PHYSICAL REVIEW D, VOLUME 63, 074503

Flavor singlet pseudoscalar masses iN;=2 QCD

T. Struckmanrt, K. Schilling? G. Bali® N. Eicker? S. Gisken? Th. Lippert? H. Neff! B. Orth? W. Schroerg,
J. Viehoff! and P. Ueberhofz

(SESAM-TyL Collaboration
INIC, Forschungszentrum lich, 52425 Jlich, Germany

and DESY, 22603 Hamburg, Germany
2Fachbereich Physik, Bergische Universjt&esamthochschule Wuppertal, Gau3strae 20, 42097 Wuppertal, Germany
3Department of Physics and Astronomy, The University of Glasgow, Glasgow G12 8QQ, Scotland
(Received 16 October 2000; published 5 March 2001

We perform a lattice mass analysis in the flavor singlet pseudoscalar channel on the SESA)Land T
QCD vacuum configurations, with 2 active flavors of dynamical Wilson fermiong=ab.6. At our inverse
lattice spacinga™'~2.3 GeV, we retrieve by a chiral extrapolation to the physical light quark masses the
value m,7,=3.7f§m7,. A crude extrapolation fromN;=3) phenomenology would suggest, ~5.1m, for
N;=2 QCD. We verify that the mass gap between the singlet siatend ther flavor triplet state is due to
gauge configurations with nontrivial topology.
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[. INTRODUCTION to avoid all this by following an indirect strategy and taking
resort in the assumptions underlying the Witten-Veneziano
Lattice gauge theoryLGT) has been established as the formula [3]; this workaround amounts to determining the
standard method to deal with infrared aspects of quanturmass gap from quenched lattice determinations of the topo-
chromodynamic$QCD). Recently, the light hadronic flavor logical susceptibility4].
non-singlet masses have been accurately determingd; by Previous pioneering work in full QCD largely focussed on
=2 QCD simulations on the teracomputing sddlg Unfor- @ two-step recipe to deal with the above probleimsieter-
tunately, the situation is much less clear when it comes to theinem,, at larget and(ii) compute the mass gépn,, from
interesting physics of flavor symmetric hadronic stagesh  the ratio of connected and disconnected correlatBig)
as thep’ meson which are expected to be influenced by the = Cygis(t)/Cconn(t) [5—7] in the range of smallish values.
topological properties of the QCD vacuum; we have to waitln our present approach we seek fdneindow within which
for multi-teracomputing to see it settled. a straightforwardone-step flavor singlet propagator analy-
The problem is due to the very occurrence of Zweig-rulesis can be pertinently achieved.
forbidden contributions to the singlet hadronic propagator in In a recent study we already applied improved stochastic
the form of disconnected diagrams, as already known fronestimator techniques—as geared previously for coping with
early feasibility studies in quenched QQR]. The difficul-  disconnected operator insertions in the context of hadronic
ties arise for three reason@) disconnected correlators in- matrix elementd8]—to the flavor singlet correlators with
duce a high level of gauge field noise into the calculationspointlike sourceqd9,10]. In this paper we shall show by a
(b) their computation is costly as it involves momentum zeromass plateau analysis that a standard mass computation on
projections of quark loops, the evaluation of which requiresthe flavor singlet propagator itself will become feasible with
the use of stochastic estimator techniques; @hthe propa- reasonable control of systematic errors, once smeared opera-
gator of a flavor singlet pseudoscalar mes@r;, turns out  tors are used.
to be thedifferencebetween connected and disconnected dia-
grams with the possibility of numerical cancellations. Il. LATTICE PREREQUISITES
Indeed, at large Euclidean time separatidnshese can- ) ) )
cellations are doomed to be strong if they are to render the We consider the pseudoscalar flavor singlet operator in a
large empirical mass gap between flavor singlet and flavoffavor symmetric theory

non-singlet statesM5=M?,—M?2. As a consequence, the N
signal-to-noise ratio becomes a serious problem for the direct S(x)= E E(X) 50 (X) (1)
lattice approach to flavor singlet objects and makes it hard to Sy TSRS

keep control on systematic errors. For all these reasaims,

initio full QCD lattice investigations of the’ mass have not with N flavors. By the usual Wick contraction it leads to the

yet overcome an exploratory stage. There is of course a wafjavor singlet propagator in terms of the inverse Dirac opera-
tor, A=D1

YIn our N;=2 world we have a tripletrather than an octebf
flavor non-singlet mesons. Moreover, working with mass- 2Upper (lowep case letters refer to masses in physitattice)
degenerate quarks, our's are exactly mass degenerate too. units.
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C,(0]x)~(N; tr(A(0|x)AT(0]x)) TABLE I. Simulation parameters used gt=5.6 and numbers
of stochastic source@sed with local and smeared operatdi,,,
—NZtr(ysAT(0|ONr(ysA(X[X))), (20 N2T). Last column: numbers of available decorrelated vacuum field

configurationsNcont-
which is a sum of fermionic connected and disconnected N . -
contributions with traces to be taken in the spin and color Ksea m,/m, LoxT Nest  Nest  Ncons

spaces. In the rest of the paper we shall refer to them asg 1544 0.83@®) 163% 32 400 400 195
one-loop and two-loop contributions, respectively. The 0.1565 0.81®) 163% 32 400 400 195
traces are computed with, noise sources including diago- 0'1570 0.7685) 168% 32 400 400 195

nal improvement as explained in R¢®]. 0.1575 0.69010) 16832 400 400 195

The momentum zero projection 01575  0.706) 24x40 400 100 156

3
C. () =(S()S(0))conr—(S(1)S(0)aisc 3 01580 057413 24°x40 100 100 156

is expected to decay exponentially,exp(—m,t), and thus  \yhere the index “p.t.” stands for parallel transported and the

to reveal the flavor singlet massy,, . On a toroidal lattice g ,m extends over the six spatial neighbors.dfor ¢é0) we

with temporal extent one should encounter the usual coshgart out from pointlike sources for the connected and from

behavior at large values ofand T—t: Z,-noise nonlocal sources for the disconnected diagrams. In
this way the bilinear quark operators, Efj), were computed

C, () —exp(—m,t)+exp(—m, (T—1)). (4 after N=25 smearing steps, with the value=4.0. The

smearing procedure was applied to meson sources as well as

From this parametrization, effective massa%, can be re- to sinks, for bothCys. and C.,,,, in order to correctly

trieved by solving the implicit equation maintain their relative normalizations.
In Table | we list the run parameters of our simulations,
t t which make use of vacuum field configurations generated by
’ - ’ + + - ’ L .
Cy(t+1) expmm, (t+)+exp—m, (T-t=1) "SESAM (18x32 lattice[12)) and the L (24° 40
C, (1) exp(—mtn,t)+exp(— mtn,(T—t)) lattice [13]) Collaborations, both wittN;=2 and 8=5.6.

(5) We have used five different sea quark masses and two dif-
ferent lattice sizes to gain some control on finite-size effects.

For sufficiently large values of, the effective masses While the number of vacuum configurations varies from 156
should saturate into a plateau. The crucial question is, howto 195, the number of independent stochastic sources has
ever, whether one can establishit-window of observation been chosen to be 400 on the small lattices, both for local
that reveals a definite plateau behaviorrmﬁ;, before noise (lI) and smeareds(m) operators. On the large lattices 100
takes over. (400 for kge;=0.1575H) source vectors were used.

Figure 1 illustrates the quality of our data in terms of the
one-loop and two-loop correlators at the lightest sea quark
mass on the SESAM lattice, computed with pointlikgper

The building blocks for hadronic observables are thefigure) and smeared operatordower figure, using Ngg;
quark propagators;, which may be computed by solving the =400 stochasticZ,-noise sources with diagonal improve-
(discretizedl Dirac equation with appropriate source vectors,ment [9]. The errors quoted are statistical and have been

A. Operator smearing

¢<(2), on the lattice: obtained by jackknifing. We find a marked improvement of
the signal with the help of source smearing in the regime 5
D(z,x)£(x)= ¢(2). ©® <t<12.

One should remember that the data points in Fig. 1 suffer

In standard spectrum analysis one generally applies sonfeom two kinds of stochastic noise: one from the gauge fields
kind of spatial smearing to the hadron souftecated att  and one from the noisy sources. In order to disentangle them
=0) in order to enhance the ground state signals of the reit is highly instructive to study the error on the two-loop
sulting hadronic operators at medium values.deedless to  signal, o, as a function of the number of stochastic sources,
say, this appears to be all the more necessary in the present,,. In Fig. 2 we plot this quantity for the SESAM en-
context where—as explained above—we are faced both witBemble atx..,=0.1570 on a time slice of interest=8. At
(a) cancellationgbetweenC,n, and Cyiso) and (b) noisier  sufficiently large values o, the parametrization
signals(from Cyiso).

We used our smearing procedure as applied in the analy- Egst
sis of light non-singlet mass¢41]; it is characterized by o?= N
diffusive iteration steps, est

+Egonf (8)

1 is expected to describe the superposition of errors from
(i+1)(g)= D)+ o O+ )P, (7 source and gauge field fluctuations. Therefore, the error
s () 1+6a ¢s'(X) 2;; $s (X2 @) analysis can provide a useful check on the quality of the
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FIG. 3. t-dependence of the two-loop signal, on a single con-
figuration with a smeared operator for various valuedNgf;.

cated by the horizontal asymptoti. — line) prevails
once we choos8l.;=100. As to the subasymptotic regime,
one might attribute the apparent non-standard behavier of
to pollutions from subleading, non-trace terms in the stochas-
tic estimate of the loops.

The main message from Fig. 2 is that thenoise method
does provide reasonable parametric control over the addi-
tional fluctuations induced by the stochastic estimator on the
observable. This control cannot be taken for granted when
applying the volume source technig& color-spin explicit
inversions per configurationwhich refrains from using sto-
chastic sources and relies fully on gauge invariance and

FIG. 1. Effect of smearing on the correlation functions for gauge noise for the suppression of nondiagonal contributions

SESAM configurations at the lightest sea quark mass,,

to the trace estimatgg&]. For comparison, however, we have

=0.1575. Top figure: local operator; bottom figure: smeared operaincluded the corresponding error as we computed it on our

tor. Upper(lower) data set refers to one-logpwvo-loop) contribu-

tions.

gauge field ensemble.
Complementary to these considerations one may study the
overall(in t) effects of finite source sampling on the estimate

stochastic estimator outputs. The data in Fig. 2 indeed yieldgt the two-loop correlator for a particular gauge configura-

convincing evidence for early asymptoti,; dependence,
with a threshold valudN,s=64. Moreover, we find that on
the SESAM sample the genuine gauge field nda® indi-
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FIG. 2. Error, o, of two-loop signals versudNqg at kgea
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tion. Figure 3 illustrates, again at.,=0.1570 on the small
lattice, the kind of fluctuations induced by the stochastic
sources of the two-loop correlator with smeared operators at
various values oNg;, which we ran up to 2048 in this case.
It appears that on our sample the noise injected from the
sources into the correlator is adequately suppressédat
~400. This again justifies that on the small lattidds,;
=400 is a reasonable choice for the present study. On the
large lattices, however, enhanced self-averaging effects al-
low for a smaller number of stochastic sourcig,~ 100.

We are now in the position to study plateau formation on
our ensemble of vacuum configurations.

B. Plateaus of effective masses from smearing

The effect of smearing on the flavor symmetric correlator,
C,, is visualized in the comparative twin plot of Fig. 4, as
obtained at our smallest quark mass on thd Tattice. At

first glance we do find reasonable signals on this correlator

=0.1570 on time slica=8 for smeared sources and sinks. The up to t~10. Moreover, through inspection of the cosh fits,
curve is the best fit according to the parametrization given bywe find a considerable decrease of excited state contributions

Eq. (8).

as a result of smearing.
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FIG. 5. Effective masses in the flavor singlet and octet channels,

FIG. 4. Ground state dominance of thg propagator kgea . . -
=0.1580) with smeared sources and sinks. Top: with local opera‘f\”th pointlike (a) and smeared operatofls), at xse,=0.1570.

tors; bottom: with smeared operators. statistical errors are still tolerable. By comparing the SESAM

o o ] and TyL data sets ak¢.,=0.1575 we find no evidence for a
Let us now scrutinize the situation by turning to the analy-y,o|ume effect o, [14]

sis of effective masses as extracted from Exj. We have
seen in Ref[9] that, given our sample sizes, the use of local
sources and sinks does not provide sufficient resolution to
reveal such plateau formation in the effective flavor singlet Encouraged by the apparent plateau formatiorset we
mass plots. This situation is illustrated in Fig. 5 where weproceeded next to carry out mass fits to the flavor singlet
confront, at a particular intermediate sea quark masg,( correlator based on a single cosh ansatz. fTi@nges listed
=0.1570), effective pseudoscalar masses obtained both wiih Table Il were chosen within the plateau region according
and without operator smearing. Obviously, with pointlike op-to x? values from correlated fits, asking fgf/Ng, to be of
erators, one has to resort bona fidesingle cosh fits on the (@(1). Ourfinal analysis was then done through uncorrelated
correlators without any kind of systematic error control onfits, with errors obtained from jackknifing. For reference we
the extracted flavor singlet masses. After source and sinkave also included information about the fit ranges previ-
smearing, however, our data begins to reveal plateau formausly used with local sourcg8].
tions in the singlet channel.

In Fig. 6 we display the evidence for plateau formation A. Chiral extrapolations
through operator smearing for the remaining sea quark

masses in the range 0.155539a<0.1580. Here again the Oybrid Monte Carlo algorithn{15] the SESAM and FL
octet channel masses are included for reference in order . . ¢

. L . __configurations correspond to two mass-degenerate light sea
enable judgement on the sensitivity for mass gap determina: ark flavors N;=2), with the unrenormalized mass value
tions. We emphasize again that all singlet data are obtained” f=<h
after symmetric sourceand sink smearing, as described me=Ma=1/2(x 1= .} 9)

; : q q c /

above. It appears that smearing meets the expectation by
increasing the ground state overlap: this opens the window dfrom our previous light spectrum analy§isl] we quote the

observation for a mass plateau fram5 onwards, where |attice spacing

Ill. PHYSICS ANALYSIS

Because of the well-known technical limitations of the
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FIG. 6. Plateau formation in the effectivg and = masses with
smeared operators at various sea quark massess/At 0.1575,
7' results from SESAM and L configurations are plotted sepa-
rately.

a, *(kiigh) =2.30264) GeV (10)
and the critical and physical light quarkvalues:
k.=0.15850744), «Kjighi=0.15846242). (11

Our data do not allow us to decide whether i'm%, orm,,

that follows a linear quark mass dependence: as shown in

PHYSICAL REVIEW D 63 074503

TABLE II. Fit ranges.

Ksea L3XT  m-ll-fit  '-llfit  7-sm-fit »'-sm-fit
0.1560 16x32 12-16 6-9 9-16 5-10
0.1565 16x32 13-16 6-9 9-16 5-10
0.1570 16x32 12-15 6-9 9-16 5-10
0.1575 18x32 12-15 6-9 9-16 6-11
0.1575 24x40 12-15 6-9 9-16 5-9
0.1580 24x40 12-15 6-9 9-16 5-9

Fig. 7, both ansatze rendgf/d.o.f=0(1). We emphasize
in this context that we make no distinction between sea and
valence quarks as we choose the quark masses in the fermion
loops to equal the sea quark mas&ggnmetric extrapolation
in the sense of Refl1)]).

We display the results on the’ mass and the mass gap

(12

for both forms of extrapolation in Table Ill. For comparison,
we have also included previous estimates as obtained by us-
ing local source$9].
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TABLE lll. %" andm, results. 0.5

Ensemble Fit aM,, aMg M, [MeV] Mg [MeV]

04 r I(N=2) 5t
e SM(NI=2) s

N;=2 mll 26723 .25143) 61553) 57699
N;=2 mxll .23937) .24540) 55185 56592
N;=2 msm .25519) .20543) 58744) 47299
N;=2 mPsm .22625 .22226) 52058 51062

B. Comparison to experiment

In the Ny=2 world of our simulations, according to Eq. o L , . . , X
(2), we would not expect to encounter the full effect of 0 0.01 002 003 004 005
Zweig rule forbidden diagrams, and hence we anticipate to Mg
underestimate the real worlg massm,,, (plotted as open
squares in Fig. 7 FIG. 8. Chiral extrapolation ofin,.

From the experimental mass splitting

included, this is in fair qualitative agreement with the value

2 2 a2 2_oM2 _ M2
Mone=3=My ng=s~Ms, Ms=2Mi=M3, (13 180 MeV from 3 flavor phenomenolodi].

7' ,Ng=
we therefore compute, in the spirit of the Witten-Veneziano
formula, C. Impact of topology

Mg:ZNqu/F?T: (14) . The Witten-Veneziano mass formula, Ef4), relates-the
difference between the’ mass and the flavor non-singlet
the “pseudoexperimental” valuel,, in ourN;=2 world: ~ PSeudoscalar mass to the topological susceptibyifpf the
quenched gauge vacuum. This scenario motivates us to in-
M3=2/3M§, _3+M%=(715 MeV)>. (15)  vestigate in full QCD whether the ratioRq(t)
F =Cyisc(t)q/Cconn(t)q, Whose deviations from zero give

This value corresponds in lattice units to the full squarediSe t0 the observed mass gap, is correlated W@h the
marked “mJ” in the two alternative chiral extrapolations modulus of the topological charge, configuration by configu-

shown in Fig. 7. Let us compare this latter value with theration. If we restricted our analysis for instance to gauge
lattice N;=2 prediction in terms of numbers: when we set f:onf|gurat|20ns withQ=0 only, the topological susceptibil-

physical quark mass yields the value ish as well, and we might expeet to be mass degenerate
with #’. On the other hand, if we rejected configurations
Mi,=(520f§§5 MeV)2 (16) with small |Q| values, the effectivey on the remaining

sample would be enhanced and the generated mass gap in-

at our lattice spacing. We have linearly added the differenc&"€as€d-

between the two extrapolationsf m,, and mf?,) to the sta- " In Flg.ti vl;e sthovx{:[rl:omstea: 0.%5;5 and tdhe srtnall<la;t|50e,
tistical error to accomodate systematic uncertainties. e quantityRo(t) with cuts applied according tQ[<1.

In consideration of the fact that the scaling analysis of(tOpOD .and |Q|_>1'5 (top24), the topological charge being
CP-PACS presented in RdB], with their improved action, determlneq as in Ref16]. The value of 1.5 was cho_sen such
yielded 10% finitea effects, we would anticipate in our case 2 0 obtain two ensembles of comparable statistics in topo-
of unimproved Wilson action to be more than 10% away!ogically different vacuum sectors. We do find a definite de-
from the continuum result. This might well account for the Pendence oRq on |Q|. Note in particular that the discon-
difference between the estimate, Ef6), and the pseudoex- Nhected piece vanishes in the vacuum sector with small values
perimental 715 MeV of Eq(15). of |Q|. This feature reflects itself of course in the corre-

For comparison, we also performed a linear extrapolatiorsponding effective masses of the flavor singlet and non-
of the mass splittingm,, as given in Eq(12), which shows singlet mesons. This is shown in Fig. 10: the restricted flavor
only a little quark mass dependen¢gee Fig. 8 This is  singlet mass,mn,||Q|§1_5, turns out to be identical to the
consistent with the weak dependenceFaf on the quark octet meson mas®,,. Accordingly, the flavor singlet—non-
mass observed on SESAM configuratioiisl]. From the  singlet mass gap is due to nontrivial topological vacuum
value \2F _.=116(8) MeV obtained foNr=2 QCD at our  structures.
lattice spacing and Eq(16), we obtain the estimatey On the other hand, the octet meson mass appears to be not
= (14333 MeV)* for the quenched topological susceptibility at all sensitive to such restrictions to topological sectors; this
of Eq. (14). Considering that the error of,. from the un- seems to be a general feature of flavor non-singlet light had-
certainty in the perturbative renormalization has not beemon spectrum observablg¢s7].
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IV. SUMMARY AND CONCLUSIONS 045 T
Using smeared operators and reasonable source statistics 04 {
on the SESAM and ¥L samples of QCD vacuum configu- I
rations we found clear indications of plateau formation in the  0-35 | L3
effective flavor singlet pseudoscalar mass plot in the inter- ! )
mediatet regime. Then' mass is definitely sensitive to the 03 r I f % ;| % % P74
topological structure of the QCD vacuum. In our two-flavor £ F i i s % [‘ i
simulation its actual value after chiral extrapolation turns out 025 |
to be in qualitative agreement with the expectation from the

. . . . _ 02 1 L L L 1 1 1 1
experiment, but further studies are needed to pin down finite 0 > 4 6 8 10 12 14 16
a effects. (b) ¢
At this stage the statistical errors on the singlet masses are
mostly due to gauge field fluctations and are by a faetér FIG. 10. Effectiven’ (a) and 7 (b) masses folkge,=0.1575,

larger than for the non-singlet ones. Clearly, the next generawith cuts in topological charge as explained in the text.

tion teracomputers will open the door to lattice determina- .
tions of Zweig-rule forbidden objects with an accuracyB-O- T-S., and W.S. appreciate support from the DFG Gra-
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