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[. INTRODUCTION and matter density distributions respectively. The pseudo-
scalar density obtained with= 5 is also evaluated since it

The one-body matter density distribution plays an impor-provides a useful observable for testing the predictions of the
tant role in our understanding of nuclear structure. In nuclebag model.
it determines the intranuclear distribution which includes The matrix elements for mesons and baryons considered
both protons and neutrons, unlike the charge density whicin this work are shown schematically in Fig. 1. In the case of
determines the proton distribution. It requires hadronicthe baryons two relative distances are involved and three
probes and for this reason it is not as accurately determinecurrent insertions are required. However we may consider
as the charge distribution. However at new experimental faintegrating over one relative distance to obtain the one-
cilities such as RIKEN in Japan there are plans to improveparticle density distribution shown schematically in the
the measurements of the matter density distribution usingpwer part of Fig. 1. Baryon matrix elements with three cur-
proton beamg1]. Similarly matter density distributions of rent insertions, one on each of the three quark lines, were
individual hadrons are determined in hadron proton colli-computed in the case of the charge density distribution in
sions[2]. From the analysis of elastic differential cross sec-Ref. [4] and shown, after integration over one relative dis-
tions for #=p and K*p, the radii of these mesons can be tance, to reproduce, within statistics, the one-particle density.
extracted within certain assumptions such as the eikonal apn this work we will only consider one-particle distributions,
proximation and the exponentiation of tBamatrix [3]. and therefore only diagrams with two current insertions such

In this work we study hadron matter densities using gauges shown in Fig. 1 are evaluated. In the future, we plan to
invariant correlators calculated in lattice QCD. This is anextend our work to three current insertions, at equal and
extension of our previous wofld] on hadron charge density unequal times.
distributions. In addition to the matter density distribution we We also address here an important technical point. On our
present results for the pseudoscalar density and compare kattice of time-extentl, with the usual anti-periodic bound-
bag model predictions. Both quantities are evaluated irary conditions for the fermion fields, we insert the currents at
guenched QCD and with two flavors of dynamical quarks. ToEuclidean at the maximal time separatidit4 from the
test our lattice procedure we perform a more detailed analysource and from the sink, as indicated in Fig. 1. The current
sis of the relevant correlation functions as compared to whahsertions must be separated far enough from the source and
was done in Ref[4] extending it also to the matter and the sink to suppress excited hadronic states and non-zero
pseudoscalar densities. By comparing the matter and charggomenta. The latter are not projected out, as often done in
density distributions one can draw important phenomenoether studies, because zero-momentum projection requires a

logical conclusions regarding hadron deformation. summation over spatial translations of the source or sink.
Here, this summation is technically not feasible because it
Il. GAUGE INVARIANT CORRELATION FUNCTIONS would involve quark propagators from all to all spatial lattice
sites. In the following section we will demonstrate that our
We consider the equal-time correlat¢gs6], time separation of/4 is sufficient to satisfactorily filter out

undesired states.

C?(r,t)=f d3r (HIJU(r 08 (r' +r,0[H), ()
Il. LATTICE TECHNIQUES

with the currentj{(r,t) given by the normal order product  AJl the results presented in this work have been obtained
:u(r,t)Tu(r,t):. ForI'=y, andI'=1 we obtain the charge on lattices of size 16<32. For the quenched case we use
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FIG. 1. Equal-time current-current correlator for a mesop- FIG. 2. The local massn(t), at x=0.153(a) for the pion and

pen and a baryorflower). t and T/2—t must be large enough to () for the rho is shown versus the time separation from the source
filter out the hadronic statél is the time extension of our lattice. , |attice units, for a local source with anti-periodic boundary con-
We have assumed anti-periodic boundary conditions in the temporgitions (x’s), a local source with Dirichlet boundary conditions
direction in drawing this figure. (crossey a smeared sourcéstars and a wall sourcefilled tri-
angle. The dashed line shows the plateau value obtained by fitting

220 NERS{ 7] configurations generated gt=6.0, and for ~ the data coming from Dirichlet boundary conditions.
the unquenched case we analyze twealues using for each
100 SESAM configurations8] simulated aj3=>5.6 with two  local sink. The results for the effective mass(t), for the
degenerate quark flavors. The physical volume of the latticgion and the rho are shown in Fig. 2. As expected Wuppertal
in the quenched and in the unquenched case is approximatedynearing of the source produces the earliest plateau. Local
the same. sources reach the same plateau value for time separdtions
Let us first demonstrate that the time extent of our lattice=8a from the source, whera s the lattice spacing. Using a
is large enough to isolate the hadron ground state of zerwall source does not improve projection to the ground state.
momentum. For this study we analyzed 56 quenched conn fact the effective mass still deviates &t 8a and only
figurations atk=0.153. The first check is to evaluate the converges to the plateau value at time separatien$Oa.
mass of the particles via the two point correlat®(t), using  For testing the mass plateaus using two point hadron correla-
different sources. For this comparison we u§g:a local tors, we have summed over the sink spatial volume which
source with anti-periodic boundary conditions in the tempo-projects to the zero momentum state in the standard way.
ral direction,(ii) a local source with Dirichlet boundary con- Had we not performed the sum over the sink spatial volume
ditions in the temporal directiortiii) Wuppertal smearing of the errors on the effective mass would have be much larger
the source andiv) a wall source which projects out the zero and the comparison of different sources would have been
momentumguark propagator. In the latter case we Coulombless meaningful. As we have already pointed out summing
gauge fix the configuration at the time slice of the sourceover the spatial volume of the source is not possible for the
Employing Dirichlet boundary conditions allow us to utilize density distributions since it would require the all-to-all
the whole time extent of our lattice instead of using half as itpropagator. Therefore it is crucial to check that higher mo-
is done for anti-periodic boundary conditions in the rest ofmenta are sufficiently suppressed for the evaluation of the
the cases. When using Dirichlet boundary conditions thelensity distributions.
source is placed at the second time slice, the sink at the last In Fig. 3 we show the results for the charge density dis-
but one and the current insertions at various intermediatéribution at different time slices for the pion and the rho,
time separationst, from the source. In all cases we use aobtained using Dirichlet boundary conditions which allow us
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FIG. 3. The charge density distribution at=0.153(a) for the FIG. 4. The charge density distributions st 0.153 versus the

pion and(b) for the rho is shown versus the radius in lattice units radius in lattice unitga) for the nucleon andb) for the A* using a
when the current couples to the quark at time separation from th@cal source and sink with anti-periodic boundary conditiorssy,
source oft=8a with anti-periodic boundary conditions and bf  for a smeared source and sifstars and for a wall source and sink
=14a for Dirichlet boundary conditions. In the case of the rho (filled triangle). Data obtained using Dirichlet boundary conditions
distribution the errors on the data obtained with Dirichlet boundaryare too noisy and they are not shown.
conditions are omitted for distances greater théan=6 for clarity.
The notation is as in Fig. 2. given that the effective mass for this source has not com-
pletely converged dt=8a. In contrast to the other sources,
to probe larger time separations. Here, in contrast to the twowhere the individual quark propagators can carry non-zero
point correlatorC(t), the source and the sink are treated inmomentum, wall sources project on zero momentum for each
the same way. For all the plots showing the charge densitguark propagator. If the time evolution is too short to filter
distribution as a function of we have averaged the lattice the ground state then the quarks carry lower momentum than
results over bins of size 0.28As it can be seen the results in the exact ground state. This would explain the fact that,
for the pion are the same at quarter lattice time separationfor a wall source, the charge density distribution is still
=8a and att=14a. We also have agreement between thebroader than the rest &t 8a: the quarks carrying a smaller
results obtained with local and smeared sources. For the rhrmomentum lead to a slower decay. This effect is less visible
the comparison is more difficult since the results using Di-in the pion, which indicates that in the ground state the quark
richlet boundary conditions are more noisy than for the pionrelative momentum is smaller than in the rho. In Fig. 4 we
Within our statistics the charge density distributions obtainedcompare the results obtained with the different sources for
at time separatiort=8a and t=14a are the same. Also, the nucleon and thA* at time separatiob=8a. Data with
apart from small deviations at short distances, there is agre®irichlet boundary conditions are not shown since they are
ment of the results obtained using Wuppertal smeared anio noisy. Again using a wall source and sink produces a
local sources. This means that any contamination from higleorrelator that decays more slowly than the rest, showing
momentum states is small and, within our statistical uncerthat projection to the ground state is less effective when the
tainties, it is permissible to use anti-periodic boundary coninitial and final states are constructed with zero momentum
ditions with current insertions at=8a. This is fortunate, quarks. On the other hand, there is agreement between re-
since it allows us to analyze standard full QCD configura-sults obtained with smeared and local sources apart from
tions. It is also advantageous since the gauge noise is far lesmall deviations at short distances for thé channel. The
for time separations & Using a wall source and sink pro- independence of the results from the different interpolating
duces a correlator which is in disagreement with the rest dields indicates that the ground state has been isolated suffi-
time separatioh=8a. This means that there is still a sizable ciently well. Therefore for the parameters used here, it is
contamination from excited states, which is not surprisingustified to use anti-periodic boundary conditions and local
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FIG. 6. (a) The pion,(b) the rho,(c) the nucleon andd) A™*
matter density distribution versus the radius fer=0.15 (X’s),

charge density distribution versus the radius in lattice units using.=0.153 (crosses and x=0.154 (star3. For the pion we also in-

the local current X's) and the lattice conserved currgetosses

clude the results fok=0.155(filled triangles. The errors bars are
not shown for clarity.

sources to study the density distributions. Using Dirichlet

boundary conditions to increase the time separation betwedmprovement beyond the present work will be to use an
the source and the sink produces results that are more noigy(a)-improved Dirac operator to eliminate finigeeffects at
and cannot be distinguished from the ones obtained witlshort distances.

anti-periodic boundary conditions.

In this work we use lattices having similar lattice spacing
a. In order to assess finite lattice spacing effects on these
distributions we compare results using the continuum current
and the lattice conserved current which differ@ga) terms.

The lattice conserved current is given by

1M<x>=2 Qeref b (x+m)(1+ ¥,)UXT(x) ¢ f(x)

— ¢ () (L= y )UEX) ¢ (x+ )}

and it is symmetrized at lattice site Qs is the charge of

)

IV. MATTER DENSITY

In this section we present results on the matter density
distribution using a local source and a local sink. As dis-
cussed in the previous section, our best compromise for the
study of the density distribution is to fix the source and the
sink for maximum separation §t=a andt;=17a and insert

uu anddd operators half-way between &t t;=8a. By ex-
amining the dependence of the matter correlator on the time

separationt—t; at which theuu and dd operators are in-
serted, as it was done in Sec. Il for the charge density, we
again conclude that a time interval @f-t;|=|t—t;|=8a is
sufficient to project to the ground state of the hadrons of

quark of flavorf. The results for the unnormalized density interest. In this evaluation we use the same interpolating

correlator, shown in Fig. 5, demonstrate that firdteffects

fields, described in detail in Reff4], as for the density cor-

lead to the wrong behavior near the origin. The same conrelator, and the Wilson Dirac operator with hopping param-
clusion was also reached in the study of the density distribueter x=0.15, 0.153, 0.154 and 0.155. The ratio of the pion
tion of charmonium where results using the Wilson Diracmass to the rho mass at these values @ 0.88, 0.84, 0.78

operator were compared to those using clover and tadpolend 0.70 respectively. Using the standard definition of the
improved operatorg9]. In the rest of this work, unless oth- naive quark mass,l@,a=(1/k—1/x;), wherex.=0.1571is

erwise stated, we will normalize the density correlators ovethe value of« at which the pion becomes massless, we find
the spatial volume and not over their value at the originm,~300, 170, 130 and 85 MeV respectively. To obtain

because of the potentially large fingeerror at the origin. An

these values we used the string tendib@)] to set the physi-
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FIG. 7. Comparison of the charge and matter density distribu-
tions atk=0.153. Left for the piorffilled triangles for the charge
and(stars for the matt¢rnd the rhd X's for the charggand(open
rhombus for the mattedistributions. Right for the nucleoffilled
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FIG. 8. Rho asymmetry at=0.154(a) for the charge andb)

for the matter density distributions. The upper curve labeled sy
CP(0,02) and the lower curves labeleXiandY is C{(x,0,0) and
CL(0yy,0) respectively. The z axis is along the spin direction of the
rho meson.

In Fig. 8 we show the correlators for the spin
polarization-0 state of the rho, for quark separations along
the spin axigz) and perpendicular to it(y). We observe a
z—x asymmetry in the case of the charge distributjdh
whereas in the case of the matter distribution no statistically
significant asymmetry is present. The rho deformation seen
]in Fig. 8 can be made more quantitative by analyzing the

orrelators into a dominant=0 and a suppressed=2
tate[ 14]:

cal scale, which gives for the inverse lattice spacaig
~1.94 GeV @=0.103 fm). This choice makes direct con-
tact to our previous study of charge density distributipfls
Another possibility is to use the rHor the nucleohmass in
the chiral limit. Using the rho mass yields 1=2.3 GeV
(a=0.087 fm)[11,12, with a systematic error coming from
the choice of fitting range and chiral extrapolation ansatz o
about 10%, which is about twice as large as the statisticai
error. We note that Refll] observed stability of that scale
with respect to an increase of the lattice size. In our discus- (3x2—1?)
sion of quenched data we will use the valueaaletermined AU pd _ kK

from the string tension. However, to compare the quenched <pk(o)“Vo(r)]70(0)|pk(0)>_fO(rH— 3r2 Fa(r)
with the unquenched results we will use the value extracted 3
from the rho mass in the chiral limit, since this determination

is applicable both in the quenched and in the unquencheﬁ,here|pk(0)> is a zero momentum state with polarizatian

theory. In our discussion of the bag model results we will setrhe deformation.s. determined from the quadrupole mo-
the scale using the nucleon mass since, in that case, thfent can be defined as

nucleon mass is used to fix the bag model parameters.

In Fig. 6 we consider the quark mass dependence of the 3 (32%—12)
matter distribution. The pion shows the strongest dependence o=——
on the quark mass, in contrast to the charge distribution 4 (r?
where the rho showed the largest variatigh). For quark

masses in the range of 300—100 MeV investigated hefWriting for the symmetry axisR3=~/<22)=RT+e where
baryon charge and matter distributions show essentially NR2=1/2(x?+y?) and assuming a small symmetry deviation
variation with the quark mass. However, charge and mattet \ve optain

distributions are quite different from each other. The com-

parison between both is shown in Fig. 7 fer-0.153. We

observe, between the pion and the rho but not between the S
nucleon and th& *, a larger variation for the charge density

as compared to the matter density distribution. In fact the

matter density distribution is very similar for the four had- where R?=1/3(x?+y?+z?) is the mean square radius. Ex-
rons considered here. In all cases the matter distribution dgganding the hadron wave function inr=0 andL=2 com-
cays faster than the charge density, an observation consistgminents agi(r) = a¢q(r) Po(cosb) + Bp,(r)P,(cosé), where
with the results of Ref{13]. P_ are Legendre polynomials, we find for the deformation

4

€ R3_RT
"R R €
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N _ _ z—x asymmetry demonstrated in Fig. 8. Also in the un-
FIG. 9. Decomposition of the density-density correladf, ,  quenched case, the matter density asymmetry remains con-
and the matter density correlat@y , for the rho meson into angu- sistent with zero.

lar momentum pari.=0 and L=2 at x=0.153 (left) and « The absence of a measurable deformation in the case of
=0.155(right). the rho matter distribution has important implications for the

mechanism that produces the asymmetry in the rho charge

3 B {polr?|¢,) distribution. Since the matter and charge operators have the

(6) same non-relativistic limit, this strongly suggests that hadron
charge deformation is a relativistic effect. That is particularly
) ) interesting since it has strong implications for the validity of
where we have neglegtqu terms. Taking ¢o(r)  yarious models used in the study of nucleon deformation as
~exp(—myr) and ¢,(r)~reexp(-myr), and again neglect- || as in the evaluation of transition matrix elements for
ing 8% terms which appear when squaring the wave functlonyN_)A' In a number of these modeld6] the quadrupole

to obtain the correlator so thdp(r)=a’$5(r) and f(r)  moments are evaluated in the non-relativistic constituent
=3aBo(r) po(r), we fit the resulting expression to the lat- quark model limit with D-state admixture or with two-body
tice data. As shown in Fig. 9 for twa values, this ansatz cuyrrents where one would expect the same results for the
provides a good description of the rho charge density districharge and matter distributions. In these models one thus
bution. From the fits we find at the four values that we expects that for the rho meson the charge and matter quad-
have analyzed a non-zero raif«~0.02 with an error of  rypole moments are the same up to an overall multiplicative
about 60% which mainly arises from the poor determinatiorfactor related to the different electromagnetic and strong cou-
of the coefficient of the. =2 state. This leads to a deforma- pling constants. The conclusion that the charge deformation
tion of the order of 1%. The errors in extracti®y within s a relativistic effect is confirmed by another study employ-
this approach, are large since, in addition to the r@a,  ing heavy quarks on a fine lattice. For these heavy quark
this evaluation also involvemg and (my+m,)’ amplifying systems no signal for charge deformation was obtaiagdf
further the error ord. A direct determination of the quadru- the pion cloud makes a significant contribution to the charge
pole moment via Eq(4) yields §=0.03+0.01, with a better deformation then an analysis with lighter dynamical quarks
control on the errors than the value obtained from the angushould increase the charge deformation but it should also
lar decomposition. Unquenching tends to increase this deforsield a deformation in the matter distribution. Clearly, in
mation, but the statistical error also increases, so that nwiew of such important phenomenological implications, it is
definite conclusion regarding the importance of pion cloudimperative to improve the lattice results, in particular for the
contribution can be reached. However, the fact that deformadaryons, by using lighter quarks on a larger volume both in
tion is seen for the rho meson in the quenched theory castbe quenched and in the unquenched theory, and determine
doubt on models which assume a spherical core and attributbe amount of deformation in the chiral limit.

the deformation entirely to the pion clodd5]. The same In order to investigate the importance of dynamical
analysis for the matter density distribution yields lar 2 quarks, we analyze a subset of the SESP8] configura-

5 a(go|r? o)
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=2.3 GeV[8] which is the same as for the quenched theory

at 3=6.0, and therefore the physical volume is the same as FIG. 12. The pseudoscalar densityat 0.153, 0.154 and 0.155

in our quenched calculation. As we have already explained©r (@ the pion,(b) the rho,(c) the nucleon and théd) A ™.

we use this determination of the lattice spacing, which is

applicable in both the quenched and the unquenched theo@pmparison with bag model predictions. The lattice results in
to compare quenched and unquenched results. For each & quenched theory for the pion, the rho, the nucleon and
the two values of the hopping parametar=0.156 and the A™ are shown in Fig. 12 fom,/m,=0.84, 0.78 and
0.157, we analyzed 100 SESAM configurations. The ratio of.70. Again we observe only a weak dependence on the
the pion to the rho mass is 0.83 @& 0.156 and 0.76 ak quark mass. To compare with bag model predictions, which
=0.157. These values are close to the quenched mass rati$§l be discussed in the following section, it is best to con-
measured atc=0.153(0.84) and x=0.154 (0.78 respec- sider the pseudoscalar density weighted with This is
tively, allowing us to make pairwise quenched-unquencheghown for both the quenched and the unquenched theory at
comparisons. Such comparison was made for the charge dis= 0.153 andk=0.156 respectively in Fig. 13. Areasonable
tribution in Ref.[4]. In Fig. 10 we compare the matter dis- fit is obtained using an exponential times a polynomial an-
tribution for the quenchedx=0.153) and the unquenched Satz. We note here that in both the quenched and unquenched
(k=0.156) theories. We observe no unquenching effects fotheory the long tail of the data and the integral of the fitted
the baryons, whereas the unquenched matter density dist@nsatz both favor a non-zero integral. In Fig. 14 we show the
bution for the pion and rho increases at the origin. Beyondinquenched pseudoscalar density for the four hadrons under
about 0.7 fm the statistical errors, not shown in the figure folconsideration normalized to unity at the origin. We observe
clarity, become large especially for the nucleon andAtie that the results are very similar for all hadrons, with almost
In Fig. 11 we compare the unquenched charge and mattélo dependence on the quark mass. As in the case of the
density distributions ak=0.156. Similar results with larger matter distribution dynamical quark effects are small for
statistical errors are obtained for the lighter quark mass ( these values of quark masses. Before leaving this sectlo_n we
=0.157), indicating that the mass dependence of these r&0ust stress t.hat thege result; on the pseudosqalar density are
sults is very weak. As in the quenched case we observe BOSt usefu! in showmg qualitative featpres. Since we have
faster fall off of the matter density distribution as comparedused an unimproved Dirac operator which has oadehiral

to the charge density distribution. Whereas unquenching inSymmetry violations, we expect sizable ultraviolet correc-
creases the rho charge asymmésge Fig. 17 of Ref4]), it  tions.

has no effect on the matter density distribution: Figh)8

remains unchanged. VI. COMPARISON OF LATTICE AND BAG MODEL
RESULTS

V. PSEUDOSCALAR DENSITY L . .
It is interesting to compare our lattice results to those

The pseudoscalar density is of theoretical interest, espesbtained in the bag model. We will consider only the lowest
cially because it can serve as an additional observable in ounode of the free Dirac field in a spherical bag of radRis
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TABLE |. Bag model parameters extracted from fitting the
masses of the rho, the nucleon and theThe bag radiiR,, R,,
R, andR, for the pion, the rho, the nucleon and theare given in
GeV ! respectively.

Quenched=6.0, 16x 32

m, (GeV) BY(GeV) Z, apy R, R, Ry, Ry
0.174 0.209 2274 0169 271 299 3.48 359
0.131 0.182 2245 0.196 3.09 3.47 4.00 4.15
0.088 0.169 2228 0.239 3.26 3.76 4.29 4.49

N;=2: =5.6, 16x 32

m, (GeV) BY(GeV) Z, apyg R, R, R, Ry
0.096 0.210  2.120 0.110 2.86 3.02 3.53 3.60
0.076 0.195 2.096 0.136 3.06 3.28 3.80 3.89
0.057 0.201  2.383 0.188 2.74 3.09 3.60 3.73
0.038 0.171  2.227 0.188 3.33 3.70 4.28 4.43

Continuum
m, (GeV) BY(GeV) Z, apyg R, R, R, Ry
0 0.146 1.86 0.55 3.33 4.67 4.97 5.44

=nyw, and the chromo-magnetic hyper-fine interaction en-
ergy calculated to first order in perturbation theory which is
proportional toay,,g [17]. ng is the number of quarks in the
hadron,ap,g= g°/4m whereg is the strong coupling constant,

and  is the frequency of the lowest mode given explicitly
below. We use two procedures to fix the bag model param-

The radiusR is chosen so as to minimize the masg,R), of
the hadron under consideration. There are four contributions- 1/2a(1/x— 1/k.). In Table | we give the bag parameters

to the mass: the volume terf, =47BR%/3, the zero point

energy,Eq=—2,/R, the kinetic energy of the quarkgq

1.00
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0.00
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0.

k=0.156

n

gy

o] 0.5 1.0
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0.5 1.0
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FIG. 14. The unquenched pseudoscalar densityca.156
(left) and k= 0.157(right) for the pion (X’s), the rho(crosse} the
nucleon(starg and theA™ (filled triangles.

etersB, Z, and ap,g: In the first procedure, which we will
refer to as procedure A, we use the lattice values for the
masses of the rho, the nucleon and theo fix the three
parameters using as an input the naive quark mags,

determined from this procedure. In the quenched case, as the
quark mass decreases the bag model parameters nicely ap-
proach the parameters determined using the experimental
values of thew meson, the nucleon and the and my=0

also included in the last row of Table I. For the unquenched
case, this trend is only clear for the two smallestalues
(heaviest quarks For the largerx values this is no longer
clear and a possible explanation is finite volume effects
known to become important at these small quark masses. A
second procedure suggested in R&B], referred to here as
procedure B, is to use the bag model parameters as obtained
in the last row of Table | and with these parameters fixed,
adjust the quark mass so that the lattice results for the mass
of the nucleon is reproduced at the givervalue. Since we

use the nucleon mass to define the quark mass in this way, it
is natural for this discussion to use the nucleon mass to set
the lattice scalea. This givesa 1=2.04(2) GeV for the
quenched case ard 1=1.88(7) for the unquenched theory.
The quark mass obtained with procedure B is denoted by
mgag. Both the bag model and the lattice phenomenology are
consistent with a linear dependence of the nucleon mass on
the quark mass in the regime we explore. Therefore we ex-
pectmqocmgag. In Fig. 15 we display the values obtained for
mgag versus the naive quark mass. The quenched data nicely
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450 . T if(r)yUs -
. = <, r= r
) P s —g(r) e U os(1) Yoips (1)
. X
= 2 e 112
300 N(X) [ @+ m)\ <
= & A f<r>=—_(—) jo(XI/R)
— g Ve g 4 ®
'g 0'150 L . //(/ N(X) w—m 1/2
: § 7 x quechned g(r)= T\/—<T) ja(xr/R) )
o g ® unquenched m
o % - . . whereUg are twp componen.t Pauli spinoiG= Y270 .is the
0 60 120 180 charge operatorj; are spherical Bessel functionsy is the
m_ (MeV) value of the quark mass which here is eithgy or mgag and
matter pseudoscalar N(x) is fixed by normalizing the eigenmode in the bag. The
. . 0.12 . . frequency, o(m,R), of the lowest mode is given bw
—ec0.153 o L emoaes =1/R(x*+m?R?)Y? wherex(mR) is the solution of the ei-
10° |~ st | & SN\ Te=0154 genvalue equation (A mR— wR)tanx=x. The superscript
. —ecotss | £ 004 | Lm0 on the quark annihilation operatoo§ and on the anti-quark
- — creation operatorsi® T denotes flavor and color quantum
. C 0.00 O s
o =, ’ \ / numbers. In terms of the lowest eigenmode the density op-
B L —0.04 /) erators are given by
10 - g s
3 -0.08 |- \‘/
C S o — Py =2 (b'DI—d'dY)(F(r)2+g(?) (8
00 05 10 15 00 05 10 15 SiC
r (fm) r (fm)
~ T t 2 2
FIG. 15. Upper: The quark massi®, needed to obtain the Pl(f)—g (bg'bg+dg'dg) (f(r)*—g(r)?) 9
lattice result for the nucleon mass versus the naive quark mass '
The best straight line fits to both the quenchedsheg and un-
quencheddotted case are also displayed. Lower: The mass depen- ;)y (N=-2i >, (bgTbg/Ulg. rUq
dence of the mattefleft) and pseudoscaldright) density distribu- 5 ss'.c
tions for the nucleon within the bag model with parameters fixed . R
using procedure A at=0.153, 0.154 and 0.155. —dg'd,Ua* -rUg)f(r)g(r) (10

fall on a straight line confirming this expectation. We find @d the charge, matter and pseudoscalar correlators by the
thatm*®is about 2.1 times the naive quark mass. Extrapofollowing expressions:
lating to my=0 we obtain mPA%=8+2 MeV reasonably -

close to the expected zero value, especially since the error
does not include uncertainties of the order of 10% in setting

|

-1

pl 15,050 Ip —1| (F(n)?+g(n)?).

the lattice scale. The same analysis can also be done for the =C 1| (f(r')2+g(r?)
less accurate unquenched data. We fiffi%-3m,. Using n| [n 9
the SESAM results for the nucleon mass at Al |A 1
=0.156, 0.1565, 0.157 and 0.1575 and a linear extrapolation (11
to the chiral limit, we obtain‘ngagz 31*+24 MeV atm,=0,
again close to zero. In the same figure we also show the bag 7| | 1
model resylts for the matter a_nd pseudoscalar densities cal- ol Jflu(r)jld(r,) lp 1| (F(r)2=g(r)?).
culated with procedure A using the parameters extracted =C’ o o
from fitting the quenched data at=0.153, 0.154 anck n| In 1) =g(r')%)
=0.155. The bag model results show a stronger dependence Al |A 1
on the quark mass in comparison with the corresponding (12)
lattice results discussed in the previous sections.
In order to evaluate the various density distributions we | 7| |7 1
expand the quark fields in terms of bag eigenmodes keeping U ntd .
only the lowest mod¢18]: pl 15,57 p _cr — 13| 4r-r'f(r)g(r)
n| In 23 | f(rHg(r")
A= (bZyr)+dST (1) Al A 2
s.c (13
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with constantsC, C’' and C” independent of the hadron
state. The minus sign for mesons in the charge correlator
arises because in the density operator the term involving
anti-quarks comes with a negative sign. This term is positive
in the case of the matter density giving the same sign for
mesons and baryons. This shows explicitly that the differ-
ence between charge and matter density distributions is due
to the opposite sign of the lower components of the Dirac__
spinor, which it is a relativistic effect. =

In the case of the pseudoscalar correlator given by Eq¢s”
(13) the results were obtained by averaging over spin projec-
tions of the physical states i.e. for the rho we averaged over
the states witld,= =1 andJ,=0. In order to understand the ‘ .
signs for the pseudoscalar density consider the pion where . n
the spin of the quark and the anti-quark are opposite. Since
|7y =1/y22 (" Td"—b" Td4")|0), we have from Eq(10)

a contribution of the form+ ¢-rU.U-¢* -r'U_ yielding

the result—r-r’ and thus an overall positive sign. The rho
state withJ,=0 is orthogonal to the pion resulting in the
opposite sign. Similar considerations lead to the opposite
sign between the nucleon and thé .

In Fig. 16 we compare the lattice results for the charge
and matter density distributions with the bag model results
from Egs.(11) and (12). The dashed lines show the results
obtained with procedure A. The dotted lines are the bag 05 35 s - 50 35 o - "
model results obtained within procedure B. Both procedures ' r. (fh) ) r. (fm} '
fail to reproduce the correct radial dependence of the charge
distribution. The results obtained using procedure A provide FG. 16. Comparison of quenched chafigft) and matter dis-
an overall better description in the case of the baryon mattefibution (right) at k=0.153 with bag model results. The dashed
distribution. To make the comparison quantitative, we evalutine is obtained by using procedure A as described in the text and
ate the root mean square radius, which provides a measure @k dotted line by using procedure B. The solid line is a fit to
the width of the distributions. In the bag model one usuallya exp(—mr®).
computes the expectation value if for the lowest eigen-

RSRN ‘motter‘ 7T
\

mode. In our previous study of the charge density distribu-
tion [4] we used the quark model definition for the charge 1 J d3rr2Cr(r)
radius, which for mesons is given by (r))== , (15)
f d3rCr(r)
<r§h>=2 eq<(rq—Rcm)2) where forI'=y, we obtain the charge mean square radius,
q

rZ,, and forT'=1 the matter mean square radiug,. For

degenerate quarks and for the case where the meson wave
> eqj d’r(r/2)°C, () function is a product of single particle radial wave functions
= (14) like in the bag model, the factor of 1/2 corrects for summing
f d*rC. (1) over the charge root mean square radius of each quark as it is
Yo done in Eq.(15) in using the relative quark distance square.

The lattice results for the charge and matter radii are col-

lected in Table Il. The main observation is that hadron sizes
whereR., is the coordinate of the center of mass agds  show very little quark mass dependence in the quenched
the electric charge of the quarks. A corresponding definitiorcase, at least for the range of quark masses considered, but
for baryons can only be used if one knows the charge densitincrease under the effect of dynamical quarks. One should
distribution in terms of the two relative coordinates whichkeep in mind, however, that finite volume effects on these
requires the evaluation of three current correlation functionsvalues have not been investigated here, but could be signifi-
Here we only evaluate the one-density baryon charge districant at the smaller quark masses.
bution and therefore the quark model definition cannot be Despite the failure of the bag model in describing the
applied. For simplicity and for direct comparison with the individual radial shape of the distributions it produces rea-
bag model radial width we calculate for both mesons andonable results for the relative widths of the charge to the
baryons matter distribution as can be seen from Table IIl. Both lattice
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TABLE II. Square root of the charge %) and matter (2) radii in fm extracted from the lattice data. We
use the nucleon mass to convert to physical units.

Quenched3=6.0, 16x 32

K 0.153 0.154 0.155

™ 0.4444) 0.3966) 0.4544) 0.4176) 0.4658) 0.44Q7)
p 0.4575) 0.39718) 0.4706) 0.40437) 0.48211) -

n 0.4574) 0.38316) 0.4656) 0.38431) 0.47311) -
A* 0.4646) 0.39019) 0.4699) 0.36076) 0.44777) -

N;=2: B=5.6, 16x32

K 0.156 0.157

ren i e, B
T 0.4713) 0.41%7) 0.4903) 0.4397)
p 0.4816) 0.37052) 0.5106) 0.373121)
n 0.4855) 0.42714) 0.5097) 0.41457)
AT 0.4899) 0.38455) 0.5229) 0.436102

and bag model consistently predict a broader charge thafo fit the matter distributions we find that we need a mass of
matter distribution, with a very weak mass dependence. Impproximately twice that required to fit the charge distribu-
Table Il we also give the bag-model results for the chargeions of these hadrons. The asymptotic behavior of the den-
radius which show a stronger dependence on the quark masgy correlators can be analyzed using a tree graph approxi-
as well as on the channel than the lattice results. mation based on the fact that at large distances light hadrons
In Fig. 16, in addition to the bag-model results, we havegominate[19]. In our work the ratio of the pion to the rho
also included a fit of the lattice data to the ansatzmgass s always larger than one-half. In this case, the analysis
exp(—mr®). As it can be seen this simple ansatz provides the; Ref. [19] shows that the density correlators should decay
best description to the data. In fact, except for the pion, a&nonentially with the mass of the rho meson, expect for the
good fl_t to all other (_:harg_e and n;atter correlators is obtaine ho correlator whose exponential decay at very large dis-
by taking a=1, which gives ay” per degree of freedom 004 is governed by the pion mass. A similar analysis for
<1. In this case we can identify asymptotically th_e MEBS  {he matter correlator predicts asymptotically an exponential
of the pure exponential to the mass of a propagating mesor&ecay determined from the lightest scalar in the theory. In the
continuum the lightest scalaf ) is heavier than the rho by
200 MeV and one thus expects asymptotically a faster fall
off of the matter correlator as compared to the charge cor-
ratio only for the pion since for the other hadrons the matter radiugelator' Unfortunately, the values we obtain for the masses,

was too noisy. The root mean square charge radius in fm in the baﬁ" of t_he exponential fall off from the fits cannot k?e identi-
model using procedure A is also given. ed with the mesons of the theory. In general we fihaver

exponential decay than expected from the mass of the light-

TABLE Ill. Ratio of the expectation value af for the charge
distribution over that for the matter distribution in quenched lattice
QCD and bag model using procedure A. kor 0.155 we give the

(rami(ra) est meson which should dominate the asymptotic behavior.
« 0.153 0.154 0.155 Presumably, our lattice is not large enough to probe the
lattice bag lattice bag lattice bag asymptotic behavior of the correlators. The pion correlators

requirea<1, or the sum of two exponentials governing the

™ 1.243) 1.35 1.192) 1.36 1102 1.37 short and long distance decays respectively. If we neverthe-

p 1.337) 135 1.3%17 1.36 - 1.37 less use the single exponential ansatz with1 also for this

n 1408 1.34 1.4%16 1.35 - 1.36 channel the ratio of mass values needed to fit the charge and

A 1419 1.34 1.75) 1.35 - 1.36 matter density distributions is about 1.4 instead of two as for
. the other hadrons decreasing slightly with the quark mass.

Vrg, in the bag modefm) This value of~1.4 is thus in accord with the value 6f1.6

K 0.153 0.154 0.155 found from the study of heavy light mesons in Ref3].

. 0.383 0.439 0.466 In. the case O.f the psgudgscalf’;\r density.the ba_\g.model

o 0.422 0.492 0.537 predicts that the integrdld rCys(r) is zero. This prediction

n 0.488 0.565 0.612 of the bag model is clearly seen in Fig. 15. It was for this

A 0.503 0.586 0.639 reason that in Fig. 13 we chose to show the lattice quenched

and unquenched results for the pseudoscalar density
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weighted byr?. As can be seen from Fig. 13, for both the ~ Our main conclusion from the comparison of quenched
guenched and the unquenched results, the bag model pred&nd unquenched results for the charge, the matter and the
tion is worse for the pion, since the lattice correlator turnspseudoscalar densities is that no sizable unquenching effects
negative at a larger distance. This is not surprising since thare observed for quark masses in the range of 300—100 MeV.
bag model is known to be worse for the pion. For the bary-The charge density distribution is, in all cases, broader than
ons on the other hand the node of the bag model distributiothe matter density. This is what is expected if a tree level
coincides with that of the lattice data. In all cases the latticeclassical approximation is used to describe the asymptotic
data have a long tail which is not reproduced in the bagbehavior of these correlators. However the masses of the
model, and which favors a non-zero integral. However gpropagating lightest mesons which determine the exponential
careful thermodynamic and continuum extrapolation, onfall off cannot be identified with the mesons of the theory. To
larger and finer lattices, is required for this quantity, espe-observe the true asymptotic behavior larger lattices are
cially with Wilson fermions as used here. For the smallerneeded. For the pion, the lattice results are in agreement with
guark masses noise at the tail of the distribution makes ththe experimentally extracted ratio of the charge to the matter

situation even worse. radius of 1.189) [3]. For baryons, the lattice indicates a
charge radius about 20% larger than the matter radius. This
VII. CONCLUSIONS effect is well reproduced by the bag model. However the bag

) “model does a poor job in the description of the radial depen-
To check our lattice procedure we performed an analysigence, especially in the case of the mesons. Instead, the

of the charge density distributions using various types ofharge and the matter distributions are well described by the
sources. For a lattice of temporal exten3®nsidered here  gimple ansatz exp(mr?), with =1 except for the pion.

and within our statistics we found that local and Wuppertalone prediction of the bag model is that the volume integral
smeared sources give consistent results when we insert thg the pseudoscalar density is zero. Lattice data for both the

current operator at time separation from the sourcet of guenched and the unquenched theory favor a negative value.
=8a, which is the maximal allowed separation given the A larger lattice is required to settle this issue.

anti-periodic boundary conditions in the temporal direction. The deformation seen in the rho charge distribution is
The results are also in agreement with those obtained usingpsent in the matter distribution, both in the quenched and
Dirichlet boundary conditions which allow larger time sepa-the unquenched theory. This observation suggests a relativ-
rations. Therefore, for the lattice parameters used in thigstic origin for the deformation. This important issue de-

study, local sources are a suitable choice for the evaluation Gferves a more extended study, with lighter quarks and larger
density distributions since they have less gauge noise thaghjumes.

smeared ones and the temporal extent is large enough to
make contributions from high excited states negligible. Wall
sources are shown to filter the ground state less effectively
and at the maximal time separation cd §ield results that The SU(3)16°x 32 quenched lattice configurations were
are not in agreement with the rest. Using the lattice conobtained from the Gauge Connection archjvé We thank
served current, which has a differemtdependence as com- the SESAM Collaboration for giving us access to their dy-
pared to the continuum current, these correlators show finiteamical lattice configurations. A.T. acknowledges the Leven-
lattice spacing effects near the origin. dis Foundation.
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