account for lattice arti-Hattice by fitting to the function
facts at small distances. iif,/r in the last term of Eq(29) is
replaced byr,G, (r), the observed deviations forr,<0.8 Cu(t)=Ag(e” Mot +eMolT=Y) + A (e M+ eMiT-Y),
are slightly smaller, but still significant. At every value of (32
%% we have translated the difference between the dat
points and the theoretical predictiqusing Eq.(29) with
r/rq replaced byr G, (r)] into an estimate for the favored
value ofe. At «°°3=0.1398 we estimate that the enhance-
ment ofe over its value in the bosonic string model amounts Cg(t)=Age Mol+Ae™ M, (33
to about 7%.
This is only a crude analysis of sea quark effects in théVe have computed hadronic two-point correlation functions
short-distance part of the potential. In principle, these effectsvith different combinations of “fuzzing’{26] both at source
on the running coupling could be probed by computing theand at sink: we denote as FF the correlator fuzzed at source
coupling constant from the force according to and sink, FL fuzzed only at source, etc. We have found that
the FF correlator allows the fastest isolation of the funda-
mental state, even in the case of the lightéstin which the
effect of fuzzing is most important. To illustrate this point,
we show in Fig. 6 the effective mass plots of the pseudo-
and comparing its scale dependence to the two-loop pertuscalar and the nucleon far®®%= x'3=0.1398 on a 12x24
bative 8 function for n;=2. In view of the many caveats volume. We conclude that the effect of fuzzing is quite sig-
concerning our present data, such as the fairly large lengthificant compared with the LL case, as also found in the
scales, the relatively heavy sea quarks, and the lack of quenched approximatidd2]. We have fitted simultaneously
continuum extrapolation, we have not seriously attemptedhe LL and FF correlators to a double exponential functional
such an analysis at this stage. form, using the difference between the correlators to control
To summarize, as far as the issue of string breaking ishe first excited state.
concerned, we find no hard evidence for the effects of dy- The quantity x>/ Npe used to monitor the quality of a
namical quarks for distances up to 1.5 fm in the static quarlcorrelated fit is known to suffer from a systematic bias,
potential. However, there are indications of a qualitativelywhich depends on the degree of freedom and the statistics
different behavior in the Coulombic range at small distances|41]. We have implemented the technique of eigenvalue
which is hard to quantify and corroborate with the presensmoothing[41] in the computation of the correlation matrix
data. to take this bias into account. We have performed a “sliding

In this section we describe the computation of the light

@/hereAi , m;, i=0,1, are the amplitudes and masses of the
ground and first excited states. In the baryonic case, we have
used

3 2
a(r)EZF(r)r (31
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FIG. 7. Effective mass plots for the pseudoscéyr vector(b), nucleon(c), andA (d), on a 12x 24 volume for all values 0k The
effective mass has been calculated from the FF correlator a¥ft) «'?. Solid lines denote the fitted value of the mass, obtained from a
simultaneous fit to the FF and LL correlators. The dashed lines denote the error band, and the length of the lines indicates the fit interval.

window” analysis, fixing the maximum value of the fit in- In the tables given in the Appendix, we summarize the
terval, i.e.,tma=11, and varying,,, to monitor the optimal results for the hadron masses obtained on the different vol-
interval. The stability criterion we have used is that the hadumes. We give the masses both in lattice units and in units of
ron mass should not change appreciably,asis changed by o, the latter being more significant in the comparison be-
one unit. The value of,,, has been determined for each tween different volumes, as it compensates for the sea quark

different combination ofcSe2and «"@" dependence of th_e lattice spacing. _
In Table V we list the values of the mass ratio of pseudo-

scalar and vector mesomses/m,,, obtained fork"3'= x3¢2
which is a measure of how heavy our dynamical quark

In a numerical simulation with dynamical fermions, the masses are relative to the real up and down quarks. Given
parameters®and ' are distinct and each set of configu- that our lightest sea quark produaess/m,=0.67, we con-
rations generated for differemt®*?is independent. We have clude that the sea quarks used in our simulation are still
performed the analysis of the hadron spectrum for each fixetelatively heavy.
value of x*¢2 At an intermediate level, these simulations can A useful quantity is the critical value of the hopping pa-
be thought of as “pseudoquenched,” which come closer taameterk.,;;. Here we have used our data for pseudoscalar
the description of the real world as the sea quark mass apnesons, computed for'®= «®3and determinea.,; from a
proaches its physical value. There is another rleason why wWigt

H H H al
e A ot TABLE V. Ratomm, for ™00 et lrest
. . . tice sizes.

the valence quarks, in particular the strange, in the sea of
light quarks, i.e., the up and down.

B. Dynamical spectrum

. . L=12 L=16
In Fig. 7 we show the effective mass plots on &%24 sea / /
K Mps/ My Mpg/ My
volume for the pseudoscalar, vector, nucleon, @ndob-
tained fork®%= V. The pseudoscalar shows a clear plateau 0.1370 0.855'%
at all values of the hopping parameter, whereas for the vector ~ 0.1380 0.825¢
the plateau becomes more unstable at the lightest quark  0.1390 0.785"4 0.785'%
masses. In the baryonic channels, on the other hand, the pla-  0.1395 0.710°19 0.719°],
teaux are, as expected, more fluctuating and we require a  (.1398 0.674'3, 0.670'19

longer lattice in the time direction.
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2_ = . . .
(ampg“=aB(amy), (34 as the particles have zero decay width, as in the quenched

approximation, but is no longer feasible in the dynamical

where case in which the is not stable. Hence it desirable to avoid

1/ 1 1 extrapolations to the chiral limit, whenever possible. With
My=my(1+bynamy,), amq=§<@a— —) (35)  this viewpoint, it has been proposed [i44,45 to extract
K Kerit physical values from the region of the strange quark.

Since b, has not been determined nonperturbatively, we

have used its perturbative expression at one [@d: C. Finite-size effects in the spectrum
5 As already mentioned in the Introduction, one of the aims
bp=—5—0.0962;. (36)  of this study is to acquire experience of the systematics in

dynamical simulations with improved fermions, even if the

We considered this choice sufficient for our purposes, giver?(a) effects are not entirely removed. One important feature
that the value foc,, used in this study does not completely to address is the presence of finite-size effects in the spec-
remove the leading cutoff effects. For every lattice size welrum, which determines the volume at which we can reliably

fitted the three most chiral points to E@4), and the results carry out the calculation. Finite-size effects in dynamical
for kg are simulations of hadronic spectrum with Wilson-like fermions

have not been studied in great detail. The only results are
L/a=8: kg;=0.140475, (37)  those of the SESAM andxL Collaborations with an unim-
proved fermionic action, exploring volumes 632 and
L/a=12: kei=0.1404G 3, (38) 243X 40[11]. It is thus important to study and quantify these
effects using arD(a) improved action.
L/a=16: Kcm=0-14043§- (39 In Figs. 8 and 9 we show the volume dependence of the
meson and baryon masses, in unitsrgf as a function of
As an aside, we remark that the results fqy; obtained 1/« for k5% k"3, It confirms the behavior already found
usingb,,=0 in Eqg. (35 are entirely compatible with these in the study of the static quark potential. That is, we find
values within errors. pronounced finite-size effects betweetx®4 and 12x 24,
Traditionally, the way to make contact with the physical which can grow up to 15—-17% in the mesonic sector and up
values of the light hadron spectrum in quenched simulationto 25-28 % in the baryonic sector, as we move towards the
has been to extrapolate the masses, obtained at several valuesst chiral point. On the other hand, betweeri»24 and
of «, to the chiral limit. For example, the lattice spacing has16°x 24 we find no significant discrepancy within statistical
usually been determined by extrapolation of the vector masaccuracy at all common values of the quark mass. From the
and the physical value ah,. This approach is safe as long similarity of the finite-size behavior of meson masses and the

034507-10
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tities.

D. Sea quark effects in the spectrum

The parameted has been introduced {#4] as a way to
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=0) are taken fronj46].
static quark potential discussed in Sec. Ill, we conclude that

the bound, Eq(26), is also valid for simple hadronic quan- wjth the quenched result 88=5.7 andV=123x 24 [46].
The values ofJ, obtained by either fixingmgs/myg or

mg/m,,

FIG. 11. Vector mass plotted against the pseudoscalar mass for
V= 12X 24 for several sets of different sea quark masses. Asterisks
denote the experimental points. The quenched reflaleled «*¢?

show no appreciable trend towards the experimen-

tal point as the sea quark mass decreases. However, a reliable

and precise evaluation of is becoming more difficult for

quantify the discrepancy between the quenched spectrum amcreasmg sea quark mass; the statistical error in the slope
drn\,/dmPS gets rapidly larger, and furthermore the value of
J is increasingly dependent on the set of valence quark

experiment. It is defined as

dmy,

J=m
“* dmps

and has the attractive feature that it is dimensionless, do
not involve extrapolations to the chiral limit, and is indepen- l

dent of the quark mass value chosen to evaluate it, prowdeog
thatm,, depends linearly onmPS The only physical predic-
tion sacrificed to calculaté is the ratiomgs /m¢=1.81. In

(40)

masses used in its determination. Where necessary we have
included this dependence as a systematic error, which has

been added in quadrature to the errors shown in Fig. 10. We

conclude that although a clear trend towards the phenomeno-
e]ccigical result forJ is not observed, the deviation for the
htest sea quarks is less significant.

Another way to look for dynamical quark effects in the
light hadron spectrum, which does not involve any fitting, is
to concentrate directly on the plot of the vector mass versus

the (m3smy) plane, this corresponds to a parabola, the inthe pseudoscalar mass squared. This is shown in Fig. 11. As
tercept of which with the linear interpolation of the stimu- the sea quark mass is decreased relative to the valence quark

lated data yields the pointrz,mg«) of strange mesons. An mass, one observes a significant, albeit small, trend of the
alternative way to determingd is to use mesons with full

strange valence quark content, by assuming thatzthés

purely ss and thatm,/m,, =1.49.

We emphasize that a realistic evaluationJoih the dy-
namical case is not straightforward. As pointed out4], it
would not be appropriate to compare meson masses obtained
using different dynamical quark masses as the lattice spacing
a depends on the sea quark mass. Our approach has been to 5~
fix the sea quark mass and for each sea quark consider dif- > 3
ferent valence quark masses. Ideally, since we are looking to %
interpret the valence quarks as having strange flavor in the
sea of light quarks, we would need to consider values of
k"3< k%23 With our present data set, this is only possible at
the most chiral sea quark masses. However, since even our

1 k%ee=0

: k%2=(.137
: k*2=0.138
: x22=0.1395

5
o
;-.04_
2_
E [

| &

>:.

E Tl

I— O
2

lightest sea quark mass is in the region of that of the strange
qguark, we do not expect the values bto be significantly

closer to the experimental value & 0.482), compared to

the quenched approximation.

4

(mpsr,)?

[o=]

FIG. 12. Hyperfine splittingfiyr,)2— (Mpg )2 plotted against

(mpg o)? for V=122 24. The quenched results %= 0) are taken
In Fig. 10 we show the values af and compare them from [46].
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TABLE VI. Pseudoscalar masses of824, in lattice units and
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TABLE VIII. Pseudoscalar masses on®¥624, in lattice units

in units ofryg. and in units ofrg.
L3XT  g%a v MpR Med o Fit  x*Npr L3XT k%@ @ mpa Med o Fit  x*/Npe
8%x24 0.1370 0.1370 1.119'§ 2.502'%] [6,11] 12.70/6 16°x24 0.1390 0.13900.701"% 2.120°3 [6,11] 10.62/6
0.1380 1.059°% 2.368% [6,11] 12.77/6 0.1395 0.660°5 1.998'2% [6,11] 9.31/6
0.1390 0.997°2 2.229';7 [6,11] 13.20/6 0.1398 0.635°% 1.922°%) [6,11] 8.34/6
0.1395 0.9655 2.158% [6,11] 1357/6  16°x24 0.1395 0.13900.610'F 2.101°% [6,11] 7.04/6
8%x24 0.1380 0.13701.011°3° 2.502°% [5,11] 14.94/8 0.1395 0.564 1.942°% [6,11] 3.05/6
0.1380 0.945°3' 2.339°(; [5,11 13.28/8 0.1398 0.537'3 1.848'3% [7,11 2.99/4
0.1390 0.874'3% 2.164'(7 [511 7.26/8 16°x24 0.1398 0.13900.551"2 2.011°3% [7,11] 10.66/4
0.1395 0.840';* 2.078°% [5,11] 7.50/8 0.1395 0.502"2 1.834'3; [7,11 8.48/4
8%x24 0.1390 0.1370 0.870°7 2.514'3% [6,11] 8.14/6 0.1398 0.4682 1.707'3; [7,11 6.02/4
0.1380 0.799':° 2.309°;) [6,11] 8.18/6
0.1390 0.726';' 2.099'3 [5,11] 10.24/8
0.1395 0.686'1* 1.982°33 [5,11 10.86/8 in spite of the closer proximity of the data at smallei®®
83x24 0.1395 0.13700.786', 2.924'8 [6,11] 9.70/6  relative to the experimental point.
0.1380 0.710°%, 2.640°2 [6,11] 10.75/6 At this stage it is hard_to quantify the observed shift and
0.1390 0.642°15 23878 [511 15.07/8 to disentangle the genuine sea quark effect from residual
0.1395 060317 22428 [411 17.30/0 lattice artifacts, which could be fairly large in these simula-

meson masses towards the poinﬁ,g,m(ﬁ), i.e., the pair of

tions. A suitable approach would be to monitor dynamical
quark effects at fixed lattice spacing. Starting from the
quenched approximation and going to ever lighter sea quark
masses, one would have to perform a sequence of simula-

mesons, whose valence quark content resembles MOgfns which are matched such that they all reproduce the

closely that used in our simsgalstion. Concentrating on thesame value of a suitable lattice scale, erg.[47]. Results
lighter sea quark mass, €.g,”*=0.1395, we can assert a || pe published in a future publication, using the fully
significant shift compared to the quenched resuli3&t5.7

andV=12°x 24[46]. Figure 11 also shows that the slopes of
the data sets at fixed**?show little variation. This explains

O(a) improved action for dynamical and quenched simula-
tions[18].
Another quantity, which can be used to highlight the ef-

why we do not observe much improvement in the valug,of fects of dynamical quarks, is the vector-pseudoscalar mass

TABLE VII. Pseudoscalar masses on3¥24, in lattice units

and in units ofrg.

Ksea

L3xT

Kval

MpA

Mpd'o

Fit

X2/NDF

128x24 0.1370

128x24 0.1380
128%24 0.1390
128x 24

0.1395

122x24 0.1398

0.1370 1.108'3
0.1380 1.047°3
0.1390 0.983'%
0.1395 0.950°%
0.1370 1.000°3
0.1380 0.936°3
0.1390 0.869%
0.1395 0.834'3
0.1370 0.858'%
0.1380 0.785'%
0.1390 0.707°3
0.1395 0.669'3
0.1370 0.775'%
0.1380 0.699'5
0.1390 0.615'§
0.1395 0.558¢
0.1380 0.639'}
0.1390 0.551°%
0.1395 0.492°%
0.1398 0.476'3,

2.541°%3
2.402°52
2.255'%%
21792
2.569'35
2.404°%
22323
2.142°3
2.613 3%
23918
215533
2.037°%2
266233
2402 %
21123
1.916 38
2.332'3]
2.011°%
1.797°3%
1.738°¢]

[6,11]
(5,11
[5,11]
(5,11
[6,11]
(6,11
[6,11]
[6,11]
[7,11]
[7.11]
[7.11]
[6,11]
[7,11]
[6,11]
(6,11
[5,11]
(7,11
[7.11]
[6,11]
[6,11]

9.93/6
11.18/8
11.65/8
11.83/8
10.41/6
10.79/6
11.37/6
11.56/6
5.93/4
4.16/4
2.69/4
16.86/6
21.46/4
26.14/6
19.70/6
8.96/8
3.63/4
2.09/4
3.41/6
8.14/6

splitting. It is well known that lattice simulations fail to re-
produce the experimental fact that this hyperfine splitting is
constant over a large range of quark masse§—mag
=0.55Ge\f. The discrepancy between the experimental and

TABLE IX. Vector masses on 8<24, in lattice units and in
units ofry.

L3XT gs&a v mya myro Fit  x%/Npg
8°x24 0.1370 0.13701.3053' 29173 [7,11] 5.82/4
0.1380 1.257°3% 2.810°% [7,11 5.09/4
0.1390 1.209'%* 270335 [7,11] 5.27/4
0.1395 1.185;* 2.650°2% [7,11] 5.78/4
8°x24 0.1380 0.13701.190°%* 2.946'3 [6,11] 7.30/6
0.1380 1.140°;° 2.822'% [6,11] 7.68/6
0.1390 1.090°° 2.697°%% [6,11] 9.02/6
0.1395 1.064';) 2.634% [6,11] 10.05/6
8x24 0.1390 0.13701.045°3%° 3.022°7; [7,11] 5.21/4
0.1380 0.998:° 2.885'%% [6,11 6.49/6
0.1390 0.944°13 2.730°% [6,11] 4.66/6
0.1395 0.918'2) 2.653'% [6,11] 4.08/6
83x24 0.1395 0.13700.961°3° 3.573' 73" [7,11] 12.79/4
0.1380 0.917°3* 3.411°32? [6,11] 11.80/6
0.1390 0.874°3* 3.251°%%° [6,11] 11.01/6
0.1395 0.850°3° 3.159'2* [6,11] 11.17/6
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TABLE X. Vector masses on £X 24, in lattice units and in TABLE XII. Nucleon masses on®x 24, in lattice units and in

units of rg. units of rg.
L3XT %8 v mya myro Fit  x%/Npg L3XT  g%a v mya Mo Fit  x%Npg
12224 0.1370 0.13701.296'% 29732 [7,11] 3.85/4 8°x24 0.1370 0.13702.094'}2 4.681'12% [6,11] 14.59/6
0.1380 1.249°% 2.866'% [7,11] 4.17/4 0.1380 2.020°{% 4.517°33* [6,11] 13.29/6
0.1390 1.202'% 2.757°% [7,11] 4.77/4 0.1390 1.945'15 4.349'32* [6,11] 12.07/6
0.1395 1.178. 2.703% [7,11] 5.19/4 0.1395 1.907°3] 4.264 332 [6,11] 11.54/6
12°x24 0.1380 0.13701.185% 3.043'3 [7,11] 24.88/4 83x24 0.1380 0.13701.926'1; 4.768'15; [6,11] 11.13/6
0.1380 1.135°; 29153 [6,11] 33.99/6 0.1380 1.830°]) 4.528 178 [6,11] 9.43/6
0.1390 1.084'% 2.78332 [6,11] 28.64/6 0.1390 1.730°3° 4.282°1% [6,11] 7.65/6
0.1395 1.058°; 2.717°'3 [6,11] 25.81/6 0.1395 1.677°%% 4.151"1%% (6,11 6.74/6
12°x24 0.1390 0.13701.016'¢ 3.094' % [6,11] 6.99/6 83x24 0.1390 0.13701.687'% 4.877°13% [6,11 11.89/6
0.1380 0.962°; 2.931'2 [7,11] 14.24/4 0.1380 1.596'3% 4.61333° [6,11 9.77/6
0.1390 0.901°3° 2.746'5; [7,11] 8.29/4 0.1390 1.511°7; 4.368°3° [6,11] 8.65/6
0.1395 0.891°] 2.714°3 [6,11] 36.73/6 0.1395 1.4735 4.259'1%5 [6,11] 8.89/6
12°x24 0.1395 0.13700.930°% 3.195 5 [7,11 29.92/4 8%x24 0.1395 0.13701.606 % 5.971°1i} [6,11] 8.73/6
0.1380 0.867°; 2.980°;2 [6,11] 12.76/6 0.1380 1.535'%; 5.706 133 [6,11] 7.84/6
0.1390 0.814'% 2.796'%5 [5,11] 13.67/8 0.1390 1.46335 5.440°35%% [7,11] 4.81/4
0.1395 0.786'3 2.700';; [5,11] 13.10/8 0.1395 1.397°33 5.1957% [4,11] 9.34/10
12°x24 0.1398 0.13800.791°1° 2.890°55 [7,11] 25.71/4
0.1390 0.735'(, 2685 [6,1L 14.22/6 V. CONCLUSIONS
0.1395 0.725'1% 2.647° ¢ [5,11] 29.11/8
0.1398 0.706'12 2.578% [5,11] 25.26/8 In this paper, we have presented the first results on the

light hadron spectrum and the static quark potential obtained
from dynamical simulations using a@(a) improved fer-
(much lowej lattice determinations ofm3—m3g is partly ~ Mion action a3=5.2. Sea quark masses were chosen such
due to lattice artifact§48]. However, it is widely expected thatmps/my was in the range from 0.86 down to 0.67. The
that the remaining difference, which becomes more provalue ofcg,=1.76 was not appropriate to remove all leading
nounced as the valence quark mass is increased, is due déscretization effects. We wish to point out, however, that at
dynamical quark effects. In Fig. 12 we plot the meson hy-such a lowg value residual lattice artifacts could be rela-
perfine splitting Myr)2— (Mpg o)? versus Mpg o)? for all
values of k*2 The numerical data are compared to the
¢- s splitting. Despite the relatively poor statistical accu-

TABLE XIlII. Nucleon masses on £X 24, in lattice units and in
units ofry.

racy, it is obvious that the numerically determined hyperfine | 31  ,sea  ,va mya Malo Fit  x2/Npe
splitting shows a trend towards the experimental point as the

sea quark mass is decreased. As regards the quantification &¥x24 0.1370 0.13702.053' % 4.710°g; [7.11] 8.29/4

the relative deviation from experiment between the results 0.1380 1.975'%5 4.531°¢; [7,11] 7.97/4

obtained in the quenched approximation and for finite sea 0.1390 1.900°% 4.359°% [6,11] 10.42/6

quark mass, the same caveats apply as for the interpretation 0.1395 1.860°5: 4.267°% [6,11] 9.47/6

of Fig. 11, namely, that the comparison should be performed2®x24 0.1380 0.13701.850'2* 4.752°% [7,11] 4.95/4

for fixed lattice spacing. 0.1380 1.763°% 4528 % [7,1] 4.85/4

0.1390 1.6732* 4.296'% [7,11] 5.56/4

.TABLE XI. Vector masses on £6<24, in lattice units and in 0.1395 1.626'% 4.176'3 [7,11] 6.19/4

units ofro. 12x24 01390 0.13701.604'2 4.886 1 [7,11] 15.34/4

vl . p 0.1380 1.505'% 4.585 33" [7,11] 13.01/4

LXxT % &% ma  mro Pt xf/Ny 01390 13992 42631 [7.11] 10.61/4

16°x24 0.1390 0.13900.893'2 2.702'3% [7,11 14.64/4 0.1395 1.343'71 4.089'7%" [7,11 9.33/4

0.1395 0.863°° 2.610°3% [7,11 14.79/4  12°x24 0.1395 0.13701.434'1) 4.927°%2 [7,11] 13.69/4

0.1398 0.852°' 2.580°3% [4,11] 22.82/10 0.1380 1.335'%) 4.585°%; [7,11 10.29/4

16°x24 0.1395 0.13900.813§ 2.801°% [7,11] 13.43/4 0.1390 1.233'% 4.234'% [7,11] 7.69/4

0.1395 0.785'% 270283 [7,11] 12.70/4 0.1395 1.178'% 4.045% [6,11 5.05/6

0.1398 0.773° 2.664 25 [5,11] 14.00/8 12°x24 0.1398 0.13801.236 2% 4.514"'1%% [6,11] 15.02/6

16°x24 0.1398 0.13900.749'3 2.733% [7,11 2.09/4 0.1390 1.124'23 4.106 39 [7,11 14.30/4

0.1395 0.716' ° 2.614'3; (7,11 130/4 0.1395 1.069°% 3.902°%; [6,11] 14.69/6

0.1398 0.698 15 2.547'3; [7,11] 1.60/4 0.1398 1.031"35 3.765 73" [6,11 14.74/6
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TABLE XIV. Nucleon masses on £& 24, in lattice units and TABLE XVI. A masses on £X 24, in lattice units and in units
in units ofryg. of rg.
L3XT  g%ea @ mya Mo Fit  x*/Npe L3XT k6@ v mya Malo Fit  x%/Npe

16°x24 0.1390 0.13901.345° 3 4.071°3° [7,11] 5.49/4  126x24 0.1370 0.13702.139°2° 4.907'}3 [7,11] 10.07/4

0.1395 1.295° % 3.9181%° (7,11 6.24/4 0.1380 2.071°%" 4.750°,3 [7,11] 10.48/4
0.1398 1.264°3' 3.826 9% [7,1] 6.72/4 0.1390 2.000'5° 4.587';% [7,11 10.97/4
16°x24 0.1395 0.13901.261°%3 4.344°3) [7,11] 13.78/4 0.1395 1.966'2 4.511°%3 [7,11 11.01/4
0.1395 1.205°2¢ 4.149'S% [7,11] 10.92/4 12°Xx24 0.1380 0.13701.9333° 4.963 13" [7,11] 8.07/4
0.1398 1.164°%; 4.010°35 [7,11 9.08/4 0.1380 1.855° 4.763% [7,11 6.26/4
16°x24 0.1398 0.13901.144°3 4.178 13 [7,11] 23.51/4 0.1390 1.773'3 455319 [7,11] 5.89/4
0.1395 1.065 3. 3.888'153 [7,11 19.78/4 0.1395 1.754'7 45043 [7,11 5.19/4

0.1398 1.030°% 3.762°1%9 [7,11] 17.48/4 12°x24 0.1390 0.13701.714° 3" 5.221°33° [7,11] 18.87/4
0.1380 1.630° 4.964 33" [7,11] 16.59/4
0.1390 1.5452" 4.707°33° [7,11] 13.88/4
0.1395 1.502°2° 4.576 33* [7,11] 12.39/4
2x24 0.1395 0.13701.539'25 5285 3° [7,11] 26.22/4
0.1380 1.457°7% 5.005 3, [7,11] 21.69/4

tively large, even after fulD(a) improvement. This question
clearly requires further investigation.

We have addressed the important issue of finite-size eft
fects, which are expected to be larger in dynamical simula-

tions, compared to the quenched approximation. By simulat- 0.1390 137215 47115 [7,11 17.49/4
ing three different lattice sizes for a range of sea quark 0.1395 1.329'% 4.5655; [7,11] 15.43/4
masses, we found that finite-size effects are practically abl2’<24 0.1398 0.13801.373'31 5.016'g5° [7,11] 34.34/4
sent for box sizex =1.6fm and sea quark masses which 0.1390 1.273'3; 4.648 3" [7,11] 27.18/4
give mpg/my=0.67. This is observed in the data for the 0.1395 1.222°32 4.463 121 [7,11] 23.00/4
static quark potential and hadron masses. However, for 0.1398 1.191°% 4.349'1%2 [7,11] 20.55/4

lighter dynamical quarks one would expect that yet larger
volumes are required.

Instead of presenting quantitative results for the light ha
ron spectrum, we have concentrated on highlighting the e . _ A "
fects of dynamical quarks. Although the evidence for stringE*Periment when dynamical quarks are “switched on.
breaking in the data for the static quark potential and for an 1€ results presented here serve as a guideline for ongo-
improved behavior of the parametgremains inconclusive, Nd investigations, which are performed using the f@l{=)
we have detected significant effects due to dynamical quarkdlProved action for two flavors of dynamical quarks, whose
Namely, the Coulombic part of the static quark potential ismasses are closer to the chiral limit than those used in this
enhanced for finite sea quark mass, and the vectorstudy.
pseudoscalar hyperfine splitting moves closer to the experi-

d mental value as the sea quark mass is decreased. Further-
fnore, pairs of (myro,(Mpgo)2) show a trend towards
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0.1390 1.989°13 4.44832° [7,11 4.64/4

0.1395 1.947°% 4.353128 [7,11] 4.75/4 TABLE XVII. A masses on £6< 24, in lattice units and in units
83x24 01380 0.13702.131°%' 52742% [6,11] 16.72/6 ©°f lo-

0.1380 1.9183" 4.747'155 (7,11 6.51/4

0.1390 1.854°3* 4.588'152 [7,11 3.99/4

0.1395 1.831°3 4531"18 [7,11] 3.93/4 16°x24 0.1390 0.13901.599 3% 4.83811° [6,11] 32.43/6

L3XT  gS8@ mya Malo Fit  x%/Npe

8%x24 0.1390 0.13701.790°3" 5.174'15 [6,11] 17.07/6 0.1395 15553 4.704 3% [6,11] 28.16/6
0.1380 1.717°3% 4.964' 13 [6,11] 14.01/6 0.1398 1.532°% 4.6353° [6,11] 25.28/6
0.1390 1.651°3 4.773'137 [6,11] 11.26/6 16°x24 0.1395 0.13901.395 2% 4.805 i1 [7,11] 11.43/4
0.1395 1.621°37 4.687'131 [6,11] 10.62/6 0.1395 1.347°¥ 4.640'35° [7,11 10.63/4
8%x24 0.1395 0.13701.718'¢* 6.389° %2 [6,11] 10.07/6 0.1398 1.318 ¥ 4.538 31° [7,11] 10.20/4
0.1380 1.644°¢% 6.111'2%7 [6,11] 9.26/6 16°x24 0.1398 0.13901.296'2%) 4.733'%1% [7,11] 19.39/4
0.1390 1.5783% 5.866 27 [6,11] 10.38/6 0.1395 1.244°27 4.5411%° [7,11] 17.22/4
0.1395 1.538'13 5.718'%9 [7,11] 7.59/4 0.1398 1.208'% 4.411° %' [7,11 15.52/4
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APPENDIX properly tuned. In such cases we have compared the results
. for the masses to those obtained using an uncorrelated fit
In Tables VI-XVII we list the meson and baryon massesger the same interval. We always found that the uncorre-
for all combinations ofc***and «**, and on all lattice sizes |5teq fit gave results which, within errors, were perfectly
used in the simulations. _ o compatible with those from the correlated fit, while produc-
In the following tables we also list the fitting interval and ing values for y2/Nps which were significantly below 1.
the value OfXZ/NDF_a obtained from a correlated fit to Eq. Thus we are confident that the results presented in Tables
(32) or (33), respectively. Some of the fits produce values ofv|—XVII below are reliable and that a double exponential is
x?/Npe which would normally be regarded as unacceptablyan appropriate model function in all cases, but that correla-

large, even though we are confident that the fit intervals weréons in the data are clearly present.
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