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1. Introduction

Many nucleon structure observables require the calculation of discwmthquark line dia-
grams for which all-to-all propagator techniques are needed. Hergeagemn first results of an
ongoing project to calculate the strangeness contribution to the spin of dheonis as well as
the scalar strangeness content of the nucl@dagN), using improved stochastic methods.

The spin of the nucleon can be factorized into a quark spin contribgra quark angular
momentum contributiohy and a gluonic contribution (spin and angular momenti@)

1 1

In the naiveSU(6) quark model AX = 1, with vanishing angular momentum and gluon contri-
butions. In this case sea quark contributions will be absent too and dherdgfere will be no
strangeness contributidks in the factorisation,

AS =Ad+Au+As+ - -, (1.2)

where in our notatior\q contains both, the spin of the quar§sand of the antiquarks. Ex-
perimentallyAsis usually obtained by integrating the strangeness contribution to the spitustruc
functiong; over momentum transfexks The integral over the range in which data exigts (0.004)
typically agrees with zero which means that a non-zero result relies omgrehed very smalk
region and is model dependent. Recent Hermes analysis [1] yislds—0.085(13)(8)(9) at a
renormalization scal@? = 5Ge\2 in the MS scheme while our (as yet unrenormalized) results
suggestAs| < 0.01.

The scalar strangeness density is not directly accessible in experinteplkaps a role in
models of nuclear structure. It is also of phenomenological interest,sisseming that heavy
flavours are strongly suppressed, the dominant coupling of the Higtisl@do the nucleon will
be accompanied by this scalar matrix element.

We will first discuss our methods, then the error reduction achieved ipresent lattice setup
and finally we present results on the two matrix elements, before concluding.

2. Stochastic methods

We denote the lattice spacing byand the lattice Dirac matrix byl = 1 — k [J. Disconnected
guark line contributions require all-to-all propagatl&v‘tﬁ1 where the multi-index= (x, a,a) runs
over all coloursa= 1,2, 3, spinor indicesx = 1,...,4 and spacetime sites= V. Note that in our
particular application it is natural and sufficient to restxitd a given timeslice. Exact methods to
obtainM~! are unfeasible in terms of computer time and memory sinsée siitver applications
are required. Employing stochastic methofds [2], this factor can be subdtitytthe number of
estimated < 12V: in a first step a set of Dirac noise vectdig),) : ¢ = 1,...,L} is generated
where the 12 complex colour-spinor-site components are filled wWith ® i Z») /+/2 uncorrelated
random numberg]3]. These have the following properties:

0l =L ot =100V, =D, 1)
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We will also employ the short-hand notatioh(-| = |-)(-|_. We use the conjugate gradient algo-
rithm with even/odd preconditioning to obtain the soluti¢$ of the sparse linear problems,

Mls;) = [ne). (2.2)

From these one can construct an unbiased estimaie &f

EM Y :=[s(n[=M"+M*(n)(n]-1). (2.3)
o(1/VL)

Due to the difference betwedt(M~1) andM~ above, any fermionic observabdecan only be
estimated up to a stochastic erdyi,cA = ¢(1/+/L) on a given configuration. We define the
configuration averagé). overncons uncorrelated configurations and normalize this appropriately:

<A,2A,stocl*>c

Nconf

2 .
OA stoch+— (2 -4)
For largeL and ngons this will scale like oﬁstochD (Lneonf) L. We also define the gauge error
a,igaugeD Noars @s the variation of the estimates Afover gauge configurations. This will be
minimized at fixecheons if Ais calculated exactly. In general the gauge error is limited by,

2 2
O-A,gaugez UA7stoch- (2-5)

If OF toch ™ T4 gaugeth€n obviously it is worthwhile to improve the quality of the estimates while
if 02 qioch < o/igaugethen precision can only be gained by increasipgy, possibly reducing. to
save computer time since the sar‘@é;]f scaling enters both sides of the inequality.

In our calculation ofAsthe stochastic error initially was dominant. Hence we combined several
variance reduction techniques to reduce this:

e partitioning (also coined dilution)][4]: we only sgf,) # 0 on one timeslice. This removes
some of the (larger) off-diagonal noise elements, sed e. (2.3), dnde®the variance.

¢ hopping parameter expansion (HPE) [5]: the first few terms of the hgppamameter ex-
pansion of T(CM~1) = Tr[I" (1 — k ) ~1] vanish identically but still contribute to the noise.
For the Wilson action, TFM~1) = Tr(Fk"R"M 1) for n = 4,8, depending off, where for
I' =1 one can easily calculate and correct for the zero-order difference.

e truncated solver method (TSM] [6]: calculate approximate solut®ng aftern; solver iter-
ations (before convergence), and estimate the difference stochadticalitain an unbiased
estimate oM~

EMM™) = [s) (], + () — ) (N, where Lz < L.

e Truncated eigenmode approach (TERB)[[7, 8]: calculatenthéowest eigenvalues and eigen-
vectors of Q= M = Qf, Q1 = Q;* + 37 |ui)g *(u|, and stochastically estimate the
complement Ql (with deflation included for free).
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3. Lattice setup and error reduction

Our exploratory calculations are performed \dn= 16° x 32 configurations oh; ~ 2+ 1
rooted stout-link improved staggered quarks with a Symanzik improved gatige. These were
provided by the Wuppertal group. The lattice spacing is fairly coasé~ 1.55 GeV, and the
spatial dimension is around 2 fri|[9]. We used the Wilson action for our veleuarks and
currents withk = 0.166, 01675 and (1684, corresponding to pseudoscalar masses of about 600,
450 and 300 MeV respectively. The analysis was performed on 3Zigjacations akjoop = 0.166,
167 configurations atjoop = 0.1675 and 152 configurations &bop = 0.1684, wherekqop refers
to thek value of the disconnected loop. Throughout we used a modified verkitie €hroma
code [ID].

On each configuration the disconnected loop was calculated using thastioctariance re-
duction techniques detailed above (the TEA was only useggt= 0.1684, where 20 eigenvalues
were calculated). We investigate the reduction in computer time, using optimizgdhst esti-
mates, relative to those without any improvement techniques applied (dacépte partitioning).
We state all costs in terms of the averagal computer time required on a Pentium 4 PC for one
solver application (unimproved estimate), where we account for all eagihof the improvement
methods.

_ opt
Tr(MoopM 1) Kioop | COSt| loopPP! Ogbep | loop Ostoch

Moop— 33 ¥i¥6 | 0.166 | 300 | -0.008(50) | 0.016
100 | -0.033(55) | 0.027 -0.185(148) | 0.135
50 | -0.054(64) | 0.039| -0.446(201) | 0.186
0.1675| 300 | -0.085 (87) | 0.030
100 | -0.040(101) | 0.054| 0.003(211) | 0.198
50 | -0.038(114) | 0.076| 0.056(265) | 0.271
0.1684| 300 | -0.069(95) | 0.015
100 | -0.068(96) | 0.036| -0.089(216) | 0.212

Floop =1 0.166 | 300| 14702.6(7) | 0.04
12 | 14702.5(7) | 0.18 | 14703.5 (9)| 0.47
6 | 14702.3(8) | 0.23 | 14703.7(1.0) 0.65
0.1675| 300 | 14743.1(1.1) 0.06
12 | 14743.4(1.2) 0.33 | 14745.0(1.3) 0.69
6 | 14743.5(1.2) 0.42 | 14744.6(1.5) 0.96
0.1684| 300 | 14764.9(1.2) 0.04
100 | 14764.9(1.2) 0.08 | 14764.6(1.2)| 0.27

Table 1. Results for the disconnected loop, averaged over confignsatobtained with (lod®t) and with-
out (loop) variance reduction techniques. The cost is itswfithe average computer time required to solve
for one (undeflated) right hand side.

Results for the configuration averages of the Ioop(é.'rggprl) are given in tablg¢]1. The
gauge errorgigauge (that also depend on the stochastic noise) are displayed in bracketthafter
loop averages. These can be compared to the purely stochastic@gsggsdefined in eq.[(Z]4).
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The deflation akioop = 0.1684 where we apply TEA accelerates the solver but time is required
for the eigenvector set-up. In our implementation the cost of solving fante@fmundeflated right
hand sides equals that of 90 deflated ones (including this overhedd)sT¥hy in this case we do
not display results obtained at the lower cost values.

For Tr(% Y yjng‘l) the stochastic error dominates over the gauge error ubléesshosen
ridiculously large or variance reduction techniques are applied. Usirsg tteehniques the error
is brought under control to the extent that we only need to invest the demfime equivalent of
roughly 100 unimproved stochastic estimates to achigyen < %agauge In particular, we find are-
duction ing3, ., (which is proportional to the amount of computer time required) of approxignate
25-30 forkigop = 0.166 and 01684. A smaller gain is obtained for the intermedigtg, = 0.1675
which may benefit from using the TEA approach. Fofi 1) the situation is reversed and the
gauge error clearly dominates over the stochastic error: apart fresighpthe heaviestoop there
is no advantage in using variance reduction technigues.

The matrix elements,

(N,s|qyusaN, s) :ZMNSH§ (3.1)
and(N|gg|N) are extracted from the ratios of three-point functions to two-point funst{at zero
momentum):

(M 5Chat (10,t) x Tr(MioopM (. ;X,1)))
<r3r?polcg[i (to, 1))

wherel 2t = Nunpol = (14 ya) /2 andl joop = 1 for (N|QQIN) andl op = iy;y5(1+ ya) /2 andl joop =

y;¥s for Ag, where we average ovge= 1,2, 3. Note that fog = u,d there is an additional connected

contributionR*", which we have not calculated. We combine the thtgg, values withkop: =
0.166 and 0.1675. In the limit of large timds, >t > to,

RIS(t,tr) = — (3.2)

latt
Rdis(t,tf)+R°°”(t,tf)—>2<N’S|(dr|2°:/fs) N9 (3.3)
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Figure 1. The effective mass of the proton wikh,: = 0.166 (left). The ratioRM(t = 3a,t¢) as a function

We optimized the nucleon creation and annihilation operators using Wupgeralring with
spatial APE-smeared parallel transportg}s [8]. The effective massfdigure[] illustrates ground
state dominance from a time= 3a ~ 0.38fm onwards. The same holds fox,: = 0.1675 Hence
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we place the source & = 0, the current insertion @t= 3a and destroy the nucleon gt> 4a.
The result on the right of figurg 1 does not dependrven fort; < 6a, indicating that indeed
with the chosen temporal separations we effectively realize the tdigét: In table[2 we display
the results for\g®® at the symmetric poirtt; = 6a ~ 0.76 fm: our methods enable us to reduce
the squared errors by factors ranging from 5.5 to 11 at the fixed cotigmahcost of 100 solver
applications (in addition to calculating the two-point function). This falls sonaghort of the
gains that we achieved in talfle 1 for the loops alone since now there atiemadsources of gauge
error. These we attempt to address in the near future.

| Kioop=0166 ||  Kioop=01675 | Kioop=10.1684
Kopt= 0.166
cost| R R ROP! R ROP! R
300 -0.001(4) -0.002 (7) -0.001 (7)
100 | -0.002(5) | +0.005(14)|| -0.001 (9)| +0.008(22)| -0.004 (7)| +0.008(20)
50 | +0.001(6)| +0.021(17)|| +0.004(10)| +0.036(27)
Kopt=0.1675
300 -0.005(6) -0.003(12) -0.004(13)
100 | -0.008(7) | +0.009(23)|| +0.005(15)| +0.028(35)| -0.006(13)| -0.004(28)
50 | -0.002(9) | +0.046(29)|| +0.023(17)| +0.083(51)

Table 2: Results forAq obtained with (RPY) and without (R) the use of variance reduction techniques.

4. Resultsand Outlook
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Figure 2: (N|qgIN)¥s (left) and Ag®'s (right) as functions of the quark mass used in the discoedect
loop (expressed in terms GIMES). The green points corresponds to a proton with = 0.1675, while
for the red pointsop; = 0.166.

In figure[2 we display our results for the two matrix elements where we obtaiiegN)
at the cost of 12 solver applications per configuration Ag# at the cost of 100 applications, in
addition to the 12 applications that are necessary to calculate the two poitibfigacin neither
case do we observe any significant dependence on the valencempgskvarying this fromrm;; ~
600 MeV down to 450 MeV, or on the loop quark mass, reduairgsz 600 MeV (= strange quark
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mass) tom; ~ 300 MeV. We find|As| < 0.011 at the heavier proton mass ajdd| < 0.022 at

the lighter mass value with 95 % confidence level while the scalar matrix elempeasto be

somewhat larger thamne Note however that the lattice results presented here are unrenormalized.
In the near future we will further reduce the quark masses and the statistiogs, in partic-

ular also of the scalar density, by refining our methods. We will also movenepeaurbatively

improved Wilson sea quarks, allowing us to renormalize the results and to @bvesh-defined

continuum limit.
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