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Electromagnetic form factors of the bound nucleon
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We calculate electromagnetic form factors of the proton bound in specified orbits for several closed-shell
nuclei. The shell structure of the finite nuclei, together with the internal quark substructure of the nucleon, are
self-consistently described by the quark-meson-coupling model. We find that the medium-modified electric and
magnetic form factors of the bound nucleon deviate considerably from those of the free nucleon. Our results
suggest that this medium correction on the nucleon’s quark substructure may be detectable in forthcoming
guasielastic electron-nucleus scatterif§0556-28189)00511-7

PACS numbd(s): 13.40.Gp, 12.39.Ba, 21.65f

Whether or not quark degrees of freedom play any sig- _ . .
nificant role beyond conventional nuclear thegiryvolving Lomc= i/f(f)[i7'(9—mN+g(r(0(r))0(f)
baryons and mesopss a fundamental question in strong
interaction physics. Tremendous effort has been devoted to R Tg‘ R
the study of medium modifications of hadron properfies ~0,2(N)%~9,5 (M)

The idea that nucleons might undergo considerable change
of their internal structure in a baryon-rich environment has e Ne n o2 -
been stimulated by a number of experiments, e.g., the varia- — 5 (1 73)A) yo | ¥(r)
tion of nucleon structure functions in lepton deep-inelastic
scattering off nucle{2], the quenching of the axial vector 1 IS
coupling constang, in nuclearB decay{3], and the missing - E[W o(r)=+mgo(r)?]
strength of the response functions in nuclear quasielastic
electron scattering4]. Though the conventional interpreta-
tion arising through polarization effects and other hadronic
degrees of freedom\ excitations, meson exchange currents,
etc) cannot be ruled out at this staffg6], it is rather inter-
esting to explore the possibilities of a change in the internal
structure of the bound nucleon.

There have been several effective Lagrangian approach

in the literature dealing with modifications of the nucleon ; :

size and electromagnetic properties in medi{ifg]. All @, P and Coulomb fields, respec_nvely. Note that only the
. . T time components of the (a vector-isoscalar mespand the

these investigations found that nucleon electromagnetic form

factors are suppressed and the rms radii of the proton Somgeutralp (a vector-isovector mesprare kept in the mean-

what increased in bulk nuclear matter—in addition to hadronIeld *approxmatlon. These five fields now depend on posi-

mass reductions. In Reff8], we examined medium modifi- tipn r, relative to the_center of th_e nucleus. The spatial d_is—
cations of nucleon electromagnetic properties in nuclear madlibutions are determined by solving the equations of motion
ter, using the quark-meson coupling mod€MC) [9,10]. self-consistently. The. key dn‘ferenge betwgen QMC and
The self-consistent change in the internal structure of &uantum hadrodynamiaQHD) [14] lies only in theaNN
bound nucleon is consistent with the constraints fromcoupling constantg,(o(r)), which depends on the scalar
y-scaling datg11] and the Coulomb sum rulgl2]. In this  field in QMC, while it remains constant in QHIIN practice
paper, we calculate electromagnetic form factors for ahis is well approximated by,[1— (an/2)g,0(r)].) The
nucleon bound in specific, shell-model orbits of realistic fi-coupling constantg,,, g,,, andg,, are fixed to reproduce the
nite nuclei. This is of direct relevance to quasielasticsaturation properties and the bulk symmetry energy of
electron-nucleus scattering experimefits]. nuclear matter. The only free parametay,, which controls
The detalls for solving equations of motion of QMC for the range of the attractive interaction, and therefore affects
finite nuclei can be found in Ref10]. Here we briefly illus-  the nuclear surface slope and its thickness, is fixed by fitting
trate the essential features related to this work. For the cathe experimental rms charge radius ¥€a, while keeping
culation of the nucleon shell-model wave functions, thethe ratiog,/m, fixed, as constrained by the properties of
QMC model for spherical finite nuclei, in the mean-field ap- nuclear matter.
proximation, can be summarized in an effective Lagrangian The quark wave function, as well as the nucleon wave
density[10] function (both are Dirac spinojsare determined once a so-

+%[(Vw<F>)2+miw<F>2]
1 . | .
+ S[Vb(M)*+mb(r)?]+ 5 (VAN (1)

Sherey(r), o(r), o(r), b(r), andA(r) are the nucleony,
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lution to equations of motion are found in a self-consistent ' ' T '

way. The electric and magnetic form factors for a bound “He

proton, in the local-density approximation, are simply given 12| _A

by -
GE (@)= [ Cem@ b0, () Frmmmemmemmem T

where« denotes a specified orbit with appropriate quantumg’

numbers, andGEYM(QZ,pB(F)) is the density-dependent 4
form factor of a “proton” immersed in nuclear matter with

local baryon densitypB(ra).l One might question the local- —— Ge(1s,)
density approximation in Eq2) and ask whether it would be 0.8 I | i
more appropriate to use the density-dependent form facto
for a “proton” immersed in nuclear matter with the corre- L L . L

sponding scalar field strengtlg;n,(a(F))a(F). This would 0.0 05 1'002 (GeV2)1-5 20 25
correspond to a “locab- approximation.” We have verified
that our results are not sensitive to such a change. We calcu- FIG. 1. Ratio of in-medium to free space electric and magnetic

lated the local quantit)g(r(g-(F))g-(F), in the full calculation  form factors for the proton iftHe. (The free bag radius was taken
and compared it to its value calculated within a local-densityto beRo=0.8 fm in all figures)

approximation usin@B(F). In “°Ca the change was less than
5%, while in 2°%Pb the change was even less. Thus the twd16]. Because of the limitations of the bag model the form
approximations give very similar results and lend support tdfactors are expected to be most reliable at low momentum
the present approach. transfer (say, less than 1 G&éY. To cut down theoretical

In terms of the nucleon shell-model wave functions, theuncertainties and highlight the deviation from the free
local baryon density and the local proton density in thenucleon form factors, we prefer to show the ratios of the
specified orbitx are easily evaluated as form factors with respect to corresponding free space values.
Throughout thiszwork, we use the renormalizetiiN cou-
- - - pling constant,f7,,=0.0771[18]. The bag radius in free
PB“):% RAGIAGE space is taken to be 0.8 fm and the current quark mass is 5

MeV in the following figures.

R R Figure 1 shows the ratio of the proton electric and mag-
lﬁZ(f)lﬂa(f), 3 netic form factors for*He (which has only one state,si,,)
with respect to the free space values. As expected, both the
electric and magnetic rms radii become slightly larger, while
the magnetic moment of the proton increases by about 7%.

occupylngNthe Orb'.u andt, is the eigenvalue of _the ISoSpin Figure 2 shows the ratio of the proton electric and magnetic
operator,r;/2. Notice that the quark wave function dependsform factors for 60 with respect to the free space values,

only on the surrounding baryon density. Therefore, this part vich has ones state, &y, and twop states, ba, and

of the calculation ofGg, u(Q? pg(r)) is the same as in our 1p . The form factors in smat? for the s orbit nucleon is
previous publication for nuclear mattgg]. somewhat more suppressed than those inptloebit as the
The notable medium modifications of the quark wavepycleon at the inner orbit experiences a larger average
function inside the bound “nucleon” in QMC include a re- baryon density. The magnetic moment for therbit nucleon
duction of its eigenfrequency and an enhancement of thes similar to that in*He, but it is reduced by 2-3% in the
lower component of its Dirac spinor. As in earlier work, the grpit. Since the difference between twoorbits is rather
corrections arising from recoil and center-of-mass motion forsmall, we do not plot the results fopl,,. For comparison,
the bag are taken into account using the Peierls—Thoulesge also show in Fig. 2 the corresponding ratio of form fac-
projection method, combined with Lorentz contraction of theyq g (those curves with triangle symbolssing a variant of
internal quark wave function and with the perturbative pionQMC where the bag constai is allowed to decrease by
cloud added afterward4.6]. Note that possib_le off-shell ef-  10% at the normal nuclear matter densiiy,[19]. It is evi-
fects[17] and meson exchange currefiare ignored inthe  gent that the effect of a possible reductiorBiis quite large
present approach. The resulting nucleon electromagnetignq will severely reduce the electromagnetic form factors for
form factors agree with experiment quite well in free spacey pound nucleon since the bag radius is quite sensitive to the
value ofB.
From the experimental point of view, it is more reliable to

YIn a more sophisticated treatment, for example, using a full disshow the ratio,Gg/Gy, since it can be derived directly
torted wave calculation, the weighting may emphasize the nucledirom the ratio of transverse to longitudinal polarization of the
surface somewhat mofé5. outgoing proton, with minimal systematic errors. We find

E,M(free)
-
o
<

occ

t+1
¢ 2

Ppa( F) =

whered,=(2j,t1) refers to the degeneracy of nucleons
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FIG. 4. Ratio of in-medium to free space electric and magnetic

FIG. 2. Ratio of in-medium to free space proton electric and c o :
form factors in specific orbits, fof°Ca and?°%b.

magnetic form factors for theandp shells of*%0. The curves with
triangle symbols represent the corresponding ratio calculated in a | o . .
variant of QMC with a 10% reduction of the bag constBratp,.  fications than those in light nuclei. That is to say, Q&
dependence is further suppressed, while the magnetic mo-
that Gg /Gy, runs roughly from 0.41 aQ2=0 to 0.28 and Ments appear to be larger. Surprisingly, the nucleons in pe-
0.20 atQ?=1 and 2 GeV, respectively, for a proton in the fipheral orbits (Hs,, 28y, and gy, for “Ca and 2s),,
1s,, orbit in “He or 1%0. The ratio ofGg /Gy, with respect  Lhiy, and 3y, for 2*Pb) still show significant medium
to the corresponding free space ratio is presented in Fig. ®ffects, comparable to those fitHe.
The results for the 4;,, orbit in ®0 and“He are similar and Finally, we would like to add some comments on the
are roughly 2% lower than that for theorbits in °0. with ~ Magnetic moment in a nucleus. In the present calculation, we
a smallerB, this ratio of ratios drops quickly @32 increases. have only calculated the contribution from the intrinsic mag-
For completeness, we have also calculated the electrdl€tization(or spin of the nucleon, which is modified by the
magnetic form factors for the bound nucleon in heavy nuclescalar field in a nuclear mediuf20]. As shown in the fig-
such as**Ca and2%®Pb. The form factors for the proton in ures we have found that the intrinsic magnetic moment is
selected shell orbits are shown in Fig. 4. Because of th&€nhanced in matter because of the change in the quark struc-
larger central baryon density of heavy nuclei, the protorfuré of the nucleon. We know, however, that there are sev-
electric and magnetic form factors in the inner orbits¢3, ~ ©ral, additional contributions to the nuclear magnetic mo-

1pas, and Ipy, orbits suffer much stronger medium modi- ment, ;uch as meson exchange _curren.ts., _h|gher—order
correlations, etc. As is well known in relativistic nuclear

models like QHD, there is a so-called magnetic moment
problem in the mean-field approximati¢@l1]. To cure this
problem, one must calculate the convection current matrix
element within the relativistic random-phase approximation
(RRPA) [22]. However, at high momentum transfer we ex-
pect that it should be feasible to detect the enhancement of
the intrinsic spin contribution which we have predicted be-
cause the long-range correlations, like RRPA, should de-
crease much faster in that region.

In summary, we have calculated the electric and magnetic
form factors for the proton, bound in specific shell-model
orbits, for several closed-shell, finite nuclei. Generally the
electromagnetic rms radii and the magnetic moments of the
bound proton are increased by the medium modifications.
Though the difference between the proton form factors for

1.0 T T T T

(G E/GM)/(G E/GM)'ree
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shell orbits split by the spin-orbit force is very small, the
difference between inner and peripheral orbits is consider-
able. It is worthwhile to point out that this medium correc-

FIG. 3. Ratio of in-medium proton electric to magnetic form tion is solely due to the change of the internal quark struc-
factors with respect to the free space ratio. As in the previous figurdure, while a complete description of the experimeint
curves with triangle symbols represent the corresponding resultterms of response functions or nuclear form fagtomay still
calculated in a variant of QMC with a 10% reductionB®ft p,.

require further many-body effects. In view of current experi-
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mental developments, particularly the ability to preciselyguide and constrain dynamic microscopic models for finite
measure electron-nucleus quasielastic scattering polarizationuclei, and perhaps unambiguiously isolate a signature for
observables, it should be possible to detect differences béhe role of quarks.

tween the form factors in different shell-model orbits. The We would like to acknow|edge useful discussions with C.
current and future experiments at TINAF and Mainz, thereGlashausser and J. J. Kelly. This work was supported by the

fore, promise to provide vital information with which to Australian Research Council.
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