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Chiral limit of QCD 
Raj an Gup ta a 

a T - 8 Group, MS B285, Los Alamos National Laboratory, Los Alamos, New Mexico 87545 U. S. A. 

This talk contains an analysis of quenched chiral perturbation theory and its consequences. The chiral behavior 
of a number of quantities such as the pion mass m£, the Bernard-Golterman ratios R and Xi the masses of nucleons, 
and the kaon B-parameter are examined to see if the singular terms induced by the additional Goldstone boson,^', 
are visible in present data. The overall conclusion (different from that presented at the lattice meeting) of this 
analysis is that even though there are some caveats attached to the indications of the extra terms induced by rj 
loops, the standard expressions break down when extrapolating the quenched data with mq < ras/2 to physical 
light quarks. I then show that due to the single and double poles in the quenched 77', the axial charge of the proton 
cannot be calculated using the Adler-Bell-Jackiw anomaly condition. I conclude with a review of the status of 
the calculation of light quark masses from lattice QCD. 

1. I N T R O D U C T I O N 

The main question this review a t t empt s to 
answer is "should the ostrich care about the 
alarmists view of quenched QCD"? The alarmists 
are two groups, Sharpe and collaborators [3] [16] 
[18] and Bernard and Golterman [1] [2]. They 
have calculated, using quenched chiral per turba
tion theory, a number of quantities to 1-loop and 
point out t ha t in the quenched approximation 77' 
loops give rise to unphysical te rms in the chiral 
expansion, and in many cases the chiral limit is 
singular. Also, the coefficients in the chiral ex
pansion (including those of the normal chiral logs) 
are different in the full and quenched theories. 
The ostrich are t h e rest of us who wish to con
tinue using the chiral expansions derived for the 
real world for extrapolat ing quenched d a t a to the 
chiral limit. The answer, as I show in this talk, 
is, unfortunately, YES they should care. 

T h e artifacts due to 77' loops can potentially 
invalidate all the extrapolations to the chiral 
limit. The hope is t ha t since these are loop cor
rections and potentially large only in the limit 
mq -» 0, therefore, there might exists a window 
in mq where the leading order chiral expansion 
is valid and sufficient, albeit with coefficients dif
ferent from those in full QCD. Extrapolat ions of 
the quenched da t a from this range to the phys
ical light m „ may prove to be sensible, and the 

difference between the full and quenched coeffi
cients taken as a measure of the goodness of the 
quenched approximation. With this goal in mind 
I analyze the existing quenched da t a in the range 
m 3 / 4 — ms and show tha t terms induced by the 
rf are already visible and statistically significant. 

In Section 9 I review the s ta tus of calculations 
of m and ma. The quenched Wilson fermion da ta 
for rn is almost a factor of two larger, even at 
/3 = 6.4, than t ha t for quenched staggered or 
rif = 2 staggered or Wilson fermion data . The 
estimates of ms depend on whether K or K* or <f> 
is used to set the strange scale. These systematic 
differences are much larger than statistical errors 
and need to be brought under control. 

2. Q U E N C H E D C H I R A L P E R T U R B A 
T I O N T H E O R Y 

Morel [5] gave a Lagrangian description of 
the quenched theory by introducing ghost quark 
fields with Bose statistics. This Lagrangian ap
proach has been further developed by Bernard-
Golterman into a calculational scheme. To the 
order we will be concerned with CBG is 

f2 r 
CBG = —stT(d^d^)+2ij,(M'E + MSf) 

+ a0d^0d^o - ml% (1) 
where / = / „ . = 132 MeV is the pion decay 
constant, S = e x p ( 2 i l l / / ) , M is the hermitian 
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Figure 1. The pseudoscalar propagator, (b) the 
hairpin vertex, and (c) the one bubble contribu
tion to the rf propagator in full QCD which after 
summation of all diagrams has the form shown. 
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quark mass matrix, \x sets the scale of the mass 
term, and str is the supertrace over quarks and 
ghost quarks. The last two terms involve the field 
$ 0 = (rf—f)')/-j2, where ff is the ghost field com
panion to the rf. These terms are treated as in
teractions and give rise to "hairpin" vertices (see 
Fig. 1) in the r/ propagator. This introduces two 
new parameters, ml and a momentum dependent 
coupling atop2, in the quenched analysis. In the 
full theory this vertex and the tower generated by 
the insertion of bubble diagrams sums to give rf 
its large mass, m2/{l — O.Q), while in the quenched 
theory the rf remains a Goldstone boson and its 
propagator has a single and double pole. 

The strength of the vertex, mjj, has been cal
culated on the lattice by the Tsukuba Collabora
tion [4] by taking the ratio of the disconnected to 
connected diagrams. It has also been determined 
using its relation to the topological susceptibility 

m2

0 = 2nfXt/fl = m\, +m2

v- 2m\ (2) 

measured on pure gauge configurations. These 
methods give 750 < m 0 < 1150 MeV. The pa
rameter that occurs repeatedly in the chiral ex
pansion of quenched quantities is S = ml/24Tr2f2. 
Using fv = 132 MeV and m 0 = 900 MeV, the 
mean of the above estimates, gives 6 « 0.2, how
ever, its value could be different, in particular 
smaller depending on the statistical and system
atic errors in lattice data. One of the goals, there
fore, is to extract its value from the lattice data 
for the chiral behavior of as many quenched ob-
servables as possible. 

Let me first give an intuitive picture of why 
the rf propagator gives extra contributions. The 

enhanced logs due to the rf are infrared diver
gent, so it suffices to consider the p2 = 0 limit in 
the rf propagator. The single pole term is akin 
to the pion in the full theory, 1/rri^, while the 
double pole term (due to the hairpin vertex di
agram) is ^-TOo^y. Thus any time there is a 
normal correction term like rn^hnrri^ from pion 
loops there will also be a singular term of the 
form ^-mlLnml = m^Lnm^. ~ Sham\. This is 
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exactly what one finds in the chiral expansion for 
m\. Similarly, in the case of m n u c l e o n the reg
ular chiral correction is <x m\, and the rf gives 
an extra term oc m^m^. My goal is to expose 
these extra terms in the present lattice data for 
different observables, and extract 8 from them. 

Further details on the formulation of the 
quenched chiral lagrangian and on the calcula
tion of 1-loop corrections are given in Refs. [1] 
[3] [16]. The results of the 1-loop corrections 
in the full and quenched theories show that 
• the expansion coefficients are different, 
• there are enhanced chiral logs, 
• there are no kaon loops with strange sea quarks, 
• values for parameters like / , \i,.. are different 
in the quenched expressions. I will assume that 
this difference is implicit in all subsequent dis
cussion even when the same symbols are used for 
the two theories. Before addressing the question, 
what are the consequences of these differences for 
the various physical quantities and are they signif
icant in the present data, I would like to mention 
the difference in the strategies, after 1-loop cor
rections have been calculated, of the two groups 
of alarmists. I find that knowing their respective 
emphasis helps in reading their papers. 

Sharpe and collaborators focus on determin
ing those quantities that can be extracted reli
ably from quenched simulations. To do this they 
use real world (or commonly accepted) values to 
determine the chiral parameters and require that 
the chiral corrections are small in both the full 
and quenched expressions, as well as in their dif
ference. Observables satisfying these conditions 
are the "good" candidates. Bernard and Goiter-
man concentrate on testing quenched xPT by 
forming ratios of quantities which are (a) free of 
0(pA) terms in Ccpt and (b) independent of the 



ultraviolet cutoff used to regularize loop integra
tion. The quenched chiral expansion of such ra
tios then have terms proportional to the extra 
parameter S. Since these terms can be singular 
in the chiral limit, it is necessary to assume that 
there exists a window in quark mass where the 
1-loop results are reliable. Then S can be deter
mined from fits to the quenched expression, pro
vided the fits to the quenched and full theory are 
significantly different. 

3. m 2 V E R S U S mq 

Gasser and Leutwyler [6] [11] show that in full 
QCD 

m 2 = 2iimq (1 + -L(m») - -L{mv) + 0(mg)) (3) 

where L(m) = m 2 Ln(m 2 /A 2 ) /87r 2 / 2 . Bernard 
and Golterman [1], and Sharpe [3] show that these 
logs are absent in the quenched approximation. 
Instead (for a0 = 0) they get 

(ml)Q = 2^mq(l-SLn(-^-)+ ...). (4) 

where A is some typical scale of %5S. This ex
pression has been refined by Sharpe, who summed 
up the leading logs for the degenerate case mu = 
ms. We use his result [10] 

- — — = c 0 - ——-Lnm, + cimq + c2m2

q (5) Ln 

to extract 8 from a compendium of staggered 
fermion data at (3 = 6.0 [7] [8] [9]. Expressing all 
quantities in lattice units, the best fit gives 

L n ^ k = 1.54-0.044Lnm„+1.2m < r mq 

•2.8m 2(6) 

This implies that 8 « 0.053, i.e. much smaller 
than the full QCD value 0.2; however, the break
ing of flavor symmetry in staggered fermions has 
an interesting consequence for this analysis. The 
T}' operator is a singlet under staggered flavor, 
and different from the Goldstone pion which has 
flavor 75. Thus one should use the correspond
ing non-Goldstone pion mass in terms that come 
from the rf. I use the -k (which has flavor 7475) 
mass as it is better measured and consistent with 

Figure 2. Fit to staggered ^f- data at /? = 6.0. 
The estimate for strange quark mass is msa « 
0.025 

1.85 

1.75 -

0.01 0.02 0.03 0.04 

the flavor singlet case. The data and fit using 7r 
mass in the log term is shown in Fig. 2 and gives 

L n K ^ Q _ i .35_o.i3Lnm!+1.5m 2 -2.4n4.(7) 
mq 

In this form the coefficient of the Lnmq term is 
8. Thus 5 « 0.13, a value consistent with the 
estimate 0.2 based on the calculation of ro2,. Also 
note that since the mass of flavor singlet state, %, 
does not vanish as mq -> 0, therefore, there is no 
singularity at finite a due to the enhanced logs. 

The above analysis show that if one wants 
to extract the value of constant term Av, the 
quenched data would give a significantly different 
result depending on the kind of fit used. If one as
sumes that the 5 data points by the Staggered col
laboration [7] represent a window in which x ? T 
is valid and chiral corrections are negligible, i.e. 
the relation m 2 = Avmq is valid (as expected 
at small enough mq in full QCD) then one gets 
m 2 = 5.87mg [7], whereas Eq.7 gives An ~ o.y, a 
significantly different value. 

Finite size effects in m» increase the value of 
(ml)qjmq, so one might attribute the 4% devi
ation at mq = 0.0025 in Fig. 2 to this artifact. 
Fortunately, Kim and Sinclair [8] have obtained 
high statistics data for mq = 0.0025, 0.005, 0.01 



on lattices of size L = 16, 24, and 32 as shown 
in Fig. 2. There is clear indication of finite size 
effects on L = 16 lattices, but the near agree
ment between L = 24 and 32 data confirms that 
L = 32 is essentially infinite volume, i.e. all the 
points used in the fit are, within their statisti
cal errors, free of finite size effects. To conclude, 
the data show that the lowest order chiral expan
sion has broken down and the effects of rf logs 
are manifest for m q < m 3 / 2 . A similar analysis 
with Wilson fermions is not yet useful because 
the lowest mq used in simulations is ~ 0.4m s, i.e. 
the point where staggered fermions just start to 
show significant deviations. 

4. B E R N A R D - G O L T E R M A N R A T I O R 
A N D / f 

The chiral behavior of fn in full QCD has been 
analyzed by Gasser and Leutwyler [11] to be 

u = f[l-L(r 
f(rnu + md + m s ) £ 4 + muL5] (8) 

l™*-) - ^L{rnK) + 

where L± and Ls are two of the 0(p4) constants 
introduced by them. In the quenched theory (for 
a0 = 0) Bemard-Golterman and Sharpe get 

/„. = / ( l + m u I 5 ) . (9) 

The absence of the pion and kaon chiral logs in 
the quenched expression is a 13 —19% effect (cor
responding to the range A = 0.77 — 1 GeV for the 
chiral symmetry breaking scale in L(m)) using 
full QCD parameters. In order to compare the 
full and quenched theories, Bernard-Golterman 
construct a ratio in a 4-flavor theory that is inde
pendent of the cutoff A and 0 (p 4 ) terms, 

R = 
f2 

hvhv 
(10) 

where mi = mi ' and m,2 = mj ' . The expression 
for R in the full and quenched theories is 

RF = 1 + 

R? 
3 2 T T 2 / 2 

l + <5 

m j j j L n -

m 12 

-^ • - l -m^ 'Ln 
rt12 

' i i ' 

t 22' 
m\2 

Xm\v -m\2,) m\2, (11) 

Figure 3. The Bernard-Golterman ratio R versus 
the full QCD expression given in Eq.l l . 
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where the quantity within [ ] (called X) increases 
with the mass difference TO2 — mi. 

The quenched Wilson data for R obtained by 
the LANL [12], UKQCD[13], and Bernard et 
a/. [14] collaborations are shown in Figs. 3 and 4 
versus the full and quenched expressions given in 
Eq.l l . The slope of the fit to R9 gives 6, while for 
RF the expected slope is unity. The data favor 
the quenched expression and give 5 = 0.10(3). 

The caveat in this case is that the two points at 
largest X® are obtained with rri2 = 2m 3 and one 
could argue that 1-loop chiral perturbation the
ory is not reliable for these masses. Barring this, 
I believe that this quantity provides the cleanest 
determination of 5. 

5. B E R N A R D - G O L T E R M A N RATIO x 
AND (rfo) 

The second quantity constructed by Bernard-
Golterman that is independent of A and 0(p4) 
terms is 

{uu) 
M\a - M2

K+ M 
Ml J (uu) 

(12) 

for which x^T gives 
_ ma — md 

Xtree — __ 

XQ 
mn Xtree + S [ L n — - - m<j — mu , m 

m s — m u m 

(13) 

Ln^] 



Figure 4. The Bernard-Golterman ratio R versus 
the quenched expression given in Eq. l l . 
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To evalue these expressions requires data for 
the condensate at three values of mq and pseu-
doscalar masses for the combinations 7r = uu, 
K° = sd, K+ = su. At present only the 
staggered [7] and Wilson [12] fermion simula
tions at 0 = 6.0 by the LANL collaboration 
have all the necessary data. Their results for 
8 = (x — Xtree)/y, where Y is the factor mul
tiplying 8 in the expression for XQ m Eq.14, are 
given in Table 1. The staggered data (the differ
ence between Goldstone and non-Goldstone mass 
in terms that get contribution from rf loops has 
not been taken into account) has large errors and 
would give the wrong sign for 8. With Wilson 
fermions the condensate in the chiral limit can be 
calculated in two ways, using the GMOR relation 
or the Ward Identity as explained in Ref. [15]. 
At finite mq there are lattice artifacts which we 
cannot control, nevertheless, the data give rea
sonable value for 8. This is probably fortuitous 
and I believe that much better data is needed in 
order to extract 6 from the chiral condensate. 

Table 1 
The Bernard-Golterman ratio X 

Staggered Wilson(GMOR) Wilson(WI) 
X 0.549(30) 0.608(6) 0.614(5) 
Xtree 0.517(14) 0.620(2) 0.620(2) 
XF 0.509(15) 0.616(2) 0.616(2) 
8 0.10(5) 0.05(4) 

6. CHIRAL EXTRAPOLATION OP THE 
NUCLEON MASS 

The behavior of baryon masses has been calcu
lated in ChPT and has the general form [6] 

MB = M + Y^c^Mf + J2ciMi 
+ 0(m*Lnmx) (14) 

where Mi are ir, K, r\ meson masses. The term 
proportional to Mf comes from pion loops and 
is 25% - 50% of MB for the octet. For exam
ple, using the results of Bernard et al. [19] one 
finds MN = 0.97 + 0.24-0.27 respectively for the 
first three terms in Eq.14. Thus, the loop cor
rections in individual masses are large and one 
could question whether xPT i s applicable at all 
to baryons. On the other hand xPT results for 
mass differences and the Gellmann-Okubo for
mula work very well, just as in the quark model. 
So, it is possible that the loop effects somehow 
conspire to just shift the overall scale, in which 
case %PT is useful and it is worthwhile examining 
the consequences of the quenched approximation. 

Labrenz and Sharpe [16] have extended the 
Lagrangian approach of Bernard-Golterman to 
baryons using the "heavy-quark" formalism of 
Jenkins and Manohar [17]. They show that along 
with a modification of the Ci in Eq.14 one gets a 
mjjMjr term due to rf loops. The quenched ex
pression for degenerate quark masses is (assuming 
ao = 7 = 0, where 7 is a parameter in the baryon 
sector of Ccpt and defined in [16]) 

MB = M + c ( 1 )8M V + c(2)Ml + c{^Ml + . . . (15) 

where c ( 1 ) 2.5, c<2> ~ 3.4, and c<3> ~ -1.5 
using the full QCD parameters. 

Fits to lattice data using Eq. 15 are not very 
reliable because the number of light quark masses 
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Figure 5. Fit to the LANL nucleon mass data. 
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explored are typically 3 — 4 and only the point at 
the heaviest mass (typically mq > 2ms) shows 
any significant deviation from linearity. I find 
such 4-parameter fits to 4 points very unstable, 
for example in the case of LANL data [12] even 
the different JK samples give completely differ
ent values of c ^ . The best I could do was to fix 
one of the parameters and make a 3-parameter 
fit and then vary the fixed parameter to minimize 
X2- The best fit (fixing any one of the less well 
determined coefficients, c^\ c^ or c^, works 
and gives the same final result on minimizing \2) 
to the LANL data expressed in units of GeV is 
shown in Fig.5 and gives 

MB = 1.16 - 0.36M* + 1.6M? - 0.5M*. (16) 

Assuming c'1^ = —2.5, Eq.eq:BaryLANL gives 
5 « 0.14. The same method applied to /3 = 5.93 
(012 sink) data obtained by the GF11 collabora
t i o n ^ ] gives (this is an updated version of the 
fit presented in Ref.[16]) 

MB = 1.18 - 1.0MT + 3.0M 2 - 1.3M3 (17) 

which implies 5 « 0.4, and c^ and c'3* have val
ues close to those for full QCD. 

7. T H E K A O N B PARAMETER 

The kaon B parameter is a measure of the 
strong interaction corrections to the K° — K° 

mixing. It is one of the best measured lattice 
quantities. For details of the phenomenology 
and of the lattice methodology I refer you to 
Refs.[21][22][23]. Here, I present a summary of 
just the chiral behavior. 

Sharpe has calculated the chiral behavior of BK 
in both the full and quenched theories [23]. The 
full QCD result is 

BK = fifl-(3+j)yLny+6y+ce2y+0(y2)j(18) 

where y — m2

K/(8n2f2) « 0.2 and e = (ms -
m d) / ( " i s+m, i ) measures the degeneracy of s and 
d quarks. B is the leading order value for BK, 
which is an input parameter in xPT, and b and c 
are unknown constants. The quenched result [18] 

BQ _ B Q 1 - (3 + e2)yLny + bQy + cQe2y 

+6 
2-e\ l - e 

Ln-
2e 1 + e 

(19) 

has exactly the same form except for the addi
tional term proportional to S, which is an arti
fact of quenching. The term proportional to S is 
singular in the limit e —• 1, therefore it will not 
be possible to extrapolate quenched results to the 
physical non-degenerate case. For e = 0 this term 
vanishes, and since there is little incentive to cal
culate BK for e -¥ 1 in the quenched approxi
mation, therefore it is unlikely that we will, in 
the foreseeable future, be able to extract 6 using 
Eq.19. 

The constants B, b, c are different in the full 
and quenched theories and cannot be fixed by 
%PT. Assuming B = B®, then the coefficient 
of the chiral log term is the same for e = 0. This 
is the best agreement one can expect between 
the two theories, therefore, Sharpe advocates that 
BK for degenerate quarks has the possibility of 
being a "good" quantity to calculate using the 
quenched theory. 

Using full QCD values 3yLny « 1; so one can 
ask whether this normal chiral log is visible in 
the present data and whether it should be in
cluded in the extraction of BK? With existing 
data it is hard to distinguish this term from the 
one linear in y as the range of TUK is not large 



Figure 6. Evidence of finite size effects in en
hanced chiral logs in By. 
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enough to significantly effect the logarithm. Also, 
there exist data for mq « m a / 2 , so for degener
ate quarks (which, as explained above, is the best 
one can do with the quenched theory) there is no 
need for an extrapolation. However, for staggered 
fermions BK can be written as the sum of two 
terms, BR = By + BA, each of which can be an
alyzed using xPT. These quantities are defined in 
Ref. [3] and are explicitly constructed such that 
they do not diverge as l/m2

K in the chiral limit. 
Both By and BA have enhanced logs (terms pro
portional to Lny and not suppressed by powers 
of y) that have nothing to do with quenching, i.e. 
are not due to the rf'. It is these logs, or more pre
cisely the volume dependence of these logs, that 
has been seen in lattice data. Sharpe has shown 
that this volume dependence is of the form 

BV(L)-BV(OO) = -(BA(L) - BA(oo)) (20) 

~ 2 V mKL 8 T T 2 / 2 " 

The constant &2 is not well determined, however, 
the shape of the vn.K dependence is. The stag
gered fermion data at /? = 6.0 on 16 3 and 24 3 

lattices [24] are shown in Fig. 6, and qualitatively 
confirm the expected finite size effects in the chi
ral logs. 
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8. ME OF SINGLET AXIAL CURRENT 
IN THE PROTON 

Ever since the measurement of the spin struc
ture of protons using deep inelastic muon scatter
ing from protons by the EMC collaboration[25], 
there has been much interest in the calculation of 
the forward matrix elements of the singlet axial 
current in the proton, (p,s\qijfi'yrlq\p,s). There 
are two possible Wick contractions that con
tribute to this matrix element (ME). These con
nected and disconnected diagrams are discussed 
in [27]. Since the disconnected diagram is hard 
to measure, Mandula [26] used the anomaly con
dition to derive the relation 

iP^\Afi\p,s)sfl = Nf^j- l i m ^ T x 

ZTV g->0 q • S 

(p',s\TrF^F^(<l)\p,s} (21) 
where q — p—p' and s is the proton's spin vector. 
The hope was that it would be easier to measure 
the ME of this purely gluonic operator. Since 
the rf propagator contributes to this ME at tree 
level, the question arises whether Eq.21 is valid 
in the quenched approximation. The answer is 
NO [27]. Consider the Fourier transform of the 
anomaly relation 

i<llj.{p',s\Alx{q)\p,s) = 2mq (p',s\P\p,s) + 

Nf^{p',s\TvFF\p,S) (22) 

Each of the three ME in Eq.22 can be parame
terized in terms of form-factors as 

(&', s\ Ay.(q) \p, s) = uijuJsuGf - iq^ujsuG?, 
(p',s\P\p,s) =uj$uGp, 

{p',s\TrFF\p,s)=uj5uGF. (23) 

In the quenched approximation the singularities 
in these form factors for forward ME with respect 
to q2 and due to the rf propagators are 

Gi(q2) no rf poles 

G t { q 2 ) = ( ^ ^ + ( ^ % ) + < 5 2 ' 
CP(n2\ - P 2 + P l 4- P 
G { q ) ~ («2-rnl,y + (qi-ml,)+P> 

GF(q2) = W^f)+P- ( 2 4 ) 



Equating the single and double pole terms gives 
two relations. Using these and taking the double 
limit, q2 —• 0 and mq —¥ 0, gives 

2MPG?(q2 = 0) = ~ai+Nf—F 

2ra„ 
m~ m2 

(25) 

;-»)+">s<*-4>-
The term proportional to Nfas/2ir diverges in 

the chiral limit and there is no obvious way of ex
tracting the physical answer from it alone. Thus 
the method fails in the quenched theory. 

In the full theory, there are no double poles and 
an analogous analysis gives 

2MPGf{q2 = 0) -a1+Nf^F, 

A 
m2 

a. = N ' ^ F - '). (26) 

which justifies the use of the anomaly relation. 

9. MASSES OF LIGHT QUARKS 

In order to extract light quark masses from lat
tice simulations we use an ansatz for the chiral 
behavior of hadron masses. Theoretically, the 
best defined procedure is xPT which relates the 
masses of pseudoscalar mesons to mu, m j , m3. 

The overall scale fj, in the mass term of Eq.l im
plies that only ratios of quark masses can be de
termined using %PT. The predictions from xPT 
for the two independent ratios are [6] [32] 

{mu + md)/2ms 

(md - mu)/m3 

Lowest order Next order 
_i_ j _ 
2.5 _1_ 
44 

1 
29 • 

In Lattice QCD it is traditional to make fits 
to the pseudoscalar spectrum assuming m\2 = 
Aw(mi + m-z) and using either mp or /„- to set 
the scale. (The expression in Eq.5 is not relevant 
for this discussion since most quenched simula
tions have mq > m 3 /2 . ) A consequence of using 
just the linear term is that the ratio ma/m = 
25, i.e. these fits can be used to extract either 
m = ( m , + m<i)l2 or m3 by using the physical 
masses for mT or mj( but not both. (One would 
get a different number if 0(m.2) and chiral log 
terms are included in the relation.) Furthermore, 

since lattice calculations are done in the isospin 
limit, mu = md, therefore xPT can be used to 
predict only one quark mass. The mass I prefer 
to extract, barring the complications of quenched 
xPT, is TO as it avoids the question whether low
est order xPT *s valid up to m3. Akira Ukawa 
reviewed the status of TO at LATTICE92 [28] and 
I present an update on it. 

To convert lattice results to the continuum MS 
scheme I use 

mconi{q*) = miatt(a) [l-—^(log(q*a)-Cm)](27) 

where q* defined in [29] is chosen to be 7r/a, 
Cm = 2.159 for Wilson [30] and 6.536 for stag
gered fermions [31], and the rho mass is used to 
set the scale. (I have not used the tadpole im
provement factor of UQ [29] in Cm and miau as 
this factor cancels in perturbation theory and is 
a small effect otherwise.) The value of g2 used in 
Eq.27 is given by [29] 

1 _ (plaq) 
9latt 

+ 0.025 (28) 

to relate it to the continuum MS scheme at q* = 
it J a. Finally, all the results are run down to Q = 
2 GeV using 

i(Q) 
m(q* 

'm\ Wo 

92(q*)J 

1 + 9
2(Q)-92(q*) ^iPo-loPiA ( 2 9 ) 

1 6 T T 2 

2 / ? 0

2 

1 /ftMMfoiy ( 3 0 ) 

with 

92(Q) = 

16*2 # , L n ( £ ) V~ / ? 0

2 L n ( g 

The values of A used for the two cases, n / = 0 
and 2, are 245 MeV and 190MeV respectively. 

The status of calculations of TO(2 GeV) for 
quenched Wilson [35] [20] [36] [37] [12] [38], 
quenched staggered [39] [9] [40] [7] [8], dynam
ical (rif = 2) Wilson [41] [42], and dynamical 
(rif = 2) staggered fermions [40] [43] [44] is shown 
in Fig. 7. I have suppressed error bars as I want 
to first emphasize key qualitative features. The 
quenched staggered, and rif = 2 Wilson and stag
gered give rn = 2—3 MeV and are roughly consis
tent; however, the quenched Wilson results seem 



Figure 7. m extracted using m T data with the 
scale set by mp. 
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to approach that value from above and even at 
(3 = 6.4 are significantly higher. (The recent re
sult m 3 = 128(18) MeV by Allton et al. [45] for 
both Wilson and Sheikholeslami-Wohlert actions 
at /? = 6.0 and 6.2 is consistent with the results in 
Fig. 7 once one notes that m = m s /25.) I believe 
that, at this stage, it is important to understand 
why the quenched results with the Wilson action 
are so different from the rest! 

An alternative to using mq — / ? m a s s m £ = 
Z~1rrig to calculate the quark masses with Wil
son fermions is to use the Ward identity [34] [15] 

ZA mv ( ^ 4 ( T ) P ( 0 ) ) 

ZP 2 (P(r)P(O)) (31) 

Using the perturbative values for ZA and Zp 
(with q* = ir/a and boosted g2 defined in Eq.28) 
I get, for the LANL Wilson data, [12], m = 
3.53(10) MeV in contrast to m = 5.15(15) MeV 
as shown in Fig. 7. The statistical errors are cal
culated using a single elimination JK with a sam
ple of 100 lattices of size 32 3 x 64, so the differ
ence is significant. The Rome collaboration [45] 
has found a similar discrepancy and argue that it 
can be resolved if one uses the non-perturbative 
value for Zp, which they advocate calculating 

using matrix elements of the operators within 
quark states in a fixed (Landau) gauge. Their re
sults indicate that perturbation theory (including 
tadpole improvement) fails for Zp, and the two 
methods for extracting m give consistent results 
once the non-perturbative value of Zp is used. 

Having fixed m one can extract m s , mc and mt, 
using, for example, K*, D, and B meson masses 
provided it is assumed that these masses are lin
ear in the light quark mass, and in the heavier 
quark mass around the physical value. Alter
nately, one can use m^, J/ifi and T spectrum to 
get at these quark masses directly without need
ing to extrapolate in the light quark mass. The 
results for mc and mj, have been reviewed by 
Sloan [33] at this conference so I will only ana
lyze the data for ms and compare these estimates 
to 25m. Note that the same data used to com
pile Fig. 7 is used to calculate ms from mic and 
m<£, and the procedure for translating the value 
to 2 GeV in the MS scheme is also the same. 
The results are shown in Fig. 8. The estimate of 
ms from m^ is systematically higher by 15 — 20% 
compared to 25m. 

To convince you that the systematic errors 
due to choice of hadron used to set the scale 
of the strange quark are now a dominant source 
of error I compare the various estimates using 
the LANL data[12]. We find that, in the MS 
scheme at 2 GeV, m9 = 25m = 129(4) MeV us
ing MK, rns = 151(15) MeV using MK*, and 
ms - 157(13) MeV using Afy. Note that the lat
ter two estimates give ms/m ~ 30, which is much 
closer to the "Next Order" prediction of ;\PT. 
The larger errors in this case reflect the fact that 
on the lattice masses of pseudoscalar mesons are 
measured with much better statistical accuracy 
than those of vector mesons. 

10. CONCLUSIONS A N D COMING AT
TRACTIONS 

The analysis of various quenched quantities 
show that the parameter 8 characterizing the 
hairpin vertex in the rj propagator lies in the 
range 0.1 — 0.2. Also, for mq < m 3 / 2 one sees 
significant deviations from the lowest order chi-
ral behavior in m\jraq. On the basis of these, 
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Figure 8. Comparison of m3 extracted using m^ 
and m„ = 25m. The data are for quenched Wil
son simulations. 
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I conclude that extrapolation of quenched data 
obtained for mq < m s / 2 to the chiral limit can
not be done simply using full QCD formulae for 
quantities which have large contribution from en
hanced logs. For quantities like the matrix ele
ment of the singlet axial vector current using the 
Adler-Bell-Jackiw anomaly, the quenched approx
imation fails altogether. 

The alarmists are busy calculating 1-loop cor
rections to other quantities to determine what can 
be extracted reliably from quenched simulations. 
Bernard and Golterman have extended the results 
presented at LATTICE93 [46] and calculated chi
ral corrections to the energy of two pions in a fi
nite box as derived by Liischer [47]. They find 
terms at 0(1) and 0(1/L2), whose contribution 
could be substantial, in addition to modifications 
of the 0(1/L3) term which is related to the pi-pi 
scattering amplitude [48]. Sharpe and Labrenz 
have extended the analysis of baryons to include 
the A decuplet [49]. Booth [50] and Zhang and 
Sharpe [18] have calculated corrections to heavy-
light meson properties like fg and BB- These new 
results and more data should provide a clearer 
picture of what is possible with quenched QCD 
by LATTICE 95. 

In the calculations of light quark masses we 

need to understand the factor of two difference 
between the quenched Wilson and staggered data. 
On the other hand, the quenched staggered data 
is consistent with the nf = 2 Wilson and stag
gered data. The analysis presented here leaves 
open the question — is the agreement between 
quenched Wilson (and O(a) improved SW ac
tion) data with the phenomenologically favored 
estimates of m (or equivalently ms) fortuitous 
and an artifact of strong coupling? If so, then 
the nf = 0,2 staggered and n / = 2 Wilson data 
give an estimate of m that is 2 — 3 times smaller 
than the commonly accepted phenomenological 
value. Using mjj» or m^ to extract ms gives a 
~ 20% larger value than that obtained from TUK, 
and provides information beyond the lowest order 
%PT result m3 = 25m. The statistical errors are, 
however, larger in this case. 

11. ACKNOWLEDGEMENTS 

I thank Claude Bernard, Tanmoy Bhat-
tacharya, Maarten Golterman and especially 
Steve Sharpe for many enlightening discussions, 
and Martin Liischer for reminding me that the 
T}' is a staggered flavor singlet. I am grateful to 
Claude Bernard, Richard Kenway and Don Sin
clair for providing unpublished data and to Akira 
Ukawa for the quark mass data he presented at 
LATTICE92. The staggered and Wilson fermion 
calculations by the LANL group have been done 
as part of the DOE HPCC Grand Challenge pro
gram. We gratefully acknowledge the tremendous 
support provided by the ACL at Los Alamos and 
by NCSA for the Wilson fermion simulations done 
on the CM5. 

REFERENCES 

1. C. Bernard and M. Golterman, Phys. Rev. 
D46 (1992) 853; LATTICE92, Pg. 217; LAT-
TICE93, Pg. 334; 

2. M. Golterman, hep-lat/9405002 and hep-
lat/9411005. 

3. S. Sharpe, Nucl. Phys. B (Proc. Suppl.) 17 
(1990) 146, Phys. Rev. D41 (1990) 1990, 
Phys. Rev. D46 (1992) 3146, and "Standard 
Model hadron Phenomenology and weak de-



cays on the lattice", Ed. G. Martinelli, World 
Scientific, 1994. 

4. Y. Kuramashi, et al., Phys. Rev. Lett. 72 
(1994) 3448. 

5. A. Morel, J. Phys. (Paris) 48 (1987) 1111. 
6. J. Gasser, H. Leutwyler, Phys. Rep. C87 

(1982) 77. 
7. R. Gupta etal., Phys. Rev. D43 (1992) 2003. 
8. S. Kim, D. Sinclair, Private communications. 
9. Ape Collaboration Phys. Lett. 258B (1991) 

202. 
10. S. Sharpe, Nucl. Phys. B (Proc. Suppl.) 30 

(1993) 213. 
11. J. Gasser, H. Leutwyler, Nucl. Phys. B250 

(1985) 465. 
12. T. Bhattacharya and R. Gupta, these pro

ceedings. 
13. R. Kenway, Private communications. 
14. C. Bernard, Private communications. 
15. R. Gupta et al., Phys. Rev. D46 (1992) 3130. 
16. J. Labrenz, S. Sharpe, LATTICE93, Pg335. 
17. A. Manohar, E. Jenkins, Phys. Lett. 255B 

(1991) 558. 
18. Y. Zhang and S. Sharpe, in preparation. 
19. V. Bernard et al., Z. Phys.C60 (1993) 111. 
20. GF11 collaboration, hep-lat/9405003. 
21. S. Sharpe, LATTICE 93, Pg.403. 
22. R. Gupta et al., Phys. Rev. D47 (1993) 5113. 
23. S. Sharpe, 1994 TASI lectures, 

hep-ph/9412243 
24. G. Kilcup, et al., Phys. Rev. Lett. 64 (1990) 

25. 
25. J. Ashman, et al., Phys. Lett. 206B (1988) 

364; Nucl. Phys. B328 (1989) 1. 
26. J.E. Mandula, in Proceedings of ARC Con

ference on Polarization Dynamics, Trieste 
(1992) (hep-lat/9206027). 

27. R. Gupta, J.E. Mandula, Phys. Rev. D50 
(1994) 6931. 

28. A. Ukawa, LATTICE92, Nucl. Phys. B (Proc. 
Suppl.) 30 (1992) 3. 

29. P. Lepage and P. Mackenzie, Phys. Rev. D48 
(1993) 2250. 

30. G. MartinelU, Z. Yi-Cheng, Phys. Lett. 123B 
(1983) 433. 

31. M. Golterman, J. Smit, Phys. Lett. 140B 
(1984) 392. 

32. J. Donoghue, B. Holstein, D. Wyler, Phys. 

11 

Rev. Lett. 69 (1992) 3444. 
33. J. Sloan, these proceedings. 
34. L. Maiaini, G. Martinelli, Phys. Lett. 178B 

(1986) 265. 
35. APE collaboration, Phys. Lett. 258B (1991) 

195; Nucl. Phys. B376 (1992) 172; Nucl. Phys. 
B378 (1992) 616. 

36. QCDPAX collaboration, Phys. Lett. 216B 
(1989) 387. 

37. HEMCGC collaboration, Phys. Rev. D46 
(1992) 2169. 

38. UKQCD collaboration, Nucl. Phys. B407 
(1993) 331. 

39. APE collaboration, Nucl. Phys. B343 (1990) 
228. 

40. HEMCGC collaboration, Phys. Rev. D49 
(1994) 6026. 

41. A. Ukawa, Unpublished. 
42. R. Gupta, et al., Phys. Rev. D44 (1991) 3272. 
43. Tsukuba Collaboration, Phys. Rev. D50 

(1994) 486. 
44. Columbia Collaboration, Phys. Rev. Lett. 67 

(1991) 1062. 
45. C. R. Allton, et al., hep-ph/9406233. 
46. C. Bernard et al., Nucl. Phys. B (Proc. 

Suppl.) 34 (1994) 334. 
47. M. Liischer, Nucl. Phys. B354 (1991) 531. 
48. C. Bernard and M. Golterman, in prepara

tion. 
49. J. Labrenz and S. Sharpe, in preparation. 
50. M. Booth, hep-ph/9411433; hep-ph/9412228. 


