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Angular distributions for knockout and scattering of protons in the eikonal approximation
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The advent of new electron accelerators with few-GeV beam energies makes the (e,e8p) reaction a prom-
ising tool for investigating new aspects of the electromagnetic interaction. To this purpose it is crucial to set the
scale of final-state interactions~FSI! at high ejectile energies. Usually, the problem is faced by mutuating
well-established results of the Glauber method in the framework of elastic (p,p) scattering. Since the gener-
alization of this eikonal approximation to the (e,e8p) case is not straightforward, we have analyzed the
constraints which make the comparison a meaningful one, using the12C(e,e8p)11B s1/2 and

11B s1/2(p,p)
reactions with outgoing-proton momenta of 4 GeV/c as a test case. The FSI dominance at large deflection
angles produces in the distributions a universal behavior resembling the coherent diffractive scattering between
the ejected proton and the~residual! nucleus. Because of the selected sensitivity of the (e,e8p) distribution to
different theoretical ingredients depending on different values of the deflection angle~or transverse missing
momentum!, it is argued that the previous comparison with elastic proton scattering may represent a conve-
nient tool to disentangle effects due to the~hard! electromagnetic vertex from~exotic! effects related to the
propagation of the struck hadron through the nuclear medium.@S0556-2813~96!01412-4#

PACS number~s!: 25.30.Dh, 25.40.Cm, 11.80.Fv, 24.10.Eq
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I. INTRODUCTION

With the advent of new electron accelerators, whose be
energy will range from the few GeV of CEBAF to the 3
GeV of the planned ELFE setup@1#, experiments with elec-
tromagnetic probes are expected to reveal new physics,
ticularly on processes like (e,e8p) scattering @2#. Large
missing momenta of the residual nucleus will be availab
where the details of long-range correlations~due to the cou-
pling between the motion of the emitten proton and coll
tive surface modes of the residual! and of short-range corre
lations ~due to the strong nucleon-nucleon interaction! are
expected to show up in the low and high missing-ene
spectrum of the residual, respectively@3–8#. In addition, be-
cause of the high momentum and energy transferred to
target, new and unexplored features of the electromagn
hard interaction should appear, which are related, for
ample, to a proper treatment of relativistic dynamics a
off-shellness@9#. Finally, the subsequent propagation of t
hadron inside the nuclear medium, usually denoted as fi
state interactions~FSI!, is also a central ingredient of mode
aiming to describe exotic effects like color transparency@10#,
if any.

However, while the paucity of data still prevents one fro
putting stringent constraints on the various models for
namical correlations and/or reaction mechanisms at the in
action vertex@3,4#, the problem of FSI at high projectile
energy is usually faced by mutuating well-established res
obtained in the framework of elastic proton scattering.
fact, the Glauber approximation@11# has been extensivel
used in the past years in the analysis of data for (p,p) scat-
tering on complex nuclei@12,13#.
540556-2813/96/54~6!/3117~8!/$10.00
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But the generalization to the (e,e8p) scattering is not
straightforward, mainly because the kinematics and the s
of the initial proton are completely different. Moreover, th
validity of this eikonal approximation, based on a complete
nonrelativistic formalism, arises from nontrivial cancell
tions among the leading corrections to the lowest-or
theory of elastic scattering@14# and cannot be simply gener
alized to the inelastic case.

Therefore, after a short review on the general formali
in the framework of the distorted-wave impulse approxim
tion ~DWIA ! ~Sec. II!, the constraints which make the com
parison between FSI in exclusive (e,e8p) and elastic (p,p)
scattering possible, are addressed in Sec. III. First, the
ferences between the two reactions and the choice of
proper form of the optical potential for distorting th
outgoing-proton wave function are discussed. Second,
restrictions on the kinematics and the approximations
quired to produce similar angular distributions are analyz
Finally, the selected sensitivity of the results for (e,e8p)
scattering to different choices of potentials for the scatter
states are considered in Sec. IV. It is shown that at la
angles~large values of transverse missing momenta! the FSI
are the dominant contribution and produce a typical diffra
tive tail very sensitive to the nuclear surface.

II. GENERAL FORMALISM

For the scattering of an ultrarelativistic electron with in
tial ~final! momentumpe(pe8), while a nucleon is ejected with
final momentump8, the sixfold differential cross section in
the one-photon exchange approximation reads@15,16#
3117 © 1996 The American Physical Society
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ds

dpe8dp8
5

e4

8p2

1

Q4pepe8
~r00f 001r11f 111r01f 01cosa

1r121f 121cos2a!, ~1!

whereQ25q22v2 and q5pe2pe8 ,v5pe2pe8 are the mo-
mentum and energy transferred to the target nucleus, res
tively. The quantitiesrll8, f ll8 are expressed on the basis
unit vectors

e05~1,0,0,0!, e615S 0,7A1

2
,2A1

2
i ,0D , ~2!

which define the longitudinal~0! and transverse (61) com-
ponents of the nuclear response with respect to the pola
tion of the virtual photon exchanged. The matrix eleme
rll8 describe the electrodynamics of the leptonic pro
while f ll8 depend onq,v,p8,cosg5p8•q/p8q, and the de-
pendence on the anglea, between the (p8,q) plane and the
electron scattering plane, is explicitly put into evidence.

The structure functionsf ll8 are defined in terms of bilin-
ear products of the basic ingredient of the calculation,
scattering amplitude@16#

Jl~q!5E dr eiq•r^C f uĴm•el
muC i&, ~3!

which involves the matrix element of the nuclear charg
current density operatorĴm between the initial,uC i&, and the
final, uC f&, nuclear states. A natural choice foruC f& is sug-
gested by the experimental conditions of the reaction sel
ing a final state which behaves asymptotically as a knoc
out nucleon and a residual nucleus in a well-defined s
with energyE and quantum numbersa. By making the same
assumption for the initial state, the two specific channels
be projected out of the entire Hilbert space by applying
suitable projection operator@16# to uC i& and uC f&. As a re-
sult of space truncation, the scattering amplitude is expres
in a one-body representation in terms of an appropriate
fective ~one-body! charge-current density operatorĴm

eff @16#:

Jl~q!5E dr ds eiq•rxEa
~2 !* ~r,s!Ĵm

effel
mfEa~r,s!@Sa~E!#1/2.

~4!

HereSa(E) is the spectral strength associated with the
moval process at the excitation energyE of the residual
nucleus;fEa is an eigenfunction of an energy-depende
Feshbach optical potential referred to the residual at the
ergyE; xEa

(2) is eigenfunction of the optical potential at th
energyE1v and has the boundary conditions of an inco
ing wave. The use of an effective current operator in Eq.~4!
takes into account effects due to truncation of the Hilb
space and guarantees the orthogonality betweenuC i& and
uC f& @17#.

However, the orthogonality defect is negligible in th
standard kinematics for (e,e8p) reactions andĴm

eff is usually
replaced byĴm @17#, which in turn is approximated by a
nonrelativistic expansion in powers of the inverse nucle
mass by means of a Foldy-Wouthuysen canonical trans
mation @16#. Thus, uncertainties are introduced which d
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pend on the order reached in the nonrelativistic expans
and become more important with increasing energy@9,18#.
But our interest is in the analogies between the phenome
ogy of FSI in (p,p) and (e,e8p) scattering. Therefore, we
have concentrated on the properties of the scattering w
xEa
(2) and we have considered the simplified picture where

retain just the longitudinal componentĴ0 in the leading order
o(1) of the nonrelativistic expansion and we neglect t
nucleon form factor. Consequently, the cross section
comes proportional to

U E dr ds eiq•rxEa
~2 !* ~r,s!fEa~r,s!U2[SEa

D ~q!, ~5!

which is traditionally identified as the ‘‘distorted’’ spectra
densitySEa

D @19# at the energyE of the residual nucleus with
a hole with quantum numbersa.

In the framework of the distorted-wave impulse appro
mation ~DWIA ! @15,16# the so-called spectroscopic amp
tudesfEa ,xEa

(2) are approximated by the solutions of eige
value problems with single-particle local energy-depend
potentials of the Woods-Saxon type. To take into account
nonlocality of the original Feshbach potential, these eig
functions are multiplied by the appropriate Perey factor@20#.
As for the hole state, in this paper we have considered
potential of Comfort and Karp@21# for 12C with the quantum

numbers of thes12 shell. The scattering wave functionx
(2) is

a solution of the Schro¨dinger equation

S 2
\2

2m
¹21VDx5Ec.m.x, ~6!

wherem is the reduced mass of the proton in interaction w
the residual nucleus,Ec.m. is its kinetic energy in the center
of-mass ~c.m.! system andV contains a local equivalen
energy-dependent optical potential effectively describing
residual interaction.

Equation ~6! can be solved for each partial wave
x (2) up to a maximum angular momentumLmax(p8), which
satisfies a convergency criterion. The boundary condition
such that each incoming partial wave coincides asympt
cally with the corresponding component of the plane wa
associated to the proton momentump8. Typically, this
method ~from now on methodA) has been applied to
(e,e8p) scattering with proton momenta below 0.5 GeVc
andLmax,50 for a large variety of complex optical poten
tials, including also spin degrees of freedom@16#. At higher
energies the rescatterings of the outgoing proton on the s
tator nucleons cannot be realistically described by an ef
tive mean-field potential. In general, in this energy dom
both coherent and incoherent scatterings of the struck
ticle must be treated on the same footing@22#. In other
words, incoherent scatterings leading to a loss of proton
must not be averaged in the imaginary part of the opti
potential. Instead, Eq.~6! should be replaced by a wav
equation which includes explicitely the degrees of freed
of the spectator nucleons. The Glauber method@11# follows
this prescription, because the wave function of the stru
proton is obtained by computing the reaction matrix elem
for a certain configuration of the spectator nucleons and
successively averaging over all the possible configuratio
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However, for exclusive (e,e8p) reactions~where the specta
tor nucleons are in a well-defined state! it has been shown
@22# that the two methods are formally identical. Therefo
the use of DWIA at high proton energies, but limited
exclusive proton emission, is well justified~for a general
discussion on the limits of both the DWIA and the Glaub
method in semi-inclusive (e,e8p) reactions see Ref.@22#!.

The Glauber approach suggests an alternative way~from
now on methodB) of solving Eq.~6! by linearizing it along
the propagation axisẑ:

r[z
p8
p8

1b, ~7a!

¹2.
]2

]z2
, ~7b!

S ]2

]z2
1p82D5S ]

]z
1 ip8D S ]

]z
2 ip8D

.2ip8•S ]

]z
2 ip8D , ~7c!

whereb describes the degrees of freedom transverse to
motion of the struck particle with momentump8. With this
approximation Eq.~6! becomes

S ]

]z
2 ip8Dx5

1

2ip8
Vx. ~8!

The boundary condition is of incoming unitary flux of plan
waves.

III. COMPARISON BETWEEN „e,e8p…
AND „p,p… SCATTERING

Before addressing the main goal of this paper, i.e., to
the reliability of the Glauber method in exclusive (e,e8p)
reactions and to deduce information on FSI by compari
with elastic (p,p) scattering, it is useful to note that metho
A andB, even if they both solve the Schro¨dinger equation
for the nucleon scattering wave, have been traditionally
plied to very different reactions and at different ener
ranges. Therefore, it is necessary to recall these differe
and to point out the conditions required to allow for a mea
ingful comparison.

A. Differences

Solving the Schro¨dinger equation~6! for the scattering
state implies that the dynamics is calculated in a nonrela
istic formalism. Relativistic effects are correctly taken in
account only in a proper calculation of the kinematics. In
case of the application of the Glauber approach to unpo
ized proton-nucleus elastic scattering, this approximat
does not seem to produce relevant consequences@12,13#,
even if the energies involved would requirea priori a fully
relativistic treatment. This fact originates from a nontriv
cancellation among higher-order corrections to the lowe
order theory@14# and from the observation that the releva
,
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dynamics takes place in the transverse plane with respe
the propagation axisẑ. On the contrary, a fully relativistic
description, for example, of both the bound state and
electromagnetic vertex@23,9,18,24#, seems to play a signifi-
cant role in (e,e8p) processes and the different kinematic
conditions do not allow for a straightforward generalizati
of the previous results.

In fact, in (p,p) reactions the angular distribution of th
scattered proton is caused by ‘‘soft’’ diffractive proton
nucleon interactions, assuming that rare hard collisions
very large angles are negligible. In (e,e8p), on the contrary,
angular distributions of the emitted-proton momentump8
with respect to the direction of the momentum transferq are
possible even in a complete absence of proton-nucleon
sidual interactions, because of the Fermi motion of the str
proton when considered in its initial bound state.

Moreover, at increasing energies the physical pict
implemented by the Glauber method describes a serie
‘‘soft’’ rescatterings between the target nucleons and the p
jectile, which is approximately considered on shell. Elas
scattering can be due to diffractive regeneration of the
shell projectile flux. Also inelastic intermediate states c
play a role, but still they are considered on shell@25#. In the
case of proton knockout, the energy and momentum tra
ferred to the target can become very high and the elec
magnetic hard vertex can produce a hadron whose natu
quite different from the one of a physical proton. For e
ample, in models of color transparency@26# the possibility is
open for the hard production of a hadronic object who
formation length is bigger than the nuclear size: this ejec
is simply unable to further interact during its propagati
through the nuclear medium and transforms into an on-s
proton well outside of the nuclear surface. Also from t
phenomenology of inclusive electron scattering the sugg
tion is put forward that intermediate states with small-ma
off-shell nucleons are produced by the electromagnetic in
action @27#.

To describe this ‘‘exotic’’ behavior of the ejectile it i
necessary to keep under control the details of its whole s
tering wave function. Despite the ambiguities in the optic
potentialV at smallr ~related to the limits of models for the
nucleon-nucleon interaction at very short distances!, the
whole spatial range ofx (2)(r,s) enters the scattering ampl
tude of Eq.~4!, or alternatively the distorted spectral dens
of Eq. ~5!. Instead, specific assumptions in the Glauber
proach allow for the calculation of the angular distributio
for elastically scattered protons without the need of know
all the details of the projectile wave functio
C(r)[C(r ,u) @11#. Experimental results give informatio
on the asymptotic angular distribution of the scattered-pro
flux with respect to the incoming one, i.e., give an expe
mental check only for theoretical calculations of the ra
uC(r→`,u)/C(r→`,180o)u2.

Nevertheless, the comparison with experimental (p,p)
angular distributions has been quite successful for a la
selection of target nuclei@13#. While in the case of the only
available data for (e,e8p) at high energies, taken by th
NE18 collaboration@28#, the application of the Glaube
model in its most straightforward form leads to an overe
mation of the damping of the outgoing-proton flux at sm
angles. Several interpretations have been proposed to
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count for this discrepancy@29–32# and an analysis of the
intrinsic limitations of the Glauber approach has been car
out in Ref.@22#. Here, we would like to focus on the feature
of the distorting potentialV(r ). Since the Glauber approac
itself is equivalent to the eikonal approximation of meth
B only for a certain class of potentials, a preliminary requi
ment for any meaningful comparison is the proper choice
V(r ) in Eq. ~6! and Eq.~8!.

B. Choice of the distorting potential

In the Glauber modelV(r ) is determined in a paramete
free way starting from the elementary free proton-nucle
scattering amplitudes at the considered energy@11#. In
DWIA calculations of (e,e8p) in quasielastic conditions, i
has usually a Woods-Saxon form whose parameters are
by fitting the phase shifts and the analyzing power of ela
~inelastic! (p,p) scattering on the corresponding residu
nucleus@21#.

In order to set up a potential which can be equivalen
used with methodsA andB, the energy range available to th
final proton has to be selected. The reliability of the eiko
approximation is supposed to increase with increasing e
tile energy@11#, ideally in the limit wherex (2) is expanded
on an infinite number of partial waves. On the other ha
methodA can be considered reliable only for nucleon en
gies such that the conditionLmax@Rtargetp8 is fulfilled, with
Rtarget the radius of the target nucleus. Therefore, we h
selected outgoing-proton momenta in the intermediate ra
1<p8<4 GeV/c and we have solved Eq.~6! up to
Lmax5120, which matches the convergency criterion
quired.V(r ) has the simple Woods-Saxon form

V~r !5~U1 iW!
1

11e~r2R!/a

[~U1 iW!r~r !, ~9!

with the parameters adjusted for the12C nucleus, i.e.,
R51.23A1/3 fm and a50.5 fm. The nuclear densityr(r )
defined in Eq.~9! is normalized such thatr(0)51. No spin-
orbit contribution is taken into account because of the kno
out from thes shell of 12C.

At the nucleon momenta considered here, the elemen
proton-nucleon scattering amplitude is dominated by ine
tic processes andV(r ) is supposed to be mostly sensitive
the imaginary well depthW @33#. However, no phenomeno
logical phase-shift analysis is available beyond the inela
threshold, which could constrainU andW. In a previous
paper @34# we showed that theSs1/2

D of Eq. ~5! for the
12C(e,e8p) reaction atp85q51.4 GeV/c and in perpen-
dicular kinematics~i.e., for gÞ0) shows a rather clear in
sensitivity to the sign and magnitude ofU for different test
choices of (U,W), but for huge valuesU@W which are
forbidden by the mainly absorptive character of the prot
nucleon amplitude at these kinematics. Our conclusion w
therefore, that forp8>1 GeV/c and confining to perpendicu
lar kinematics one could safely useU50. Our choice is not
in contradiction with the Glauber model, where the ra
U/W should equal the ratio between the real and the ima
nary parts of the average proton-nucleon forward-scatte
d
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amplitude, which is expected to be small above the inela
threshold@33#.

As it is suggested by Eq.~8!, the Glauber approach pre
dictsW}p8 as far as the proton-nucleon total cross sect
~and, consequently, the damping of the proton flux! can be
considered constant for different choices ofp8.q, i.e., for
small angles. We checked@34# that the same property holds
with a good approximation, also for methodA, even below
the inelastic threshold. However, in order to reproduce
NE18 data, a smaller proportionality factorW/p8 seems to
be required with respect to the one indicated by the Glau
model. Various interpretations have been suggested to
plain this discrepancy@29–32#, whose discussion is beyon
the scope of this paper. Here, we adopt the choiceW}p8
with a proportionality factor such as to reproduce the NE
data, i.e.,W550p8/1400 MeV. This choice is equivalent t
retaining the full Glauber method, but assuming a sma
proton-nucleon cross section in nuclear matter than in f
space.

C. Analogies

For the 12C(e,e8p)11B s1/2 reaction at proton momenta i
the range 1<p8<4 GeV/c we already checked@34,35# that
both methodsA andB give quite similar angular distribu
tions forSs1/2

D . Particularly atp854 GeV/c @34# the agree-
ment is impressive and suggests that the eikonal approx
tion of Eq. ~7! is reliable at these energies. A commo
feature of both methods is that at small anglesg ~which
correspond to missing momentapm[p82q&pFermi, with
pFermi the Fermi momentum of the target nucleus! the distri-
bution is qualitatively dominated by the contribution whe
no FSI are taken into account, i.e., in the so-called pla
wave impulse approximation~PWIA!. With a good approxi-
mation the total result reproduces the single-particle mom
tum distribution of the struck proton when in its bound sta
and an additional constant damping. After that thresho
usually around the first diffractive minimum of the distribu
tion, the situation changes completely. By schematically
writing Eq. ~5! as

SEa
D ~q!;uPWIA1FSIu2

5uPWIAu21uFSIu212Re~PWIA•FSI* !, ~10!

the qualitative picture emerges where forpm;pFermi the re-
sults start becoming sensitive to the interference betw
PWIA and FSI and for large angles (pm@pFermi) the uFSIu2
contribution dominates producing an oscillating diffracti
pattern which is completely different from the one showed
PWIA ~see Fig. 3 of Ref.@35#!. In other words, for very large
values of transversepm the process can be factorized into th
virtual-photon absorption on a free proton and the sub
quent coherent diffractive scattering of the struck prot
with the residual nucleus. Since the diffractive pattern
large angles is reminiscent of a similar trend in the proto
nucleus elastic scattering@12#, it is quite natural to select this
kind of kinematics and to try to deduce information on F
by comparison between the two different reactions.

An expression for (p,p) scattering similar to the distorte
spectral density of Eq.~5! can be written as
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SDD~q!

[U(
Ea

E dr dsx f* ~r,s!fEa* ~r,s!fEa~r,s!x i~r,s!U2

.UE dr dsx f* ~r,s!r~r!x i~r,s!U2, ~11!

wherex i ,x f are the distorted wave functions for the incom
ing and outgoing proton flux, respectively, and the sum r
over all the possible discrete statesfEa with energyE and
quantum numbersa, that the intermediate proton can for
with the target. Ther(r) is, in principle, the diagonal part o
the density matrix; in practice, it is approximated by t
nuclear density of the target. Equation~11! is the simplest
expression that can be conceived to build the cross sec
for (p,p) scattering. Many other corrections have been p
sented in the literature@13#, which would correspond to fur
ther improvements in the treatment of FSI in Eq.~5!, and
therefore are disregarded.

Assuming the validity of the eikonal approximation, th
densityr(r ) becomes proportional to the potentialV(r ) en-
tering Eq.~8!, whose solutionsx i ,x f are

x i~r!5eipi•rexpSCE
2`

z

r~r' ,zi8!dzi8D ,
x f~r!5eipf•rexpSCE

z

1`

r~r' ,zf8!dzf8D , ~12!

whereC is a constant factor relatingV(r ) to r(r ) and r'
describes the degrees of freedom in the transverse plane
respect to the propagation axisẑi8 ,ẑf8 , which are taken par-
allel to the momentapi ,pf of the incoming and outgoing
protons, respectively.

Since at high proton momenta the angular deviation fr
the initial trajectory is usually small, the integrals in Eq.~12!
can be computed in the average directionẑ85( ẑi81 ẑf8)/2.
Therefore, Eq.~11! becomes

SDD~q!5U E dr r~r !e2 i ~pf2pi !•rexpSCE
2`

1`

r~r' ,z8!dz8D U2
[U E dr r~r !e2 ipm•rexpSCE

2`

1`

r~r' ,z8!dz8D U2,
~13!

which produces the same results of the Glauber standard
pression@11#

E dbe2 ipm•bF12expSCE
2`

1`

r~r' ,z8!dz8D G . ~14!

Here,pm5pf2pi represents the difference between the fi
and initial momenta of the proton, respectively, and is p
pendicular to the average propagation axisẑ8. Thus confirm-
ing the previous qualitative findings, a meaningful compa
son with the (e,e8p) case is possible only for kinematic
s

on
-

ith

x-

l
-

-

with large values of transverse missing momen
pm5p82q. In Fig. 1 theSDD of Eq. ~13! is shown by the
long-dashed curve for the11B s1/2(p,p) reaction atpf54
GeV/c.

By applying the same eikonal approximation to the d
torted spectral density for (e,e8p), Eq. ~5! becomes

Ss1/2
D ~q!5U E dr fs1/2~r!e

2 i ~p82q!•r

3expSCE
z

1`

r~r' ,z8!dz8D U2

[U E dr fs1/2~r!e
2 ipm•rexpSCE

z

1`

r~r' ,z8!dz8D U2.
~15!

The first difference between Eq.~15! and Eq.~13! is the z
dependence of the integral involving the optical potential
in Eq. ~15! pm is chosen to be perpendicular toẑ, the Fourier
transform will be largely unaffected by thez dependence of
the integral andSs1/2

D can be approximated by

Ss1/2
D ~q!.UE dr fs1/2~r!e

2 ipm•rexpSC2E2`

1`

r~r' ,z8!dz8DU2.
~16!

In Fig. 1 the solid and short-dashed curves represent Eq.~15!
and Eq. ~16! for the 12C(e,e8p)11B s1/2 reaction at
p85q54 GeV/c, respectively. The similarity of the two
curves confirms the insensitivity to the longitudinal positi
of the knockout pointz. It must be stressed that this is ju
tified only for pm' ẑ. Assuming that at high energies an

FIG. 1. The solid line represents the distorted spectral den
Ss1/2
D in the eikonal approximation for the12C(e,e8p)11B s1/2 reac-
tion at p85q54 GeV/c for various values of transverse missin
momentum and for a purely imaginary optical potential with dep
W550p8/po MeV, with po51.4 GeV/c. The bound state is derived
from the potential of Comfort and Karp@21#. The short-dashed line
shows the result when the further approximation of Eq.~16! is
applied~see text!. The long-dashed line refers to the transition pro
ability SDD of Eq. ~13! ~see text! for the 11B s1/2(p,p)

11B s1/2 reac-
tion in the same kinematics.
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momenta theSs1/2
D is less sensitive to the details of the bou

statefs1/2 and is dominated by the exponential factors
very close similarity can be recovered between Eq.~13! and
Eq. ~16!. The corresponding long- and short-dashed cur
in Fig. 1 show, after the threshold of the first diffractiv
minimun where theuFSIu2 contribution in Eq.~10! starts
dominating, the same universal angular pattern, thus c
firming the previous assumption on the FSI dominance
large energies.

The situation can be summarized as follows. In the
sence of exotic effects, the FSI for the (e,e8p) reaction be-
come dominant approximately beyond deflection angleg
such that the missing momentumpm exceeds thepFermi of the
target nucleus. The angular distribution for large values
transversepm is completely different from the PWIA resu
and shows the same universal diffractive pattern of the
tribution of protons elastically scattered by the same resid
nucleus and at the same energy and momentum.

Therefore, since no information was put inside the ma
elements of Eq.~15! about the interaction vertex, any devi
tion from the previous picture has to be ascribed to the
tails of the ~hard! virtual-photon absorption in nuclear me
dium and to the modifications that can induce on the str
hadron. For example, it has been argued@36# for (e,e8p)
that, because of inelastic corrections, at increasing ener
rise of the nuclear transparency is to be expected, that w
be hardly distinguishable from effects like color transp
ency. Since this kind of inelastic corrections is one of t
higher-order ingredients adopted to improve the (p,p) elastic
cross section of Eq.~11! @25#, the comparison between th
two reactions in the kinematics specified above could be
much help. In general, the signature of any possible co
transparency phenomenon in hard (e,e8p) scattering is that
the nuclear response should look more similar to the PW
result. The traditional strategy has been so far to search
variations of the nuclear damping in the outgoing-prot
flux, particularly at small missing momenta@28#. However,
very precise and unambiguous results must be obtaine

FIG. 2. The distorted spectral densitySs1/2
D for the

12C(e,e8p)11B s1/2 reaction in the same kinematical conditions as
Fig. 1. The dashed line corresponds to the solid line in Fig. 1.
upper ~at g;6o) solid lines are obtained when reducing the w
radius of the optical potential by 17% and 8%; the lower one wh
increasing it by 8%.
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this purpose. From previous comments, it could be equ
convenient to analyze the angular distribution for complet
exclusive reactions, because FSI can significantly ‘‘disto
the PWIA result. Moreover, from the comparison with th
diffractive tail of the corresponding elastic (p,p) distribution
further insight into the reaction mechanism of the~hard!
electromagnetic vertex could be gained.

IV. PROPERTIES OF FSI
FOR LARGE-ANGLE DISTRIBUTIONS

It has already been observed that in the angular distr
tion for (e,e8p) scattering a special role is played by th
pFermi of the target nucleus. In fact, for angles correspond
to transverse missing momenta larger thanpFermi the relation
FSI@PWIA holds and the shape of the curve is determin
by the rescatterings of the hit hadron.

In Fig. 2 theSs1/2
D is shown by the dashed line for th

12C(e,e8p)11B s1/2 reaction atp85q54 GeV/c with the
bound state taken from the solution of the Woods-Sax
potential of Comfort and Karp@21# and with the optical po-
tential described in Sec. III B. The solid curves are produc
by varying the well radiusR of the optical potential. The
small-angle part of the distribution~around the first mini-
mum and following secondary maximum, i.e., fo
pm&2pFermi, which is aroundg56o for p854 GeV/c) is
not very much affected, while the large-angle diffractive p
tern is significantly modified both in the size and in the fr
quency of the secondary maxima. On the contrary, no
nificant change is observed when keeping everything fi
but the imaginary depthW in Eq. ~9!, as is evident from Fig.
3. Assuming that the residual nucleus can be represente
a simplified picture, as a ‘‘nuclear lens,’’ from Fig. 2 it ca
be deduced that modifying the size of the lens changes
diffractive shape of the beam of particles scattered at la
angles. However, the average slope, which can be ident
as the tangent to the distribution in the secondary maxima

e

n

FIG. 3. The distorted spectral densitySs1/2
D for the

12C(e,e8p)11B s1/2 reaction in the same kinematical conditions as
Fig. 1, but with a variable imaginary depthW of the optical poten-
tial. The dashed line is obtained withW5150 MeV, which corre-
sponds approximately to the solid line in Fig. 1. The upper a
lower ~at g50o) solid lines correspond toW5100 and 200 MeV,
respectively.
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54 3123ANGULAR DISTRIBUTIONS FOR KNOCKOUT AND . . .
not modified. Moreover, a regular oscillatory pattern is d
to interference among the fluxes of particles scattered b
discrete~periodical! structure of scatterers, typically poin
like sources or a lattice. Diffraction from a continuous stru
ture would cause a distribution with a single central ma
mum. In the case of (e,e8p), the obvious identification
follows between the structure of scatterers and the nucle
inside the residual nucleus. But in the formalism leading
Eq. ~5! there is no signature of the many-body aspect of
residual interaction. The optical model is, in fact, a mea
field approximation to the problem of FSI with smooth
varying properties.

However, the diffusenessa of the Woods-Saxon well@see
Eq. ~9!# is the only parameter that introduces into the pro
lem a dimensional length of the order of the nucleon si
which is in turn very similar to the range of nucleon-nucle
correlations. Inspection of Fig. 4, whereSs1/2

D is calculated in
the same conditions as in Fig. 2, shows that varyinga not
only modifies the size, but also the average slope of
angular distribution. The dashed line here corresponds to
dashed line in Fig. 2. It is evident that large-angle emissi
are largely affected by the nucleon-nucleon interactions
ing place in the nuclear surface. Also the short-dista
structure of the internal nuclear medium is important, b
small volumes in the nuclear interior can be conside
roughly isotropic and unable to select a preferred direct
~as it is usually assumed in the local-density approximatio!.

By combining the previous observations about the se
tivity of the results toR and a, we can deduce first that
small spatial region of sizea on the nuclear surface is re
sponsible for the overall feature of the large-angle distri
tion in momentum space. Second, in Eq.~13! the surface
oscillations ofr(r ) produce high-frequency components
momentum space, among which only those close topm are
emphasized in the Fourier transform. This corresponds
selecting only two surface regions of sizea, which can con-
tribute to the emission of a nucleon with initial missing m
mentumpm . They can be identified through the intersecti

FIG. 4. The distorted spectral densitySs1/2
D for the

12C(e,e8p)11B s1/2 reaction in the same kinematical conditions as
Fig. 1. The dashed line corresponds to the solid line in Fig. 1.
lower ~at g;10o) solid line is obtained when reducing the diffus
ness of the optical potential by 50%; the upper one when increa
it by 50%.
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between the directionp̂m and the nuclear surface. The di
fractive pattern can, therefore, be interpreted as the quan
interference between the fluxes emerging from these two
gions. In fact, from Fig. 2 it turns out that the finer details
the oscillations in momentum space are sensitive to
nuclear sizeR, or equivalently to the relative distance b
tween the two regions, which is much bigger than their s
a.

From this picture the findings in Ref.@37# are confirmed
that, by a suitable modification ofR,a in the optical potential
in a way compatible with the constraints dictated by pha
shift analysis, most details of final-state rescattering
(e,e8p) at large angles can be effectively reproduced b
mean-field optical model.

Finally, it must be stressed that for all these results it
crucial that the residual nucleus be in a well-defined sta
Only in this case its internal structure can be coheren
tested by the ejectile. Energy-integrated distributions~like
semi-inclusive (e,e8p) reactions@22,30,38#! can test by defi-
nition only the average behavior of the emitted proton, th
leading to very different angular shapes.

V. CONCLUSIONS

It has been shown elsewhere@34,35# that for the
12C(e,e8p)11B s1/2 reaction at proton momenta 1<p8<4
GeV/c ~relevant to the planned experiments at CEBAF! the
eikonal approximation to the scattering wave of the ejec
produces angular distributions very similar to the ones
tained when the complete second-order differential equa
is solved up to 120 partial waves. Assuming this approxim
tion as a reliable one, it has been here demonstrated tha
large-angle part of this distribution and the correspond
one for 11B s1/2(p,p)

11B s1/2 elastic scattering have a unive
sal feature corresponding to a coherent diffractive scatte
of the outgoing proton from the11B s1/2 excited nucleus. This
is due to the dominance of FSI in this kinematical regio
Because of the nontrivial differences between the two re
tions, the comparison is meaningful only for missing m
menta with a large transverse component with respect to
momentum transferq. With these constraints, it is argue
that it may represent a more convenient tool to disentan
effects due to the~hard! electromagnetic vertex from~exotic!
effects related to the propagation of the struck had
through the nuclear medium. While the small-angle part
the distribution is affected mainly by the single-particle m
mentum distribution of the emitted proton when in its bou
state ~already accessible in PWIA!, the large-angle par
shows a marked sensitivity to the dimensional parameter
the well of the residual potential, particularly to its surfa
thickness which is related to the dimensional scale of
short-range nucleon-nucleon interaction.
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