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wNo term, ss in the nucleon, and the scalar form factor: A lattice study
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We report on a lattice QCD calculation of theNo term, the scalar form factor, an@N[ss|N). The
disconnected insertion part of .y is found to be 1.8 0.1 times larger than the connected insertion contribu-
tion. The g? dependence ofo,\(q? is about the same aGg(q®) of the proton so that
o .n(2m2)— o n(0)=6.6+0.6 MeV. The ratioy=(N[ss|N)/(N[uu+dd|N)=0.36+ 0.03. Both results favor
aon~53 MeV, slightly larger than our direct calculation @f,y=49.7+2.6 MeV. We also computE and
D, and find that the agreement with those from the octet baryon mass splittings crucially depends on the
inclusion of the large disconnected insertion. Finally, we give our result for Ko term.
[S0556-282196)04521-3

PACS numbgs): 12.38.Gc, 13.75.Gx, 13.75.Jz, 14.20.Dh

Like the pion mass in the meson sector, théo termis  from the OZI rule, thes'S) obtained from the octet baryon
a measure of the explicit chiral symmetry breaking in themasses gives only 32 MeV, almost a factor 2 smaller than
baryon sector. It is considered a fundamental quantity whicly, _ extracted from therN scattering. This puzzle was tack-
pertains to a wide range of issues in low-energy hadron phyded from both ends. First, the scalar form factor was calcu-
ics, such as quark and baryon masses, strangeness contentadéd [4] in chiral perturbation theory }PT) with the two
the nucleon, pattern of SB) breaking,7N andKN scatter-  correlated pions as the dominating intermediate state. As a
ings, kaon condensate in dense matter, trace anomaly, amgsult, the scalar form factor is found to be exceedingly soft
decoupling of heavy quarks. Defined as the double commuwhich leads to a large change @f.\(g?) in a small range of
tator of the isovector axial charge with the Hamiltonian den—qZ, ie., AU”N:ng(Zmi)_ng(o):15_24; 0.4 MeV.
sity taken between the nucleon states, i.e., Thus, this reduces .y,

1 - —
om=3 % (MIQLIQLHOIIN) (@ TN =N~ AT, ®

to ~45 MeV. The remaining discrepancy betweepy and
which appears in the off-she#tN scattering amplitudfl], it {3 is reconciled if one admits the possibility of a large
has in QCD the expression content in the nucleor5,6]. From the pattern of S(3)
I breaking in the octet baryon masses, one fi&]s]
o n=mM{N[uu+dd|N}), 2
o.n=0(1-y), 4
wherem= (m,+mg)/2. = rm(17Y) @

It is shown[2] that at lowest order im, (i.e.,_ mi),_it is Wherey=2<N|§|N>/(N|ﬁ+ad|N>. Given 0% =32 MeV
equal to _the unph_ysmal, but on_shell, isospin EVeom the octet baryon massé¢S], or 355) MeV from the
wN-scazttirmg azmplltude at2 the - Cheng-Dashen  pointy o |56 chiral perturbation theoryPT) calculation[6] and
S on=f2T  (s=my t=g?=2m?). Thus, 3,y can be ex- ;  —45 MeV, Eq.(4) impliesy=0.2-0.3.
tracted fromsrN-scattering experiment via fixetddispersion Hence, a consistent solution seems to have emerged
relation for instancé2]. It is further showr{3] that the next  \ynich suggests thaty~45 MeV, Ao n~15 MeV, and
higher order term which is nonanalytic in quark m&ss.,  y..0.2-0.3. In this paper, we undertake a lattice QCD cal-
proportional tof¥? or m3) drops out ifS . is identified  culation of the above quantities to scrutinize the viability of
with o,n(2m2) [3] which is only a function ofg®. This  this resolution. It turns out that our study points to a signifi-
shows that the difference Ag in the relation cantly different solution. Our results indicate that the scalar
27N=awN(2m727)+AR is of the ordermf;/mﬁ and has been form factor is not as soft as envisioned in thET calcula-
shown to be indeed negligible~0.35 MeV) in a chiral tion [4]. Instead of 15 MeV, we findo = 6.6=0.6 MeV.
perturbation calculatiof3,4]. We also find thaty=0.36+0.03 which is larger than the

Various estimates ok .\ have ranged from 22 to 110 phenomenologically deduced value above. Both of these
MeV over the years, but eventually settled around 60 MeVhumbers imply a larges.n~53 MeV. This is only one and
[4]. On the other hand, a puzzle was raised by CHénglf a half o larger than our direct calculation at 4276) MeV.
one assumes thatN[ss|N)=0, a reasonable assumption We shall argue that the direct calculation @f, is more

susceptible to systematic errors than .\ andy.
The calculation ofr in lattice QCD has been attempted
*Present address: High Energy Physics Division, Argonne Naby several groups[7,8] who employed the Feynman-
tional Laboratory, Argonne, IL 60439. Hellman theorem
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54 7mNo TERM, ss IN THE NUCLEON, AND ... 5497

of the nucleon at the sink arﬁjis the momentum transfer of
the scalar density. Since we use a point source for the
nucleon which contains all lattice momenta, momentum con-

servation will pick out the momenturﬁ’zﬁ—ﬁ for the

nucleon sourcey® is the proton interpolating field anl is
the scalar density

(a) (b)

FIG. 1. (@) Connected insertior(p) disconnected insertion.

S(x)=2«/8k [Uu(x)+dd(x)], )

where we have implemented the mean-field improvement
My . — R tadpole factor &, to define the lattice operatdd6]. We
——=m(N|uu+dd|N)¢+m{NJuu+dd|N)p, (5)  shall calculate Cl and DI separately.
The CI is calculated in the same way as the isovector
, o axial couplingg3 and its form factogi(g?) [14]. The lattice
and obtainedo ,y through the derivative of the nucleon gé,con:<N|m+dd|N>'Eon is obtained by fitting the two- and

mass. We note that in E@5) the connected insertioiCl) three-point functions ndG to tWo exponentials in
part comes from the differentiation with respect to the va- ee-point functionsopp a psp 0 TWO €xponentials

lence quark propagator; whereas tlisconnected insertion the formfe ™4 andgs ., fe ™ simultaneously, using the
(DI) part comes from the derivative of the fermion determi- data-covariance matrix to account for correlations. The form
nant. Their contributions to the scalar charge in the factor at different momentum transfef’ are evaluated by
nucleon are shown schematically in Fig. 1. In the DI thetaking the appropriate combination Gkp andGpspin Egs.
quark flow lines are not joined together as in the Cl. They(6) and(7): i.e.,
are, nonetheless, correlated via the background gauge fields - . -
which are not drawn. In the quenched approximation ap- GpsHts,p,1,0)Gpp(t,p) L
proach, it is found thatr obtained from the derivative of aa(t, p)GAA(L.q) t oa gs,col d°), 9
the nucleon mass is only about 15—25 M. This is much PP E/=PPAD
smaller than the phenomenological value-e#5 MeV [4].
The smallness of . in this case is traced to the fact that the
nucleon mass in the quenched approximation is calculatet® be Q
with the determinant set to a constant, so that its derivative Our quenched gauge configurations were generated on a
corresponds to the CI onlyvhich is verifiable by comparing 16°X 24 lattice at3=6.0. The gauge field was thermalized
to the direct evaluation of the ©9,10]) and it does not for 5000 sweeps from a cold start and 24 configurations
include DI which can be substantial. Indeed, when the deseparated by at least 1000 sweeps were used. Periodic
rivative of My is calculated with dynamical fermions in- boundary conditions were imposed on the quark fields in the
cluded, it is found 8] that the left-hand sidéLHS) of Eq. (5) spatial directions. In the time direction, Dirichlet boundary
which now includes the DI becomes2 to 3 times larger conditions were imposed on the quarks to provide larger time
than the CI contribution. This implies a large contribution of separations than available with periodic boundary conditions.
the DI. Since the error oaM y/dm is quite large 10,8, we  The nucleon sink and source were placed symmetrically with
decide to calculate the DI directfyL0] with the help of the respect to the time boundaries so that eacHiactor, the
Z, noise[11]. Following our calculation of the flavor singlet amplitude for the nucleon interpolating field to excite the
92 [12], we calculate the Cl and DI of , directly in the —ground state from the vacuum, is canceled in the ratios of
quenched approximation. In terms of the Feynman-Hellmasgorrelation function in Eq(9) [13,14. This is in contrast
theorem, it would correspond to calculatialfl /M by tak- ~ With a calculation off -, for example, where the matrix el-
ing the derivative of the determinant first before setting it toement of the current between the pion and the vacuum is
a constant. explicitly needed and could be contaminated by boundary
Lattice calculations of three-point functions have beeneffects. As long as the time separatidrandt;—t are large
used to study the ENIL3], axial (isovectoj [14], and pseu- €nough, the form factogs(q®) should not depend on the
doscalar ¢NN) [15] form factors, and the flavor singlet nucleon interpolation field. All quark propagators were cho-

03 [12]. For the scalar form factor, we calculate the follow- S€n to originate from lattice time slice 5; the secondary
ing two- and three-point functions: nucleon source was fixed at time slice 26xcept for

x=0.154 where the quark propagators from time slice 3 to

. . L 22 were used We also averaged over the directions of

ga(t,p)=2 e P X0[x*(x)x(0)|0), (6)  equivalent lattice momenta in each configuration; this re-
x duces error bars.

We have verified that the time separation is sufficient so
aa ngP —ip-Xp+ig-X a —a that there is a plateau for the scalar density insertion at time
pseltr.P.t.0) 2 © (Olx“(x)SOx*(0)]0), slicest after the proton ground state is achieved. This is done
(7)  forthe three lightest quarks with=0.154, 0.152, and 0.148

andqg?a? up to 4(2r/L)2. The numerical detail of this part is
wheret andt; indicate the time for the scalar insertion and given in Ref. [14]. The nucleon massedMya for

the nucleon sink as illustrated in Fig. fl.is the momentum «=0.154, 0.152, and 0.148 are 0.728), 0.88415), and

m

whereﬁ is the momentum of the nucleon sink which we take

Xg,X
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FIG. 2. (a) The latticegs ., for the Cl as a function of the quark
massma. The chiral limit result is indicated b@®. (b) The form
factor g§ (g% at the chiral limit.

1.171), respectively. The corresponding pion masees
are 0.38%9), 0.4937), and 0.68%6). Extrapolating the

nucleon and pion masses to the chiral limit where we deter-
0.1568(1) and the nucleon mass at the chiral limit
to be 0.543). Using the nucleon mass to set the scale which
we believe to be appropriate for studying nucleon properties

mine k.=

[14,15,12, the lattice spacing™*=1.74(10) GeV is deter-

mined. The three<’s then correspond to quark masses of

about 120, 200, and 370 MeV, respectively.

Plotted in Fig. 2a) are the IatticeggcOn results. Due to the
fact that the quenchegPT calculation exhibits a leading
nonanalytic behavior ofn®? for the nucleon masgL7], we
extrapolategS con t0 the chiral limit (KC 0.1568) with the
form C+Dm"2 This is so becausg} ;o= My /3 in the
guenched approximation as we alluded to earher in &y.
As a result, we obtaigg cor=3.04(9) as shown in Fig.(d).
Thegs in the continuum with the modified minimal subtrac-

FIG. 3. The ratios of Eq(10) for the scalar insertion are plotted
for the threex cases. ME is the fitted slope.

the DI part ofg2 [12] by summing ovet, the insertion time
slice of the scalar density. Fdg>a, this sum becomes
[9,12]

8¢(t;,p,1,q) GEA(L,p)
(¢ ,p) GRA(1,q)

%

const-t;gs g d%),
(10

—
ti>a

Whereﬁ is the momentum of the nucleon sink which we take

to be Q t is summed from time slices 5 to 2Qe., 4 time
slices away from the boundaryo avoid the contamination
from the fixed boundary in the time directi¢h2].

Thus, we calculate the sum as a functioni;adind take the
slope to obtain the DI part ajg(qz). Since the DI involves
quark loops which entail the calculation of traces of the in-
verse quark matrices, we use the proven efficient algorithm
to estimate these traces stochastically withZhenoise[11]
which was shown to be the optimal choice yielding minimal
varlance[22] and has been auspiciously applied to the study

tion (MS) scheme is related to its lattice counterpart by thepf gA [12].

relationgg= ngs, whereZg is the finite lattice renormaliza-
tion constant. The one-loop calculation givés=0.995 for
B=6.0 [16], from which we findggc,=3.02-0.09. We
also computed isovect@i=(N[uu—dd|N) which does not
involve the DI and found it to be 0.63).

Sinceo IS renormalization group invariant, the Cl con-
tribution is UwN con™ mgS «on Where m is the lattice quark
mass. Fromn andMy, we findm=5.84(13) MeV. Thus,

O N, con=17. 8(9) MeV which agrees well with previous cal-
culations[7,9,20. The CI part of the form factor is obtained
by extrapolatmggS Cor(qz) at different« to the chiral limit.

It is plotted in Fig. Zb) together W|tth(q2) the isovector
axial form factor. We see that thejf dependence are almost

The results of Eq(10) with 300 complexZ, noise and 50
gauge configurations fork=0.148, 0.152, and 0.154
are presented in Fig. 3. The correspondingk
=(N[uu+dd|N)}j, are obtained from fitting the slopes in the
regiont;=8 where the nucleon is isolated from its excited
states with the correlation among the time slices taken into
account[12]. The resultant straight-line fits covering the
ranges oft; with the minimum y? are plotted in Fig. 3.
Finally, the errors on the fit, also shown in the figure, are
obtained by jackknifing the procedure.

Plotted in Fig. 4a) are the results ogs dis With the same
sea-quark mass as those of the valeaeel cloud quarks in
the nucleon. They suggest a nonlinear behavior in the quark

identical within errors. Insofar as the concept of mesonmass. This is enhanced by our finding of a very soft form
dominance goes, this reflects in part the fact that the isovedactor[Fig. 4(b)] which is consistent with the expectations of
tor scalar mesoa, mass and that of the axial-vector meson

a, are close to each other in the lattice calculation. Such as 9% 4is o5 gig (42)
in the case of the axial coupling constaftg], we also find AR A S 6 ———
that the ratioRg= gglgs,Con dips below the Si(b) result of s oTusddX2=04 . o Tusdd

oss  x2=002

1/3 as the quark mass becomes lighter. This is interpreted as
due to the cloud quark or antiquark effect and is responsible ,
for theu — d parton difference reflected in the violation of
the Gottfried sum rulg¢21]. Only when the cloud degree of
freedom is eliminated in the valence approximati@i],
where the Fock space is limited to the valence, do we recover
the SU®6) limit. This indirectly shows the effect of the cloud
quarks in the CI.

We calculate the DI in Fig. (b) the same way we did for

ol
/

\AN LARAN RARRS

W RAREN RAALS LA

o

o]
0.0 [+X] [}
ma -q2 (Gev3)
(a) (b)
FIG. 4. (a) The DI of (N[uu+dd|N) and(N[ss|N) as a func-
tion of ma. The chiral limit result is indicated b®. (b) The cor-
responding form factors.
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xPT[6] where the pion loop leads to a nonanalytic behavior TABLE I. Scalar contentsAoy, y, and o,y in comparison

in my'> Furthermore, this nonlinear behavior is seen promi-With phenomenology.

nently in hadron masses when dynamical fermions are in-

- ) Lattice Phenomenology

cluded[23]. For these reasons, we §il|uu+dd|N) s with —
the constant plusn'? form as for the Cl and get a small (p[uu+dd|p)con 3.029)
x? [see Fig. 4a)]. The extrapolation to the chiral limit is (p[uu+dd|p)gs 5.41(15
carried out in the same way as in the casegﬁ:f[lZ]. The  (p|uu|p) 4.5316)
covariant matrix is adopted to consider the correlatior{p|dd|p) 3.90116)
among the threea’s. The error on the chiral limit result is (N[ss|N) 1.537)
again obtained by jackknifing the procedure of the extrapofg 1.51(12) 1.52[9,24]-1.81[25]
lation. To calculate/N[ss|N), we fix the sea-quark mass at Ds -0.8829 -0.52[9,24]-0.57[25]
0.154 and extrapolate the valence-quark mass to the chirat?){%(ud) 0.854) fm
limit with the form C+ D Jm+mj to reflect them> depen-  (r2Y¥s) 1.069) fm
dence of the nucleon mass from the kaon looglT. These Ao,y 6.61(59) MeV 15.24) MeV [4]
results are also plotted in Fig(a}. L y 0.36(3) 0.2-0.3[4]

From Fig. 4a), we find that (NJuu+dd|N)gs o 49.72.6) MeV 45 MeV [4]
=Z(N[uu+dd|N)5.=5.41(15). This is 1.8(1) times the ok 362(13) MeV 395 MeV[26]

Cl and is consistent with previous indirect calculations based
on dMy/dm with dynamical fermiong8], a direct calcula-
tion with staggered fermiongl 9], and the recent direct cal- alone [9,24]. The latter yields Fs=0.91(13) and
culation [20] which gives a ratio of 2(5). Similarly, we  Dgs=—0.28(10) which are only half of the phenomenologi-
find from Fig. 4a) that (N[ss|N)=Zsf(ma)(N[ss|N)t  cal valueg9,24,23. This underscores the importance of the
=1.53(7) where we have included the finitea correction  sea-quark contributions. We also obtain the form factor
factor f(ma)=0.79 which was computed by comparing the ggdis(qz)=(N|ﬁ+dd|N>éiS(q2) for the DI as plotted in
triangle diagram in the continuum and on the lattjds]. Fig. 4(b). We see that it is exceedingly soft which is remi-
This is much smaller than the recent calculati@f] which  niscent of the twom intermediate state in thgPT calcula-
gives (N[ss|N)=2.84(44). Part of the disagreement comestion [4]. This possibility can be seen in Figit with the two
from the fact that a finitena correction factor which is only 7 intermediate state depicted. Indeed, if we assume that the
appropriate for a Cl was used in R¢R0] for the DI. This DI part completely saturates .y with gs=8.43(24), it
leads to an overestimate by30%. In addition, summing would giveAo ny=11.5(2.1) MeV similar to that of thgPT
>:S(x,t) in Eq. (10) over the edges in time where the fixed calculation[4]. However, there is also the CI p4Rig. 2(b)]
boundary condition is applied as is done in R&D], gives a  Which is much harder than the DI. When comb;ned, it yields
systematic error. We find thdE;S(x,t)) is a fairly uniform @ scalar form factogs(zqz) which is softer tharg(q?) and
function of t except toward the edges of the lattice in the Pecomes close tGe(q°) of the proton. They are plotted in
time direction due to the fixed boundary condition imposedFig- 5 for comparison. Fitting thgs(q®) to a dipole form
there. For this reason we exclude four time slices at each dfives a dipole massmp=0.80(4) GeV. This predicts
the time boundaries for both the nucleon source or sink and o»n="6.6(6) MeV, much smaller than the 152 MeV

the S(x,t) density insertion. But this unphysical boundary obtained solely based on the twodominance. We conclude
effect is included in Ref[20]. In order to estimate the mag- from this that theyPT calculation[4] is relevant to the DI
nitude of the effect, we extended the density insertion to th@ut missed the CI which may be dominated by the scalar
time boundary and foundN|[ss|N) to be increased by 4%.
Thus, we estimate th&N|[ss|N) in Ref.[20] to be overesti-
mated by~35%. Correcting this reduces th&N[ss|N) to
2.1033) which is then much closer to our result. The re-

o gs(qz)/gs(o) J

3(q2
maining difference between this and our result of {753 10%& o g;la 2) -
may be attributable to scaling and the finite volume effect. © Ggla®) .
The results of Ref[20] are based on £X 20 lattices at — 92 (a®)(Expt. mp=1.09GeV) -
B=5.7; whereas ours are based on*4@4 lattices at -\ ---= Gg(q2)(Expt. my=.828GeV) .
B=6.0. o - .

From the above results, we listpluu+dd|p)con 05 I~

(pluu+dd|p)gs (p[uu[p), (pldd|p), (N[ss|N), Fs i
=((pluu|p)—(N[ss|N))/2, and  Ds=({p|uulp) i _@7
—2(p|dd|p)+(N[ss|N))/2 in Table I. We see that both I et J{ _____
Dg and Fg compare favorably with the phenomenological i T T . 'l'“l“:--'-

values obtained from the $B)-breaking pattern of the octet 0'000
baryon masses with either linef®,24] or quadratic mass |
relations[25]. Especially, we should point out that the agree-
ment is significantly improved from the valence-quark model FIG. 5. The normalized form factogs(g?)/g<(0) compared
which predictsFs<1 andDg=0 and also those of the Cl with Ge(g?) andgi(g?) and their respective experimental results.

-q2(Gev2)



5500 S. J. DONG, J.-F. LAGAEAND K. F. LIU 54

meson. On the other hand, t&l[ss|N)(g?) comes only very close to the above estimate of 53 MeV with tiné?
from the DI, hence it is very soft. Its rms radius extrapolation. Yet, the directly calculated.y falls short of
(r?)¥%(ss)=1.06(9) fm can be interpreted as the size of thethis expectation and is also much smaller than that of the

112 :
KK meson cloud in the scalar chaniisée Fig. 1b)]. m~* extrapolation.

For the parametey in Eq. (4), we find it to be 0.363). Clearly, calculations on larger lattices, smaller lattice
Both Aoy, andy differ significa’ntly from the phenomeno- spacings, and smaller quark masses will be needed to bring

logical solution based opPT as mentioned earlier which did the systematic errors under control and obtain a completely

consistent solution oA o .y,y, and o,y . Eventually, dy-
not take into account the Cl with a possible scalar domis, ica) fermions need to be included to complete the pic-
nance. This points to a higher,y than 45 MeV. Our result

of Ao\ =6.6(6) MeV suggests a higher =S ture. Nevertheless, based on what we have on a qualitative
N . aN— <=aN  and semiquantitative level, we find that a consistent solution
—Ao_N~53 MeV from Eg.(3), assuming ,n~60 MeV. q

o - . might be close toAo,y=6.6(6) MeV, y=0.3§3), and
T?O')S is further enhanced by the finding of a largerGiven o.n~53 MeV which are significantly different from the
o~32 MeV from the octet baryor_l massgs], or 355) present phenomenological values. We should stress that our
MeV from the one-loopyPT calculation[6], our result of

= results onFg and Dg, like their counterparts in the axial
y=0.36(3) also putsry to be around 53 MeV from Eq. couplings, agree well with those deduced from the(3Y

). . . breaking pattern of the octet baryon masses and that the Dl is
~ Now, we turn to our result ofry . Our direct calculation o jmportant ingredient for this agreement. In addition, we

g|v_es_<N|uu+dd|N>=8.43(24) ando ,y=49.7(2.6) MeV. report the KNo  term UKN=(r“n+mS)(N|ﬁ+aJI

This is about one and a half smaller than 53 MeV inferred , 55qiN\)/4 in Table I. If we assume that they are similarly

from Aoy andy. Since the direct computation of,y in- depressed as o, we would then predict the finakt,y at

volves the determination of the quark mass which is MOr3go14) MeV. It agrees withoy, =395 MeV from a recent
susceptible to systematic errdsich as the extrapolatlon N hiral analysis ofKN scattering[26]. Finally, we note that

the quark mass and the continuum lijrttian theq? depen- me(N[ss|N)=183(8) MeV. Together with the kinetic and

dence of the form factor and the ratjo we believe that our potential energy contribution of 90 MeV [27], the strange

result ono y is less reliable thad oy andy. To examine g contributes about 90 MeV to the nucleon mass.
the sensitivity of these three quantities as far as the chira

limit extrapolation is concerned, we fit them to a linear func-  This work was partially supported by U.S. DOE Grant
tion in m instead ofm¥? and find thatA o ,y=4.7(8) MeV,  No. DE-FG05-84ER40154. The authors wish to thank G. E.
y=0.423), ando,y=39.0(2.0) MeV. Again, we see that Brown, N. Christ, T. Draper, and M. Rho for helpful com-

both Aoy andy favor a highero.n~55 MeV which is  ments.
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