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Effects of the form factor on inclusive „e,e8… reactions in the quasielastic region

K. S. Kim* and Myung Ki Cheoun†

BK21 Physics Research Division and Institute of Basic Science, Sungkyunkwan University, Suwon 440-746, Korea
~Received 10 June 2002; published 12 March 2003!

We discuss the effect of nuclear medium on the inclusive (e,e8) reactions for40Ca and208Pb 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

Medium energy electron scattering has been one of
useful tools to study the nucleon properties inside nuc
especially in the quasielastic region. There have been m
experiments@1–10# studying the quasielastic electron sca
tering from medium and heavy nuclei and a number of t
oretical attempts@11–18# to fit the measured cross sectio
and to separate longitudinal and transverse structure f
tions. The Fermi gas model in the impulse approximat
provides a good description of the inclusive (e,e8) cross
sections, but fails in describing the structure functions.
instance, there appeared to be a large suppression~about
40%! of the longitudinal structure function dubbed the mis
ing strength in the sum rule of the longitudinal structu
function. There was also disagreement between the extra
transverse structure functions and the predictions of
Fermi gas model, but this was expected since exchange
rents, pion production, and other processes induced by tr
verse photons were not included in the Fermi gas mo
Many attempts have been carried out to explain this miss
strength of the longitudinal structure function by improvin
the nuclear bound state, the modification of nucleon fo
factors in nuclear medium, the final state interaction, and
relativistic dynamics effect. In particular, Boucher and V
Orden@12# studied the (e,e8) reaction by the random-phas
approximation~RPA! with inclusion of many-body correla
tions and final state interactions. But the missing stren
was not sufficiently explained.

The comparison of experimental (e,e8) data to theory
comprises two ingredients. The first is the inclusion of el
tron Coulomb distortion effects and the second is the mo
used to calculate the nuclear transition current. In the e
1990’s, the Coulomb distortion for the reactions (e,e8) and
(e,e8p) in the quasielastic region was treated exactly by
Ohio University group@8,11,19–21# using partial wave ex-
pansion of the electron wave functions. Such partial wa
treatments are referred to the distorted wave Born appr
mation ~DWBA!, since the static Coulomb distortion wa
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included exactly by numerically solving the radial Dira
equation containing the Coulomb potential for a fin
nuclear charge distribution to obtain the distorted elect
wave functions. While this calculation permits the compa
son of different nuclear models against measured cross
tions and provides an invaluable check on various appro
mate techniques of including Coulomb distortion effects, i
numerically challenging and computation time increases r
idly with higher incident electron energies. Furthermore,
calculated cross section cannot be separated into a longi
nal contribution and a transverse contribution.

In order to avoid these difficulties associated with t
DWBA analyses at higher electron energies and to look fo
way to still define structure functions, Kim and Wrigh
@16,22,23# developed an approximate treatment of the Co
lomb distortion based on the works of Knoll@24# and of
Lenz and Rosenfelder@25#. The essence of the approxima
tion is to calculate the four potential arising from the electr
four current in the presence of the static Coulomb field of
nucleus. The Coulomb distortion is included in the four p
tential by the electron phase shifts for the elastic scatte
and by letting the magnitude of the electron momentum
clude the effect of the static Coulomb potential. This last s
leads to an r-dependent momentum. The approxima
method turned out to allow the separation of the cross s
tion into a ‘‘longitudinal’’ term and a ‘‘transverse’’ term
More recently, Kim and Wright@17# developed the treatmen
of the Coulomb distortion in the (e,e8) reaction by using a
simplead hocprocedure with thes-v model @26#. For me-
dium and heavy nuclei, a good treatment of Coulomb dis
tion effects is necessary in order to extract the ‘‘longitudina
and ‘‘transverse’’ structure functions.

Before continuing with a discussion of explaining th
‘‘longitudinal’’ suppression, it should be noted that not a
investigators find such a suppression. For example, the O
group analyzed the Bates data@8# for 40Ca(e,e8) under the
relativistics-v model potential for the bound and continuu
nucleons along with the relativistic current operator coup
with a good description of Coulomb distortion. This calcul
tion was in good agreement with the Bates data with
evidence of longitudinal suppression@19#. This same model,
coupled with our approximate treatment of Coulomb dist
tion, was compared to the Saclay quasielastic data on208Pb
©2003 The American Physical Society03-1
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taken with both electrons and positrons. Our calculation
Coulomb distortion by electrons and positrons was not c
sistent with the data quoted by Saclay, so it was not poss
to extract a ‘‘longitudinal’’ structure function@17#. Further-
more, we investigated the approximation used by the Sa
group for electron Coulomb corrections and found it to
not a good approximation@16,17#.

Alberico et al. @27#, and Cheon and Jeong@28,29# argued
that the postulated suppression could not be understoo
the RPA theory alone and suggested the modification of
nucleon form factors in nuclear medium. Cheon and Je
considered the pion’s equation of motion in nuclear medi
to obtain a density dependent modification of the form f
tors. By applying the pion’s equation to the cloudy b
model ~CBM! of the nucleon, electric and magnetic for
factors of the nucleon in the nucleus were obtained. In p
ticular, the size of the nucleon charge distribution inside
clei, expressed as the root-mean-square radius, was fou
be increased due to such nuclear medium effect, i.e., swo
nucleon. For 40Ca and 56Fe they found that the modifie
nucleon form factors corresponding to an electromagn
radius increased by about 20% with respect to the f
nucleon. In our previous paper@30#, we applied the modified
proton form factors to the exclusive (e,e8p) reaction for
40Ca and208Pb. However, the effect of the modified proto
form factors was too small to be discerned from the er
bars on the available experimental data. In a related con
eration, Kelly@31# found that the density dependence of t
nucleon form factors from the quark-meson coupling~QMC!
model reduces the polarization ratio at high four moment
transfer, Q250.8 (GeV/c)2, in (eW ,e8pW ) reactions. Saito,
Tsushima, and Thomas@32# found that the longitudinal re
sponse function and the Coulomb sum are reduced by a
20% because of the modified form factors from nuclear m
ter by comparing with the Hartree contribution under t
QMC model.

In the present work, we investigate the nuclear medi
effect ~swollen nucleon! for the (e,e8) reaction. We study
the effect by replacing the form factors of free nucleons
those of the bound nucleons in the nucleus. For the treatm
of the electron Coulomb distortion we just adopt the meth
in Ref. @17#. To avoid the violation of current conservatio
and gauge invariance we use the same potentials for
bound state and continuum state of nucleons obtained f
the s-v model. In Sec. II, the treatment of the nuclear m
dium effect through the pion’s equation of motion is brie
discussed. In Sec. III, we apply the nuclear medium effec
the inclusive (e,e8) reaction and in Sec. IV, our calculation
are compared with the experimental data measured at B
@8# for 40Ca and at Saclay@9,10# for 208Pb. Finally the con-
clusions are given in Sec. V.

II. MEDIUM EFFECT

It is well known that coupling constants such as the pio
nucleon coupling constant and the pion decay constan
well as masses of the pion and the nucleon, are modifie
nuclear medium. In this section we recapitulate how to
tain the effective coupling constants necessary to calcu
03460
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form factors of the nucleon in nuclear medium. The equat
of motion for the pion in nuclear medium can be express
by

~2¹21mp
2 !fp~r !5

i

A2

gpNN

mN
s•“d~r !2mpV~r !fp~r !,

~1!

where the second term on the right-hand side represent
optical potential for the pion. We use the nonlocal Kissling
type potential,2mpV(r )fp(r )5“•a(r )¹fp(r ) @33#. The
a(r ), which is a dimensionless quantity, accounts for a
pendence on a nuclear density. For a free pion, which is
case without the second term on the right-hand side in
~1!, the solution in momentum space is given by

fp~q!5
gpNN

A2mN

s•q

q21mp
2 . ~2!

If a(r ) is assumed to be constant, which means a unifo
nuclear density, the solution can be found as

fp~q!5
gpNN

A2mN

s•q

~11a!q21mp
2 . ~3!

But the short-range repulsive character of the nuclear fo
in free space leads to nonuniform nuclear short-range co
lations inside a nucleus. This effect can be taken into acco
by introducing the Gaussian type correlation functionf (ur u)
5exp(2br2) into a(r )5a@12 f (ur u)#, where b is a free
parameter constrained by the short range of the nuclear f
@34#. Then Eq.~1! can be rephrased as follows

~2¹21m̃p
2 !f̃p~r !5

g̃pNN

A2mN

s•“d~r !2ã“ f ~ ur u!•“f̃p~r !,

~4!

where m̃p5mp /A11a, ã5a/(11a), and g̃pNN
5gpNN /(11a). The solution for this nonhomogeneou
equation can be obtained by the iteration method in the
lowing way:

f̃p5fp1
1

m̃p
2 2¹2

Ṽfp1
1

m̃p
2 2¹2

Ṽ
1

m̃p
2 2¹2

Ṽfp1•••,

~5!

whereṼ52ã“ f (ur u)•“. The first term is the solution for
the case of uniform nuclear density. It just corresponds to
case without the second term on the right-hand side in
~4!, while the second and third terms represent the resca
ing of the pion from the optical potential in nuclear medium
Fourier transform of the second term is given by
3-2
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S1~q!

52
ã

~2p!3E dr exp@ iq•r #
1

m̃p
2 2¹2

“•@ f ~ ur u!“fp~r !#

5
ã

~2p!3E dpdkdr exp@ i ~q2p2k!•r #

3
k•~p1k!

m̃p
2 1~p1k!2

f ~ upu!fp~k!

5ãE dk
k•q

m̃p
2 1q2

f ~ uq2ku!fp~k!, ~6!

where f (upu) andfp(k) are the Fourier transforms off (ur u)
and fp(r ), respectively. Under the soft pion limit (q→0),
the second term in Eq.~5! is finally expressed as

S1~q!5
g̃pNN

A2mN

s•q

q21m̃p
2

ã

3
z~b!, ~7!

where

z~b!5
1

2Ap
b23/2E

0

` k4

k21m̃p
2

expS 2k2

4b
D dk. ~8!

Likewise the third term is obtained as

S2~q!.
g̃pNN

A2mN

s•q

q21m̃p
2

ã2

9
z~b!. ~9!

Finally, Eq. ~5! becomes

f̃~q!5
g̃pNN

A2mN

s•q

~q21m̃p
2 !

F11
ã

3
z~b!1

ã2

9
z~b!1•••G

5
g̃pNN

A2mN

s•q

~q21m̃p
2 !

F11
ã/3

12ã/3
z~b!G . ~10!

Therefore the solution of the pion’s equation can be sum
rized just like the free space solution of Eq.~2!,

f̃~q!5
g̃pNN*

A2m̃N

s•q

~q21m̃p
2 !

, ~11!

where g̃pNN* 5gpNN(11a)23/2@11ã/3/(12ã/3)z(b)#, m̃p

5mp(11a)21/2, and m̃N5mN(11a)21/2. Sincez(b).1,
we approximateg̃pNN* as

g̃pNN* 5gpNN~11a!23/2F11
a/~11a!

32a/~11a!G . ~12!

Similarly we can do the same calculation forf̃ p* . The g̃p*

and f̃ p* obtained this way are the input data to calculate
03460
a-

e

electric and magnetic form factors,GE and GM , of the
nucleon inside the nucleus. Detailed calculations of the fo
factors by the CBM were discussed in Ref.@29# and are
skipped in the present paper. The free parametera above
was determined to satisfy the experimental data of the (e,e8)
scattering in Ref.@1#. For example,a50.20,0.26,0.23 were
used for12C, 40Ca, 56Fe, respectively@28#. In principle, the
values can be calculated from the microscopic model ba
on the QCD. In this work we adopt the values of the for
factors and investigate the effect of nuclear medium by
plying to the realistic model on the (e,e8) reaction.

III. APPLICATION TO THE INCLUSIVE PROCESS

In the plane wave Born approximation~PWBA! in which
the leptons are described as Dirac plane waves, the c
section for the inclusive quasielastic (e,e8) reaction can be
written as

d2s

dVdv
5sMH qm

4

q4
SL~q,v!1F tan2

u

2
2

qm
2

2q2GST~q,v!J ,

~13!

whereqm
2 5v22q2 is the four momentum transfer andsM is

the Mott cross section given by sM
5(a/2E)2cos2u/2/sin4u/2. SL and ST are the longitudinal
and transverse structure functions that depend only on
three momentum transferq and the energy transferv. It is
possible to extract the two structure functions by keeping
momentum and energy transfers fixed while varying the e
tron energyE and the scattering angleu. The longitudinal
and transverse structure functions in Eq.~13! are bilinear
products of the Fourier transform of the components of
nuclear transition current density integrated over the out
ing nucleon angles. Explicitly, the structure functions for
given bound state with angular momentumj b are given by

SL~q,v!5 (
mbsp

rp

2~2 j b11!
E uN0u2dVp , ~14!

ST~q,v!5 (
mbsp

rp

2~2 j b11!
E ~ uNxu21uNyu2!dVp , ~15!

with the outgoing nucleon density of statesrp

5pEp /(2p)2. The ẑ axis is taken to be along the mome
tum transferq. mb and sp are z components of the angula
momentum of the bound and continuum states. The Fou
transform of the nuclear currentJm(r ) is simply given by

Nm5E Jm~r !eiq•rd3r , ~16!

whereJm(r ) denotes the nucleon transition current. The co
tinuity equation has been used to eliminate thez component
(Nz) via the equationNz5(v/q)N0 with the Coulomb
gauge.

Thead hocexpressions for the longitudinal and transver
structure functions with the inclusion of the electron Co
lomb distortion~see Ref.@17# for details! are given by
3-3
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N0
ad hoc5ESqm8~r!

qm
D2S q

q8~r!
D2

ei ^d(k i
2)1d(k f

2)&eiq8(r )•rJ0~r !d3r ,

~17!

NT
ad hoc5S pi8~0!

pi
D E eiq8(r )•rJT~r !d3r , ~18!

where ^d(k i , f
2 )& denotes an average over the angles of

vector r . That is, ^k i , f
2 &5^(r3pi , f)

2&5r 2pi , f
2 (3

2cos2upi,f
)/4. The r-dependent momentum transfer is giv

by q8(r )5pi8(r )2pf8(r ). The local effective momentum
p8(r ) is given in terms of the Coulomb potential of the targ
nucleus by

p8~r !5S p2
1

r E0

r

V~r !dr D p̂. ~19!

The nucleon transition current in the relativistic sing
particle model is given by

Jm~r !5ec̄p~r !Ĵmcb~r !, ~20!

where Ĵm is a free nucleon current operator.cp and cb are
the wave functions of the knocked out nucleon and
bound state, respectively. For a free nucleon, the oper
consists of two ingredients, the Dirac contribution and
contribution of an anomalous magnetic momentmT ,

Ĵm5F1gm1F2

imT

2M
smnqn , ~21!

wheremT is the nucleon anomalous magnetic moment~for a
protonmT51.79 and for a neutronmT521.91). The Dirac
form factorF1 and the Pauli form factorF2 which are func-
tions of the four momentum transfer squaredqm

2 are related
to the electric and magnetic form factorsGE andGM given
by

GE5F11
mTqm

2

4M2
F2 ,

GM5F11mTF2 . ~22!

We choose the following standard dipole form@35#:

GE5
GM

~mT11!
5

1

S 12
qm

2

0.71D
2 , ~23!

whereqm
2 is in units of (GeV/c)2.

IV. COMPARISON WITH THE EXPERIMENTAL DATA
FOR „e,e8… REACTION

An alternative form of the cross section in terms of t
total structure function in the PWBA is given by
03460
e

t

e
or
e

d2s

dVdv
5S sM

e~u! D S qm
4

q4 D Stotal~q,v,u!, ~24!

wheree(u) denotes the virtual photon polarization given b

e~u!5S 12
2q2

qm
2

tan2
u

2D 21

. ~25!

The total structure function is written as

Stotal~q,v,u!5e~u!SL~q,v!2
1

2 S q2

qm
2 D ST~q,v!. ~26!

Equation~26! describesStotal as a straight line in the inde
pendent variablee(u) with slopeSL(q,v) and intercept pro-
portional toST(q,v) by keeping the momentum transferq
and the energy transferv fixed. In the quasielastic scattering
the longitudinal structure function roughly carries the cha
distribution of the nucleons and the transverse structure fu
tion carries the current and magnetization distributions of
nucleons.

In our analyses of the quasielastic scattering, we use
relativistic bound and continuum single particle wave fun
tions for the nucleons. For the inclusive (e,e8) reaction we
use continuum solutions for the outgoing, but unobserv
nucleons which are in the same Hartree potential as for
bound states@26#. This choice guarantees current conserv
tion, gauge invariance, and orthogonality of initial and fin
states. In this calculation we do not change the Dirac fo
factor F1 while the Pauli form factorF2 is changed via the
anomalous magnetic moments as in Refs.@28,29# due to the
nuclear medium effect. Note that we take into account
electron~positron! Coulomb distortion in all the calculations

In Fig. 1 we compare the cross sections as a function
the energy transferv for two cases; incident electron energ
E5290 MeV, scattering angleu5140° andE5375 MeV,
u590°. The solid lines are calculated withmp51.79 for the
proton andmn521.91 for the neutron, which are the expe
mental values for the free nucleons. The dotted and das
lines are the results withmp51.71, 2.01 andmn521.92,
22.32, respectively. The experimental data are from Ba
@8#. The differences between the solid lines and the dot
lines are less than 5% for the two angles around the p
positions. Although the dashed lines show very large diff
ences from the other two curves, the lines are still more
less within the error bars. For the backward angle all
curves are within the error bars, but for the other case
dashed lines slightly overestimate the data. By changing
anomalous magnetic moments the effect of the modifi
form factors appears larger on the transverse structure f
tion than on the longitudinal structure function because
longitudinal contribution is very small for the backwar
angle. Hence the modified form factors due to the magn
anomalous moment in nuclear medium play a more imp
3-4
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tant role on the transverse structure function than on the
gitudinal structure function. This may not be enough to e
plain the suppression for the longitudinal structure functi
Note that changing the anomalous magnetic moment d
not affect the shape but changes the magnitude of the ca
lated cross sections.

FIG. 1. The cross sections for40Ca at two different electron
energies and scattering angles; incident electron energyE
5290 MeV, scattering angleu5140° andE5375 MeV, u590°.
The solid lines are calculated withmp51.79 for the proton and
mn521.91 for the neutron. The dotted and dashed lines are
results withmp51.71, 2.01 andmn521.92, 22.32, respectively.
The experimental data are from Bates@8#.

FIG. 2. Rosenbluth separation plots of the cross sections
40Ca at givenq andv. 1 ~dotted line! is for mp51.71 andmn5
21.92, 3 ~solid line! is for mp51.79 andmn521.91, L ~dashed
line! is for mp52.01 andmn522.32, andd ~dashed-dotted line!
represents the experimental data extracted from Ref.@8#.
03460
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FIG. 3. The cross sections for208Pb at two different electron
energies and scattering angles; incident energyE5310 MeV, scat-
tering angleu5143° andE5485 MeV, u560°. The solid lines
are calculated withmp51.79 for the proton andmn521.91 for the
neutron. The dotted and dashed lines are the results withmp

51.71, 2.01 andmn521.92, 22.32, respectively. The experimen
tal data are from Saclay@9#.

FIG. 4. The cross sections for208Pb at two different positron
energies and scattering angles; incident energyE5262 MeV, scat-
tering angleu5143° andE5420 MeV, u560°. The solid lines
are calculated withmp51.79 for the proton andmn521.91 for the
neutron. The dotted and dashed lines are the results withmp

51.71, 2.01 andmn521.92, 22.32, respectively. The experimen
tal data are from Saclay@10#.
3-5
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In Fig. 2 we compare the structure functions extrac
from 40Ca for three different momentum and energy tra
fers using the Rosenbluth separation. We obtain three po
of the Stotal for the scattering angleu at givenq andv. We
draw the best fit at each points as a straight line.1 ~dotted
line! is for mp51.71 andmn521.92, 3 ~solid line! is for
mp51.79 and mn521.91, L ~dashed line! is for mp
52.01 andmn522.32, andd ~dashed-dotted line! repre-
sents the experimental data extracted from Ref.@8#. In each
case we find a good fit to a straight line while the fit for da
is slightly off for q5300 MeV andv5100 MeV case. The
slopes agree with each other but the intercepts forq
5380 MeV andv5190 MeV do not agree with the data. A
shown in Fig. 1, changing the anomalous magnetic mom
affects the transverse structure function. From these calc
tions we do not find the suppression of the longitudinal str
ture function in 40Ca.

We also consider208Pb as a next target nucleus. Figures
and 4 show a comparison of the cross sections by chan
the anomalous magnetic moments with the incident elec
and positron, respectively. As shown in Fig. 1, the shape
the cross sections does not change but the magni
changes, and the differences between the solid and the d
lines are also less than 5%. The effect of the form factor
208Pb contributes similarly as for40Ca, and the calculated
results of the positron are the same as the electron. It sh
that the effect is not affected by the incident lepton type
the target nuclei but depends on the momentum transfer.
though in our previous papers@16,17# the theoretical cross
sections are slightly above the Saclay data for the forw
angle and are below the data for the large backward an
using the different anomalous magnetic moments~dashed
.

n

y,
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lines! produces better agreement with the experimental d
for the backward angle but worse for the forward angle.
still do not find the suppression of the longitudinal structu
function by including the nuclear medium effect.

V. CONCLUSIONS

The purpose of this work is to investigate the effect of t
modified form factors inside a nucleus in the (e,e8) reaction.
The modified form factors through the pion’s equation
motion are described with effective coupling constants a
masses of mesons and nucleons in the framework of
CBM. The effect of the anomalous magnetic moment o
tained from the modified form factors contributes more to
transverse structure function than to the longitudinal str
ture function. From this result, we do not find a good exp
nation for the suppression of the longitudinal structure fu
tion even in the presence of the electron Coulomb distorti
Hence, implementing the various values of the anomal
magnetic moments obtained from the CBM does not su
ciently explain the suppression. Unless significantly i
proved theoretical descriptions for the nuclear model red
other uncertainties such as the off-shell effect, the two-bo
current, and so on; it is not possible to furnish the effect
the form factor in nuclear medium.
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