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Light quark masses from lattice QCD
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We present estimates of the masses of light quarks using lattice data. Our main results are based on a global
analysis of all the published data for Wilson, Sheikholeslami-Wolitdoier), and staggered fermions, both in
the quenched approximation and with=2 dynamical flavors. We find that the values of masses with the
various formulations agree after extrapolation to the continuum limit fontke0 theory. Our best estimates,
in the MS scheme aju=2 GeV, arem=3.4+0.4+0.3 MeV andms=100+ 21+ 10 MeV in the quenched
approximation. Then;=2 results,m=2.7+0.3+0.3 MeV andm,=68+12+7 MeV, are preliminary.(A
linear extrapolation im; would further reduce these estimates for the physical case of three dynamical flavors.
These estimates are smaller than phenomenological estimates based on sum rules, but maintain the ratios
predicted by chiral perturbation theory. The new results have a significant impact on the extractida of
from the standard model. Using the same lattice data we estimate the quark condensate using the Gell-Mann—
Oakes—Renner relation. Again the three formulations give consistent results after extrapolatief, tand
the value turns out to be correspondingly larger, roughly presemigg ). [S0556-282197)05911-0

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

. INTRODUCTION =12(2.5) MeV and by Jamin and Munfg] giving mg
=178(18) MeV. It is typical of sum rule analysis to quote
The masses of light quarks,, mg, andms are three of  results atu=1 GeV, while lattice results are presented at
the least well known parameters of the standard model. Thg — 2 Gev. To facilitate comparison, we translate the sum-
range of values listed by the Particle Data Grddp, 2 (jle  values to u=2GeV, whereby my+my
=m,<8, b=<my=<15, and 10&m,<300 [evaluated in the _ _ ; (3)
modified minimal subtractionMS) scheme aj=1 GeV], _2640(1'8) Mev ~ and m,=126(13) MeV  using Ayg
o . = and 380 MeV. respectively. These values are about
is indicative of the large uncertainty. These quark masses . bove the quenched lattice results we present below
have to be inferred from the masses of low lying hadrons g € q . P '
Theoretically, the best defined procedure is chiral perturba'-_'owever’ as discussed [7], a reanalysis of the sum-rules

tion theory (YPT) which relates the masses of pseudoscalaFaICUlationS show that the uncertainties are large enough to
mesons tom,, my, andm,. Recall that the lowest order preclude any serious disagreement with the lattice results. To
u: ’ S

chiral Lagrangian is improve upon the sum-rule estimates requires hard to get at
experimental information on the hadronic spectral function.
2 Thus we believe that lattice QCD offers the best approach to
L=+ [(0,29,3N)+2u(MI+MET)]. (1) determining these quantities, and this paper presents an
analysis of the current data.
The presence of the overall unknown scalémplies that In lattice QCD the quark masses are input parameters in

only ratios of quark masses can be determined ugiag. the simulations. Their values are determined by tuning the
The predictions fromyPT for the two independent ratios are masses of an equal number of hadrons to their physical val-

[2—4] ues. One additional hadron mass is needed to fix the lattice
scale, or equivalently the value af. In our lattice simula-

Lowest order Next order tions we do not include electromagnetic effects, so we can
2mg/(my+my) 25 24.41.5) only calculate the isospin symmetric light quark mass

=(my+my)/2. The hadrons we use to fix the lattice scale
areM ,=770 MeV (one could instead, for example, ubg
=131 MeV, but its determination is less reliable and has not

m, /My 0.55 0.55343).

One notes that the change from lowest to next order is insig- . T
nificant. Unfortunately, the prospects for further improve—been reported for all the data we hiswhile to fix m and
ment within yPT are not good. To get absolute numbers, ond"s We study the behavior of pseudoscalar and vector meson
has to combine thgPT analysis with sum rule or with some Masses as a function of the quark m&sar experimental
other model calculations. The two most recent and up-to-datgumbers  we use the isospin averaged valukt,
versions of the sum rule analysis has been performed by 137 MeV, My=495MeV, M,=1020 MeV, and Mg
Bijnens, Prades, and de Rafa¢b] giving m,+my =894 MeV, We have chosen to use these pseudoscalar and

vector mesons since the corresponding correlation functions

have been measured with the smallest statistical errors. Thus,
*Electronic address: rajan@qcd.lanl.gov in principal, quark masses can be determined without any
Electronic address: tanmoy@gqcd.lanl.gov ambiguity from these calculations.
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TABLE I. Renormalization constants in théS scheme before tadpole subtraction for stagggt&f and
Wilson and clover ¢sy=1) [16] fermions. Here\ = g%/1672.

Staggered Wilson Clovercgy=1)
Za 1 1-21.06\ 1-18.3%
Zp 1z, 1+ (8In(ua)—30.13 1+A(8In(ua)—29.89
Zm 1-\(8 In(ua)—52.289 1- (8 In(ua)—17.27 1-\(8 In(ua)—25.79

_ Current lattice S|m_ulat|0n§ make a number of approxima-  mgs(u)=Zy,(na)mg(a)
tions because of which estimates have systematic errors in
addition to statistical errors. Some of these issues have been ={1-\[8In(una)—Cplim.(a)
discussed in the reviews by Ukayd and Guptd9]. In this 4 _ B
paper we present an analysis of the cumulative world data ~{1=M[8In(na)=(Cn—tad J{m.(2)X},
presently available for staggered, Wilson, and 2
Sheikholeslami-Wohlertdgy= 1) fermions, and both for the
quenched anch;=2 theories.(The parametecsy is the  whereZ,,=1/Zg is the mass renormalization constant relat-
strength of the clover term that is added to the Wilson actionng the lattice and the continuum regularization schemes at
to remove theO(a) discretization errors[10,11.) We  scaleu, and\ =g?%/16x2. The one-loop perturbative expres-
present evidence showing that the largest uncertainty in theions for Z,, are given in Table |. For Wilson{or
results arises from discretizatip®(a) ] errors and from the  Sheikholeslami-Wohlert{SW-)clover- type fermions, the
dependence on the number of dynamical flavors. We fingattice estimate of the quark mass, defined at scdle is
that the discretization errors show the expected behaviokaken to bem, (q*)a=(1/2«x— 1/2«.). We have also carried
O(a) for Wilson andO(a?) for staggered. For clover action oyt the analysis using the alternate definitiofilba(1/2«
one expects corrections Of(«sa), however the current data —1/2«.)]. The change in individual estimates$53% for
show behavior similar to that with Wilson fermions. By data ata<0.5 GeV ! and negligible in the extrapolated val-
Combining the results from these three formulations we ShOVVJes_ Since the ana|ysis with tma)-improved definition is
that the discretization errors can be controlled. Thus the maif*huch less transparent we use the Simp|er form. For Staggered
remaining Uncertainty is due to extrapolationrin, because fermionsmL(q*):mo, the input mass. The last form in Eq.
of which we are Only able to extract rOUgn estimates of thq2) shows the result of app|y|ng tadpo|e improvement as dis-
guark masses for the physical casengf 3. These are sig- cussed in Sec. II.
nificantly smaller than the phenomenological estimates men- The second method is to use the Ward Identity for the
tioned above, an_d _Iead to a large enhancement in the stafenormalized axial vector current, Z,A,, = (m;+my) ZpP
dard model prediction oé'/e. +0(a), wherem; andm, are the masses of the two fields in
Lastly, we also present an analysis of the quark condente bilinear operators. The quark mass,Q¢a), is then
sate (), using the data for pseudoscalar meson mass angiven by the following ratio of correlation functions:
the Gell-Mann—Oakes—Renner relation. Again we find that
the three lattice dlscretlzatlon_s of the Dirac action give con- Zp (34A4(7)3(0))
sistent results after extrapolation to the continuum limit. The (Mmy+my) =5 —F5—7~ ©)
condensate turns out to be roughly a factor of 2 larger than Zp (P(7)3(0))
phenomenological estimates such that the renormalization
group invariant quantityn( ) is preserved. whereJ(0) is any interpolating field operator that produces
This paper is organized as follows. In Sec. Il we summa-ions atp=0. Here,Z, andZp are the renormalization con-
rize the definition of the quark mass, the relation between thétants for the axial and pseudoscalar densities that match the
lattice and continuum results, and the two-loop running. Thdattice and continuum theories at scale=q*. The impor-
reorganization of the lattice perturbation theory in the mantant point to note is that since the Ward identity is valid
ner of Lepage and Mackenzie is discussed in Sec. Ill. A briefocally, the value ofm should be independent of Viola-
description of the lattice data used in this analysis is given irfions of this relation are signals f@(a) errors in the cur-
Sec. |V. Ana|yses ofn and mg are presented in Secs. V and rents. This has been exploited by the Alpha Collaboration to
VI. We discuss the variation of quark masses with the clovefemove theO(a) discretization errors nonperturbatively in
coefficient in Sheikholeslami-Wohlert action in Sec. VII. A the clover action and currenfs1].
general discussion of the systematic errors is given in Sec. Atlong time separatiorir large) one can assume that the
VIII. In Sec. IX we compare our results with earlier calcula- two-point correlation function is described by the asymptotic
tions and discuss the impact @tV e in Sec. X. The calcula- form ~e™™=". One can then write Eq3) as
tion of the quark condensate is presented in Sec. XI. We end

with our conclusions and future outlook in Sec. XII. Za (A4(7)3(0))

n my)==-—"Mm_ —————~—. 4
( 1 2) ZP T <P(T)J(O)> ( )
Il. DEFINITION OF QUARK MASSES

There are two ways of calculating théS mass for light There are very few calculations af, using these two ver-
quarks at scale. from lattice estimates. The first is sions of the Ward identity. Also, at this stage the perturbative
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and nonperturbative estimate @& do not agreg12]. For

these reasons we postpone the discussion of this method to a

later work[13].

Oncemgs has been calculated at the continuum sgale
its value at any other scal@ is given by the two-loop run-
ning [12]

m(Q) _(gz(Q)> vo/2Bo 14
m(p) | g%(w)
X( Y180~ 7’031)

2[5

0%(Q)—g?(p)
1642

: ©)

where in theMS scheme foN colors andn; flavors

_ 1IN-—2n;
BO_ 3 ’

34 . 10 NZ—1
B1=7 N°= 35 Nne=——nr,
_6N2—1
YomO TN

97N N2—1 N2—1\2 10n; N2—1
- (6)

1773 TN 2N 3 2N

We will quote our final numbers &@=2 GeV as we do not
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ais(3.41/R) = ay(e%%3.41/a) 8

1+2
;va.

The value ofapys at any other scale is then obtained by
integrating the standard two-log@-function for the appro-
priate number of flavors. The results are given in Tables I,
I, and VI. Ideally, as(2 GeV) should be independent gt
From these tables one can see the variation Wijthnd the
extent to which the variation in a/at fixed 8 feeds into
ays(2 GeV). Reorganizing the lattice perturbation theory in
terms of ey has the advantage that the continuum and lat-
tice a4 is the same when matching the theories at sgale
=q*. We call this matching procedure “horizontal” match-
ing [20].

An estimate ofy* is not straightforward sincg,, is loga-
rithmically divergent. So we appeal to the general philoso-
phy of tadpole improvement, i.e., it is designed to remove
the short-distance lattice artifacts. Once these have been re-
moved, the typical scalg* of the lattice calculation be-
comes less ultraviolet. Thus, our preferred scheme is one in
which q* = u=1/a, which we call TAD1. To analyze the
dependence of the results @t we also investigate the
choicesq* = u=0.5/a, 2/a, and«/a. A more detailed de-
scription of these schemes and our implementation of the
matching between the lattice and continuum is give[R2i.

In all methods of calculating the quark mass, EG$-(4),
the normalization of the quark fields does not enter, or can-
cels between the different currents. Thus, one does not have
to consider this factor. The quark mass gets scaled by the
tadpole factoiX, i.e., m_—Xm,_, where we use the nonper-

feel confident using the two-loop relations to run to smallertyrpatively determined estimate fox.

scales.

Ill. RENORMALIZATION CONSTANTS

The tadpole factoiX for Wilson and clover fermions is
chosen to be 8. [21]. It has the perturbative expansidh
=1+tad\ where

tad=17.14 (Wilson),

Our final results are stated in thdS scheme. The re-
quired one-loop renormalization constants for matching the
lattice and continuum operators for Wilson, clover, and stag- tad=10.66 [clovercsy=1)]. ©
gered versions of the lattice discretization are collected gy \Wilson fermions at, say8=6.0, \=0.0153 in the
Table | using results derived iii4-16. We reorganize lat- Tapq prescription, so the perturbative valug & 1.262 is
tice perturbation theory using the Lepage-Mackenzie prezimost identical to our nonperturbative estimatec, 8
scription [17]. This prescription involves four parts: the _q 557 [22]. The Lepage-Mackenzie reorganization, as
renormalization of the quark field, and the quark mass, the gnown in Eq.(2), therefore seems benign, nevertheless, we
removal of tadpole contribution from the one-loop operatorincjyde tadpole subtraction as its purpose, in general, is to
renormalization, the choice ofs, and an estimate of the |oqrganize lattice perturbation theory to make the neglected
typical scaleg™ characterizing the lattice calculation. higher order corrections small. The entries in Table | show

We use the following Lepage-Mackenzie definition of thehat after tadpole subtraction the one-loop corrections are
strong coupling constaift7-19, indeed smaller for Wilson and clover fermions. However,
note that the one-loop results presented i6], and used
here, show that the perturbative correction grows with

For staggered fermions we define the tadpole faxtas

1 47
- In<§ Tr plaq> =3 ay(3.41f)

X[1-(1.193+0.025)ay]  (Wilson), the inverse of the fourth root of the expectation value of the
A (3.418) plaguette
=—F 4l/a
3 7V X=U; '=plaquette ¥4= (1+13.16\). (10)
X[1-(1.192+0.070¢) ary] The agreement, g8=6.0, between the perturbative value
1.20 and the nonperturbative value 1.14 is still reasonable in
(stag, (7)  TADI, even though the plaquette is designed to match at

g* ~3.41/a as shown in Eq(7). The point to note is that for

from which theMS coupling at scale 3.44&/is given by any reasonable choice &, the correctionC,,—tad is still
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very large for staggered fermions. Thus one might doubmine the three quantities that we are interested in; the scale

whether the one-loop perturbative result &y, is reliable. It usingM,,, FusinngT/Mz, andmy in three different ways

turns out, as we show later, that using the expressions givelilsing M, M , M, . Throughout the analysis we assume

in Table | give results that, in tha=0 limit, agree with  that ¢ is a puress state.

those obtained using Wilson-like fermions. o The error analysis of the global data is somewhat limited
The second noteworthy outcome of_our analysis is that thgjnce in most cases we only have access to the final pub-

dependence of the results on the choicedf and whether  isheq numbers. For this reason we cannot include two types

or not one does tadpole subtraction, are small. We find thaéf correlations in the data when making fits using Etf)

m increases witty™, and the most significan.t variation is in First, those between pseudoscalar and vector mesons at a

the quenched staggergd datag%). The dn‘ferenc_e b?’ . given quark mass, and secondly those between the meson

tween tadpole subtraction and no tadpole subtraction is S'q%asses at differe;lt quark masses calculated on the same

nificant only at strong couplind~3% at 8=6.0 for the : . )
quenched theory, and 3% for B=5.4 for n,=2), and even background_ gauge configurations as is the_: case for _the
smaller for different choices of tadpole factor. Based on thequenched simulations. Thus, when making chiral fits we sim-

above estimates we assume thatder0.5 the uncertainty in ply assume that the errors in the latice measurements O.f
relating the lattice results to those in a continuum scheme {g'€S0n masses are uncorrelated. Thereafter, the errors in
under control at the 5% level. We consider this variation*=+B=:A,,B, are propagated self-consistently to the final
negligible since for many of the data points it is small com-€stimates. By comparing results in a few cases where a full
pared to even the statistical errors. Furthermore, this unceffTor analysis has been done, we find that these shortcomings
tainty is one aspect of the discretization errors, and our estthange estimates of individual points by less than even the
mate of the errors associated with the extrapolation tcstatistical errors. The one exception is the results from
a—0 incorporates it. To summarize, all of our lattice esti- QCDPAX Collaboration[26] where the neglected correla-
mates are quoted using the TAD1 scheme, and the uncetions have a large effect. They quote significantly different
tainty associated with this choice is included in our quotedvalues forA,,B,,A,,B, based on correlated fits. Using

extrapolation error. their correlatedfit parameters give quark masses consistent

with other estimates at the same couplings. Thus, we believe

IV. LATTICE PARAMETERS OF DATA ANALYZED that our estimates based on a reanalysis of the global data are
reliable.

The list of calculations from which we have taken data are The input parameters and resultays, lattice scale
summarized in Tables Il and Ill. The quenched Wilson dat&_L/a,AmBW,Ap ,E&, and the quark masses in lattice units
are taken from Refd.18,22-28, quenched staggered from 4nq in MeV inMS scheme at 2 GeMor each data set are
[19,29,30-3% quenched clover froni27], dynamical 0t  given in Tables II-VIL.(In the case of data from Ref30],
=2) Wilson from [34-37, and dynamical fi=2) stag- the analysis started with the results far,,B,,,A,,B, be-
gered fermions fron}19,38,39. All these calculations use cayse the raw data have not been publishé¢e note that
the simple Wilson(plaquett¢ action for the gauge fields. the various data points are obtained on lattices of different
Thus the difference between staggered and Wilson-like fermppysical volumes, the statistical sample size varies signifi-
ion data for fixedn; is a re_flect|0.n of .the_ difference in cantly (the sample size is rather small in some casasd the
O(a) errors between the various discretization schemes.  gstrategy for extracting masses varies from group to group.

In principle, if lattice simulations could be done with However, it turns out that in the calculation of quark masses,
three dynamical flavors and with realistic parameters, ongnhere is a cancellation of errors that make these differences
could tune the three quark masses to reproduce the spectryjych less significant than for example in the estimates of
and thereby determine their values. However, since this igneson masses themselves. We substantiate some of these
not the case, the strategy we use is as follows. For each valygmarks by presenting a detailed analysis of some of the
of the lattice parameter§3,n;, fermion action we fit the  systematic errors in Sec. VIII using data from our high sta-
data foerT andM, as a linear function of the quark mass tistics calculation presented in R¢R2].

Once we have the quark masses at different lattice scales,

M2=A,+B,(m+m,)/2, we analyze the dependence on the lattice spagiby com-
paring Wilson, clover, and staggered results. Where data per-
M,=A,+B,(m;+m,)/2, (11 mit, we omit points at the stronger couplinargera) for

the following two reasons. First, we use only the leading
wherem,; andm, are the masses of the two quarké/e use correction in the extrapolation ta=0, and secondly, the
M as shorthand for pseudoscalars, ang for vector me-  perturbative matching becomes less reliable fass de-
sons) These fits are made assuming that the data at eadlreased. The end result is that we find that the leading cor-
value of the quark mass are independent, and the statisticegctions give a good fit to the data, and in #re 0 limit the
error estimates quoted by the authors are used inythe different fermion formulations give consistent results.
minimization procedure. Note that for Wilson-like fermions  To investigate then; dependence, we compare the
we make fits to 1/2 wherebyA . definesk; andA, is the =0 andn¢=2 results. We then assume a linear behavior in
intercept at 1/2=0. For staggered fermion&_ should be n; to extrapolate these two points to estimate the desired
zero due to chiral symmetry. However, in our analysis wephysical value. As we make clear in our discussions, the
leave it as a free parameter and use it to define the zero of thextrapolation inn; turns out to be the weakest part of our
quark mass. This leaveB,A,,B, from which we deter- analysis.
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TABLE Il. Lattice parameters of the quenched data used in the global analysis. We list the reference, the type of fermigwaction
=Wilson, S=staggeredC=clover with cqy=1), the coupling8=6/g?, the lattice size, the number of configurations in the statistical
sample, the values of quark masses in lattice unitgalues used in the fits for staggerd®Vilson and clover fermions, the lattice scale

1/a GeV extracted fronM ,, and the values ofrys at g* =1/a and 2 GeV.

— *
Lattice No. of Scale 14 aws(d”)

Label Ref. B size Conf. Quark masses used in the fits (GeV) (1/a) (2 GeV)
w1 [23] 5.7 28%32 50  0.165, 0.167, 0.168 1.421) 0.246 0.211
W2 [25] 5.7 24x% 32 92 0.165, 0.1663, 0.1675 1.422) 0.246 0.210
W3 [26] 5.85 24x 54 100 0.1585, 0.1595, 0.1605 1.9584) 0.213 0.211
W4 [18] 5.85 16x32 90 0.1585, 0.1600 1.7476) 0.213 0.201
W5 [24] 5.9 16x 40 150 0.156, 0.157, 0.158, 0.1585 1.089 0.205 0.204
W6 [25] 5.93 24x 36 210 0.156, 0.1573, 0.1581 2.Q80) 0.201 0.201
W7 [18] 5.95 16x32 90 0.1554, 0.1567 1.9488) 1.198 0.196
w8 [22] 6.0 32x 64 170 0.155, 0.1558, 0.1563 2.388) 0.192 0.205
W9 [23] 6.0 24x% 32 78 0.155, 0.1558, 0.1563 2.200) 0.192 0.200
W10 [26] 6.0 24x54 200 0.155, 0.1555, 0.1563 2.4236) 0.192 0.208
W11 [27] 6.0 18x 64 320 0.153, 0.154, 0.155 2.164) 0.192 0.198
W12 [24] 6.1 28%x 64 100 0.152, 0.153, 0.154, 0.1543 2.689 0.181 0.201
W13 [25] 6.17 32x40 219 0.1519, 0.1526, 0.1532 2.7589 0.176 0.198
W14 [28] 6.2 24x 48 18 0.1523, 0.1526, 0.1529 2.71382 0.173 0.194
W15 [27] 6.2 248 %64 250 0.1510, 0.1515, 0.1520, 0.1526 2@4 0.173 0.199
W16 [27] 6.2 28x64 110 0.1510, 0.1520, 0.1526 2.93821) 0.173 0.200
w17 [24] 6.3 32x80 100 0.150, 0.1505, 0.151, 0.1513 3.88) 0.166 0.197
w18 [23] 6.3 2£x32 128 0.1485, 0.1498, 0.1505 3.082) 0.166 0.193
W19 [23] 6.4 24x60 15 0.1485, 0.1490, 0.1495 3.6286) 0.159 0.195
W20 [27] 6.4 2864 400 0.1488, 0.1492, 0.1496, 0.1500 40983 0.159 0.205
Sl [29] 5.7 24x% 32 50 0.02, 0.015, 0.01, 0.005

[31] 5.7 16x 32 32 0.02, 0.015, 0.01, 0.005 0.938) 0.246 0.180
S2 [19] 5.85 16x 32 160 0.025, 0.01 1.3125) 0.213 0.180
S3 [30] 5.85 16x 32 60 0.01, 0.02, 0.03, 0.04 1.330) 0.213 0.182
A [30] 5.93 26x 40 50 0.01, 0.02, 0.03, 0.04 1.53B) 0.201 0.183
S5 [19] 5.95 16x 32 190 0.025, 0.01 1.6435) 0.198 0.184
S6 [29] 6.0 24% 32 60 0.04, 0.02, 0.01 1.84) 0.192 0.187
S7 [31] 6.0 24x 40 23 0.03, 0.025, 0.02, 0.015, 0.01 1.84 0.192 0.189
S8 [32] 6.0 32x64 200 0.01, 0.005, 0.0025 1.939) 0.192 0.189
S9 [30] 6.0 28X 64 50 0.02, 0.03, 0.04 1.8681) 0.192 0.187
S10 [31] 6.2 32x48 23 0.025, 0.015, 0.01, 0.005 2.589 0.173 0.189
S11 [30] 6.2 32x 64 40 0.005, 0.01, 0.02 2.6(9%) 0.173 0.191
S12 [31] 6.4 32x48 24 0.015, 0.010, 0.005 3.4@76) 0.159 0.192
S13 [30] 6.4 4G % 96 40 0.005, 0.01, 0.02 3.408B) 0.159 0.191
S14 [32] 6.5 32x 64 100 0.01, 0.005, 0.0025 3.9627 0.152 0.192
S15 [33] 6.5 48% 64 200 0.01, 0.005, 0.0025 3.859) 0.152 0.189
C1 [27] 6.0 18x 64 200 0.1425, 0.1432, 0.1440 1.889 0.192 0.187
Cc2 [27] 6.2 28x 64 250 0.14144, 0.14184, 0.14224, 0.14264 2(68%) 0.173 0.190
C3 [27] 6.2 18x 64 200 0.14144, 0.14190, 0.14244 3.8 0.173 0.204
C4 [27] 6.4 24X 64 400 0.1400, 0.1403, 0.1406, 0.1409 342D 0.159 0.202

V. LIGHT QUARK MASS m= (m,+mg)/2 earity. Using linear fits thI,zT data over a limited range in

mg, means that we can predict only one independent quark
mass from the pseudoscalar data, and we cannot test the
chiral behavior of hadron masses. The reason for this trund' e eNce between tree level and NLO results pred|cted by
cation is that in most cases the data for. andM , exist at xPT analyses. The mass we prefer to extract using the pseu-
only 2—4 values of “light” quark masses inpthe range doscalar spectrum, barring the complications of quenched
0.3mg—2ms. In this restricted range of quark masses thexPT which are expected to become significant only rigy
existing data do not show any significant deviation from lin-=0.3m, [9,40], is m because to extrachs usingmy needs

In order to extract light quark masses from lattice simu-
lations we have used the simplest ansatz, #d), for the
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TABLE Ill. Lattice parameters of tha;=2 dynamical simulation data we use in the global analysis. The
rest is same as in Table II.

— *

Lattice No. of Scale 14 aws(d”)
Label Ref. g size Conf. Quark masses used in the fits (GeV) (1/a) (2 GeV)
W,r1 [36] 5.3 16x32 417-484 0.167, 0.1675 1.8900 0.266 0.259
W,2 [34 5.4 16x32 14-15 0.160, 0.161, 0.162 1.4673 0.254 0.223
W53 [34 55 16x32 15-27 0.158, 0.159, 0.160 1.822) 0.227 0.219
W,4 [36] 5.5 16x32 400-669 0.1596, 0.1600, 0.1604 2.8 0.226 0.234
W,r5 [34 5.6 16x32 32-45 0.156, 0.157 2.3@9 0.213 0.226
W,6 [37] 5.6 16x32 100 0.156, 0.157, 0.1575 2.379 0.213 0.227
S,1 [19] 5.6 16x32 200-400 0.025, 0.01 1.798) 0.232 0.223
S,2 [39] 5.7 16x32 ~50 0.025, 0.02, 0.015, 0.01 2.328) 0.216 0.230
S,3 [38] 5.7 26x20 150-160 0.02, 0.01 2.26®) 0.216 0.226

first an extrapolation tan in the light quark. While this m(a)=3.1342) MeV [1+1.44) GeVa],

choice avoids the question whether lowest orgeT is valid
up to mg, one must bear in mind that the fits are made to
data in the “heavier” range OrB;<m,~2m and then ex-
trapolated tan. The bottom line is that to geh we linearly
extrapolate the ratiaM%/M?2 in m to its physical value
0.03166.

The global quenched data are shown in Fig. 1 and listed in Y?INpe=4.6 staggered.
Table IV for the tadpole subtraction scheme TADL1. The ex-
pected leading term in the discretization error£i&) for For Wilson and staggered fermions we fit £=5.93 (@
Wilson, O(g2a) for clover, andO(a?) for staggered. The =0.5 GeV'Y) to minimize the effect of higher order correc-
fits, keeping only the leading dependertfte clover data we tions. The staggered data show a small riseder6.0 after

X?INpe=0.6 clover,

m(a)=3.2704) MeV [1+(0.2Q11) GeV a)?],

assume a linear dependenceain give the initial fall. With present data it is not clear whether this is
due to poor statistics, the decreasing physical volume of the
m(a)=3.3322) MeV [1+1.32) GeVal, lattices used, or higher order termsairor g2. As a result, the

fit with only the lowest order correction is not able to capture

_ this trend in the data. This is reflected in the highNpg.
x*/Npe=0.8  Wilson, Thus we consider, as an alternate estimate of the continuum
result, the meanm=3.4(1) MeV, of the estimates at the
, two highestB. A second alternative is to fit the data f@r

i =6.0. This givesm=3.53(6) MeV with ax?/ Nps=0.95.
% — The corresponding fit for Wilson fermions gives
8 m=3.45(23) MeV with ay?/Npg=0.9.

X Wil . . . : .
o Cfosfe? Given the size ofd(a) corrections in the case of Wilson
0 Stageered | fermions, we have also fit the data including a quadratic
correction as shown in Fig. 2. Unfortunately, we find that
N even the sign of the quadratic term changes depending on
1; | whether we include all the points wif=5.93 or only those

! with 8=6.0. Also, one cannot distinguish between the three
= fits on the basis of?/Npr which lies between 0.8—0.96. The
- lack of stability of the quadratic fits indicates that possible
. O(a?) corrections cannot be determined with the current
- data. For this reason we use the results obtained using the
B lowest order fit as our best estimate.
The clover €gyw=1) fermion results are surprisingly
close to the Wilson values even though the discretization
0 0.5 1 errors should be smaller, i.©,g?a). In particular the varia-
a (Gev'!) tion with 8 is similar to that for Wilson fermions, however it
should be noted that this is based on data at only three values
FIG. 1. The behavior ofn(MS,2 GeV) extracted using the Of B. At present, looking at the trend in the data, the best we
guenchedM , data in the TADL1 lattice scheme defined in the text. can do is to assume a linear behavior.
The scale is set b ,,. We do not show the fit to the clover data ~ The bottom line is that the results, in the=0 limit, from
for clarity. all three formulations turn out to be in surprisingly good
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TABLE IV. Results for the fit parameters; for Wilson-like andA, for staggered fermion® ., A, andB,,, defined in Eq(11), and

the quark masses for the quenched simulations. Both the lattice valaemdmy(M »)a, as well as the physical valuga(MS,2 GeV) and

my(MS,2 GeVM ,) in MeV, are given. The lattice parameters and the references to the original work are given in Table II. Chiral fits for

labels marked by an asterisk hay&Npe=3.0.

m mg(M )

Label KA, B, A, B, max 10° m meax 10° m

w1 0.16925011) 2.75843 —4.221(481) 1.60a60 33213 6.0514) 11213 204(20)
w2 0.16930812) 2.71238) —4.223(422) 1.6140 34212 6.1913) 11311) 203(17)
w3 0.16160802) 2.33433) —6.840(1372)  2.33@36) 210024) 5.3031) 57(14) 14326)
w4 0.16166217) 2.31775) —4.161(1150)  1.48(866) 267(24) 5.8930) 99(28) 21953
W5 0.15981111) 2.30939) —5.819(471) 1.98248 206(10) 5.2414) 66(06) 167(12)
W6 0.15895006) 2.14132) —5.086(473) 1.73848 21908) 5.5913) 7407) 189(16)
w7 0.15837913) 2.16649) —4.453(701) 1.53218 430(14) 5.64(20) 86(14) 211(29)
w8 0.15714803) 1.99326) —6.663(521) 2.19@62 172(06) 5.20(11) 50(05) 152(11)
w9 0.15712208) 2.03760) —5.680(993) 1.89@09 19013 5.3522) 62(12) 17428
W10 0.15713805) 2.00550) —7.556(1561)  2.47@85 15919 5.0232) 43(11) 136(26)
wil 0.15702406) 2.13024) —5.494(477) 1.83@46) 19011 5.21(16) 65(07) 17914)
W12 0.15497803) 1.86220) —6.537(400) 2.11@22 14607)  4.97112 46(04) 1589)
w13 0.15376(04) 1.74031) —6.365(477) 2.04445) 14205  5.0611) 46(04) 16311)
w14 0.15330814) 1.746104 —6.128(1603)  1.96487) 144190  5.0641) 48(14) 16941)
W15 0.15329002) 1.67817) —6.632(604) 2.11@83 13208)  4.9916) 42(05) 15913)
W16 0.15329203) 1.70824) —7.021(793) 2.23240 12811)  4.8721) 39(06) 151(16)
w17 0.15179602) 1.54622) —6.832(631) 2.14890 11406)  4.8614) 37(04) 157(14)
wis 0.15163715) 1.73431) —6.968(290) 2.18®6) 11305  4.5310) 38(02) 152(6)
w19 0.150632132) 1.517236) —7.511(1686)  2.32602 94(18)  4.4758) 31(09) 14531)
W20 0.15058(D5) 1.38531) —8.435(696) 2.59@09 81(06)  4.4218 24(03) 13310)
S1* —0.0005429(05) 7.8083) 0.79471) 8.8794405 26643  4.5637) 32(17) 54(26)
s2 —0.0007702(79) 6.9889) 0.58334) 5.3331392 156(18) 3.66121) 37(12) 86(22)
s3 6.70G20) 0.567113) 4.960280 15607) 3.7409) 3902 94(5)
4 6.15010) 0.48410) 4.840200 124(05) 3.4907) 34(02) 96(4)
S5 —0.0007099(174)  5.8487) 0.46607) 5.133377) 119004 3.50006) 30(03) 89(7)
S6 —0.0002067(154)  5.6345) 0.41418) 5.323589 98(08) 3.2514) 26(04) 87(10)
s7 —0.0000768(174)  5.6665) 0.39819) 5.734786) 91(08) 3.1414) 24(04) 82(11)
S8+ —0.0001874(03) 5.69Q0) 0.39608) 7.7171197 90(03) 3.11(06) 18(03) 61(9)
S9 5.6110) 0.41009) 5.140170) 97(04) 3.2507) 27(01) 91(3)
S10% —0.0000717(57) 4.0209) 0.29709) 5.019484 71(04) 3.2910) 20(02) 93(9)
s11 4.01@20) 0.291(10) 4.880400 68(05) 3.2411) 20(02) 96(8)
S12 0.000031(®39  2.884110 0.21924) 4.8511850 54(12) 3.3938) 15(07) 97(36)
S13 2.97020) 0.22205) 4.760200 54(02) 3.3308) 16(01) 98(4)
S14 —0.0001986(107)  2.4836) 0.19306) 4.880723 48(03) 3.4513) 13(02) 95(14)
S15+ 0.000140824) 2.51818) 0.19903) 3.937365 51(02) 3.5206) 17(02) 11911)
c1 0.14548803) 2.67429) —6.265(1006)  1.94289 201(18) 5.3324) 71(13) 18827)
c2 0.14315002) 2.07627) —7.378(1373)  2.19889 13313  4.9926) 45(10) 16929
C3 0.14310008) 2.11093 —10.897(2879)  3.18815 94(23)  4.2654) 26(10) 120(30)
c4 0.14143904) 1.69540) —10.849(949) 3.12266) 71(06)  4.1619) 21(03) 12310)

agreement with each other. Thus, for our best estimate of the To analyze then;=2 dynamical configurations, we have
guenched value we take an average of #¥6.0 numbers restricted ourselves to data withence Msear The main

o limitation we face is that the data have been obtained at very
m(MS,2 GeV)=3.4+0.4+-0.3 MeV (quenchey], few values of lattice spacing, and the statistics and lattice
(12 volumes are smaller than in quenched simulations. The pat-

tern of O(a) corrections in the present unquenched data,

where the first error estimate is the largest of the extrapolashown in Fig. 3 and Table V, is not clear. In fact, as dis-
tion errors and covers the spread in the data. The secomtlissed in Sec. VIII, we cannot even ascertain whether the
error is a 10% uncertainty due to the lattice scale as diseonvergence ire is analogous to the quenched case, i.e.,
cussed in Sec. VIII. from above for both Wilson and staggered formulations. The
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where the first error estimate is the spread in the data. To
1 obtain a value for the physical casergt= 3, the best we can

do is to assume a behavior linearrip. In this case a linear

1 extrapolation of thex;=0 and 2 data gives

8 m(2 GeV)=~2.4 MeV (ns=3 flavors. (14

It is obvious that more lattice data are needed to resolve
- the behavior of the unquenched results. However, the sur-
q prise of this analysis is that both the quenched apd 2
values are small and lie at the very bottom of the range
predicted by phenomenological analy$2s

VI. THE STRANGE QUARK MASS mg

We determinem, using the three different mass ratios,

ol - L ] Mg/MZ2, M« /M, andM 4/M,. As mentioned above, us-
0 0.2 04 0.6 ing a linear fit to the pseudoscalar data constrains
a (Gev™) mg(My)/m=25.9. Unfortunately, the data are not good

enough to include terms of ordeng or the nonanalytical
FIG. 2. Three different fits to quenched Wilson data for quenched chiral logarithms when making fits. Thus we can-
m(MS,2 GeV). The solid line is a linear fit to points g&=5.93, ot improve on the lowest order results

while the dotted line includes a quadratic correction. The dashed -
line is the quadratic fit to points = 6.0. ms(MS,u=2 GeVMy)=8810) MeV (quenched,

strongest statement we can make is qualitative; at any given Ms(MS,u=2 GeVMy)=70(8) MeV (n;=2),
value of the lattice spacing, the;=2 data lies below the (15
guenched result. Taking the existing data at face value, W hen extractingn, from Mﬁ/Mi. Using the vector mesons

find that the average of the Wilson and staggered values arg . . . . .
the same for the choice8=5.4, 3=5.5, or 3=5.6. Since K andM,, gives md_ependent estimates. TS |IIusE1t_e the
. ifference, a comparison ofng(M,) and ms=25.9m is
for B=5.5 there are two independent measurements thaS own in Fia. 4 for the quenched Wilson theor
agree, our current estimate is taken to be the average of theSe 9. €4 Y:
data The _quenched Wilson and staggered d_ata,_ and the ex-
trapolation toa=0, for mg(M,) are shown in Fig. 5. The
o Wilson data again show large(a) corrections and we make
m(2 GeV)=2.7£0.3£0.3 MeV (n;=2 flavors, a linear fit to the data g8=5.93. The staggered data con-
(13)  verges from below, and anticipatif@(a?) corrections we fit
linearly in a2, The clover data are shown in Fig. 6. The
parameters of the fits are

o] g T T T T T T T
i ms(M 4)=94(18) MeV[1+1.97) GeVa],
- O n;=2 Wilson {(My)=9418 [ a7 ]
| = n;=2 Staggered x2INpe=0.4  Wilson,
4= -
I i mg(M,4)=62(31) MeV[1+3.92.5 GeVal], 16
= i i x?INpe=0.34 clover,
=30 KR 7
g % @ % 1 mMs(M4)=994) MeV[1—-(0.4815 GeVa)?],
I T . x?INpe=2.0 staggered.
2 [, —
- ] Compared tom, Wilson and clover fits have much larger
i i errors. This is due to the fact that the lattice measurements of
n . the vector mass have much larger statistical errors compared
1 D ‘ to the pseudoscalars. Also, the spread between different
0 0.5 1 groups is larger, reflecting the differences in the strategy to

a (Gev'!) extract the masses from the two-point correlation functions.
The fit to the staggered data farg, on the other hand, is
FIG. 3. The behavior ofn(MS,2 GeV), extracted usinl,  surprisingly much better than that fon. Since the param-
data forng=2 simulations. The scale is set by, , and the lattice ~ eters of the clover fit are poorly determined, we do not con-
scheme is TADL. sider them any further.
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TABLE V. The results for then;=2 dynamical simulations listed in Table Ill. The notation is same as in Table IV.

m my(M )

Label KoIA, B, A, B, max 10° m mgax 10° m

Wyl 0.16792807) 12.471365  —41.186(4356)  13.961459H 42(05) 1.0606) 10(02) 25(3)
W)2 0.164866288) 6.287440  —10.566(1450) 3.65866) 13920) 2.5320) 48(09) 88(11)
W,3 0.16133564) 4979225  —11.542(1239) 3.86893 11511) 2.64(15) 37(06) 85(9)
Wy 0.16121808) 4.499134  —14.173(1801) 4.68376) 88(07) 2.5211) 25(04) 73(9)
W,5 0.15839847) 4.426285  —14.249(2216) 4.61694 78(13) 2.3721) 24(06) 73(11)
W,6* 0.15850613) 3.90387) —13.211(823) 4.29@59 85(05) 2.6509) 25(02) 79(5)
S,1* —0.00025(1) 6.95(66) 0.42317) 8.661777) 84(07) 2.9312) 17(02) 58(5)
S,2 0.000127) 6.041(98) 0.32311) 9.120507) 57(04) 2.6209) 12(01) 57(3)
5,3 —0.00078(11) 5.57362 0.34514) 7.320762 67(06) 2.9514) 15(02) 66(8)

If, instead, we fit the data keeping points@# 6.0, then
mg(M4)=10521) MeV[1+1.41.00 GeVa],
X?/Npe=0.3  Wilson,

17
mg(M,)=1045) MeV[1—(0.7414) GeV a)?],

x?INpe=1.8 staggered.

For our best estimate ohy(M ;) in the quenched theory we
average the Wilson and staggered values given in Bds.
and(17)

my(MS,u=2 GeVM,)=10021) MeV (quenchey,
(18

where we quote the largest of the extrapolation errors.
Theny=2 data formg(M ,) are shown in Fig. 7. In light

given B are large, so we do not extrapolate assuming the
expectedO(a) corrections. Instead we simply take the aver-
age in both cases. This gives,=76(10) MeV for the Wil-
son formulation andng=59(6) MeV for the staggered. For
our final estimate in tha=0 limit, we take the average of
these two values,

my(MS,u=2 GeVM,)=6812) MeV (n;=2),
(19

where the spread in the data is taken to be representative of
the uncertainty in the extrapolation to the continuum limit.

The estimates formg found using Mg» match with
mg(M ,) as exemplified in Fig. 6. To summarize, we find that
the quenched estimate aof; depends on the hadronic state
(Mg versusM 4 or Mx) used to extract it. While the first
estimate is constrained by the lowest order chiral perturba-
tion theory, the second is an independent estimate. Thus, for
our final estimates we take

of the discussion presented in Secs. V and VIII we only mg(MS,u=2 GeVM,)

consider data wittB=5.5. Furthermore, the spread between
the values ofmg obtained by different collaborations at a

T T T ‘

200 - .
3 | -y
z : i
= 150 — = -
E - i

r 7
- _ i
I S X=25.9m |
100 & - -
Il L ‘ L ‘ Il L Il ‘ Il
0 0.2 0.4 0.6 0.8
a (Gev'h

FIG. 4. Comparison ofmS(M_S,Z GeV) extracted usinM
against the lowest order chiral prediction=25.9m. The data are
for the quenched Wilson theory.

=100+21+10 MeV (quenchey, (20)

200

X
X =Wilson T T

AL AL A BN

—
o)
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m (MeV)

R

100

Lo oo b v by by

o

0.5 1
a (Gev'h)

FIG. 5. Comparison ofns(M_S,Z GeV) extracted usiniyl , for
the quenched Wilson, and staggered theories.
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200 | 100 —
L i ]
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60 L = b
- o0 ]
I [ - L :
50 PR L N 50 —! L [ I |
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FIG. 6. Results fom(MS,2 Ge\j extracted usindMy , My , FIG. 7. Comparison ofmy(MS,2 GeV) extracted usiniyl , for

and M, for the quenched clover action with tree-level valug,  thenq=2 Wilson and staggered actions. The lines show the average
=1 for the clover coefficient. The results fan(M,) and value and the uncertainty in the estimate for the two formulations.
mg(Mx) agree. We show linear fits to theg(M ;) and mg(M)

data data at more values @, possibly withn;=2—4 to bracket

the physical case af;=3, become available.

mS(M_S,,LLZZ GeVM ¢) —68+12+7 MeV (n;=2), VII. STUDY OF THE CLOVER IMPROVEMENT

(21) At B=6.0 there now exist data at a number of values of
the clover coefficient as listed in Table VI. This allows us to

) o ) study the effect of improvement on quark masses as a func-
where the second error is the 10% uncertainty in setting thggn of Csw in the range 0—3.0. Note that the value predicted
lattice scale as discussed in Sec. VIII. Using these, one Caply the Alpha Collaboration folO(a) nonperturbative im-
again make a linear extrapolation m to getms~55MeV  provement is 1.76911]. The data, presented in Table VII,
for the three flavor theory. However, we feel that it is impor- are plotted in Fig. 8 along with the Wilson and staggered fits
tant to stress that the unquenched simulations are still in veryeproduced from Fig. 1, and the staggered pointsGat
early stages with respect to both statistical and systematie 6.0. Qualitatively, increasing the clover coefficient in-
errors. Thus unquenched estimates should be considered prgeasesa and decreases). In particular, the scale atgy
liminary. =1.769 matches that from the staggered data. However, the

To summarize, the data show two consistent patternsialue ofm is significantly (~50%) different. For a complete
First, for a given value of the n;=2 results are smaller O(a) improvement with clover actions, the lattice quark
than those in the quenched approximation. Second, the ratimass needs ar©(ma) correction, i.e., m{qmp“’"e“: my(1
m/my(M ) Is in good agreement with the predictions of chi- +b,,m,a) whereb,=—0.5 at tree leve[11]. This is, how-
ral perturbation theory for both the;=0 and 2 estimates. ever, a few percent effect only for the parameter values we
Quantitatively, our estimates are low and will be refined ashave analyzed. The other two possible explanations are the

TABLE VI. Lattice parameters of the runs gt=6.0 for different values of the clover coefficient in the Sheikholeslami-Wohlert action.

— *

Lattice No. of Scale 14 aws(d”)
Label Ref. Csw size Conf. Quark masses used in the fits  (GeV) (1/a) (2 GeVv)
W8 [22] 0 32x64 170 0.155, 0.1558, 0.1563 2.339) 0.192 0.205
C1 [27] 1.0 18x 64 200 0.1425, 0.1432, 0.1440 1.889 0.192 0.187
C5 [41] 1.4785 33x64 100 0.13808,0.13851,0.13878 2.0 0.192 0.193
C6 [42] 1.769 24x64 100 0.1342,0.1346,0.1348 1.789 0.192 0.184
Cc7 [42] 1.92 16x 32 100 0.1290,0.1300,0.1310,0.1320 1(2®% 0.192 0.182
Cc8 [42] 2.25 16x 32 100 0.1260,0.1265,0.1270,0.1277 1@ 0.192 0.181

C9 [42] 3.0 16x32 100 0.1160,0.1165,0.1170,0.1173 1334 0.192 0.177
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TABLE VII. The results for the quenched simulations using the Sheikholeslami-Wohlert action as listed in Table VI. The notation is the
same as in Table IV.

m ms(M 4)

Label K¢ B, A, B, max 10° m meax 10° mg

ws 0.15714803) 1.99326) —6.663(521) 2.19662 17206) 5.2011) 50(05) 15211)
c1 0.14548803) 2.67429 —6.265(1006) 1.94289 201(18) 5.3324) 71(13) 18827
C5 0.13928801) 2.83750) —9.913(2491) 2.86689 161(15) 4.8924) 4512 136(32)
C6 0.13522205) 3.268126) —7.318(2973) 2.09699 185(17) 4.8727) 7029 183(68)
c7 0.13306205) 3.48320) —8.914(243) 2.48%3) 17905) 4.6707) 60(02 156(4)
cs 0.12853§07) 3.64Q50) —9.934(673) 2.66(1L70) 17909) 4.6412 57(05) 147(9)
(of°] 0.118151104 3.906195 —13.101(714) 3.20466) 18910) 4.6719) 51(04) 1256)

chiral logs and terms of higher order im need to be in-
cluded[9,40,43. Chiral perturbation theory for pseudoscalar
mesons does not indicate any large nonlinearities as the
change inmg/m and m,/my between the lowest and next
order analyses is insignificari4]. In a state-of-the-art
quenched calculation presented in R&X2], we found that

We have checked the validity of our analysis ignoringincluding higher order terms in the fits for pseudoscalar and
correlations between data by comparing results presentedctor mesons changes the estimates of quark masses by less
here against those obtained from a detailed error analysi§an a few percent. In the present study we have not carried
using the quenched Wilson data obtained on 17034  out this detailed analysis because in most of the data the
lattices atB=6.0[22]. For example, in Refl22], we quote quality of statistical precision and the number of values of
ms(M ) =154(8) MeV, whereas the current analysis giveslight quark masses simulated are insufficient to uncover
152(11), the number plotted in Fig. 5. A similar agreement isthese effects. The deviations from linearity are found to be
seen if we compare our estimates with the results of thémaller for pseudoscalar mesons, which is another reason
original analysis by collaborations whose data we have use@hy we used them to fix1, and vector mesons to fixs. In
as discussed in Sec. IX. Thus we believe that the analysighort, even though present lattice data does not rule out the
presented here gives central values in the individual pointgossibility of large systematic errors due to the neglected
reliable to within a few percent, and the estimate of statisticahigher order terms, there is no clear indication that this is the
errors to within a factor of 2. case. This issue can be addressed only when the range of

There is accumulating evidence in high statistics data tha@uark masses used in the fits is increased.
fits linear in the quark mass, E€L1), are not sufficient, i.e., For Wilson and clover type of fermions, the errors in the
calculation ofx. and thex corresponding to light quarks is
highly correlated. As a result the estimate of errors ink1/2

failure of perturbation theory used to determidg,, and
possibly largeO(a?) effects. More work, like determining
Z., nonperturbatively, is required to quantify these effects.

VIIl. ANALYSIS OF SYSTEMATIC ERRORS

[9) (@]
L R e
X X O R O

— O
o O

—1/2« is much smaller, and we find that the low statistics
points give estimates that are consistent with the high statis-
tics large lattice data. Thus we believe that the estimate, in
the a=0 limit, will not change significantly on improving
just the statistical quality of the current data. What is more
important is to increase the range of quark masses in the
chiral fits and to verify whether the lowest order correction
formulae used in the extrapolationas=0 are sufficient. We
have partially addressed the second issue by comparing the
continuum limit of data from different lattice actions. We
plan to test these issues in the future as data at snmajjer
anda become available.

The clover action witlcgy,= 1.0 has discretization errors
starting atO(agsa) and it is not known whethe®(aa) or
O(a?) errors dominate fo=6.0. Nevertheless, one would

T — L have expected the corrections to be smaller than those for
0 0.2 0.4 0.6 0.8 Wilson fermions. However, the current data show a near
a (Gev') agreement between Wilson and clover data. With data at just

three values of coupling it is hard to determine what form to
use to extrapolate the clover action data to the continuum

FIG. 8. Behavior oin(MS,2 GeV) versus scala as a function
of the clover coefficientg,,. We also reproduce the fits to the
Wilson and staggered data, and the staggered resgh=&.0 from
Fig. 1 for comparison.

limit. The most we can say is that using a linear extrapola-
tion, a theoretically allowed form, gives results consistent
with the rest of our analysis.
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would need to consider data at couplings weaker tan
=5.3. Motivated by the need to minimize contamination
from such effects, we have chosen to use dat@B=at.5
only.

The above scenario would also explain why the Wilson
data for 3<5.5(a>0.42 GeV'1) appear to lie marginally
below the staggered data, in contrast to the quenched esti-
mates. Furthermore, one might worry about the presence of
such artifacts at even weaker coupling. In the long run such
a possibility is addressed by our strategy of demanding
agreement, in tha=0 limit, of results obtained using dif-
ferent lattice discretizations of the Dirac action since the
presence and influence of such artifacts depend on the lattice
action.

3 A L S L B BB B B

m (MeV)
oo
T T H T ‘ T T T I ‘ T T T T ‘

1.5

e b b

&

e ST R EA N I N Lo
Be o os e o IX. COMPARISON WITH PREVIOUS ESTIMATES
The ROME/APE Collaboration quotes the value
FIG. 9. Then;=2 data for Wilson fermions. We show the high- m¢(My)=128(18) MeV[12] from their quenched simula-
est statistics points g8=5.3,5.5,5.6 with the symbol octagon. The tions. Their estimate is based on an analysis of data obtained
remaining points are shown by the symbol square. We also plot ounsing both the Wilson and the clover actionsBat 6.0 and
estimate, the average value {8¥ 5.5, and show the errors amfor 6.2, but does not include a linear extrapolatiomte0. Their
each data point. number is consistent with the result 128MeV reported by
us in Ref.[22]. However, our present analysis of the global
The lattice scale aThe value of the lattice scakeenters ~ data show the presence of lar@¥a) corrections for the
into the calculation in two ways. It is used to convert theWilson theory. Including this correction results in a much
dimensionless lattice quantityna into physical units. A lower number,my(Mg)=88(10) MeV, after extrapolation
much weaker dependence arises when matching the lattide 2=0 as shown in Fig. 4.
and continuum theories. This is because one specifies the The APE Collaboration has recently updated their esti-
renormalization poinjx, at which the lattice and continuum mates using data with Wilson and clover actiong3at6.0,
theories are matched, in terms ofal/Present lattice data 6.2, and 6.427]. These data are included in our analysis and
show a considerable spread in the determinatiora afe- We agree with the raw numbers. However, they quote the
pending on the physical quantity used. This variation is duevalue mg(MS,2 GeVM) =122(20) MeV, based on taking
to a combination of discretization and quenching errors. Foan average of the data rather than doing an extrapolation in
example, with our high statistics quenched Wilson dag, a. Since they only analyze their own data, they are not able
we have calculated the lattice scale fixing,, f,, and to make a case for linear extrapolation as advocated by us.
My to their physical values. The results area(¥l ) Goughet al.[44] have also presented results for both the
=2.330(41) GeV, H(f,)=2.265(57) GeV, and & M,)  Wilson and clover actions fog=5.7, 5.9, and 6.1. Even
=2.062(56) GeV[22]. Also, the fluctuations between the though their values fom(MS,2 GeV) at a giverB are sys-
determination of scale at a giveh by the different groups tematically lower than what we find due to the differences
(see Tables II, lll, and Vjlare of the same magnitude. Thus, between the two analyses in determinagheir estimates of
using M, to set the scale could lead to an additional 10%the continuum values are consistent with the results pre-
uncertainty in our estimates of quark masses, which weented here.
guote as a separate error in our final estimates. The analysis by Lee of the;=2 staggered data generated
The n=2 Wilson dataWe show the data fo=5.3 ob- by the Columbia Collaboration a8=5.7 vyielded m
tained on 18x 32 lattices in Fig. 9. We highlight the highest =2.7 MeV/[45]. This is consistent with 2.69), the result of
statistics points by the symbol octagon. The striking featureur analysis of their data, and with the value, 2195 MeV,
of this data is the surprisingly low value~1.1 MeV atB  we get for the data by Fukugitet al.[38] at the same cou-
=5.3. Coincidentally, the SCRI Collaboration has reportedpling.
an anomalous behavior in the calculation of the nonperturba- To conclude, the values of quark masses that we have
tive B function at 3=5.3 [36]. The important question is extracted at a given lattice scale are consistent with previous
whether this is an anomalous measurement or is indicative afnalysis. Both the central value and the error estimates based
a serious problem. If this feature is borne out by future cal-on our simple analysis are consistent with the previous
culations, then one possible interpretation is that the latticanalysis once the differences in the regularization schemes
theory has a phase transition close®& 5.3, similar to that are taken into account. The main new feature of our analysis
seen in the fundamental-adjoint coupling plane of the purés to show that the data roughly follow the expecteda)
gauge model. Such singular points are lattice artifacts, and toorrections for quenched Wilson and clover fermions and
avoid their influence in the extrapolation =0 one has to  O(a?) for staggered. We also show that including these cor-
consider data at weaker coupling or improve the action tagections give results that are consistent between the various
stay away from such singularities. In the former case onealiscretization schemes.




55 LIGHT QUARK MASSES FROM LATTICE QCD 7215

X. IMPACT ON €'/e

i

The standard mod€BM) prediction ofe'/e can be writ-
ten as[46]

L

E,/E:A{Co‘F[CGBé/z"_ Cnglz]Mr}y (22)

whereM,=[158 MeV/(ms+mgy)]? and all quantities are to

be evaluated at the scaie.=1.3 GeV. This form highlights
the dependence on the light quark masses an@tharam-
eters. For central values of the SM parameters quoted by
Buras et al. [46], we estimateA=1.29x10 4, co=—1.4,
Ce=7.9, andcg=—4.0. Thus, to a good approximation
€'lexM,; and increases aB3” decreases. Conventional
analysis, withmg+my=158 MeV andB}?=B3?=1, gives
€'/e~3.2x10°% On the other hand, takingng+my

~85 MeV, our n;=2 estimates scaled tm., and B3?
=0.8[20] gives €'/e~19x 10" *. This estimate lies in be- 0 0.5 . t

tween the Fermilab E7307.4(5.9)x 10 4] [47] and CERN a (GeV')

NA31 [23(7)x 10 *] [48] measurements. Since the new o

generation of experiments will reduce the uncertainty to FIG. 10. The slope ofVM% versus my(MS,2 GeV) for the

1X 10—4' tests of the enhanced value are imminent. quenched data as a function of the lattice spaeifld ). For clar-
ity, the fit to the clover data is not shown.

AA_A_I_A_L“L -l ‘ 1 J_A_A_‘_A_A_I;L

XI. CONTINUUM LIMIT OF THE QUARK CONDENSATE .
The fits for clover and staggered data do not work. In par-

The observation that the present lattice data for pseudosicular, the staggered data show a breakGat6.0. At
calar mesons is well described 2= B,m, allows us to  weaker coupling the data lie in the band @)9showing no
calculate the chiral condensate using the Gell-Mann—Oakeselear a dependence. Taking this to be the best estimate for
Renner relatio2,49 staggered fermions, we find that the three values are in rough

agreement. Thus, for our final value we take the mean of

<@>GMOR: im — f2M2 23 these, i.e., 41/;@/1‘3725.7(4) .GeV, where the error covers
am, * the spread. Using the experimental valuef o= 131 MeV,
quO q

we then obtain

Since my(#¢) is renormalization group invariant, we ana- .

lyze the slope oMfT versus the renormalized mass at a fixed (p)=—0.024+ 0.002+ 0.002 GeV, (27
scale, i.e.,mq(M_S,Z GeV), for the data sets described in
Tables Il and Ill. The slope, after extrapolationde- 0, di-
rectly give an estimate of<4//z,/;>/ffT in MS scheme aiu

=2 GeV. Our results for the quenched and dynamical con-

mg( )= —0.0023+ 0.0006-0.0004 GeV  (28)

figurations are displayed in Figs. 10 and 11, respectively. 9 L w T
The fits, assuming a linear behavior anfor Wilson and r 7
clover anda? for staggered fermion formulations, to the B o -
guenched data witl8=6.0 give B 7
— 4y 380 5
_f?_:5'4](12) GeM1-0.727) GeVa], A — .
. = ]
¥2Npe=2.6 (Wilson n;=0), (24) g [ % :
_ =7 0 Wn,=2) o
8 6 6415 GeV[1-0.736) GeV I - ]
7 =56415 GeV[1-0.736) Geval, L% S(n,-2) f I
r K :
X2/Npe=12.1 (clover n;=0), (25 6‘%‘ L L
4<@> 0 0.2 0.4 0.6 0.8
— ;=1
— 7 =6.133) Ge\[1-(0462) GeVa)?], a (Gev)

FIG. 11. The slope oMfT versusmq(M_S,Z GeV) for the dy-
x?/Npe=19.5 (staggeredn;=0). (26)  namical data as a function of the lattice spaci(i/1,).
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as our estimate for the quenched theory. The second error To extract the value oing we use the physical value of

arises from the 10% scale uncertainty discussed in Sec. VIIM

(or equivalently M ). Using My instead constrains

The behavior of the dynamical data is again not clearms(M)=25.9m since we use a linear fit to the pseudoscalar

Therefore, we take the average (.8) of the values at the
weakest coupling as our best estimate. This gives

(yh)= —0.031£0.004 GeV, (29)

mg( 1) = —0.0021£0.0006 GeV. (30)
The corresponding phenomenological estimateq 2ire
(yh)=—0.0114 GeV, (31)

mg( )= —0.0017 GeV. (32)

Thus lattice estimates give low values for the quark mass
and correspondingly high values for the condensate, whil

roughly preservingn{ ).

XIl. CONCLUSIONS

We have presented an analysisrofand mg using data

[S)

mass data. Our best estimate for the quenched theory is
my(MS,u=2 GeVM ;) =100+21+10 MeV, and 68& 12

+7 MeV for the two flavor case. The variation with;
would again suggest an even smaller value for the physical
n:=3 theory, however, we caution the reader that the un-
guenched simulations are still in infancy.

In short, taking into account the various systematic errors,
such as allowing for a 10% uncertainty in the estimates due
to the uncertainty in setting the lattice scag the present
lattice results for bothm and m are surprisingly low com-
pared to the numbers used in phenomenology, re.,
=6-7MeV andmg=150-175 MeV. The main uncer-

e extrapolation of the two flavor data to the continuum
imit, and consequently the final extrapolationrip=3. To
address these issues requires unquenched data at more values
of B. The data suggest that, with respect to statistical and
discretization errors, the better approach is to use staggered
fermions, however one has to confront the issue of a large
On the other hand one needs to understand why the

Einty in the lattice results arises due to lack of control over

generated by us over the years and also by other collaborgm- : . ) . .
tions. The values of quark masses we have extracted for nonperturbatively improved Sheikholeslami-Wohlert action

given set of lattice parameters are consistent with previou@s large discretization errors. Clearly, the reliability of these
analyses. Both the central value and the error estimates wiStimates will be improved in the next few years as more

get by reanalyzing the data are consistent with the previoudat@ become available.
reported results once the differences in the regularization From @ study of the variation of the pseudoscalar data as

schemes are taken into account. The main new feature of oGfunction of the quark mass we also extract the quantity
work, based on the global analysis, is to show that the dat&/#)/f2 using the Gell-Mann—Oakes—Renner relation. Af-
rough|y follow the expected)(a) corrections for Wilson ter taking the continuum limit we find that the chiral conden-
fermions andO(a?) for staggered. The errors in the clover sate is roughly a factor of two larger than phenomenological
action are expected to @(a/'n(a)), however, over the lim- estimates. Consequently,t_he estimate of the renormalization
ited range ofa it is not surprising that the present data is group invariant quantityn( ¢ is preserved.
consistent with a linear fit. What is surprising is that the
O(a) corrections are still as large as for Wilson fermions.
The bottom line is that including these corrections give re-  the simulations carried out by our collaboration have
sults that are consistent between theT three.dllscretlzatlogeen done on the Crays at NERSC, and on the CM2 and
schemes after extrapolation to the continuum limit. CM5 at LANL as part of the U.S. DOE HPCC Grand Chal-
We quote our final results in tHdS scheme evaluated at |enge program, and at NCSA under a Metacenter allocation.
n=2 GeV. The lattice perturbation theory is reorganized usyye thank Jeff Mandula, Larry Smarr, Andy White, and the
ing the Lepage-Mackenzie scheme. Our best estimate of théntire staff at the various centers for their tremendous sup-
isospin symmetric mass is 3.4+0.4+0.3 MeV for the  port throughout this project. We also thank Chris Allton,
quenched theory. For the;=2 flavors there does not exist Shoji Hashimoto, Urs Heller, Thomas Lippert, Don Sinclair,
enough data to extrapolate to the continuum limit. The meand Akira Ukawa for communicating some of their unpub-
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