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Relativistic eikonal approximation in high-energy A„e,e8p… reactions

D. Debruyne, J. Ryckebusch, W. Van Nespen, and S. Janssen
Department of Subatomic and Radiation Physics, Ghent University, Proeftuinstraat 86, B-9000 Gent, Belgium

~Received 13 March 2000; published 21 July 2000!

A fully relativistic model for the description of exclusive (e,e8p) reactions off nuclear targets at high
energies and momentum transfers is outlined. It is based on the eikonal approximation for the ejectile scattering
wave function and a relativistic mean-field approximation to the Walecka model. Results for12C(e,e8p) and
16O(e,e8p) differential cross sections and separated structure functions are presented for four-momenta in the
range 0.8<Q2<20 (GeV/c)2. The regions of applicability of the eikonal approximation are studied and
observed to be confined to proton knockout in a relatively small cone about the momentum transfer. A simple
criterion defining the boundaries of this cone is determined. TheQ2 evolution of the effect of off-shell
ambiguities on the different (e,e8p) structure functions is addressed. At sufficiently high values ofQ2 their
impact on the cross sections is illustrated to become practically negligible. It is pointed out that for the whole
range ofQ2 values studied here, the bulk of the relativistic effects arising from the coupling between the lower
components in the wave functions, is manifesting itself in the longitudinal-transverse interference term.

PACS number~s!: 24.10.Jv, 25.30.Fj
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I. INTRODUCTION

ExclusiveA(e,e8p)B reactions from nuclei constitute a
invaluable tool to probe a wide variety of nuclear pheno
ena. At low values of the virtual photon’s four-momentu

transfer Q25qW 22v2 and, accordingly, larger distanc
scales, the quasielasticA(e,e8p) reaction probes the mean
field structure of nuclei. From systematic investigations fo
large number of target nuclei a richness of precise inform
tion about the independent-particle wave functions and sp
troscopic strengths was assembled@1#. At high Q2 and de-
creasing distance scales, the scope of exclusive (e,e8p)
measurements shifts towards studies of~possible! medium
dependences of the nucleonic properties, and, effects
color transparency and the short-range structure of nu
Within the context of exclusive (e,e8p) reactions, ‘‘color
transparency’’ stands for the suggestion that at sufficie
high values ofQ2 the struck proton may interact in a
anomalously weak manner with the ‘‘spectator’’ nucleons
the target nucleus@2#.

The extraction of physical information from measur
A(e,e8p)B cross sections usually involves some theoreti
modeling of which the major ingredients are the init
~bound! and final~scattering! proton wave functions and th
electromagnetic electron-nucleus coupling. At lower valu
of Q2, most theoretical work on (e,e8p) reactions was per
formed in the so-called distorted-wave impulse approxim
tion ~DWIA !. The idea behind the DWIA approach is th
the inital ~bound! and final ~scattering! state of the struck
nucleon can be computed in a potential model, whereas
the electron-nucleus coupling an ‘‘off-shell corrected
electron-proton form can be used. The wealth of high-qua
(e,e8p) data that electron-scattering experiments have p
vided over the last 20 years, made sure that the DWIA m
els are well tested against experimental data. For higher
ues of the energy and momentum transfer@Q2

*1 (GeV/c)2#, most theoretical (e,e8p) work starts from
the nonrelativistic Glauber theory@3#. This theory is highly
0556-2813/2000/62~2!/024611~13!/$15.00 62 0246
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successful in describing small-angle proton-nucleus sca
ing at higher energies@4# and is conceived as a baseline f
calculating the effect of final-state interactions in hig
energy (e,e8p) reactions. Glauber theory is a multiple
scattering extension of the standard eikonal approxima
that relates through a profile function the ejectile’s distor
wave function to the elastic proton scattering wave funct
@3,5–8#. The Glauber method has frequently been shown
be reliable in describingA(p,p8) processes. Several nonre
ativistic studies@9–11# have formally investigated the appl
cability of the Glauber model for describingA(e,e8p) reac-
tions at higher energies and momentum transfers. Rece
the first high-quality data for exclusive16O(e,e8p) cross
sections at higher four-momentum transfer@Q2

>1 (GeV/c)2# became available@12#. Below, we will com-
pare results of relativistic eikonal calculations with the
data. We believe that this comparison between model ca
lations and data provides a stringent test of the applicab
of the eikonal approximation in describing (e,e8p) reac-
tions.

Since relativistic effects are expected to become critica
the GeV energy domain, we explore the possibility of dev
oping a fully relativistic model forA(e,e8p) processes,
thereby using the eikonal limit to solve the equations for
final-state wave functions. We employ a relativistic mea
field approximation to the Walecka model to determine
bound state wave functions and binding energies, as we
nucleon and meson potentials. The same mean-field po
tials are then also used to compute the scattering wave f
tion in the Dirac eikonal limit. The work presented here is
small initial step towards the formulation of a fully micro
scopic relativistic model for the description of (e,e8p) reac-
tions that could possibly bridge the gap between the low
intermediate-energy regime. The model developed in
work can be formally applied in a wideQ2 range. As a
matter of fact, we employ the relativistic eikonal method
estimate the sensitivity of (e,e8p) observables in the few
GeV regime to a number of physical effects, including o
shell ambiguities and relativity. We adopt different prescr
©2000 The American Physical Society11-1
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tions for the electron-nucleus coupling in our calculatio
By doing this, we estimate the sensitivity of the observab
to the theoretical uncertainties that surround the choice of
off-shell electron-proton vertex. It is often claimed that o
shell ambiguities decrease in importance as the fo
momentum transfer increases. Here, we make an attem
quantify the relative importance of the off-shell effects f
the (e,e8p) structure functions by comparing results o
tained with different off-shell electron-proton coupling
Hereby we are primarily concerned with the question h
big the uncertainties remain when higher and higher fo
momentum transfers are probed.

In Sec. II we introduce a relativistic eikonal formalism fo
calculatingA(e,e8p) observables. This includes a discussi
of the method employed to determine the bound~Sec. II B!
and scattering~Sec. II C! states. Various forms for the
photon-nucleus interaction vertex are introduced in Sec. I
where special attention is paid to the issue of current con
vation. In Sec. III we present the results of our12C(e,e8p)
and 16O(e,e8p) numerical calculations. In Sec. III B we fo
cus on the issue of theQ2 evolution of the off-shell ambigu-
ities. In Sec. III C we compare the results of a fully relati
istic calculation with a calculation in which the explic
coupling between the lower components in the inital a
final state are neglected. Finally, our concluding remarks
summarized in Sec. IV.

II. FORMALISM

A. Reaction observables and kinematics

In this work we follow the conventions for the (eW ,e8pW )
kinematics and observables introduced by Donnelly a
Raskin in Ref.@13#. The four-momenta of the incident an
scattered electrons are labeled asKm(e,kW ) and K8m(e8,kW8).
The electron momentakW andkW8 define the scattering plane
The four-momentum transfer is given byqm5Km2K8m

5PA21
m 1Pf

m2PA
m , where PA

m and PA21
m are the four-

momenta of the target and residual nucleus, whilePf
m is the

four-momentum of the ejected nucleon. Also,qm5(v,qW ),
where the three-momentum transferqW 5kW2kW85kWA211kW f

2kWA and the energy transferv5e2e85EA211Ef2EA are
defined in the standard manner. Thexyzcoordinate system is
chosen such that thez axis lies along the momentum transf
qW , the y axis lies alongkW3kW8 and thex axis lies in the
scattering plane; the reaction plane is then defined bykW f and
qW . The Bjorken-Drell convention@14# for the gamma matri-
ces and Dirac spinors is followed, so that the normalizat
condition for Dirac plane waves, characterized by a fo
momentumKm and spin-stateSm, is ū(Km,Sm)u(Km,Sm)
51.

In the one-photon-exchange approximation, the proces
which a longitudinally polarized electron with helicityh, im-
pinges on a nucleus and induces the knockout of a sin
nucleon, leaving the residual nucleus in a certain disc
state, can be written in the following form@13#:
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MMA21kf

8p3MA

f rec
21sM@~vLRL1vTRT1vTTRTT

1vTLRTL!1h~vT8RT81vTL8RTL8!#, ~1!

where f rec is the hadronic recoil factor

f rec5
EA21

EA
U11

Ef

EA21
S 12

qW •kW f

kf
2 D U

5U11
vkf2Efq cosu f

MAkf
U, ~2!

with u f being the angle betweenkW f and qW , and sM is the
Mott cross section

sM5S a cosue/2

2e sin2ue/2
D 2

, ~3!

with ue being the angle between the incident and the sc
tered electron. The electron kinematics is contained in
kinematical factors

vL5S Q2

q2 D 2

, ~4!

vT52
1

2 S Q2

q2 D 1tan2
ue

2
, ~5!

vTT5
1

2 S Q2

q2 D , ~6!

vTL5
1

A2
S Q2

q2 DA2S Q2

q2 D 1tan2
ue

2
, ~7!

vT85tan
ue

2
A2S Q2

q2 D 1tan2
ue

2
, ~8!

vTL85
1

A2
S Q2

q2 D tan
ue

2
, ~9!

whereas the structure functions are defined in a stand
fashion as

RL5ur~qW ! f i u2, ~10!

RT5uJ~qW ;11! f i u21uJ~qW ;21! f i u2, ~11!

RTT52 Re$J!~qW ;11! f iJ~qW ;21! f i%, ~12!
1-2
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RTL522 Re$r!~qW ! f i@J~qW ;11! f i2J~qW ;21!# f i%, ~13!

RT85uJ~qW ;11! f i u22uJ~qW ;21! f i u2, ~14!

RTL8522 Re$r!~qW ! f i@J~qW ;11! f i1J~qW ;21!# f i%,
~15!

wherer(qW ) f i is the transition charge density, whileJ(qW ;m
561) f i is the transition three current expanded in terms
the standard spherical components.

B. Bound state wave functions

A relativistic quantum field theory for nucleons (c) inter-
acting with scalar mesons (f) through a Yukawa coupling
c̄cf and with neutral vector mesons (Vm) that couple to the
-

r
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e
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e
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f

conserved baryon currentc̄gmc, can be described through
Lagrangian density of the type@15,16#

L05c̄~ i ]”2M !c1
1

2
~]mf]mf2ms

2f2!2
1

4
GmnGmn

1
1

2
mv

2VmVm2gvc̄gmcVm1gsc̄cf, ~16!

with M, ms , and mv begin the nucleon, scalar meson, a
vector meson masses, respectively, andGmn[]mVn2]nVm

is the vector meson field strength. The scalar and ve
fields may be associated with thes and v mesons. The
model can be extended to include alsop andr mesons, as
well as the coupling to the photon field. The correspond
Lagrangian has the form
L5L01
1

2
~]mpW •]mpW 2mp

2 pW •pW !2 igpc̄g5tW•pW c2
1

4
BW mn•BW mn1

1

2
mr

2bW m•bW m2
1

2
grc̄gmtW•bW mc2

1

4
FmnFmn

2eAmF c̄gm
1

2
~11t3!c1~bW n3BW nm!31@pW 3„]mpW 1gr~pW 3bW m!…#3G . ~17!
lly

-
e
e-

of
HerepW , bW m , Am , Fmn are the pion, rho, Maxwell, and elec

tromagnetic fields. Further, BW mn[]mbW n2]nbW m2gr(bW m

3bW n) is ther-meson field.
At sufficiently high densities, the meson field operato

can be approximated by their expectation values. Within
context of the relativistic Hartree approximation, it can
shown that when starting from the Langrangian~17! the fol-
lowing Dirac equation for the baryon fieldC results@16#:

@ igm]m2M2SH#C50, ~18!

where the self-energySH is defined as

SH52gsf1gvgmVm1gpg5tapa1
1

2
grgmtabma

1
1

2
gm~11t3!Am. ~19!

Assuming that the nuclear ground state is spherically s
metric and a parity eigenstate, it can be shown that the p
field does not enter in the Hartree approximation. Furth
more, the meson fields only depend on the radius, and
the time component of the vector fields contribute. The tim
independent Dirac equation can then be written as
s
e

-
n

r-
ly
-

ĤC~xW ![F2 iaW •¹W 1gvV0~r !1
1

2
grtab0a~r !1

1

2
e~1

1t3!A0~r !1g0@M2gsf
0~r !#G5EC~xW !.

~20!

The general solutions to a Dirac equation with spherica
symmetric potentials have the form

ca~xW ![cnkmt~xW !5F iGnkt~r !/rYkmh t

2Fnkt~r !/rY2kmh t
G , ~21!

wheren denotes the principal,k and m the generalized an
gular momentum, andt is the isospin quantum numbers. Th
Y6km are the well-known spin spherical harmonics and d
termine the angular and spin parts of the wave function,

Ykm5 (
mlms

^ lml

1

2
msu l

1

2
jm&Yl ,ml

x1
2 ms

,

j 5uku2
1

2
, l 5H k, k.0

2~k11!, k,0.
~22!

The Hartree approximation leads to the following set
coupled equations for the different fields@16#:
1-3
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d2

dr2
f0~r !1

2

r

d

dr
f0~r !2ms

2f0~r !52gsrs~r ![2gs(
aocc

S 2 j a11

4pr 2 D @ uGa~r !u22uFa~r !u2#,

d2

dr2
V0~r !1

2

r

d

dr
V0~r !2mv

2V0~r !52gvrB~r ![2gv (
aocc

S 2 j a11

4pr 2 D @ uGa~r !u21uFa~r !u2#,

d2

dr2
b0~r !1

2

r

d

dr
b0~r !2mr

2f0~r !52
1

2
grr3~r ![2

1

2
gr (

aocc
S 2 j a11

4pr 2 D @ uGa~r !u21uFa~r !u2#~21! ta21/2,

d2

dr2
A0~r !1

2

r

d

dr
A0~r !52erP~r ![2e(

aocc
S 2 j a11

4pr 2 D @ uGa~r !u21uFa~r !u2#S ta1
1

2D ,

d

dr
Ga~r !1

k

r
Ga~r !2Fea2gvV0~r !2tagrb0~r !2S ta1

1

2DeA0~r !1M2gsf0~r !GFa~r !50,

d

dr
Fa~r !2

k

r
Fa~r !1Fea2gvV0~r !2tagrb0~r !2S ta1

1

2DeA0~r !2M1gsf0~r !GGa~r !50,

E
0

`

dr~ uGau21uFau2!51. ~23!
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The above equations constitute the basis of the relativ
mean-field approach to the Lagrangian of Eq.~17!.

A new computer program to solve the above set
coupled nonlinear differential equations was develop
Starting from an initial guess of the Woods-Saxon form
the scalar and vector potential, the Dirac equations can
solved iteratively using a shooting point method. Analy
solutions to the equations in the regions of large and smar
allow one to impose the proper boundary conditions. O
the nucleon wave functions are obtained, the densities
meson fields can be reevaluated. This procedure is repea
number of times until convergence for the energy eigenv
ues is reached. We adopt the values for thes, v, and r
masses and coupling constants as they were introduce
Horowitz and Serot@16#.

For the 12C and 16O nuclei, the newly developed C-cod
SOR performed all integrations for a radial extension of t
nucleus of 20 fm and a stepsize of 0.01 fm. The coup
Dirac equations were solved for a shooting point lying a
fm using a fourth-order Runge-Kutta algorithm. As a conv
gence criterion we imposed a tolerance level as smal
0.001 MeV on all single-particle energy levels. The co
puted densities for the nuclei12C and 16O, are depicted in
Fig. 1. We have verified that these results are comparab
those produced by theTIMORA code @16#, which is widely
used to solve the set of Eqs.~23!.

C. Eikonal final state

To construct the scattering states for the ejected nucle
we consider Hamiltonian~20!, which was already used t
calculate the bound-state wave functions
02461
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FIG. 1. The calculated scalar (rs), baryon (rB), rho (r3), and

proton (rP) density distributions in12C and 16O.
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FIG. 2. The radial dependenc
of the scalar and vector potentia
~in absolute values! as obtained
from relativistic Hartree calcula-
tions for 12C and 16O.
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Ĥ[2 iaW •¹W 1g0M1g0SH~r !, ~24!

where the self-energySH(r ) is given by

SH~r !52gsf0~r !1gvg0V0~r !1
1

2
grg0tab0a~r !

1
1

2
eg0~11t3!A0~r !. ~25!

With the formal substitutions

Vs~r ![2gsf0 ,

Vv~r ![gvV0~r !1
1

2
grb0~r !~21! ta21/21eA0~r !S ta1

1

2D ,

~26!

the time-independent Dirac equation for a projectile w
relativistic energyE5Ak21M2 and spin states, can be cast
in the form

ĤfkW ,s
(1)

5@aW •pW 1bM1bVs~r !1Vv~r !#fkW ,s
(1) , ~27!

where we have introduced the notationfkW ,s
(1) for the unbound

Dirac states. The computed scalar and vector potentials
the 12C and 16O nuclei are displayed in Fig. 2.

After some straightforward manipulations, a Schro¨dinger-
like equation for the upper component can be obtained

F p2

2M
1Vc1Vso~sW •LW 2 irW•pW !GukW ,s

(1)
5

k2

2M
ukW ,s

(1) , ~28!
02461
or

where the central and spin orbit potentialsVc and Vso are
defined as

Vc~r !5Vs~r !1
E

M
Vv~r !1

Vs~r !22Vv~r !2

2M
,

Vso~r !5
1

2M @E1M1Vs~r !2Vv~r !#

1

r

d

dr
@Vs~r !2Vv~r !#.

~29!

In computing the scattering wave functions, we use the s
lar and vector potentials as obtained from the iterat
bound-state calculations. As a result the initial- and fin
state wave functions are orthogonalized and no spurious
tributions can be expected to enter the calculated cross
tions.

Since the lower component is related to the upper o
through

wkW ,s
(1)

5
1

E1M1Vs2Vv
sW •pW ukW ,s

(1) , ~30!

the solutions to Eq.~28! determine the complete relativisti
eigenvalue problem. So far no approximations have b
made. Various groups@17–19# have solved the Dirac equa
tion ~28! for the final scattering state using Dirac optic
potentials derived from global fits to elastic proton scatter
data@20#. Not only are global parametrizations of Dirac o
tical potentials usually restricted to proton kinetic energ
Tp<1 GeV, calculations based on exact solutions of
Dirac equation frequently become impractical at higher
ergies. This is particularly the case for approaches that
on partial-wave expansions in determining the transitio
1-5
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matrix elements. To overcome these complications, we s
the Dirac equation~28! in the eikonal limit @21,22#. In
intermediate-energy proton scattering (Tp'500 MeV) the
eikonal approximation was shown to reproduce fairly w
the exact Dirac partial wave results@23#. Following the dis-
cussion of Ref.@23#, we define the average momentumKW

and the momentum transferqW in terms of the projected initia
(kW i) and final momentum (kW f) of the ejectile

qW 5kW f2kW i , ~31!

KW 5
1

2
~kW f1qW !. ~32!

In the eikonal, or, equivalently, the small-angle approxim
tion (q@ki) the following operatorial substitution is made
computing the scattering wave function:

p25@~pW 2KW !1KW #2→2KW •pW 2K2. ~33!

After introducing this approximate relation, the Dirac equ
tion for the upper component~28! becomes

@2 iKW •¹W 2K21M „Vc1Vso@sW •~rW3KW !2 irW•KW #…#ukW ,s
(1)

50,
~34!

where the momentum operators in the spin orbit and Dar
terms are substituted byKW . Remark that the above equatio
is now linear in the momentum operator. In the eikonal lim
the scattering wave functions take on the form

ukW ,s
(1)

5eikW•rWeiS(rW)x~1/2! ms
. ~35!

Inserting this into Eq.~34!, yields an expression for the e
konal phase@21#. Defining thez axis along the direction o
the average momentumKW , this phase can be written in a
integral form as

iS~bW ,z!52 i
M

K E
2`

z

dz8@Vc~bW ,z8!1Vso~bW ,z8!

3@sW •~bW 3KW !2 iKz8##, ~36!

where we have introduced the notationrW[(bW ,z). The scat-
tering wave function, which is proportional to

fkW ,s
(1)

;F 1

1

E1M1Vs2Vv
sW •pW GeikW•rWeiS(rW)x~1/2! ms

, ~37!

is normalized such that

fkW ,s
(1)

fkW ,s
(1)

51. ~38!

This wave function differs from the plane-wave solution
two respects. First, the lower component exhibits the
namical enhancement due to the combination of the sc
and vector potentials. Second, the eikonal phaseeiS(rW) ac-
02461
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counts for the interactions that the struck nucleon underg
in its way out of the nucleus. The calculation of the eikon
phase~36! involves a transformation to a reference fram
other than the usual laboratory or center-of-mass fra
namely the frame where the average momentum is poin
along thez axis. As the eikonal phase has to be reevalua
for every (bW ,z) point in space, the Dirac eikonal (e,e8p)
calculations are very demanding as far as computing po
is concerned. In evaluating the matrix elements, the ra
integrations were performed on a 0.1 fm mesh. It is wo
remarking that the standard Glauber approach followed
many studies involves an extra approximation apart from
ones discussed above. Indeed, in evaluating the eik
phase from Eq.~36! one frequently approximates thez de-
pendence of the potentials by ad function.

D. Off-shell electron-proton coupling

We express the matrix elements of the nucleon curren
the usual form

^PfSf uJmuPiSi&5ūfG
m~Pf ,Pi !ui , ~39!

where Gm is the electromagnetic vertex function for th
nucleon andui (uf) is the nucleon spinors. As discussed
many works@24–28#, some arbitrariness, often referred to
the ‘‘off-shell ambiguity,’’ surrounds the choice for the func
tional form of the vertex functionGm. For a free nucleon,Gm

can be expressed in several fully equivalent forms

Gcc1
m 5GM~Q2!gm2

k

2M
F2~Q2!~Pi

m1Pf
m!, ~40!

Gcc2
m 5F1~Q2!gm1 i

k

2M
F2~Q2!smnqn , ~41!

Gcc3
m 5

1

2M
F1~Q2!~Pi

m1Pf
m!1 i

1

2M
GM~Q2!smnqn ,

~42!

whereF1 is the Dirac,F2 is the Pauli form factor, andk is
the anomalous magnetic moment. The relation with the
chs electric and magnetic form factors is established thro
GE5F12tkF2 andGM5F11kF2, with t[Q2/4m2.

When considering bound~or, ‘‘off-shell’’ ! nucleons, how-
ever, the above vertex functions can no longer be guaran
to produce the same results. As a matter of fact, exp
current conservation is rather an exception than a rule
most calculations that deal with (e,e8p) reactions from finite
nuclei. In nuclear physics, the most widely used procedur
‘‘effectively’’ restore current conservation is based on mo
fying the longitudinal component of the nuclear vector cu
rent using the substitution

Jz→
v

q
J0 . ~43!

This procedure is partly inspired on the observation t
meson-exchange and isobar terms enter the charge cu
1-6
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operator in a higher relativistic order than they used to do
the vector current. There exist several other prescripti
which are meant to restore current conservation. Along si
lar lines, the charge operator can be replaced by

J0→
q

v
Jz . ~44!

One can also construct a vertex function that guarantees
rent conservation for any initial and final nucleon state. T
can be achieved for example by adding an extra term to
vertex @29#

GDON
m 5F1~Q2!gm1 i

k

2M
F2~Q2!smnqn1F1~Q2!

q”qm

Q2
,

~45!

which is also equivalent to Eqs.~40!–~42! in the free nucleon
case. An operator derived from the generalized Wa
Takahashi identity reads@26#

GWT
m 5gm2 i

k

2M
F2~Q2!smnqn1@F1~Q2!21#

q”qm1Q2gm

Q2
.

~46!

III. RESULTS

A. Final-state interactions and the eikonal approximation

We start our (e,e8p) investigations within the relativistic
eikonal approximation for the kinematics of an16O(e,e8p)
experiment that was recently performed at Jefferson
@12#. In this experiment, the separated16O(e,e8p) structure
functions are measured atQ250.8 (GeV/c)2 and v
50.439 GeV for missing~or, initial! proton momentapm

5ukf
W2qW u below 355 MeV/c. The variation in missing mo-

mentum was achieved by varying the detection angle of
ejected proton with respect to the direction of the moment
transfer ~‘‘quasiperpendicular kinematics’’!. The measured
cross sections for knockout from the 1p1/2 and 1p3/2 levels
are depicted in Fig. 3 along with the predictions of our re
tivistic eikonal calculations. A spectroscopic factor of 0
was adopted for all bound levels, and the standard dip
form was used for the electromagnetic form factors. At lo
missing momenta, the eikonal results shown in Fig. 3 p
duce a fair description of the data. As a comparison,
results of a relativistic plane-wave calculation in the impu
approximation~RPWIA! are also displayed. Through com
paring the plane-wave and the eikonal calculations, ther
keeping all other ingredients of the calculations identic
one can evaluate how the eikonal method deals with fin
state interactions~FSI’s!. In the eikonal calculations, the dip
of the RPWIA calculations are filled in, and, at low missin
momenta the RPWIA cross sections are reduced. These
features reflect nothing but the usual impact of the final-s
interactions on theA(e,e8p) angular cross sections. Th
limitations of the eikonal approximation (q@ki) are imme-
diately visible at higher missing momenta (pm>250 MeV/c!.
Here, the eikonal cross sections largely overshoot both
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RPWIA results and the data and should by no means
considered as realistic. It is worth remarking that the d
closely follow the trend set by the RPWIA curves. As
matter of fact, whereas the eikonal calculations predict h
effects from final-state interactions at large transverse m
ing momenta, the data seem to suggest rather the opp
effect. We consider this observation as one of the major fi
ings of this work.

One may wonder whether the observed behavior of
eikonal results at higher missing momenta in Fig. 3 is a m
consequence of the small-angle approximation containe
Eq. ~33!, or whether the adopted model assumptions
computing the scattering states is also~partly! at the origin of
this pathological behavior. To address this question, we h
performed calculations for various fixed recoil anglesu de-
fined as

cosu5
pW m•qW

upW muuqW u
. ~47!

The results are displayed in terms of the reduced cross
tion r which is defined in the standard fashion as the diff
ential cross section, divided by a kinematical factor times
‘‘ CC1’’ off-shell electron-nucleon cross section of Re
@30#. For the results of Fig. 4 we considered in-plane kin
matics at a fixed value of the outgoing proton moment
@kf51 (GeV)/c# and an initial electron energy of 2.4 GeV
The variation in missing momentum is achieved by chang
the q. For recoil anglesu50° ~‘‘parallel kinematics’’! the
eikonal calculations do not exhibit an unrealistic behavior
to pm50.5 GeV/c, which is the highest missing momentu
considered here. With increasing recoil angles, and con
quently, growing ‘‘transverse’’ components in the missin
momenta the ‘‘unrealistic’’ behavior of the eikonal resu
becomes manifest. Accordingly, the accuracy of the eiko
method based on the small-angle approximation of Eq.~33!
can only be guaranteed for proton knockout in a small co

FIG. 3. Measured16O(e,e8p) cross sections compared to rel
tivistic eikonal and RPWIA calculations ate52.4 GeV, q
51 GeV/c, andv50.439 GeV in quasiperpendicular kinematic
The calculations use the current operatorCC1. The data are from
Ref. @12#.
1-7
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about the momentum transfer. A similar quantitative beh
ior as a function of the recoil angle to what is observed
Fig. 4 was reported in Ref.@3# for d(e,e8p)n cross sections
determined in a Glauber framework. We conclude this s
tion with remarking that the eikonal method does not exclu
situations with high initial~or, missing! momenta, it only
requires that the perpendicular component of ejectiles’s
mentumkW f is sufficiently small. It speaks for itself that suc
conditions are best fulfilled as one approaches parallel k
matics. This observation puts serious constraints on the
plicability of the Glauber method, which is based on t
eikonal approximation, for modeling the final-state intera
tions in high-energy (e,e8p) reactions from nuclei. How-
ever, it should be noted that our framework does use pu
real scalar and vector potentials. More realistic scatter
potentials demand an imaginary part that accounts for
inelastic channels that are open during the reaction proc
The Glauber approach effectively includes these inela
channels and on these grounds one may expect that its r
of applicability is somewhat wider than what is observ
here. With the eye on defining the region of validity for th
eikonal approximation more clearly, we have studied diff
ential cross sections for variousQ2. In Fig. 5, we display
the computed differential cross sections for t
12C(e,e8p)11B(1p3/2

21) process against the missing mome
tum for Q2 varying between 1 and 20 (GeV/c)2. Hereby,
quasielastic conditions were imposed. The arrow indica
the missing momentum where the slope of the eikonal

FIG. 4. The reduced cross section for the16O(e,e8p)15N(1p3/2
21)

reaction versus missing momentum at three values of the re

angleu. A fixed outgoing proton momentum ofupW u51 GeV was
considered. The solid line shows the fully relativistic eikonal calc
lation, while the dashed one shows the RPWIA results. The ca
lations use theCC1 prescription.
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ferential cross section starts deviating from the trend set
the RPWIA cross section. In the light of the conclusio
drawn from the comparison between data and the eiko
curves in Fig. 3, the eikonal results should be regarded w
care beyond this missing momentum. Furthermore, it is c
that the change in the slope of the angular cross section
comes more and more pronounced asQ2 increases. It is ap-
parent from Fig. 5 that the eikonal differential cross sect
changes slope at aboutpm5250 MeV/c for all values ofQ2

considered. We remark that we imposed quasielastic co
tions for all cases contained in Fig. 5. As a consequence,
momentum of the ejected nucleon varies quite dramatic
as one moves up inQ2. The uniform behavior of all curves
contained in Fig. 5 allows one to write down a relation b
tween the transferred momentumqW and the polar scattering
angle u: uqW uu<250 MeV rad. This simple relation could
serve as a conservative guideline to determine the ope
angle of the cone in which the outgoing proton moment
has to reside to ascertain that the eikonal approximation
duces ‘‘realistic’’ results. This limitation of the eikona
method can also be inferred from the results contained
Refs. @9,31#. Indeed, in Figs. 3 and 4 of Ref.@9# one can
confirm that the above relation betweenuqW u andu defines the
missing momentum at which a sudden change in thepm de-
pendence of the calculated cross sections is observed.
above relation can be understood as follows. In quasiperp
dicular and quasielastic kinematics, the missing momen
roughly equals the transverse momentum of the ejec
nucleon. With increasing momentum transfer, the longitu
nal momentum of the escaping nucleon increases co
spondingly, while its transverse momentum has to s
smaller than the suggested value of 250 MeV/c. Hence, the
sine of the angle between the transferred momentum and

oil

-
u-

FIG. 5. The differential cross section for th
12C(e,e8p)11B(1p3/2

21) reaction versus missing momentum at s
different values forQ2. Quasielastic conditions and perpendicul
kinematics were considered.
1-8
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FIG. 6. The different structure
functions versus the missing mo
mentum for 1p1/2 knockout from
16O in the kinematics of Fig. 3.
The calculations in the left col-
umn imposed current conservatio
by replacing the longitudinal com
ponent of the vector current op
erator@Eq. ~43!#, while for the re-
sults in the right column the
charge density operator was mod
fied according to Eq.~44!. The
curves refer to the different off-
shell prescriptions as they wer
introduced in Sec. II D.
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ejectile’s momentum has to decrease. Since we are dea
with small angles, sin(u) can be approximated byu. The
opening angle of the cone in which the eikonal approxim
tion is valid, can be inferred to be independent ofQ2 in the
Lorentz frame where the ejected nucleon is at rest. W
transforming back to the lab frame, lateral dimensions
come dilated, and, thus, angles contracted.

B. The Q2 evolution of off-shell effects

A major point of concern in anyA(e,e8p)B calculation
are the ambiguities regarding the off-shell electron-pro
coupling. Most calculations do not obey current conservat
and a variety of prescriptions have been proposed to part
cure this deficiency. Here we adopt a heuristic view a
estimate the sensitivity of the calculated observables by c
paring the results obtained with different viable prescriptio
for the electron-proton coupling. Among the infinite numb
of possible prescriptions for the off-shell electron-prot
coupling we have selected four that are frequently used
literature. Figure 6 shows the separated structure funct
for 1p1/2 knockout in the kinematics of Fig. 3. Current co
servation was imposed by either modifying the longitudin
02461
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component of the vector current operator~hereafter denoted
as the ‘‘J0 method’’!, or by modifying the charge operato
~hereafter denoted as the ‘‘J3 method’’!, along the lines of
Eqs. ~43! and ~44!. Note that for the operator of Eq.~45!,
both methods yield the same results, since, by construct
this operator is current conserving, regardless of the met
adopted to compute the wave function for the initial and fin
state.

Turning to the results shown in Fig. 6, the predict
strengths in the longitudinal structure functionsRL andRTL
depend heavily on the choice made for the electron-pro
coupling. For theCC1 prescription, for example, the value
obtained with the J3 method are several times bigger t
those obtained within the J0 method. The predicted diff
ences among the various current operators within
scheme~‘‘J0’’ or ‘‘J3’’ ! are also sizeable. The ambiguitie
are, however, much smaller for the calculations perform
with the Jz→(v/q)J0 substitution. This clearly speaks i
favor of this recipe which is mostly used inA(e,e8p) calcu-
lations. TheRTT and RT structure functions are, obviously
insensitive to whether the ‘‘J0’’ or ‘‘J3’’ method is adopted
All adopted electron-proton couplings but theCC1 one pro-
1-9
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duce the same results in theRT andRTT responses.
With increasingQ2 and the corresponding decreasing d

tance scale, the role of off-shell ambiguities in the photo
nucleus coupling is expected to decline and the impulse
proximation is believed to become increasingly accurate
order to investigate the degree and rate to which this vir
may be realized, we have performed calculations for ki
matics in the range of 0.8<Q2<20 (GeV/c)2. We use two
techniques to estimate the relative importance of the off-s
effects as a function ofQ2. First, results computed with th
‘‘J0’’ and ‘‘J3’’ method can be compared. Second, pred
tions with various choices for the electron-proton coupli
are confronted with one another. The validity of the IA
then established whenever the final result happens to bec
independent of the adopted choice. In order to assess
degree to which this independence is realized, we have
sidered ratios of structure functions for some fixed kinem
ics but calculated with different choices for the electro
proton coupling. As a benchmark calculation, we ha
computed12C(e,e8p)11B(1p3/2

21) observables in quasielast
kinematics for several values of the four-momentum trans
The results are shown in Figs. 7 and 8. Figure 7 shows
several observables the ratio of the values obtained with
‘‘J3’’ scheme to the corresponding prediction using t
‘‘J0’’ scheme. Figure 8 shows the ratio of the strengths o
tained with theCC1 vertex function compared to the corr
sponding predictions with theCC2 form. We remark that in
the limit of vanishing off-shell effects, these ratios shou
equal one. It is indeed found that the calculations that
based on the substitutionJz→(v/q)J0, tend to converge to
those based onJ0→ (q/v) Jz with increasing energy trans
fer. This is particularly the case at low missing momen

FIG. 7. TheQ2 dependence of the sensitivity of the calculat
(e,e8p) structure functions to the choice for the electron-nucle
vertex for 1p3/2 knockout from12C in quasielastic kinematics. Th
curves show for the various observables the ratio of the predict
with the ‘‘J3’’ method to those obtained with the ‘‘J0’’ method
Solid ~dashed! line corresponds with thepm50 MeV/c (pm

5150 MeV/c) situation.
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where the decrease in the longitudinal response is alm
exponential. The overall behavior is identical for the high
missing momentum case (pm5150 MeV/c), but the rate of
decrease is somewhat slower. This can be attributed to
fact that at higher momenta, hence, greater angles, the tr
verse components of the vertex functions play a more imp
tant role. Looking at Fig. 8 one can essentially draw the sa
conclusions. The predictions with the different prescriptio
also converge to each other as the energy is increased. A
this convergence is more pronounced for the low miss
momentum case. This feature is most apparent in the pu
transverse channel, which dominates the cross section at
ficiently high energies. It appears thus as if off-shell am
guities, speaking in terms of strengths and absolute c
sections, are of far less concern at higherQ2 than they used
to be in theQ2<1 (GeV/c)2 region, where most of the dat
have been accumulated up to now. The interference struc
functions RTT and RTL are subject to off-shell ambiguitie
that are apparently extending to the highest four-momen

s

ns

FIG. 8. TheQ2 dependence of the sensitivity of the (e,e8p)
structure functions to the choice for the electron-nucleus vertex
1p3/2 knockout from 12C. The curves display the ratio of the pre
dictions using the vertex functionGcc1

m to those usingGcc2
m . Solid

~dashed! lines correspond withpm50 MeV/c (pm5150 MeV/c!.
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transfers considered here. This feature was already es
lished in Ref.@29# and explained by referring to the larg
weight of the negative energy solutions in the interferen
structure functionsRTL andRTT .

C. Relativistic effects

Recently, there have been several claims for strong in
cations for genuine~or, ‘‘dynamic’’! relativistic effects in
A(eW ,e8pW ) observables@12,32–34#. In an attempt to imple-
ment some of these effects in calculations based on a Sc¨-
dinger picture, several techniques to obtain a ‘‘relativiz
version’’ of the electron-nucleus vertex have been dev
oped. In leading order in ap/M expansion these ‘‘relativ-
ized’’ electron-nucleus vertices typically miss the coupli
between the lower components in the bound and scatte

FIG. 9. TheQ2 dependence of the sensitivity of the (e,e8p)
structure functions to dynamical relativistic effects. The curv
show for 1p3/2 knockout from12C the ratio of the fully relativistic
results to the predictions when the coupling between the lower c
ponents is neglected. The solid~dashed! line presents results for th
situationpm50 MeV/c (pm5150 MeV/c).
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states. For that reason, we interpret the effect of the coup
between the lower components in the bound and scatte
states as a measure for the importance of relativistic effe
In Fig. 9 we display results of fully relativistic
12C(e,e8p)11B(1p3/2

21) calculations and calculations i
which the specific coupling between the lower compone
in the bound and scattering states have been left out.
consider quasielastic conditions and study theQ2 evolution
of the structure functions for two values of the missing m
mentum (pm50 and 150 MeV/c) both corresponding with
small recoil angles. Hence, the results of Fig. 9 refer to
nematic conditions for which the eikonal approximation
justified. A rather complex and oscillatoryQ2 dependence of
the relativistic effects emerges from our numerical calcu
tions. Looking first at thepm'0 MeV/c case, which nearly
corresponds with parallel kinematics, we observe that
both the longitudinal and transverse structure functions,
impact of the coupling among the lower components fi
increases, and then tends to become fairly constant for hig
values ofv. The genuine relativistic effect stemming from
the coupling between the lower components in the initial a
final states is larger in the longitudinal than in the transve
channel. It is noteworthy that in the cross section the imp
of the ‘‘relativistic dynamical effects’’ never exceeds th
10% level. If we turn our attention to the interference stru
ture functionsRTL and RTT , the relativistic effects grow in
importance. Especially for theRTL structure function the ef-
fects are large and extend to the smallest values ofQ2 con-
sidered here. This enhanced sensitivity of theRTL response
to relativistic effects, even when relatively low values ofQ2

are probed, complies with the conclusions drawn in ot
studies@28,32,35–37#. Also the tendency of the relativistic
effects to increase the cross section when higher values opm
are probed complies with the findings of earlier studies@38#.
A quantity that is relatively easy to access experimenta
and depends heavily upon theRTL term, is the so-called left-
right asymmetryALT:

s

-

FIG. 10. The left-right asymmetryALT for both 1p1/2 and 1p3/2

knockout from 16O in the kinematics of Fig. 3. The data are fro
Ref. @12#.
1-11
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ALT5
s~f50°!2s~f5180°!

s~f50°!1s~f5180°!
5

vTLRTL

vLRL1vTRT1vTTRTT
.

~48!

In Fig. 10 we have plotted the left-right asymmetry for bo
1p1/2 and 1p3/2 knockout from16O in the kinematics of Fig.
3. It is indeed verified that the asymmetry is very sensitive
relativistic effects. As has been reported, relativistic effe
enhance the asymmetry further, and this enhancemen
more pronounced for the 1p1/2 knockout reaction. The role
played by the lower components in this dynamical enhan
ment of the left-right asymmetry can be further clearified
looking at the results of Fig. 11. In this figure, we plot th
left-right asymmetry for 1p3/2 knockout from12C, for differ-
entQ2 and quasielastic conditions. Looking at the fully rel
tivistic curves, we observe a gradual decrease of the as
metry with increasingQ2. At the same time, the relativ
contribution of the ‘‘nonrelativistic’’ contribution toALT di-

FIG. 11. The left-right asymmetryALT for 1p3/2 knockout from
12C for differentQ2, under quasielastic conditions and perpendic
lar kinematics.
it
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minishes. This feature indicates that the asymmetryALT is
nearly exclusively generated by the coupling between
lower components asQ2 increases.

IV. SUMMARY

We have outlined a fully relativistic eikonal framewor
for calculating cross sections for (e,e8p) reactions from
spherical nuclei at intermediate and high four-moment
transfers and carried out12C(e,e8p) and 16O(e,e8p) calcu-
lations for a variety of kinematical conditions, thereby co
ering four-momentum transfers in the range 0.8<Q2

<20 (GeV/c)2. Our results illustrate that the validity of th
eikonal method is confined to proton emission in a cone w
a relatively small opening angle about the direction of t
virtual photon’s momentum. This observation puts serio
constraints on the applicability of the Glauber method, wh
is based on the eikonal approximation, for modeling t
final-state interactions in high-energy (e,e8p) reactions from
nuclei. Incorporation of the inelastic channels in the eiko
method is, however, needed to fully appreciate the limits
the Glauber model, and work along these lines is in progr
In line with the expectations, our investigations illustrate th
the uncertainties induced by off-shell ambiguities on the c
culated observables diminish asQ2 increases. Nevertheles
in the relativistic eikonal framework four-momentum tran
fers of the order 5 (GeV/c)2 appear necessary to assure th
the effect of the off-shell ambiguities can be brought down
the percent level. Our theoretical framework permits to
sess the impact of the relativistic effects over a wide ene
range. The impact of the lower components on the (e,e8p)
observables is observed to be significant over the wholeQ2

range studied. Especially the left-right asymmetry lends
self very well to study these effects of genuine relativis
origin.
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