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We calculate connected and disconnected contributions to the flavor singlet scalar density amplitude of the
nucleon in a full QCD lattice simulation with;=2 dynamical Wilson fermions g8=5.6 on a 18x 32 lattice.
We find that both contributions are of similar size at the light quark mass. We arrive at the estippate
=18(5) MeV. Its smallness is directly related to the apparent decreasedfjuark masses when unquench-
ing QCD lattice simulations. Thg parameter can be estimated from a semi-quenched analysis, in which there
are no strange quarks in the sea, the result bgin@.59(13).[S0556-282(99)02205-5

PACS numbgs): 12.38.Gc, 13.75.GX, 14.20.Dh

I. INTRODUCTION oo 2(N|§S|N>
OaN— Y= - = (3)
The pion-nucleorns term is defined as the flavor singlet 1-y (N|uu+dd|N)
scalar density amplitude of the nucleon, multiplied by the
light quark massn,4: The analysis of the baryon octet mass splittings in first order

chiral perturbation theory yieldey=25MeV. It has been
(1) pointed out, howevel3], that corrections due to terms
= (mg— 3(m,+my))? may enhance this value on(20—30%

Our motivation to study this quantity in a full QCD simula- Ieyel. Relating these findings With the results of thi _sc_at-
tion is twofold. First of allo-. provides a direct measure of (€1Ng analysis leads to the estimate-0.2-0.4. This im-

the explicit chiral symmetry breaking in QCD. A comparison Pli€s tf;at strange quark loops decrease the valueqoby
of its experimental value with &irst principles QCD cal- 20-40%. Naively, i.e. under the assumption of an approxi-

culation is therefore of great importance for the understand™at€SU(3) flavor symmetry of the disconnected parts of the
ing of the chiral properties of the strong interaction. Secondnucleon scalar density, one would expect light quark loops to
the scalar density amplitude receives contributions from botffontribute similarly to the pion-nucleon term.

connected and disconnect@gicuum polarizationdiagrams. o as well asy have been studied recently in quenched
This is shown in Fig. 1. In a flavor singlet combination, such!attice simulations by Fukugitet al. [4] and Donget al.[5].

aso .y, the latter are simply added. Therefore, one expect§0th calculations find a value for,y consistent with the
sizeable contributions from those processes, which mostEXPerimental” results quoted above, and a rather large ratio

likely will depend on the details of the vacuum structure.

OaN~ mud<N|Uu+Ed| N>, Myg= %(mu+ mgy).

Given this, the pion-nucleoa term provides an ideal oppor- (N[uu+dd|N)gisc/(N[uu+dd|N)on=2/1.
tunity to disclose the impact of sea quarks on nucleon prop- ) )
erties. Furthermore, Ref[4] estimatesy=0.66(15). Given the

On the other hand, the determination of the experimentaYa|Ue of 2:1 for the ratio of disconnected to connected con-
value of o is by no means straightforward as it requirestributions, th.is is exactly the value one Wo_uld expect from
quite a bit of theoretical input. For instance it implies the uselN® assumption of flavor symmetry of the disconnected con-
of pion-nucleon scattering data at the unphysical Chenglfibutions. Such a finding appears plausible since the
Dashen point. A careful analysis of the extrapolation proceduénched QCD vacuum is sensitive neither to quark flavor
dures has been performed by Gasser, Leutwyler and Sainf$P" Mass. ,

[1] by means of dispersion relations and chiral perturbation The authors of Ref[5] on the other hand find a much
theory. They foundo n=45MeV. A consistent value, smaller valuey =0.3§3). Butthis is mostly due to their use

o.n=48=10MeV, has been obtained more recently in the

framework of heavy baryon chiral perturbation theory by the Q
authors of Ref[2].
Additional information can be drawn from the baryon oc- N/\N N N

tet mass splittings. The flavor octet quantity

® (b)
my+myg - . __—
o= (N[uu+dd—2ss|N) 2) FIG. 1. Qonnectgcﬂa) and disconnecte(b) contributions to the
2 scalar density amplitude of a nucleon. Please note that all quark
lines, including the quark loop, are connected by infinitely many
is related too . by gluon lines and virtual quark loops.
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of phenomenologically inspirefinsazefor the extrapolation 1. Global summation method
in the quark mass and for the renormalization of discon-
nected contributions. We will come back to this point later.
Moreover, their data sample being very limited, one might

The standard procedure is to consider the rigio

S(N'(0,0025,, [G](Y.YoIN(X,1))

have doubts on the reliability of their error analysis. SUM, 4y —
S ; R>YM(t) =
Apart from this, it is by no means obvious that quenched 29<NT(6 ON(X,1))
lattice simulations are at all suited to yield sound first prin- X ’ '
ciple QCD estimates for, andy. For the quenched ap- o
proximation neglects internal quark loops in the vacuum —{ X [@al(y.yo) )- (4)
¥Y:Yo

field configurations. As sea quark loops are essential in the

calculation of disconnected contributions, the quenched apy genotes an interpolating operator for the nucleon. With the
proximation appears to be inconsistent and might introduce ge|; of the generating functional formalism of the path inte-

serious systematic bias to.y andy. gral, and using the Feynman-Hellmann theorem, one obtains
It is therefore of utmost importance to study these quan-
tities in full QCD lattice simulations. Apart from the issue of RSUM(t)=A+(N|Eq|N)t, (5)

the numerical value ofr .\ one might learn about the phys-

ics of sea quarks in QCD from the relative weight of discon-provided the nucleon is in its ground state. Naively one

nected to connected contributions and the amount of flavowould expect this requirement to hold at large time distances

symmetry breaking in the disconnected sector. t. However, due to the summation over all time positions of
We emphasize that the size of tigeparameter is deter- qq in Eq. (4), RSUM might even then be contaminated by

mined by these quantities: a large ratio of disconnected taucleon excitations. Furthermore, the ratio receives contribu-

connected parts and a high degree of symmetry breakingions from quark loops at distancgg>t. Those do not add

impose a low value ox. substantially to the signal, but, especially for the discon-
The calculation of disconnected correlations functions innected part, might enhance the noise. It is therefore advanta-

lattice QCD requires a high statistics of gauge field configu-geous to undo the summation owgy by evaluating the sig-

rations, since such correlators receive contributions onlyals at definite valueg,, in the range &y <t.

from vacuum fluctuations. Even with a “state of the art”

statistics of O(200) configurations one needs elaborate 2. Plateau density method

analysis techniques to enhance the signal to noise ratio. Pre- The |ocal density ratio

vious exploratory full QCD simulationgs,7] have therefore

not been sensitive enough to resolve a possible unquenching ntoA o -
eﬂ:ect RPLA(t,yO): EX<|\I (Olo)zy[qq](yvyO)N(Xat)>
In this paper we present the results of a full QCD lattice E;{N’%G,O)N()?,t))
simulation withn;=2 quark flavors of(mass degenerate
Wilson fermions at3=5.6 and a lattice volume oﬁgx n, B —_
=16*x 32 points. This corresponds to a lattice cutaff* % [qal(y.yo) ©

=2.3GeV and a spatial length=1.4fm. We have gener-

ated 200 statistically independent vacuum configurations allows for an isolation of the proton ground state with re-
each of our 4 values of the sea quark mass, which corresporspect to botht andy,. Its asymptotic time dependence can
to m,/m,=0.8333), 0.80915), 0.75811) and 0.68611). be evaluated in the transfer matrix formalism, without re-
Details of the simulation as well as the analysis of the lightcourse to the Feynman-Hellmann theorem. Feryg<t the

hadron spectrum can be found[i8. ratio becomes independent bindy,, and one obtairts
The paper is organized as follows. In Sec. Il we will de- LA _
fine the lattice correlators and explain our methods to extract R™-A(t,yo) =(N[qaN). (7)

the connected and the disconnected scalar density amplitud

of the nucleon. In Sec. Il the raw results are presented an . ) _ i
the quality of our signals as they emerge from differentOf a linear rlse._The height of the plateau will tell us about
t[he scalar density nucleon matrix element.

analysis methods is discussed. The extrapolation to ligh We will d trate below that thi thod K I
quarks is performed in Sec. IV. Here we also obtain our e will demonstrate below that this method works we

results foro,y andy. Finally, discussion and conclusions for th? conn_ec_ted parts. Ho_vvever, one Iopses the advantage
: : to gain statistics by summing ovef,, which becomes a
are given in Sec. V. N . !
crucial issue for the disconnected part. For the calculation of
the latter we have therefore decided to use a slightly modi-
fied technigue which still accumulates data with respect to
A. Ratio methods Yo, but in a region characterized by ground state dominance

In order to optimize the signal to noise ratio and to studymc the signals.

the systematics of different procedures we have applied sev-
eral analysis methods both to the connected and to the dis-
connected parts of the scalar density matrix element. This form is valid for an infinitely extended lattice in time.

%ﬁus, the ground state signatureRJt“* is a plateau instead

Il. ANALYSIS SETUP
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3. Plateau accumulation method « anda denote Dirac and color degrees of freedom. An exact
The plateau accumulation meth¢BAM) combines the determination ot vv_ith_conventiona_l Kryl_ov subspace meth-
advantages of the global summation and of the plateau de®ds would be prohibitively EXpensive since one would have
sity techniques. It is defined by to apply such an algorithmgx n, times. Instead one has to
rely on approximate methods like the volume source tech-
t-at nigue [11] and the stochastic estimator technique with
RPAM(t,Atg,At)= 2, RPMA(tyq), (8)  Gaussian12] and with Z, [13] noise. The latter allow to
Yo=4to control the accuracy of the estimator on each gauge configu-
with 1<At, At,<t. The asymptotic time dependence is ration. ,
given by It has been demonstrated recerjtiyt] that the stochastic
estimator technique witicomplex Z, noise is superior for
RPAM(t,Aty,At)=B+(N[qq|N)(t—At—Aty). (9)  our lattice setup. Therefore we used this method here, albeit
with small modifications which allow for the determination

B. Numerical evaluation of

1. Connected contributions _ .
A L(yO!ﬁIIB):Z A(nyOvauB ;y!y01a1B)7 (13)
We compute the numerator of Ed4) (summation y.a

method with the standard insertion techniqué]. This where the Dirac indices are not contracted. Thus, the results

method is advantageous if one has to sum over all time PO%an be re-used to calculate vacuum loops other than scalars.

sitionsy,. The addit_ional_ ef_fort, on top of the Sta”d.a!fd quark For completeness we sketch the relevant formulas of this
propagator calculation, is just to compute a modified quarkSpin explicit methodhere

propagatorA(x,0), defined as the solution to On a given configuration and for each estimate we choose
Ng complexZ, random vectorsy(y,yg,a,a), with n§>< ny

MA(X,00=A(x,0). (10 X 4X 3 entries. Each component gfhas the properties
Here M is the fermion matrix and\ the quark propagator. * (i) =1 V(i) =0 forii 14
Graphically, the modified quark propagator corresponds to 7 OnH=1 (" Hn(i) orizj. (14
the quark line with a cross in Fig(d. The brackets of the right equation denote the average over

_The standard insertion technique can be in principle apfinfinitely many) stochastic estimates. Frogwe compose 4
plied also to the numerator of Eq6) (plateau method  gspin explicitrandom vectors

However, as one avoids the summation oygin this case,
one would ha\_/e to §olve Ecjl_O) n; times. Instead, we use 7°(Y,¥o,a,) = 7(Y.Yo.&,@)8, 5, B=0,1,2,3. (15
the advanced insertion technique proposed by Martinelli and . . ]
Sachrajd410]. Here, one keeps the nucleon sink and sourcé\ote that there is no sum over on the right-hand side
at the largest possible time separatfamd computes an ad- (RHS). The vectorA 7* is then obtained as the solution to
vanced propagator by solving the equation

PrOPRSIDN By SOIng e &4 M[A7#]= 7P, 16

M{ Mox——Dnw } = N N . (11)  According to Eq.(14), the product

P(to,B'.8)=(%"""0)"A 7P,
Note that the right-hand side is just a combination of stan-

dard quark propagators. The 3-point correlation is then given  ith 77/3"t0()7,y0,a,a): nﬂ(Y,yo,a,B)tsy t Oupr

by the product of the advanced and the standard quark propa- 0o (17)

gator. The position in timegjy, of the quark densitgq is not

fixed here and can be varied without additional cost. converges in the limiNz— on each gauge configuration to
2. Disconnected contributions (P(tg,B'.8))=L(yo,8",8). (18

The determination of the quark loop contributions to the
scalar density matrix element requires the calculation of th
trace of the quark propagator

In this work we have used 100 stochastic estimates per con-
‘ﬁguration. We have checked that this suffices to reach the
asymptotic region.

L(yo)= > [al(V.yo,@.a;¥.yo,@,a)=TrA(Yo;Yo)- . RAW DATA

Y,a,a
(12 Figures 2 and 3 display the rati®“™ and RP“ of the
connected contributions for our four quark masses. On each
graph we show the data for both, tfecalaj interactions of

2For (antiperiodic boundary conditions, the largest possible timethe u and of thed quarks of the proton.
distance isn,/2. Note thatRP“* is plotted in Fig. 3 as a function of the
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FIG. 2. Summation method: The raw ddg and Ry for the connected amplitude3, 4 at our sea quark masses. The fitange and
value are indicated by solid lines.

(time) position of the scalar interactiony. The time separa- respect to statistical errors. It is gratifying to find the results
tion of proton sink and source is fixed &t 16. of both methods to be compatible withitarge statistical

All ratios exhibit clear signals, even for the smallest valueuncertainties.
of our quark masses. From fits according to E§$.and (7) In order to assess the systematics of PAM we have evalu-
we extract the connected parts of the scalar density matriated R°*M for several values oAt,=At. As can be seen
element of the proton. These are listed in Table I. from Fig. 6,D4 shows no dependence ai, within our our

Both methods yield consistent results within statistical er-statistical precisio200 gauge configurationsThroughout
rors. It appears however, that the summation method systenthis paper we have therefore uséth=At=1.
atically leads to slightly larger values than the plateau In Table Il we have also included the raw data for the
method. We attribute this to a small contamination of thestrange loop matrix elemer®[ss|P), which will be used
SUM results with excited proton contributions. We will for the determination of thg parameter. To obtain this data
therefore use the data from the plateau method for our finale held the loop quark fixed at the strange quark nfaefs
analysis. [8]), and kept valence and sea quark masses degenerate un-

The signals of the disconnected contributions are showuler chiral extrapolation.
in Fig. 4 for the summation method and in Fig. 5 for PAM.

It turns out that the data analyzed with the summation
technique is quite noisy and the signal tends to vanish at the
smallest quark mass. In contrast, PAM produces significantly
improved signal to noise ratios over our entire range of quark
masses. Our procedure to obtain the physical valueaxfy is to

The outcome of the fits according to Ed5) and(9) is  extrapolate the results of Tables I, Il with respect to the
compiled in Table Il. The PAM data are clearly superior with quark mass tan,y4, and to multiply subsequently with the

IV. PHYSICS RESULTS

A. Pion-nucleon o term

054504-4
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FIG. 3. Plateau method: The raw ddtg andR, for the connected amplitude&s, 4 at our sea quark masses. The fitsnge and value
are indicated by solid lines.

lattice cutoffa! andm,4. Note that no renormalization is
necessary, as .\ iS a renormalization group invariant quan-
tity.

In Fig. 7 we display the extrapolations of the connectedynq find agreement. Note that the statistical uncertainty of

and disconnected amplitudes. Since the statistical quality Ghe total amplitude obtained with the dirgcatio) method is
the disconnected contribution does not allow to resolve folgmgjier than the one from the derivative meth@8% com-

higher orders irm,, we have decided to use consistently apareqd to 420
linear ansatz for all contributions. We emphasize that this is

My
gmg

(myg)=11.74.9, (20

equivalent to a quadratic ansatz My(mg), since the TABLE I. Lattice resultgunrenormalizepiof the connected am-
Feynman-Hellmann  theorem vyieldsdMy/dmy(Myg)  plitude Cq=(P(xsed [GU(Ksed|P(Ksed Deon-
=(P|uu+dd|P).

The results of the extrapolations are collected in Table 1ll.Method K o Cq Cu+d

Note that the ratio of disconnected to connected contribu-

. . . 0.1560 2.08(4 1.13 (2 3.21 (5
tions at the light quark is mass “) ) ©

SUM 0.1565 2.13(6) 1.18 (4) 3.31(9)

_ = 0.1570 2.26(11) 1.34 (6) 3.60 (17)
d/C:<P|““+dd|P>disc: 2Dq —1.2657). (19) 01575 2.40(16) 1.46 (13 3.86 (29)
(P|GU+dd|P)con,  CuTCa 0.1560  1.92(5) 1.05(4)  2.98(8)

PLATEAU 0.1565 1.99(8) 1.15 (5) 3.15 (13

As a cross check we compare the total valDg+ Cy 0.1570 2.08(13) 1.27 (11) 3.35(24)
+2D4=8.82(2.52) with our previous result from the qua- 0.1575 2.26(14) 1.33(11) 3.59(23

dratic extrapolation of the nucleon md$j
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FIG. 4. Summation method: The raw d#&g for the disconnected amplitud&x, at our sea quark masses. The fiange and valyeare
indicated by solid lines.

Finally, we determine the pion-nucleenterm in physical  observed in the light quark mass,q: Our result{15], m,4

units. Witf? Myq=0.000901(54)(in lattice units and a,’  =2.7(2) MeV, which has been obtained using tadpole im-
=2.30 GeV([8] one obtains proved renormalizatiofil6]
— 1 3k (1
o.n=a, 'Myg(P[Uu+dd|P)=185) MeV.  (21) Zs=5.|1- Ix, 1-0.0098ys| ||, (22

h ws(1/a)=0.215, is | h h i
The statistical error has been determined with a full jackknife . aws(1/2)=0.215, is lower than the corresponding

; X : . G e quenched estimate at equal cutofi ¢=2.3GeV), mq
analysis of trﬁ product, including the jackknife d|str|but|on325 MeV [17,18, by roughly a factor of 2.
of myq anda, ~.

. . Gupta has reasoned in the context of his discussion on
Clearly, this is a rather small vaIue_, compared to the es“light quark masse$19] that the validity of the one loop

mate from experiment. The latter is quoted to0 beyn  formula, Eq.(22), is questionable in full QCD, insofar large

=45MeV, which is in rough agreement with quenched lat-nonperturbative contributions due to the presence of sea

tice estimates. _quarks could arise and readily changg= zgl by a factor

We em.phasize that the origin for this apparent Qramat|%f 2, thus compensating the above factor 1/2igy. How-
unquenching effect oar.y appears to be the substantial drop o6y this doubt does not provide a source for a possible

underestimate tar,y, since we are dealing here with a
renormalization group invariant quantity.
*We use the standard definition of the quark mess=3(1/x On the other hand, one might question the standard defi-
—1/k.). nition and switch to the lattice quark mass as defined by use
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FIG. 5. PAM withAty=At=1: The raw datd, for the disconnected amplitud®s, at our sea quark masses. The (itsnge and value

are indicated by solid lines.

of the axial vector Ward identity19,20,18. But from the

Obviously the only way to decide on this issue is to per-

final analysis of the CP-PACS group on quenched QCD reform a scaling analysis ah,4, i.€., to repeat its calculation

ported recently18] one would gather decreasef m,4 and

-1

at several lattice cutoffa™ ", and then to extrapolate to the

o,y by 20-50%. One should remember, though, that botltontinuuma— 0. We mention that the CP-PACS Collabora-

definitions ofm,q differ at our value ofa equally from their
common continuum limit, and it is thus natpriori obvious
which one of them is more suitable.

TABLE Il. Lattice results (unrecognized of the
disconnected amplitudeB ;= (P(xsea)|A0(Ksed|P(Ksed Yais @and

Ds:<P(Ksea)|HQ(Kstr)| P(Ksea)>dis- Ksy=0.15608.

Method K Dq D¢

SUM 0.1560 0.86(54) 0.79 (59
0.1565 1.76(76) 1.74 (74)
0.1570 3.22(1.68 3.19 (1.61)
0.1575 2.09(1.69 1.85 (1.44
0.1560 1.63(37) 1.52 (35

PAM 0.1565 1.49(45) 1.52 (44)
0.1570 1.67(71) 1.64 (68)
0.1575 2.68(93 2.49 (86)

tion has launched such a scaling study in full QCD, based on
three different values of the cutofl7]. Their very prelimi-
nary analysis strongly hints at small valueof the light
quark mass in the continuum limit, which incidentally is
close to the estimate underlying our present wdr.

B. y parameter

The determination of thg parameter, defined in E),
requires the calculation of th@@urely disconnectedmatrix
element(N[ss|N). In principle, a fully consistent QCD lat-
tice analysis of this quantity can be done only in the setting
of a realisticn;=3 simulation, in which strange and light
quarks enter the dynamics through the fermion determinant.

Given ourn;=2 setup, we can only resort to a semi-
quenched analysis of the strange sector. This is done by iden-
tifying the masses of the sea quarks with those of the light
valence quarks of the nucleon. The mass of the strange

054504-7
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FIG. 6. PAM: The dependence of disconnected amplitidigen At.

quark, which has no counterpart in the sea, is contained to It has been suggested by Lagaed Liu [21] that the
match the strange hadron spectrum in semi-quenched analigttice quark mass dependent part of the renormalization fac-
sis[8]. This procedure accounts at least for the influence ofor would be quite different for connected and disconnected
light sea quarks on the above matrix element and is certainlgmplitudes. According to their reasoning, based on first order
more adequate than previous quenched=0) calculations. lattice perturbation theory, they would lower our valueyof
The lattice raw result® = (P(ksea|[SS](ks)|P(ksea)) by about 30%. We do however not agree with their argu-
are listed in Table Il. The values differ only slightly from the ments, at least in the case of scalar quark loops, for the
raw dataD,, indicating that an approximat®U(3) flavor  following reason: Since the combinatiany(P|qg|P) is a
invariance of the disconnected contributions is still realizedrenormalization group invariant quantity, both contributions
in our n;=2 simulation. to the amplitude, connectexhd disconnected, will be renor-
We extrapolateDg as a function ofx., linearly to the malized equally, i.e., by one and the same faciky
light quark mass. To obtain the parameter we renormalize =1/Z,, whereZ, renormalizes the quark mass. Choosing
our result different factors Z&°"# z3's¢ as they propose, would be in
_ conflict with the renormalization group invariance.
2(P[ss|P)=4.942.14 (23
V. DISCUSSION AND CONCLUSIONS

by Z, Eq.(22). This yields We have studied connected and disconnected contribu-
tions to the proton scalar density amplitude img@a=2 full
QCD simulation at fixed lattice cutoff and volume.

2Z(ks)(P[S8|P) It turns out that conventional ratio metho@summation
= S\7s — =0.5913). (24) and plateauyield excellent signals for the connected parts,
Zy(x)){P[uu+dd|P) but fail in the determination of disconnected contributions.
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T ; T T T T TABLE lll. Lattice results for connected and disconnected am-

Cy -t plitudes atxgn=0.158462. We have used the data from the plateau
ng : method PAM for the connected and disconnected amplitudes re-
‘ C4Cyt 2D: . spectively.
C, Cq 2D, Cu+Cq+2D,
2.4019 1.5315) 4.952.36 8.822.52

i unquenching effect. In order to consolidate this tentative
‘ conclusion, one shoulda) repeat the analysis on a larger
g 1 lattice, where self averaging will help to reduce the statistical
: ; i errors, andb) carry out a quenched reference simulation at
i equal lattice spacing and statistics. Work along this line is in
progress.

Because of the small value of 4 in full QCD, the physi-
cal result for the pion-nucleoar term comes out rather low.
It remains to be seen whether this is a finite cutoff effect. In
this context it is very interesting that the preliminary results
of the CP-PACS Collaboratiofl7], obtained in full QCD
with an improved action, point at an increase rofy by
about 30% when changing from the standard to the Ward
. identity definition, at our value o&. It is obvious that a
scaling analysis of the quark mass in full QCD is of utmost
importance.

So far they parameter has only been determined with a
semi-quenched treatment of light quarks. The result,
=0.59(13), is far away from the phenomenological expec-

0, 001 002 003 004 005 o006 oo7 tation,y=0.2-0.4. A full QCD calculation ofy with n;
m,, =3 dynamical flavors is therefore highly desirable.
FIG. 7. Linear extrapolations of connected and disconnected ACKNOWLEDGMENTS
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