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Flavor singlet axial vector coupling of the proton with dynamical Wilson fermions
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We present the results of a full QCD lattice calculation of the flavor singlet axial vector couibijrng the
proton. The simulation has been carried out on &XI® lattice at@=5.6 with n;=2 dynamical Wilson
fermions. It turns out that the statistical quality of the connected contributi@ﬁtts excellent, whereas the
disconnected part is accessible but suffers from large statistical fluctuations. Using a 1st order tadpole im-
proved renormalization constaBj , we estimateG ;= 0.20(12).[S0556-282(99)04811-0

PACS numbds): 12.38.Gc

[. INTRODUCTION The lattice method provides an ideal tool to calculate the
matrix element of Eq.(1) nonperturbatively. Within this
The flavor singlet axial vector couplin@j of the proton, Method two complementary approaches have been devel-
oped over the recent years. The first is to evaluate the con-
s Gl=(Plu- u+d- d+s- S|P, 1 nectgd and d|sc9nnected ;ontrlbutlons to .the flavor smgllet
wCa= (Pluy,ysu+dy, ysd+sy,yss|P) @ matrix element directly, which are schematically depicted in
wheres, denotes the components of the proton polarizationF'g' 1. This “direct method” will be dealt with in the present
wu ) . - {paper.
vector, has been the target of intensive research activity bo

. . tal and th tical el ¢ ticle phvsi Alternatively, one can exploit the anomalous divergence
In expenmental and theoretical elementary particle physiCq,ation of the flavor singlet axial vector current. Using this
over recent years. About one decade ago, the Europe

X . ae{bproach, the singlet couplir(g}\ is extracted from the cor-
Muon CoIIaboratlorll(EMC) experiment found an unexpect- relation function of the proton propagator and the topological
edly small value,G,=0.12(17), from the measurement of charge density [11-13. Although this “topological

the first moment of the spin dependent proton structure funcmethod” circumvents the computationally expensive calcu-
tion gy in deep inelastic polarized muon-proton scatteringlation of disconnectedfermionic) contributions, it has some
[1]. SinceGj; can be interpreted in the naive parton model asintrinsic difficulties. The connection betweeB’ and the
the fraction of the proton spin carried by the quarks, thecorrelation of proton and topological charge density is valid
EMC result became known as the so called “proton spinin the limit of vanishing quark mass and zero momentum
crisis.” transfer only. As both these limits cannot be taken by a direct
A number of succeeding experiments have been perealculation on a finite lattice, twwide rangé extrapolations
formed in the meantim§2—6]. The latest analysif5], in-  have to be performed. In addition, the “topological method”

cluding proton, neutron, and deuteron data finds is ill defined in the quenched approximation of QCDL].
On the other hand, the latter method provides the advantage
G,ﬁ=0.29(6), 2 of a nonperturbative renormalization procedure for the topo-
logical charge densitj14,15.
at a renormalization scal@?=5 Ge\2. This is still far The “direct method” has been tested on quenched con-

away from the Ellis-Jaffe sum rulg] expectationG}\:GBA figurations by Fukugitet al.[16] and Donget al.[17] some

=0.579(25)[8], which is found in the Okubo-Zweig-lizuka time ago. Although the former study has been done at a

(OZI) limit of QCD. somewhat strong couplingB8=5.7) and the latter is based
As has been pointed out by Venezidi®d a possible non- on a very limited statistical samplé€4 gauge configura-

trivial topological structure of the QCD vacuum, which in- tions), the results are encouraging, as they find estimates for

duces a nonzero contribution to the divergence of the axiaB}\ compatible with Eq(2).

vector flavor singlet current via the axial anomaly, might

induce a sizeable effect on the value of the matrix element in

Eq. (2). If one could prove that such vacuum effects indeed

reduce the value o} from 0.579 to 0.29, then, on the one

W
hand, the “proton spin crisis” would be resolved since the /*'\ TN
naive parton interpretation and the OZI estimate@)i N\/N N\_/N

would be no longer valid. On the other hand, such a result @ ®)
would establish the existence of nontrivial topological
vacuum structures, thus opening the door for a quantitative FIG. 1. Connecteda) and disconnecteth) contributions to the
study of the connection between vacuum topology and inaxial vector density amplitude of a nucleon. Please note that gluon
stantong 10]. lines connecting the quark lines are omitted.

IR
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It is of course by no means obvious, that these estimates 20 . . . T . . . .
hold also in full QCD. As we explained above, one expects 2 Xsea=0.1560 +--6---:
vacuum contributions to lower the parton estimateGy. ot Ks0a=0-1965 ¢--a - k
The actual numbers might well depend on the details of the 'S %0372 1
vacuum structure, such as the presence of sea quarks. There oo™ o f‘ '
fore, full QCD lattice simulations are necessary to calculate ) v
reliable QCD results fo6G3 . B

Exploratory full QCD studies using the “topological e A
method” have been performed by the authors of R&8] 5} -z{‘iﬂ" -
and Ref.[18], within the Kogut-Susskind lattice discretiza- o
tion scheme and witim;=4 degenerate quark flavors. Both oY%
simulations suffer however from serious systematic uncer- or - T
tainties, as they have been performed at finite quark mass - MM
and sizeable momentum transfef= (600 MeV)y]. "

In this paper we present the results of a full QCD calcu-
lation from the “direct method.”

We have analyzed 200 gauge configurations at each of 10 , , , . , , , ,
our four sea quark masses corresponding ng./m, 2 4 6 8 10 12 14 16
=0.8333),0.809(15), 0.758(11), and 0.6@4). The gauge t
conﬁgurations_have. be_en generated.previously in the stan- FIG. 2. Summation method: The raw de®y and Ry for the
dard Wilson discretization scheme with=2 mass degen- qpin averaged connected contributions at our sea quark masses. The

erate quark flavors, aB=5.6 and with a lattice size of fiis (range and valueare indicated by dashed lines.
Bu — 13 ; ; : :
ngxXn=16°X32 points. Details of the simulation can be

found in Ref.[19]. <

¢

As a preparing remark we emphasize that the numerical E
calculation of the disconnected parts of axial vector quanti- _gym X
ties is difficult, especially in full QCD simulations. It is RAN (H)= . R
known from lattice evaluations of the pion-nucleon-sigma 2 (PT(0,0P(x,1))
term [20,21] that the signals for the disconnected contribu- x
tions of scalar insertions suffer from large statistical fluctua- _ R
tions. Since the disconnected parts of axial vector quantities —< > [Q?’MYSQJ(Y:VO)>, (©)
can be seen as the difference of two such scalar insertions, ¥:¥o
one can expect that the statistical noise is even more danger-
ous in the axial vector case. On top of this, a comparisovhereP is an interpolating operator for the proton. From this
between quenched and full QCD lattice results for the lightratio one extracts the matrix elemef|qy, ysq|P), which
spectrum revealefl 9], that the statistical uncertainty in full is given by the slope of the asymptotic form
QCD is larger by about a factor of 2 compared to a quenched
calculation at equal statistics, cutoff, and lattice size. Thus, oo
one major issue of this paper is to investigate whether and to Ra“M(t) —  A+(N|qy,ysalN)t. (4
what accuracy one can extract disconnected signals for axial ®
vector quantities with state of the art methods and statistic

in full QCD calculations. tions, one from the contraction of the “loop” quaxkwith

The paper is organized as follows. In the next section w .
will briefly explain the methods used to calculate the con-'%heu type quark of the proton and one from the contraction

nected and disconnected contributions to the matrix eIemerWIth the d-type quark. This yields
of Eq. (1) and present our raw data. The chiral extrapolations

P1(0,0 X [Emsq]<9,yo>P<i,t>>

Y:Yo

Rlote that there are two different types of connected inser-

and the renormalization are performed in Sec. lll. A discus- Rg,u(1)=Aq+Cq,ut,

sion of the physics results and concluding remarks are given o

in Sec. IV. Cq,,u:<P(Ksea)|[q')’M75q](Ksea)|P(Ksea)>con1 q:uvcél-s
Il. LATTICE METHODS AND RAW DATA The 3-point correlator in the numerator of EQ) has

been evaluated using the standard insertion techriigge

To improve on the ground state projection of the proton we
To calculate the connected contributions to the axial vechave applied “Wuppertal smearing[23] with n=50,a=4

tor density matrix element of the proton, E{), we have to all proton operators.

applied the global summation methd@1,22. With this In Fig. 2 we display the corresponding signals, spin aver-

technique one calculates the ratio aged overy, ys, ©=1,2,3. The sea quark mass has been set

A. Connected contributions
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TABLE I. Lattice results for the connected spin averaged am-plicit stochastic estimator technigy&1] with complexZ,

plitudesC,, andC at finite quark mass. noise[24] and 100 stochastic estimates per spin component
and configuration.

K m /m, Cy Cq We display in Fig. 3 the signdisRp (1), with® At
0.1560 0.83®) 1.1008) —0.307(3) =At=1, for the symmetric case, where ttgroton valence
0.1565 0.80615) 1.10211) —0.308(4) quark mass and the “loop” quark mass have been set equal
0.1570 0.756L1) 1.02512) —0.297(8) to the sea quark mass. Note that the statistical errors are quite
0.1575 0.686L1) 1.01824) —0.295(10) large. In particular, for our lightest quark mass, correspond-

ing to kg.;= 0.1575, the signal is seen to be weak. We em-
phasize, however, that the slopeRE"" appears not to de-
equal to theproton valence quark mass. We emphasize thatpend strongly on the quark mass. Thus, excluding the result
the expected linear rise iR;VM(t) is manifest for all four for the lightest quark mass from the analysis would not
guark masses. change the extrapolation to the chiral limit within errors.

The results of the fits t&R3°™ according to Eq(5) are A similar behavior is found for the nonsymmetric case,
collected in Table I. We find only a weak dependence on thavhere we have set the “loop” quark mass equal to the
quark mass. Note that the statistical errors to the connectegirange quark massl9], while keeping the valence quark
amplitudes, which have been determined using the jackknifg1ass at the sea quark mass. We show the corresponding

method, are below 5%. signals in Fig. 4 for the heaviest and the lightest quark mass.
Within sizeable statistical errors one can identify the ex-
B. Disconnected contributions pected linear decrease reasonably well.

. oo : . In Table Il we have collected the raw results oy ; and

The disconnected contributions to the axial vector densit , at the different quark masses. Apparently, the discon-
matrix ?.Iementtﬁag tbe alr:zi]lyzet()j in princitplg wi;[hr;[he glObqlneséted contribution t(G,l\ is definitely less than zero, albeit
summation method too. It has been pointed out, however, if -, e
Ref.[21] that the application of this technique induces IargeulIthln statistical errors of the order of 50%.
statistical fluctuations. We have therefore chosen a slightly
modified procedure, the plateau accumulation method Il RESULTS
(PAM) [21], which leads to a much better signal to noise A. Chiral extrapolations

ratio. The PAM ratio is defined as . . )
In order to arrive at our lattice estimate f6r; , we have

t-at to extrapolate the connecte€(,C4) and the disconnected
RVAM(t, ALy, At)= D REMA(t,yo), (6)  amplitudes D4,Ds) to the light quark mass. Since the
g Yo=Ato “loop” quark mass inDg is kept fixed at the strange quark
where mass, this quantity serves as a semiguenched estimate for the

strange quark contribution t@,ﬁ.
& — - - We display thelunrenormalizegllattice data and the cor-
Z P (O-O)Z [av.ysal(y,yo)P(x,t) responding fits as a function of tlieea quark mass in Fig.
RELA(t,yo) = — Y 5. As mentioned above, the mass dependence of all the am-
“ plitudes is weak and the linear ansatz for the extrapolations
is in accord with our data. Within error§), and Ds do
agree. We conclude that, to the present level of accuracy,
B 2 [57 7eq] ()7 Yo) % flavor symmetry of the disconnected parts appears to be
5 w75 'yl maintained in §;=2) full QCD. Note that the disconnected
contribution toG,ﬁ, given by D,+Dg, is larger than the
At andAt, can be varied in the rangesiAt,Aty<t to study  connected contributio®,, suggesting a sizeable modifica-
the influence of contributions from excited proton states. tion to the OZI inspired estimate of the singlet coupling.

> (PT(0,00P(x,1))

The asymptotic time dependenceRE*™ is given by At the light quark mass, being determined by the require-
ment that the ration,/m, on the lattice equals the experi-
RiI’jM(t,Ato,At)=B+ Dg .(t—At—Aty), (8)  mental resul{19], we find

wherqu denotes the disconnected contribution to the axial—

vector amplitude INote that we have used only the combinatipgys in Eq. (7),

— since we found the signals corresponding to the combinatigng
Dy, =(NIav, v50|N)adisc- (9 andy,ys to be dominated by statistical noise.

2The signalsREAM(t) with Ato=At>1 are too noisy to extract a
eliable signal.

i . ) 3The same situation is found a&t,=0.1565. Forkee,=0.1570
the axial vector quark |00bAﬂ(y0):Tr(qyu7’5Q) atagiven  npowever, we observed a linear decrease for smathough the
timesliceyg. La(Yo) has been estimated using the spin ex-asymptotic behavior is not clear.

The determination of the numerator of E@) requires the
calculation of the correlation of the proton propagator and
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FIG. 3. The ratioRZ?M(t) with Aty=At=1 for the disconnected symmetric amplitud®gs=(P(xsea|(qY3Y50)(Ksed |P(ksed)) at
our sea quark masses. The fitange and valyeare indicated by solid lines.
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FIG. 4. The ratioRK:M(t) with Ato=At=1 for the disconnected nonsymmetric amplituleg=(P(xse2)|(q73750) (ks) |P(Ksea)) at
the heaviest and the lightest sea quark mass,xard.15608. The fit§range and valueare indicated by solid lines.
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TABLE II. Lattice results for the disconnected amplitudes 1.5 T T T T T
Dqs=(P(x)[[ay375a1(x)|P(x))gis and Dsz=(P(x)|[av3Vs Cy -en
q](xs)|P(x))gis- The value of the hopping parametet; D boye ot
=0.15608 corresponds to the strange quark rha8k D

K m./m, Dy Dq F3

0.1560 0.83%) —0.146(60) —0.163(58)
0.1565 0.80€L5) —0.177(97) —0.125(74)
0.1570 0.758L1) —0.119(62) —0.129(82)

0.1575 0.68611) ~0.130(69)  —0.184(76) 05 1

C,=0.95325), Cy=-0.29011), (10)

D,=-0.10863), D.=—0.16691).  — e Yo .

.
<
i

The numbers in brackets denote the statistical errors, ob-

tained by a jackknife analysis of the extrapolation. 05 , , , . ,
From the appropriate combinations of these amplitudes o 0.01 0.02 0.03 0.04 0.05 0.06

one can extract the lattice values of the singlet and non- m,

singlet couplings, as well as the contributions of each single

quark flavor to these quantities. The results are collected in FIG. 5. Extrapolation of the unrenormalized lattice amplitudes

Table lll. Note that the nonsinglet couplings have been calto the light quark mass. The fits are indicated by dashed lines, the

culated assuming flavor symmetry of the disconnected partgesults of the fits by bursts. To avoid cluttering the dBtgm)
have been slightly shifted.

B. Renormalization and physics results .
Py In full QCD both, Z\*° and Z3, are known only to first

In continuum QCD the flavor nonsinglet curreAf,®is  order (tadpole improvejlattice perturbation theor}27,28,
conserved in the chiral limit. Thus it needs no renormaliza-where they agree. For the nonsinglet current, nonperturbative
tion. The flavor singlet axial vector curreAlf; on the other  renormalization procedures have been developed and used in
hand is not conserved due to the presence of the axial vecttine quenched approximatig29,3(d. Those methods, when
anomaly. This leads in the continuum to a nontrivial renor-applied to the case of full QCD, will yield a reliable value for
malization of Gx. In second order perturbation theody — Z)°.
picks up a logarithmic divergence in the cutoff, which in-  The u? dependence Q‘ti however, which occurs beyond
duces a renormalization scale dependence on the axial vectfifst order, has not been calculated yet. One may hope of
flavor singlet coupling, Ga=Gx(x?). The associated course, that it is as weak as in the continuum.
anomalous dimension is known to 3 lodj@5]. Fortunately, Thus, in view of the current state of analysis, we have
it turns out that theu? dependence B}, is very weak, e.g., used the first order tadpole improved estimateZr=Z5,
increasingu? from 10 GeV to infinity decreases the value
of G by about 10% only; see Rdf5]. ZNS:i( 1— 3_") ( 1-0.310r= 1

The situation is slightly more involved in the Wilson dis- A 2k 4k, OEMS
cretization of lattice QCO26]. Already the nonsinglet cur-
rent ANS is not conserved and has to be renormalized by awith ams(1/a)=0.215, «,=0.158507, and k=«
finite factorzﬁs. On top of this the singlet current suffers =0.15846, k= x,=0.15608 for the light and strange quark
from the axial anomaly. The resulting scale dependence dhsertions, respectivelyl9].

Z,? might be different from the continuum form, as the axial ~Unfortunately this choice makes it difficult to determine
anomaly mixes with the Wilson term. the scaleu? at which we calculatéG. The renormalized

(11)

TABLE lll. Lattice results at the light quark mass for the contribution of each quark flavor and for the
axial vector couplings of the nucIeonZZS'),Zi denotes thénon)singlet axial vector renormalization con-

stant.
Au=C,+D, Ayg=Cy+Dy A=D,
0.8510) —0.398(97) —0.166(91)
Ga/Z3=C,+Cq+2Dy+D; Gi/ZN5=C,—C4 G8/z\s=C +Cq4
0.28116) 1.243298) 0.66325)
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TABLE IV. Renormalized results at the light quark mass forthe  The statistical quality of disconnected axial vector inser-
contribution of each quark flavor and for the axial vector couplingstions, achieved with state of the art stochastic estimator
of the nucleon. For the definitions of the quantities, see Table Ill. methods and with a sample size of 200 configurations, is

Au Aq Ag Gh Ga Ga
0.627)

—0.29(6) —0.12(7) 0.2012) 0.90720) 0.48418)

encouraging but not yet satisfactory. Ideas to improve on this
situation are to use larger lattices, where self averaging ef-
fects will help, to adapt the stochastic estimator techniques to
the axial vector case, e.g., by use of correlated noise and, last
but not least, by increased statistics. Work along these lines

results are compiled in Table IV. Comparing the estimateds in progress.

for Gx andG$ one finds that the disconnected contributions

The nonperturbative determination Z)i presents a major

lead to a violation of the Ellis-Jaffe sum rule by more thanProblem. One possible solution is to perform a nonperturba-
50%, which is consistent with the experimental finding. Notetive renormalization of the topological charge and then to use

triplet coupling G3 and the experimental valueGi

=1.2670+0.0035[31]. This points to the presence of size-

vector renormalization constant.
Having overcome these problems one has to study cutoff

able higher order or even nonperturbative contributions t¢nd volume dependence 6fy . Finally, as a future project,

ZN\S. An uncertainty of similar size iz would, however,

be well covered by the statistical errors of 50%GH, .

IV. DISCUSSION AND OUTLOOK

We have calculated connected and disconnected contribu-
tions to the flavor singlet axial vector coupling of the proton
in a full QCD n;=2 lattice simulation with Wilson fermions.

one should perform full QCD lattice simulations with
=3 nondegenerate dynamical fermions. This would allow
for a realistic estimate oDg and of the amount of flavor
symmetry breaking of the disconnected contributions.
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