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Effects of the form factor on inclusive (e,e’) reactions in the quasielastic region
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We discuss the effect of nuclear medium on the incluse@’() reactions for*®Ca and?°%b targets by
introducing the form factors of the nucleons inside nuclei in the quasielastic region. These form factors include
the change of nucleon properties in nuclear medium. Longitudinal and transverse structure functions for given
momenta and energy transfers are extracted from the cross section calculated by using the form factors with the
Rosenbluth separation method. A relativistic Hartree single particle model for the bound state and continuum
nucleon wave functions is used and the effects of the electron Coulomb distortion are included in the calcu-
lation. We compare the results with the experimental data measured at Bates and Saclay.
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I. INTRODUCTION included exactly by numerically solving the radial Dirac
equation containing the Coulomb potential for a finite
Medium energy electron scattering has been one of thauclear charge distribution to obtain the distorted electron
useful tools to study the nucleon properties inside nucleiwave functions. While this calculation permits the compari-
especially in the quasielastic region. There have been margon of different nuclear models against measured cross sec-
experimentg1-10] studying the quasielastic electron scat-tions and provides an invaluable check on various approxi-
tering from medium and heavy nuclei and a number of themate techniques of including Coulomb distortion effects, it is
oretical attempt§11-19 to fit the measured cross section numerically challenging and computation time increases rap-
and to separate longitudinal and transverse structure funddly with higher incident electron energies. Furthermore, the
tions. The Fermi gas model in the impulse approximationcalculated cross section cannot be separated into a longitudi-
provides a good description of the inclusive,€’) cross nal contribution and a transverse contribution.
sections, but fails in describing the structure functions. For In order to avoid these difficulties associated with the
instance, there appeared to be a large suppregsibpout DWBA analyses at higher electron energies and to look for a
40%) of the longitudinal structure function dubbed the miss-way to still define structure functions, Kim and Wright
ing strength in the sum rule of the longitudinal structure[16,22,23 developed an approximate treatment of the Cou-
function. There was also disagreement between the extractéoimb distortion based on the works of Knd4] and of
transverse structure functions and the predictions of théenz and Rosenfeldd25]. The essence of the approxima-
Fermi gas model, but this was expected since exchange cuien is to calculate the four potential arising from the electron
rents, pion production, and other processes induced by tranfsur current in the presence of the static Coulomb field of the
verse photons were not included in the Fermi gas modehucleus. The Coulomb distortion is included in the four po-
Many attempts have been carried out to explain this missingential by the electron phase shifts for the elastic scattering
strength of the longitudinal structure function by improving and by letting the magnitude of the electron momentum in-
the nuclear bound state, the modification of nucleon fornclude the effect of the static Coulomb potential. This last step
factors in nuclear medium, the final state interaction, and théeads to anr-dependent momentum. The approximate
relativistic dynamics effect. In particular, Boucher and Vanmethod turned out to allow the separation of the cross sec-
Orden[12] studied the ¢,e") reaction by the random-phase tion into a “longitudinal” term and a “transverse” term.
approximation(RPA) with inclusion of many-body correla- More recently, Kim and Wrighf17] developed the treatment
tions and final state interactions. But the missing strengtlof the Coulomb distortion in theeg(e’) reaction by using a
was not sufficiently explained. simplead hocprocedure with ther-o model[26]. For me-
The comparison of experimentak,g’) data to theory dium and heavy nuclei, a good treatment of Coulomb distor-
comprises two ingredients. The first is the inclusion of elec+ion effects is necessary in order to extract the “longitudinal”
tron Coulomb distortion effects and the second is the modehnd “transverse” structure functions.
used to calculate the nuclear transition current. In the early Before continuing with a discussion of explaining the
1990’s, the Coulomb distortion for the reactiorss€’) and  “longitudinal” suppression, it should be noted that not all
(e,e’p) in the quasielastic region was treated exactly by thanvestigators find such a suppression. For example, the Ohio
Ohio University group[8,11,19—21 using partial wave ex- group analyzed the Bates dd@&] for “°Ca(e,e’) under the
pansion of the electron wave functions. Such partial waveelativistic o-w model potential for the bound and continuum
treatments are referred to the distorted wave Born approxiaucleons along with the relativistic current operator coupled
mation (DWBA), since the static Coulomb distortion was with a good description of Coulomb distortion. This calcula-
tion was in good agreement with the Bates data with no
evidence of longitudinal suppressipt9]. This same model,
*Email address: kyungsik@color.skku.ac.kr coupled with our approximate treatment of Coulomb distor-
"Email address: cheoun@ms.krf.or.kr tion, was compared to the Saclay quasielastic datd’&Pb
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taken with both electrons and positrons. Our calculation oform factors of the nucleon in nuclear medium. The equation
Coulomb distortion by electrons and positrons was not conef motion for the pion in nuclear medium can be expressed
sistent with the data quoted by Saclay, so it was not possiblby

to extract a “longitudinal” structure functiofl7]. Further-

more, we investigated the approximation used by the Saclay

group for electron Coulomb corrections and found it to be (—y24m2)g (r)= L g”NNa--Vé(r)—mWV(r)@T(r),
not a good approximatiofi6,17). i V2
Alberico et al.[27], and Cheon and Jeod8,29 argued (D)

that the postulated suppression could not be understood by

the RPA theory alone and suggested the modification of th/here the second term on the right-hand side represents an
nucleon form factors in nuclear medium. Cheon and Jeongptical potential for the pion. We use the nonlocal Kisslinger
considered the pion’s equation of motion in nuclear mediunmype potential,—m_V(r)¢_ (r)=V-a(r)Vé.(r) [33]. The

to obtain a density dependent modification of the form fac-a(r), which is a dimensionless quantity, accounts for a de-
tors. By applying the pion's equation to the cloudy bagpendence on a nuclear density. For a free pion, which is the

model (CBM) of the nucleon, electric and magnetic form case without the second term on the right-hand side in Eq.
factors of the nucleon in the nucleus were obtained. In par¢1), the solution in momentum space is given by

ticular, the size of the nucleon charge distribution inside nu-

clei, expressed as the root-mean-square radius, was found to

be increased due to such nuclear medium effect, i.e., swollen b(q)= gann -9 )
nucleon. For“%Ca and °%Fe they found that the modified ™ J2my a2 +m2’

nucleon form factors corresponding to an electromagnetic N

radius increased by about 20% with respect to the free . i )
nucleon. In our previous papE30], we applied the modified If a(r) is ass_umed to be_ constant, which means a uniform
proton form factors to the exclusivee,e’'p) reaction for ~nuclear density, the solution can be found as

40ca and?®%b. However, the effect of the modified proton

form factors was too small to be discerned from the error JxNN o-q
bars on the available experimental data. In a related consid- ¢-(Q)= Tt <)
eration, Kelly[31] found that the density dependence of the \/Em,\, (1+a)g"+m;

nucleon form factors from the quark-meson coupli@iC)
model reduces the polarization ratio at high four momentunBut the short-range repulsive character of the nuclear force
transfer, Q2=0.8 (GeVk)?2, in (e,e’'p) reactions. Saito, in free space leads to nonuniform nuclear short-range corre-
Tsushima, and Thomd$2] found that the longitudinal re- lations inside a nucleus. This effect can be taken into account
sponse function and the Coulomb sum are reduced by aboby introducing the Gaussian type correlation functfgtr|)
20% because of the modified form factors from nuclear mat=exp(—Ar?) into a(r)=a[1—1f(|r])], whereg is a free
ter by comparing with the Hartree contribution under theparameter constrained by the short range of the nuclear force
QMC model. [34]. Then Eq.(1) can be rephrased as follows

In the present work, we investigate the nuclear medium
effect (swollen nucleop for the (e,e’) reaction. We study ~
the effect by replacing the fqrm factors of free nucleons by(—Ver%i):ﬁw(f): 9NN o-~V5(r)—EVf(|r|).VES,T(r),
those of the bound nucleons in the nucleus. For the treatment \/EmN
of the electron Coulomb distortion we just adopt the method (4)
in Ref. [17]. To avoid the violation of current conservation
and gauge invariance we use the same potentials for the ~ ~ ~
bound state and continuum state of nucleons obtained frofhere mz=m:/Jlt+a, a=al(l+a), and gmun
the o-» model. In Sec. II, the treatment of the nuclear me-=9-nn/(1+a). The solution for this nonhomogeneous
dium effect through the pion’s equation of motion is briefly eqqatlon can be obtained by the iteration method in the fol-
discussed. In Sec. Ill, we apply the nuclear medium effect td0Wing way:
the inclusive €,e’) reaction and in Sec. IV, our calculations
are compared with the experimental data measured at Bates. 1 . 1 - 1 _
[8] for “°Ca and at Saclafg,10] for 2°%b. Finally the con-  ®»=¢=+ =5 Vot =5 Vg Vo + -,

. : ; m:—V m;—V< m: -V

clusions are given in Sec. V. ’T ™ ™ )

Il. MEDIUM EFFECT ~ ~ ) . .
whereV=—aVf(|r|)- V. The first term is the solution for

It is well known that coupling constants such as the pion-the case of uniform nuclear density. It just corresponds to the
nucleon coupling constant and the pion decay constant, asase without the second term on the right-hand side in Eq.
well as masses of the pion and the nucleon, are modified if4), while the second and third terms represent the rescatter-
nuclear medium. In this section we recapitulate how to ob4ing of the pion from the optical potential in nuclear medium.
tain the effective coupling constants necessary to calculatEourier transform of the second term is given by
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wheref(|p|) and ¢ (k) are the Fourier transforms &f|r|)
and ¢ .(r), respectively. Under the soft pion limig(0),
the second term in Ed5) is finally expressed as

f(lpl) (k)

f(lq k) ¢(k), (6)

oq @
e @)

gWNN

where

k4 _k2
812 dk. 8
T RLAWE T

Likewise the third term is obtained as

~2

9w 000 @
So(Q)= = ———5 (A )
V2my g?+m2 9
Finally, Eq. (5) becomes
gon 0Q @ a?

b(q)=

\/EmN M-l+ gi(ﬁ)ﬂL 55(,3)+ e

o-q [ L al3 )] 10
= + .
Vo @it 1mant

JmNN

Therefore the solution of the pion’s equation can be summa-

rized just like the free space solution of E@),
FQ:TNN o-q

\/EFnN (0 + anr) '
where g%\ n=0g.nn(1+ @) ¥ 1+ a/3/(1—al3){(B)], m,

=m_(1+a) Y2 andmy=my(1+a) Y2 Since((B)=1,
we approximateg*,, as

P(q)= (11)

- [(1+
g;NN:ngN(l_'—a')S/z{lJ’_:ga 1+ a) (12

—al(l+a)|

Similarly we can do the same calculation fdr. Theg*
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electric and magnetic form factor&g and Gy, of the
nucleon inside the nucleus. Detailed calculations of the form
factors by the CBM were discussed in RE29] and are
skipped in the present paper. The free parametexbove
was determined to satisfy the experimental data of &ye']
scattering in Ref[1]. For examplea=0.20,0.26,0.23 were
used for?C, 4%Ca, %Fe, respectively28]. In principle, the
values can be calculated from the microscopic model based
on the QCD. In this work we adopt the values of the form
factors and investigate the effect of nuclear medium by ap-
plying to the realistic model on thee(e') reaction.

Ill. APPLICATION TO THE INCLUSIVE PROCESS

In the plane wave Born approximati¢RWBA) in which
the leptons are described as Dirac plane waves, the cross
section for the inclusive quasielastie,&’) reaction can be
written as

0 2
tarf o —
2 2q2

Sr(q,w)} :
(13

d’o qi
m_UM[ESL(qaw)_"

whereq’, = w?—q? is the four momentum transfer ang is

the Mott cross section given by oy
=(al2E)?cogai2/sirfal2. S, and Sy are the longitudinal
and transverse structure functions that depend only on the
three momentum transfey and the energy transfes. It is
possible to extract the two structure functions by keeping the
momentum and energy transfers fixed while varying the elec-
tron energyE and the scattering anglé. The longitudinal
and transverse structure functions in Ef3) are bilinear
products of the Fourier transform of the components of the
nuclear transition current density integrated over the outgo-
ing nucleon angles. Explicitly, the structure functions for a
given bound state with angular momentygare given by

S.(q,0)= 2,

P 2
— | [Ng|edQ,, 14
2 o) N,

sitaw=3 50 | (NN, (9

MbSp

with the outgoing nucleon density of statep,

=pEp/(27-r)2. The z axis is taken to be along the momen-
tum transferq. u, ands, arez components of the angular
momentum of the bound and continuum states. The Fourier
transform of the nuclear curredt'(r) is simply given by

:J J*(r)eld d3r, (16)

whereJ#(r) denotes the nucleon transition current. The con-
tinuity equation has been used to eliminate zreomponent
(N,) via the equationN,=(w/q)Ny with the Coulomb
gauge.

Thead hocexpressions for the longitudinal and transverse
structure functions with the inclusion of the electron Cou-

and?’; obtained this way are the input data to calculate thdomb distortion(see Ref[17] for detailg are given by
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2
q,(r))z q L2 2 i d?o qt
adhoe_ [|2e27) | A | Qi(a(k)+5(x))gia’ (1) 1 3 _ A
No f( a. ) lqm e e Jo(r)d°r, d0de | e(0) o Stotal(d, w, 0), (24
(17
p/ (0) _ wheree(6) denotes the virtual photon polarization given by
N?.dhocz(l— felq’(r)‘f\]_r(r)d3r’ (18)
i

22 .o\ "
e(9)= ( 1- q—ztanzi) (25)

o

where<5(Kﬁf)) denotes an average over the angles of the
vector r. That s, (k7)={((rxpi)?=r?p?«(3
—00520pi f)/4. Ther-dependent momentum transfer is given
by q’(rj=p{(r)—p§(r). The local effective momentum The total structure function is written as
p’(r) is given in terms of the Coulomb potential of the target

nucleus by

1(r N
p'(f)=(P—7f0V(f)dr)p- (19

The nucleon transition current in the relativistic single

particle model is given by
3,(1)=egp(1) 3 i(r), (20

whereJ,, is a free nucleon current operatgr, and ¢, are

the wave functions of the knocked out nucleon and th
bound state, respectively. For a free nucleon, the operator | - analyses of the quasielastic scattering

2

1
smta|<q,w,a>=e<e>sL(q,w>—5(2—2>ST<q,w>. (26)
M

Equation(26) describesS, as a straight line in the inde-
pendent variable( 8) with slopeS, (q,») and intercept pro-
portional to S;(q,w) by keeping the momentum transfgr
and the energy transfer fixed. In the quasielastic scattering,
the longitudinal structure function roughly carries the charge
distribution of the nucleons and the transverse structure func-
tion carries the current and magnetization distributions of the

&ucleons.

we use the

consists of two ingredients, the Dirac contribution and th€|ativistic bound and continuum single particle wave func-

contribution of an anomalous magnetic momgnt,

N i

H=F1y'+Fomr o', (21)
whereut is the nucleon anomalous magnetic momgot a
proton ut=1.79 and for a neutropt=—1.91). The Dirac
form factorF, and the Pauli form factof, which are func-
tions of the four momentum transfer squalq,fg are related
to the electric and magnetic form factad& and Gy given

by

B mTd,
Geg=F;+ VE Fa,
GM:F1+MTF2' (22)
We choose the following standard dipole fof85]:
Goo oM __ 1 (23)
St [ g )
0.71

whereq’, is in units of (GeVt)?.

IV. COMPARISON WITH THE EXPERIMENTAL DATA
FOR (e,e’) REACTION

tions for the nucleons. For the inclusive,€') reaction we
use continuum solutions for the outgoing, but unobserved,
nucleons which are in the same Hartree potential as for the
bound state$26]. This choice guarantees current conserva-
tion, gauge invariance, and orthogonality of initial and final
states. In this calculation we do not change the Dirac form
factor F, while the Pauli form factoF, is changed via the
anomalous magnetic moments as in RE28,29 due to the
nuclear medium effect. Note that we take into account the
electron(positror) Coulomb distortion in all the calculations.

In Fig. 1 we compare the cross sections as a function of
the energy transfan for two cases; incident electron energy
E=290 MeV, scattering angl@=140° andE=2375 MeV,
6=90°. The solid lines are calculated witt,=1.79 for the
proton andu,,= —1.91 for the neutron, which are the experi-
mental values for the free nucleons. The dotted and dashed
lines are the results witw,=1.71, 2.01 andu,=—1.92,
—2.32, respectively. The experimental data are from Bates
[8]. The differences between the solid lines and the dotted
lines are less than 5% for the two angles around the peak
positions. Although the dashed lines show very large differ-
ences from the other two curves, the lines are still more or
less within the error bars. For the backward angle all the
curves are within the error bars, but for the other case the
dashed lines slightly overestimate the data. By changing the
anomalous magnetic moments the effect of the modified
form factors appears larger on the transverse structure func-
tion than on the longitudinal structure function because the
longitudinal contribution is very small for the backward

An alternative form of the cross section in terms of theangle. Hence the modified form factors due to the magnetic

total structure function in the PWBA is given by

anomalous moment in nuclear medium play a more impor-
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FIG. 1. The cross sections fd’Ca at two different electron 50 iOO 150 200 50 iOO 150 20(’)
energies and scattering angles; incident electron enefgy MoV MeV
=290 MeV, scattering anglé=140° andE=375 MeV, §=90°. w (MeV) © (MeV)

The solid lines are calculated with,=1.79 for the proton and FIG. 3. The cross sections fd*%b at two different electron

Hn= 71'91 for the neutron. The dotted and dashed Ilnes_ are th%nergies and scattering angles; incident en&egy310 MeV, scat-

results withup=1.71, 2.01 antu,=—1.92, =2.32, respectively. oo angles=143° andE=485 MeV, 6=60°. The solid lines

The experimental data are from Bafé. are calculated withu,=1.79 for the proton ang,= —1.91 for the
neutron. The dotted and dashed lines are the results wijth

tant role on the transverse structure function than on the lon=1.71, 2.01 angt,= —1.92, — 2.32, respectively. The experimen-

gitudinal structure function. This may not be enough to ex-tal data are from Saclag].

plain the suppression for the longitudinal structure function.

Note that changing the anomalous magnetic moment does - T 198 PPV —
not affect the shape but changes the magnitude of the calcu- 0 101+ . Sacay
lated cross sections. 1 '
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€ (9) e (9) FIG. 4. The cross sections fd%b at two different positron

energies and scattering angles; incident en&gy262 MeV, scat-
FIG. 2. Rosenbluth separation plots of the cross sections fotering anglefd=143° andE=420 MeV, §=60°. The solid lines
4Ca at givenq andw. + (dotted ling is for mp=1.71 andu,= are calculated withu,=1.79 for the proton angk,= —1.91 for the
—1.92, X (solid ling) is for u,=1.79 andu,=—1.91, ¢ (dashed neutron. The dotted and dashed lines are the results wjth
line) is for u,=2.01 andu,=—2.32, and® (dashed-dotted line =1.71, 2.01 angk,=—1.92, —2.32, respectively. The experimen-
represents the experimental data extracted from [Rgf. tal data are from Saclayi0].
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In Fig. 2 we compare the structure functions extractedines) produces better agreement with the experimental data
from 4°Ca for three different momentum and energy trans-for the backward angle but worse for the forward angle. We
fers using the Rosenbluth separation. We obtain three pointill do not find the suppression of the longitudinal structure
of the Siot4 for the scattering anglé at giveng andw. We  function by including the nuclear medium effect.
draw the best fit at each points as a straight lire(dotted
line) is for up,=1.71 andu,=—1.92, X (solid line) is for

mp=179 and u,=—-1.91, ¢ (dashed ling is for u, V. CONCLUSIONS
=2.01 andu,= —2.32, and® (dashed-dotted linerepre-
sents the experimental data extracted from IR&f. In each The purpose of this work is to investigate the effect of the

case we find a good fit to a straight line while the fit for datamodified form factors inside a nucleus in tres€’) reaction.

is slightly off for =300 MeV andw=100 MeV case. The The modified form factors through the pion’'s equation of

slopes agree with each other but the intercepts dor motion are described with effective coupling constants and

=380 MeV andw=190 MeV do not agree with the data. As masses of mesons and nucleons in the framework of the

shown in Fig. 1, changing the anomalous magnetic moment€BM. The effect of the anomalous magnetic moment ob-

affects the transverse structure function. From these calculdained from the modified form factors contributes more to the

tions we do not find the suppression of the longitudinal structransverse structure function than to the longitudinal struc-

ture function in“°Ca. ture function. From this result, we do not find a good expla-
We also considef°®b as a next target nucleus. Figures 3nation for the suppression of the longitudinal structure func-

and 4 show a comparison of the cross sections by changirigon even in the presence of the electron Coulomb distortion.

the anomalous magnetic moments with the incident electrohience, implementing the various values of the anomalous

and positron, respectively. As shown in Fig. 1, the shape omagnetic moments obtained from the CBM does not suffi-

the cross sections does not change but the magnitudgently explain the suppression. Unless significantly im-

changes, and the differences between the solid and the dott@toved theoretical descriptions for the nuclear model reduce

lines are also less than 5%. The effect of the form factor foother uncertainties such as the off-shell effect, the two-body

208p contributes similarly as fof°Ca, and the calculated current, and so on; it is not possible to furnish the effect of

results of the positron are the same as the electron. It showige form factor in nuclear medium.

that the effect is not affected by the incident lepton type or

the target nuclei but depends on the momentum transfer. Al-

thou_gh in our previous papefd46,17] the theoretical cross ACKNOWLEDGMENT

sections are slightly above the Saclay data for the forward
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