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Effect of tree-level and mean-field improvement on the light-hadron spectrum in quenched QCD
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We compute the light-hadron mass spectrunBat5.7 using theO(a)-improved Sheikholeslami-Wohlert
fermion action with two choices of the clover coefficient: the classical valael and a mean-field or
tadpole-improved estimate=1.57. We compare our results with those of the GF11 Collaboration who use the
Wilson fermion action ¢=0). We find that changing from zero to 1 and 1.57 leads to significant differences
in the masses of the chirally extrapolated and strange pseudoscalar and vector mesons, the nudleandthe
also in the Edinburgh plot. A number of other quantities, for exampié,— m,%, J, amg/am,, and
amg+ /am, do not appear to change significantly. We also investigate the effect of changing the lattice volume
from approximately2 fm)® to (2.6 fm)3. We find that the meson masses are consistent to within one standard
deviation and baryon masses are consistent to within two standard deviations.

[S0556-282(97)04803-0

PACS numbds): 12.38.Gc, 11.15.Ha, 14.65.Bt

I. INTRODUCTION O(a?). The Wilson fermion action, on the other hand, has
discretization errors oD(a). Therefore, the first step in the
Theab initio calculation of the light-hadron spectrum is a Symanzik improvement program is to reduce the leading-
major goal of lattice QCD. A calculation of the light-hadron order error of the fermion action to the same order as that of
spectrum giving results in good agreement with experimenthe gluon action. The resulting Sheikholeslami-Wohlert
would be a demonstration that QCD describes long-distancéSW) action[2] introduces an extra operatd?(x), the so-
strong-interaction physics. Furthermore, the calculation is aealled clover term, to the original action, multiplied by a
essential precursor to the calculation of other nonperturbativparameterc:
observables in QCD, such &, Bg, leptonic, and semi-
leptonic decay matrix elements and the moments of the —
nucleon structure function. Lattice calculations are, however, Sow=Si( 1) +at cxr zx: P OX) e, @)
subject to systematic errors from the nonzero lattice spacing,
the finite volume of the lattice, the extrapolation in the Va‘wheres\f\,(K,r) is the standard Wilson action defined as
lence quark mass to the chiral limit, and the quenched ap-
proximation. In this paper, the effects of the first two sources _ —
of error will be examined. S\';\/(K,r):aAZ [ Yty + KE [ (Y= UL (X) ¢y 5,
Symanzik[1] proposed an improvement program for re- X ®
ducing the dependence of observables on the lattice spacing, _
a, by adding to the action higher-dimension operators with — ¢X+;L(y#+r)UT(x)¢;x]] , (2)
appropriately calculated coefficients. This should enable a
more reliable extrapolation to the continuum limit, using data
at larger values of the lattice spacing. Given that the compu"Zlnd
tational effort scales as~® in the quenched approximation, .
the potential savings are considerable. P(x)= __'az F¢ (X)o (3)
The standard gluon action has discretization errors of 2 G MR

Ffw(x) is a lattice definition of the field strength tensor, de-
* Electronic address: H.Shanahan@physics.gla.ac.uk tailed in[3].
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There is a value of the parametey Cponper, Which re- TABLE |. Hadron operators. The quark fields may be smeared

moves allO(a) errors from spectral quantitigd,5]. In this ~ and there is an implicit sum over spatial sites. Lower case latin

paper, we compare the spectrum obtained using the Wilsoyariables indicate color indices.

fermion action €=0) with that obtained using the SW ferm-

ion action with two choices of: the classical valueg=1, State J°  Correlators I' structure
and a mean-field or tadpole-improved estimateCfiperr  Mesons P 0 (P(t)P'(0)) P = yPye
Other approaches to improvement are described in Refs. Vv 1 o -t . ===
[6—10]. <\f1(t) ‘\{1(0» $V1:_¢97¢
The tadpole-improved estimate ofis obtained following (Va(t)-V}(0)) Vo= ¢y yay®
Lepage and Mackenzigll] by replacing the gauge links, . _
U ,(x) by Baryons N 37 (Ny(t)Ny(0))  Ni=eand#*Cysy”)y°
1 (N2()No(0))  No=ean #*Cyaysi®) ¢°
~ 3- A/ — a by ./ c
U, (x)= u—ouﬂ(x) : (4) A2 (AWA0),  A=eand ¢ Cru) Y
We choose

straddle the strange quark mass. On the larger lattice, propa-
gators were calculated using both=1 and the tadpole-
improved value ott=1.57. On the smaller lattice, propaga-
wors were calculated using the tadpole-improved value of
only.
To increase the overlap of the operators with the ground
T state, all of the propagators were calculated using both a
Cc= Mk (6) local source and a Jacobi-smeared source with r.m.s. radius
0 of 2.2a [16]. Local sinks were used for all propagators. The
= propagators were calculated using the minimal residual algo-
- 7 rithm, which is described in detail if8].
Uo The correlators used to extract the hadron masses are

Tree-level theory should then provide more reliable esti—IiSted in Table I; for further details sdd7]. We computed
y " P . meson correlators using quarks degenerate and nondegener-
mates ofc and the critical value ofk which we denote

~ ~ e ~ate in mass, giving three possible mass combinations for

Kerit vyet'takec—'lt qnd ti)g’ew?’“ to be clos:[e to dl'/ts" TQ'S each meson state. Furthermore, each quark propagator can be

prescription maintains (a) Improvement and 1t 1S D€~ gither |ocal or smeared, giving three possible correlators for

lieved that the size of the remaining discretization error WI||eaCh mass combination. However, we computed baryon cor-

be reduced. . . . relators only for degenerate quark masses, using either all
The paper is organized as follows. In the next section w

. . %meared or all local quark propagators. Therefore, for each
outline the computational meth_o_ds. In Sec. I”’_ we e_Xplorebaryon state we have two mass combinations each with two
tEree vallue? of thﬁ ClOGVIflrlc%efﬂc'bem'a.t:mszj _tl)_{] lnclgjdlng types of sources. In order to maximize the sample size, the
the results from the ollaborati¢h2]. The observ- discrete time symmetry of the correlators was utilized and

ables studi_ed are: the and = masses, vector pseudoscalar e gaa fort [0,T/2] averaged with the data @t-t, where
mass splittings, the parameter(proposed by Lacock and T is the temporal size of the lattice

Michael [13]), valencess meson masses, the spin 1/2 and  rpaqe cajculations were performed on the Meiko i860

3/2 baryon masses, and the Edinburgh plot. A study is alSg,,m, ting Surfaces at the Edinburgh Parallel Computing
made of possible finite size effects by computing the SPeCrentre.

trum at a smaller lattice volume, using one value of the clo-
ver coefficient. Finally, in Sec. IV, we present our conclu-

Up=(3Tru)y* 5

Consequently, the effect of tadpole improvement on the S
action is to set

sions B. Fitting
We have performed multiexponential fits of meson corr-
Il. COMPUTATIONAL DETAILS elators to
A. Simulation parameters . Nmax (T )
o 0[M(x,t)MT(0)|0)= >, A,coshm,|=—t|],
Two lattice sizes, 12x24 and 18x 32, at3=5.7, were % (0IM(x,HM7(0)[0) nZO " I'{ "2 )
used, with 482 configurations generated on the former and (8

142 configurations on the latter. We used a combination of
the over-relaxatioNOR) algorithm [14] and the Cabbibo-
Marinari (CM) algorithm [15]. The gauge configurations and baryon correlators to
were separated by 100 compound sweeps, where a com-
pound sweep is defined as five OR sweeps followed by one N
CM sweep. A detailed description of the algorithms used can ity _ _
be found in[3]. % (0IB(x.HB(0)[0) ngo [Brexp(—myt)
Quark propagators were calculated at twwgalues. These b
values were chosen so that the corresponding quark masses +Cpexp(—my(T=1)]. (9
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B, is the amplitude of the state labeled byandC, is that  cluded. The covariance matrix was inverted using singular
of the (heaviej parity partner andh,,=1. value decomposition, without eliminating any eigenvalues.
The following criteria for multiexponential fits have been The bootstrap algorithmj20], using 1000 bootstrap sub-
used: acceptable values for the quality of fi§, and samples, was used to determine the 68% confidence levels,

x%INpg; stability of the result for the ground state mass;regenerating the covariance matrix for each subsample.
agreement between the result obtained using a single- Examples of the multiexponential fits for the pseudosca-
exponential fit and a double-exponential fit; ability of the lar, vector, nucleon, and are shown in Fig. 1 to Fig. 4. We

fitting algorithm to resolve two masses. emphasize that these anet effective mass plots, but plots of
The variableQ, which is a function ofy? andv=Npeis  the mass obtained for a given fixgg,, and varyingt .. In
defined[18] as obtaining results for the smaller lattice, despite having sig-

nificantly larger statistics, it was more difficult to satisfy the
, 1 P el above fit criteria than for the larger lattice. The pseudoscalar
Qv x)= WJ 2/26 t dt. (10 mass was determined using all available smearing types and
X a 2-exponential fit. Fit ranges of 3—12 and 3—16 were chosen
It represents the probability that given normal, random, for the smaller and larger volumes, respectively. In the case
uncorrelated variables, with a mean of 0 and unit variance®f the vector, the high statistics at the smaller volume al-
have a sum of squares which is greater tblénAn accept_ lowed the use of botl maﬂces, listed in Table |, while for
able value forQ lies around 0.5; a much smaller value indi- the larger lattice, only71= ://771// was used. All three differ-
cates that the model used is incorrect, whereas a value apnt smearing types were used in both fits. Fit ranges of 4—12
proaching 1 indicates that too many parameters are beingnd 4—16 were used and a 2-exponential fit.
used. A criterion of stability which we used is that the mass As can be seen in Fig. 5 there is significant second and
obtained does not change noticeably when the minimuneven third state contamination for the nucleon when local
time slice of the fit was changed slightly. The parametersand smeared operators are used in the fit. Hence, only those
were determined by minimizing the? using the Levenberg- correlators calculated with smeared operators, with overlap
Marquardt algorithn{18,19. Correlations between all time onto theJP=1/2" state, were used to determinen, . The
slices, and types of operator for simultaneous fits, were ineontribution of the parity partner of E¢9) was found to be

0.90 |- — L O, X am},Q 3 Exp. fit | -

B 2 X, ¥ amy,Q 2 Exp. fit |

i " )
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0.85— — 1= _|  =0.13843 using local and smeared
| [ o 3 Exponential fit L, | propagators. The arrow indicates
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FIG. 3. amy, amy, and Q
versust,, for c=1.57, 13x 24,
x=0.14077, using only smeared
propagators. The arrow indicates
which fit range was used for the
final result.

FIG. 4. am,, am}, and Q
versust,, for c=1.57, 16x32,
x=0.13843, wusing local and
smeared propagators. The arrow
indicates which fit range was used
for the final result.

FIG. 5. amy, amy, and Q
versustp,, for c=1.57, 13x 24,
x=0.14077, wusing local and
smeared propagators.
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TABLE Il. Pseudoscalar masses at both volumes and values of

c N3X N, Ky K amp Fit range e Npe Q

1.57 12x24  0.13843 0.13843  0.7361 13 3-12 14.8 22 0.872
1.57 1%x24  0.14077 0.13843  0.6384 3-12 15.6 22 0.834
1.57 1%x24  0.14077 0.14077  0.52923! 3-12 17.7 22 0.724
1.0 16x 32 0.14663 0.14663 0.7343 13 3-16 33.9 34 0.474
1.0 16x32 0.14948 0.14663 0.6458 % 3-16 37.1 34 0.326
1.0 16% 32 0.14948 0.14948  0.5462 %5 3-16 43.8 34 0.121
1.57 16x32 0.13843 0.13843  0.7355 13 3-16 43.0 34 0.139
1.57 16x32 0.14077 0.13843  0.6402 % 3-16 44.8 34 0.102
1.57 16x32 0.14077 0.14077  0.5319%] 3-16 53.6 34 0.017

sufficiently suppressed ff,,, was chosen to b&— 1. The fit 1/1 1

ranges, using a 2-exponential fit, were 2—11 and 2—-15. M=o e o) (12)

In the case of the\, the higher state contamination was

not as large as for the nucleqn. Therefore, local and smeare;)g,ihere,(Crit is a priori an undetermined function ¢. We use

operators were used. The fit ranges were 5-11 and 5-1fe standard extrapolation in quark mass for pseudoscalar

with a 2-exponential fit. mesons, neglecting possible logarithmic divergences de-
scribed by Sharpg21]:

Ill. RESULTS

CK —
The masses obtained for the pseudoscalar, vector, (amp)*=b,+ ?‘LO(K %), (12)
nucleon, andA for each value of the clover coefficient and
combination of quark masses, are listed in Table Il to Tablgyhere
V. The larger lattice size corresponds to one used by the

GF11 collaboration with the Wilson fermion action and the C.
samep [12], so that we are also able to compare results for Kerit= - (13
nonzeroc with those forc=0. One expects the effect of K

changingc will be more noticeable at our coarse lattice spac-
ing than at a largeB. The effect of reducing the physical
volume to 13x 24 was also investigated, using the tadpole-
improved SW action.

However, as noted by Bhattachargaal. [22] and Collins

et al. [23], the terms which ar®©(x~2) cannot be entirely
neglected for the quark masses used in this study. A linear
extrapolation in 1# leads to a large?/Npg, as can be seen

in Table VI. An estimate of the systematic uncertainty was
A. Effect of clover coefficient obtained by performing a quadratic fit through the three
masses and a linear fit to the two lightest masses. In all the
cases considered, the deviation from the original linear fit

For small quark masses, the bare mass of a quark on theas greater for the quadratic fit than for the linear fit to the

lattice can be defined as two lightest masses. The systematic error quoted in Table VI

1. The chiral limit

TABLE lll. Vector masses at both volumes and values of

c N3X N, Ky Ky amy Fit range X2 Npr Q
1.57 12x24  0.13843 0.13843  0.938133 4-12 46.2 40 0.230
1.57 12x24 0.14077 0.13843 0.8775 5 4-12 39.6 40 0.488
1.57 12x24  0.14077 0.14077  0.815333 4-12 39.6 40 0.488
1.0 16x 32 0.14663 0.14663  0.8950 5; 4-16 24.2 31 0.802
1.0 16x32  0.14948 0.14663  0.8325 3% 4-16 20.9 31 0.913
1.0 16x 32 0.14948 0.14948  0.7680 5% 4-16 22.0 31 0.882
1.57 16x32  0.13843 0.13843  0.9357 33 4-16 21.7 31 0.893
1.57 16x 32 0.14077 0.13843 0.8743 % 4-16 22.7 31 0.861

157  16x32 014077  0.14077 0.8093 % 4-16 24.0 31 0.811
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TABLE IV. Nucleon masses at both volumes and values.of TABLE VI. Results forx;; (ki in the tadpole improved cage
including the GF11 data at thf3 for comparison. In the case of the
c N§>< N, K1 amy Fitrange x> Npe Q UKQCD data, the first error quoted is statistical and the second is

the systematic shift due to the fit to a quadratic form. The value of

62
157 12x24 0.13843 1.4147% 2-11 20 14 0.999 ¥%Np quoted is for the linear fit.

1.57 12x24 0.14077 1.17413%° 2-11 64 14 0.955

N3X N, c Keri X*INpe
1.0 16x32 0.14663 1.39483% 2-15 20.3 22 0.564 5 "
1.0 16x32 014948 1.16671° 2-15 254 22 o279 12724 157 0.1234805+238 23.0

3

157 16x32 0.13843 142318 2-15 17.6 22 0728 16x32 0O0(GFL) 0-1694023'—: 52 (stay
157 16x32 014077118531 2-15 231 22 o397 16x32 1O 0.153184 55+ 268 4.5

16°x32 157 0.123466 20+ 176 5.5
is conservatively estimated to be the deviation of the qua-
dratic fit from the original linear fit. am, _ %:0 1792 (15

We note that the value fat; is always larger when the am, M, '

quadratic form is employed, regardless of the clover coeffi- . ) ]

cient or lattice size used. Hence, results for other observables Once again, the systematic error due to higher-order cor-

will always be quoted with an entirely positive or negative rections is estimated by quadratically fitting all three masses

systematic error. and performing a linear fit in the two lightest masses. The
As can be seen from Table Vincluding the GF1112] d_eviation due to the quadratic fit was again fo_und_to be con-

data for comparison «.; approaches 1/8 as is increased S|sten.tly larger. An example qf this is shown in Fig. 6. The

from 0 to 1 and thafc.; in the tadpole improved case is resulting values foam, (including the GF1112] datg are

closer still. quoted in Table VII. Having used the ratio of E45) to fix
the normal quark mass, the scale can be determined using
2. Meson masses eitherm, orm,.

In this section, the physical pseudoscalar and vector It is useful to comparen, with the lattice measurement of

. . . . . 2
masses are evaluated by extrapolation and interpolation iR gluonic quantity, where discretization errors b¢a’)

the quark masses to the appropriate physical values. Certa‘f’hnd’ hence, can be expected to be smaller. We choose Som-

input parameters are necessary to do this. In particular, forcr s force parameterg [%‘I]' We can ex.trapolat'e Fhe G.Fll
mesons containing up and down valence quarisich are vf';llues form,rq versusar, - to the continuum limit which
assumed to be degenerate in mass and will be referred ¥jelds

here as “normal’), one may use the experimental values for e |quenched__2 03+0.07 (16)
M, andM, (we apply a convention that experimentally de- P’ 0la=0 ' T

termined masses are labeled with all;” while those cal-  This includes a correction which the GF11 Collaboration

culated on the lattice are labeled with am™). Effectively,  have used to eliminate finite volume effects, which rounds
one of these sets the quark mass while the other sets the

lattice spacing.

. . 1.0
The vector mass extrapolation has the following form:

amy=am’"+cy(amp)®+0((amp)?), (14)

where logarithmic terms due to the quenched approximation 0.9
have been discarded. The constant tarrnlﬁ”t corresponds to
the vector mass in the chiral limit. Following the procedure
outlined by the GF11 collaboration, values afm, and g 08
am, are determined using the physical ratio ©

»
3

TABLE V. A masses at both volumes and values of

; : " 0.7
c  NgXN; K1 amy Fitrange x“ Npr Q

1.57 12x24 0.13843 1.54473; 5-11 83 8 0.409
1.57 12x24 0.14077 1.3564}3> 5-11 3.2 8 0.922

_lllllll||'||lllll‘ll_

0.6

o
<)

02 0.4
1.0 16x32 0.146631.4834° 5-15 11.0 16 0.808 (am,)?

1.0 16x32 0.149481.28123%° 5-15 114 16 0.782

©
o

FIG. 6. am, as a function of &mp)?, N2XN;=16°X32,
1.57 16x32 0.138431.52513° 5-15 104 16 0.845 c=1.57. The solid line indicates the central value for the linear fit
1.57 16x32 0.14077 1.3167°2%9; 5-15 16.1 16 0.445 to all three masses. The dashed line is the quadratic fit. The calcu-
lated value foram, for the linear fit is also quoted.
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TABLE VII. Chirally extrapolated results for the vector and pseudoscalar, at the zero and normal quark
mass limits. The GF11 data at thisis included for comparison. Another value fam, was also computed
by GF11 using a different smearing radius which is approximately 1-2 standard deviations smaller than the
one quoted here. In the case of the UKQCD data, the first error quoted is statistical and the second is the
systematic shift due to using quadratic chiral extrapolations. The valyé/ by quoted is for the linear fit.

NZX N, c am, am™ am, x?INpe
12x24 157 0.1250°13—-59  0.68977—349 0.69697;—327 6.7
163X 32 0.0(GF1) 0.5676+ 79 (stap

16°x 32 1.0 0.111312-56 0.614352—325 0.6208 3¢— 309 2.4
16°x 32 1.57 0.1228323-60  0.67781:2-357  0.685015—336 2.1

the result down by approximately 4%. Assuming thaand  From the condition of Eq(17) and employing Eq(14), one
the string tension,/K are related by ,K=1.18 and inter- can then predicamy fixed fromamy , which we refer to as
polating the available string tension data frgge=5.7—6.5, amg«(amg). Our results foramgx(amy) and the ratio
one findsry/a at 3=5.7 to be 2.94. One can then compare[amg«(amg)]/am, can be found in columns 3 and 4 of
our data form,r, at 3=5.7 as a function ot with the  Table VIIl. We note that the ratigamyx(amy)]/am, at
continuum limit from GF11. These results are plotted as a&=1 is consistent to within 1 standard deviation with that at
function of ¢ in Fig. 7, noting that there are significant dis- c=1.57 and that the central value lies several standard de-
cretization effects in the force parameter @¢5.7 which  viations below the experimental value. There are large sys-
have not been taken into account. There is a clear trend tdematic errors due to the chiral extrapolation at both values
ward the continuum limit as the clover coefficient is in- of the clover coefficient, however, this error is smaller than
creased to its tadpole improved value. the difference between our results and experimental data.
The determination of meson masses containing strang&he discrepancy in this ratio has also been noted-a6.0,
valence quarks requires as input the experimental mass ofwith c=0 by Bhattacharyat al. [22].

strange meson, for exampl®l . With this mass as input, The choice of strange meson is not unique. Instead, one
one can determinamy by requiring: could have fixedamy« from
2 _ Mk _0.643 (17) A _Me 160 18
am, M, 7 am, M, T (18)

and through Eq(14) one can then predi@my fixed from

R L e amgx, which we refer to asmy(amg»). Our results at both
clover coefficients for this mass and the ratio
(=TT T T T e e e ] [amg(amg«)]/am, are listed in columns 5 and 6 of Table

3 T £ VIII. We note that the ratig amy (amg«)]/am, is also con-
20 :________________I _____________ ] stant to within one standard deviation@ss changed from 1
to 1.57 and that the central value lies several standard devia-
tions above the experimental value. However, in this case,
the systematic errors due to the chiral extrapolation at both
values of the clover coefficient are so large that we cannot
demonstrate that these ratios are inconsistent with experi-
ment.

The massam,, of the pure valerﬁg vector state can be
determined similarly, but a valenas pseudoscalarys, is
not observed. However, using an estimatelVb,;S by Lipps

et al.[25], we can estimate the ratio of these masses:

To

< 1.8
E

1.6 © UKQCD

0O GF11

lllllllllllll

1.4 | 1 1 Il 1 | ! ! ! 1 | { 1 l !

(=]
-
N
w

M, amy(ss)
"My amp(ss)

15. (19

FIG. 7. m,r, versusc. Statistical errors on the data points are . . ) _
marked with solid lines. Systematic errors due to the quadratic chi- |t IS therefore possible to determiram,(ss), from Eq.
ral extrapolation are marked, on the data points, with dashed line$14) and Eq.(19) without extrapolating to the chiral limit,
The horizontal lines indicate the continuum limit from the GF11 Which we have seen previously, has large systematic errors.
data(a finite-volume correction has been inclugiealong with the ~ The resulting masses are shown in Table IX.
statistical error of the fit to the continuum. Systematic effects due to  Using the data from the GF11 Collaboration, it is possible
discretization errors im,, which areO(a?) (necessary for the ex- to calculateamy(ss) for c=0 for B=5.7 and the other
trapolation to the continuumhavenot been included. gauge couplings. Assuming a linear behavior with respect to
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TABLE VIII. Results for the strange mesons at both volumes endsingMy (columns 3 and ¥and
Mg« (columns 5 and fto fix the strange quark mass. The first error quoted is statistical and the second is the
systematic shift due to the use of a quadratic chiral extrapolation.

N§>< N, c amg«(amy) [amg«(amg)]/am, amg(amyx) [amg(amg«)]/am,
128x 24 1.57 0.7827-18 1.122+2+28 0.505-9-65 0.724:6—94
16°x 32 1.0 0.6989-21 1.124-2+24 O.447f§*53 0.721+6—-85
16°x 32 157 0771 }3-21 1.125+3+28 0.491713-60 0.717-8-88

the lattice spacing, the continuum limit ofi,(ss)r, using c=1.57 are consistent with each other. The remaining dis-
the GF11 data has been evaluated. It should be noted, howrepancy is presumably due to the error of the quenched
ever, that the linear extrapolation in the lattice spacing forapproximation.

the GF11 data is very poor, having&/Npg of approxi-

mately 13, even though the fit is uncorrelated. It is likely, 4. The J parameter

therefore, that the continuum limit fany(ss)r, has a large
systematic error due to this fit. There is also a correction tcfat
|nf|n_|te VOlumEWh'Ch shifts the value downwards. Thg be'out an extrapolation to the chiral limit. The paramefer
havior of my(ss)rq with respect tac at 8=5.7 is shown in efined ag13]

Fig. 8. The absence of the systematic error due to the chireﬂ

extrapolation demonstrates the effect of the clover coefficient

more clearly than fronm,r,. Again, we find there is a clear J=m d_mV Mgx _ 1.8
trend toward the continuum limit as the clover coefficient is KPdmg'  myg o
increased to its tadpole improved value.

As noted previously, it is useful to be able to compare
tice spectrum results with existing experimental data with-

(20

allows such a comparison. Existing quenched Wilson-like
3. Mass splittings fermion actions yield values arourdd=0.37 whereas an es-
Heavy quark effective theoryHQET) predicts that for timate of J using experimental data yields=0.482). In
heavy-light mesons, the vector-pseudoscalar mass splittingjd- 10,J versusc (including the calculated value dfat two
Ay_p=m2—m2 is constant. This is borne out by experi- volumes from the GF11 Collaboratipis plotted. We find

ment, with M3, —M3~0.53 Ge\¥ and M3, —M3

~0.49 Ge\f. A somewhat unexpected experimental result J(B=5.7c=1,16x32)=0.361+7,
is that this trend is continued into the light quark regime,
where the hyperfine splitting\,,_p, remains approximately J(B=5.7c=1.57,16x32)=0.366 10 . (21)

constant at 0.55 GeV
Quenched lattice simulations fail noticeably to reproduce
this behavior. HQET predicts thaty_p is proportional to

(ho,,F*"h), whereh is the heavy quark field. As the clover ! .
term is of this form, naively one would then expect that R — - —m o T —]
increasing the size of clover coefficient would reduce this LT T T T T T T T T T T T T T 3
discrepancy at least for heavy-light systems. Tentative com- i ]
parisons with th&e=0 andc=1 actions a{3=6.2 with low 24— § —
statistics indicated that the fall off in the splitting had de- ° i i
creased3]. — L J

In Fig. 9 the splittings from the three different values of L‘% ool ]
the clover coefficient are compared. The scale for each action & | 4
is chosen fromM y«. The sloped(a?Ay_p)/d(amp)? is un- i ¢ )
affected by this choice. While there is a noticeable change in L i
the slope on going from=0 toc=1, the slopes at=1 and 20— ¢ UKQCD ]

-o o GF11 .

TABLE IX. Masses for the valencss states, defined from fix- i ]

ing the ratioam,(ss)/amp(ss) to 1.5. P N RN SR B
0 1 2 3
NEX N, c am,(ss) amp(ss) X4 Npg c
12°x24 157 0.83%6 0.554-4 6.7 FIG. 8. my(ss)r, versusc. The horizontal line indicates the
continuum limit from the GF11 data finite-volume correction has

16°x 32 1.0 0.742°% 0.495+5 24 been includef Systematic effects due to discretization errors in
16%x 32 1.57 0.821°%° 0.547"% 2.1 ro» which areO(a®) (necessary for the extrapolation to the con-

tinuum), havenot been included.
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TABLE X. Chirally extrapolated results for the nucleon, at the

: ! ! | zero and normal quark mass limit. Ty&/Npg is not quoted as the
0.6 =2 2 _ number of degrees of freedom is equal to the number of data points.
. M,-M,
L $ iﬂxzc:M:zc i N3X N, c amg amy(am,)
g i + ] 128x24 1.57 0.916'18 0.931°13
S 05 ¢ —
s T + B4 1 16°x 32 1.0 0.891°53 0.902"33
S| 84 ) 16°x 32 1.57 0.931°3 0.945' 33
s #
& L 4
04— | o c=1.57 — _
i o e=1 + ] amy=amy"+cy(ame)®+0((amp)?). (22)
- 0 ¢=0 (GF11) 1 . . i
L 4 We extrapolate thd mass likewise. The final results for the
ost v | nucleon andA are quoted in Table X and Table XI, respec-
0.0 0.5 1.0 tively.

mg [GeV?] From the combined results for the pseudoscalar, vector,
and nucleon masses, we show the “Edinburgh” plot in Fig.

FIG. 9. The hyperfine splittingn{—mj versusm; for all the 11, One finds a statistically significant difference between
three values ot at 5=5.7, 16x32. the ratios at each value of As c is increased, the trend of

the data is towards the phenomenological curve of (&

The values ofJ from Eq. (21) and Eq.(24) below, for ~ Furthermore, the rationy/m, approaches the experimental
both nonzero values af and both volumes, agree with the value My/M,,, but even atc=1.57 is still approximately
world average of the quenched data, and disagree with th&3% too large.
experimental estimate. It should be noted thas trivially
related to the slope(aAy_p)/d(ame)? outlined in the pre- B. Finite volume effects
vious section. We, therefore, expect that the prescription that
solves the anomalous behavior &f_p will also solve the
disagreement id.

The masses obtained for the3x24 lattice are listed in
Table Il to Table V. As stated previously, it proved to be
somewhat more difficult to extract reliable masses for this
volume. As beforex; is evaluated with a statistical and
5. Baryons systematic error to be

We extrapolate the nucleon mass to the normal-quark  ~ _ _ _ 2
limit assuming a linear dependence on the quark mass: Keri B=5.7,6=1.57,12x24)=0.12348 3+ 24, (23
which agrees with the result from the larger volume and has

06— L - a similarly sized systematic error. Likewise, as shown in Fig.

i ] 12, the hyperfine splittings are consistent to within 1 stan-
L . dard deviation. The chirally extrapolated and strange meson
- . masses are determined as in Sec. lll A 2 and the results listed

S ] in Table VII and Table VIIl. Once again, the results are
................................ _ consistent to within one standard deviation with those on the
. - 8 larger volume. Similarly, the parametgis determined to be
S L .
G 04— —
= i ] J(B=5.7c=1.57,12x24)=0.357+7, (24

0.3 % which is consistent with the larger volume.

TABLE XI. Chirally extrapolatedA masses, at the zero and
normal quark mass limit. Thg?/Npg is not quoted as the number

0.2 U R - of degrees of freedom is equal to the number of data points.
1 2
c N3X N, c am{™ am,(am,)
FIG. 10. The parameted againstc for all values ofc and ~ 12°X24 1.57 1.156°5% 1.167°5
volumes. The horizontal line indicates the “experimental value”;
GF11,¢c=0, 16x32 (O); GF11,¢c=0, 248X 32 (X); UKQCD,  16°x32 1.0 1.036'% 1.047°%
c=1.0, 16x32,(¢); UKQCD, c=1.57, 16x32, (0); UKQCD,  16*x32 1.57 1.091°3 1.103'33

c=1.57, 13x24 (+).
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_I ' ' ' ' ' ' ' ' l ' 1 0.40 T T T T T T T T | ML T T T | T T T T
16— ® . B ]
L i - o 16% x 32 .
i | 0.38 |— 0 12° x 24
E> - -1 - -
N
b= 14— — él : :
\z | ¢ ¢=1.57 : % 0.36 — —
g + c=1.57, 12%x24 ! L _
I ] . 3
© | 0 c=1 1 E> r .
12— 0 ¢=0 (GF11) b= C ]
N % (M,/M, My/M,) | 0.34 — —
r % Heavy Limit ] i ]
[ | | . ] - -
1.0 ! | i ! ! | { ! ! | | |
0.32 1 1 1 1 1 1 1 1 i 1 1 1 1 1 1 1
0.0 0.5 1.0 0.2 0.3 0.4 05 0.6
amg / amy 2

arnF,
FIG. 11. The Edinburgh plot for all three values @f FIG. 12. @am,)2— (amp)? plotted againstgmp)? for c=1.57,

, NZx N,=16"x32 and 13x 24.
Both baryons are more strongly affected by the size of the

lattice. The nucleon masses at botls are approximately -
two standard deviations smaller than in the larger volumel-57- AS the finite volume effects appear to be under control,

This is somewhat unexpected as other studies in quenchéi!d these observables have been chosen to avoid the system-
QCD using Wilson-like fermions indicate that the nucleon&tC errors due to the chiral extrapolation, the possible re-
mass falls with increasing size over a similar range of vol-M&iNiNg systematic errors are the effect of quenching the
umes{usingam, to determine the lattice spacing, we see that9349¢ configurations and a possibly large deviation of the
our volumes vary from(2 fm)® to (2.6 fm)° approximately. ~ mean field estimate of the (;Iover c_oeff|C|ent fr(nm,npert.. It

We note that theD values for the fit to the nucleon masses WoUld, therefore, be very interesting then to examine the
on the 13X 24 lattice are very close to 1, which may indi- behavior of these quantities in any future studies in full QCD

cate that the statistical errors are underestimated. We find tHg'der changes in the value of the clover coefﬁment.s
extrapolated value In changing the volume from approximate(g fm)° to

(2.6 fm)*, the mesonic observables are consistent to within
one standard deviation. Baryon masses are consistent to
amy(B=5.7c=1.57,13x24=0.931"1% (25 within two standard deviations. Unfortunately, with this data,
one cannot differentiate between differefitsaze used for

L L . describing the volume behavior of mas$2g,29.
which is also two standard dewaﬂops -smaller than in the The Alpha Collaboratiofi5,29] has calculated the clover
larger volume. Th_es. masses at botk’s lie approximately coefficient nonperturbatively for 608<6.8. In general, the
t.WO standard deviations above the values on the larger IaEoefﬁcients obtained through this approach are significantly
tice, and larger than those obtained via tadpole improvement, al-
though the coefficients converge Ass increased. Our data
appears to suggest thafy,,ecould at3=>5.7 be somewhat
larger than the tadpole improved value.

Currently, we are carrying out an analysis of the quenched
IV. CONCLUSIONS light hadron mass spectrum A& 6.0 andB=6.2 using the
tadpole improved SW actiof80]. This will directly explore

In th|s paper, we have_e_xamlned the effectpat5.7, of (\évhether better scaling is achieved usitoig 1/u8 than with
changing the clover coefficient and volume on the quencheC= 1

light-hadron spectrum computed using the SW fermion ac-
tion. As the clover coefficient is increased, there is better
agreement between the perturbatitree-leve) and nonper-
turbative calculation of¢.;;. When the clover coefficient is
changed fromc=0 (the Wilson actiop to c=1 (the SW H.P.S. would like to thank the staff at Brookhaven Na-
action andc=1.57 (the tadpole-improved SW actipthere  tional Laboratory for their kind hospitality during his stay
is a significant difference in the masses of the chirally exthere. D.G.R. acknowledges financial support from PPARC
trapolated and strange pseudoscalar and vector mesons, dnd the support of Argonne National Laboratory during the
the nucleon and masses and in the Edinburgh plot. completion of this work. The UKQCD Collaboration wish to

Interestingly, a number of other quantities, for exampleexpress their thanks to the Edinburgh Parallel Computing
mZ—m3, Jandthe ratiogmy /am, andamgx /am, donot  Centre for their support and maintenance of the Meiko Com-
appear to change significantly asis changed from 1.0 to puting Surfaces.

amy(B=5.7c=1.57,13x24)=1.167"%2. (26
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