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Spin-orbit final-state interaction in the framework of Glauber theory for „e,e8p… reactions
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We investigate the reactionsD(e,e8p)n andD(eW ,e8p)n at GeV energies and discuss the opportunities to
distinguish between different models for the nuclear ground state by measuring the response functions. In
calculating the final-state interaction~FSI! we employ Glauber theory, and we also include relativistic effects
in the electromagnetic current. We include not only the central FSI, but also the spin-orbit FSI which is usually
neglected in (e,e8p) calculations within the Glauber framework, and we show that this contribution plays a
crucial role for the fifth response function. All of the methods developed here can be applied to any target
nucleus.@S0556-2813~99!07205-2#

PACS number~s!: 25.30.Fj, 24.10.2i, 24.70.1s, 25.101s
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I. INTRODUCTION

Currently, there are many exclusive electron scatter
experiments being performed or in the planning stage at
dium to high energies, e.g., at TJNAF~Jefferson Lab!, Bates,
NIKHEF, and MAMI. A sketch of the typical reaction i
provided in Fig. 1. In treating the problem theoretical
ideally one would use a microscopic Hamiltonian for t
description of both the nuclear bound state and the—in g
eral rather complicated—hadronic final state. Such a mic
scopic Hamiltonian would also contain a minimal coupli
to the photon, so that the initial-state, final-state, and elec
magnetic current operators would all be treated consiste
in a microscopic, relativistic fashion. In practice, it is ve
difficult to perform a consistent calculation of both nucle
ground state and final hadronic scattering state and, e
cially for medium and heavy nuclei, it is unlikely that
consistent, fully microscopic and therefore relativistic tre
ment will be available in the near future.

At present, there are several approximate calculations
particular electronuclear reactions available for few-bo
systems@1–3#. However, it is difficult to extend these ap
proaches for few-body systems to energies above the
emission threshold. Given the considerable effort that
expects will be put into experimental studies in this field,
the next few years calculations in the few GeV regime
reactions at least with deuteron targets will hopefully b
come available, although even this is not trivial. For hea
nuclei, there are only relativistic mean-field calculatio
available.

Therefore, at present in practice one is forced to split
problem up into three separate parts, namely, the calcula
of the ground state, the calculation of the final hadronic st
and the treatment of the electromagnetic current. Althou
the approaches taken for those different parts will not
consistent, there is a good chance that by doing the
possible job for each separate ingredient, one will be abl
incorporate the essential physical features in the theore
description of exclusive electron scattering at high energ
For the nuclear ground-state wave function one either us
solution of a bound-state Schro¨dinger equation or one of th
PRC 590556-2813/99/59~5!/2676~13!/$15.00
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more sophisticated microscopic few-body wave functio
which are now available@2,3#. The final state is typically
calculated using optical potentials or multiple scatteri
theory. It is our aim to focus on two parts of the problem: t
electromagnetic current and the final state. The relativi
effects in the electromagnetic current operator have been
vestigated elsewhere@4# and were found to be quite impor
tant. They are included in all of the calculations presented
this paper. We will discuss methods that are applicable to
nuclei in a wide range of energies. We develop and test th
methods for the case of electron scattering on the deutero
that these effective methods can be checked against th
sults of microscopic calculations, once the latter are av
able.

This paper is organized as follows: after this brief intr
duction in Sec. I, in Sec. II we summarize different theor
ical models for the deuteron wave function and indicate w
is expected for the plane-wave impulse approximat
~PWIA!. In Sec. III, we consider the effects of final-sta
interactions~FSI’s! and their description at high energies b
Glauber theory. We discuss the different effects of cen
and spin-orbit FSI’s, which are due to their different sp
structure and to their different ranges. Then in Sec. IV
discuss the various possible choices of parameters for

FIG. 1. Schematic representation of the (e,e8N) reaction. The
electron exchanges a photon with the nucleus, and the ph
knocks out a nucleon which undergoes final-state interacti
~FSI’s! while leaving the nucleus. The scattered electron and
nucleon are detected in coincidence. The other hadrons in the
state remain unobserved.
2676 ©1999 The American Physical Society
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PRC 59 2677SPIN-ORBIT FINAL-STATE INTERACTION IN THE . . .
FIG. 2. Panel~a! shows the nucleon momen
tum distributionn(p) for the deuteron calculated
with the Bonn wave function~solid line! and the
Paris wave function~dashed line!. Panel ~b!
shows the decomposition of the full nucleon m
mentum distribution calculated with the Bon
wave function~solid line! into the S-wave part
~dashed line! and theD-wave part~dash-dotted
line!.
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FSI calculation and end in Sec. V with a brief summary a
outlook.

II. MODELS FOR THE NUCLEAR GROUND STATE
AND THE PWIA

Before we discuss the incorporation of FSI’s and the s
ability of specific observables for the discrimination betwe
different theoretical models, we would like to recall the d
ferences between these models. There exist several mo
of the nucleon-nucleon interaction which are based
meson-exchange potentials@5–7# that not only make predic
tions for the deuteron wave function, but also describ
wide range of freeNN and meson-nucleon scattering da
Recently, more microscopic approaches have been de
oped @2,3#. The main difference between the meso
exchange models lies in the differentD-wave probability in-
curred: for instance, the Bonn model predicts a lowerD-state
probability than most other models. There are also some
ferences in the very-short-range part (r ,0.5 fm) of theS
wave. For the later discussions, we compare results for
Bonn wave function@5# and the Paris wave function@6#, as
they are good representatives of the available models an
most other theories will fall in between them.

In the PWIA, the (e,e8N) cross section is proportional t
the product of the electron-nucleon half-off-shell cross s
tion times the spectral functionS(E,pW ), which gives the joint
probability to find a nucleon of energyE and momentumpW
in the nucleus:

d6sPWIA

de8dVedVNdEN

5KseNS~E,pW !, ~1!

where K is a kinematic factor andseN is the electron-
nucleon half-off-shell cross section. In the case of the d
teron, the energyE is fixed by the binding energy and th
spectral function reduces to the momentum distributionn(p)
which does not depend on the direction of the momentumpW ,
as long as unpolarized deuterium is considered. Differ
predictions for the momentum distributionn(p) are shown
in Fig. 2~a!. It should be noted that although the discrepan
for higher momenta is large—up to a factor of 5—the m
mentum distribution varies over seven orders of magnitu
and the agreement between the models is quite good ove
It is interesting and important to glean information on t
high momentum part ofn(p) from experiment, as it is this
kinematic region that is expected to tell us about the tra
tion from hadronic degrees of freedom to quark-gluon
grees of freedom.
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The different predictions for momentap.1.5 fm21 stem
from the differentD-wave probabilities: in Fig. 2~b!, the de-
composition of the momentum distribution intoS-wave and
D-wave is shown, and one can see clearly that the mom
tum distribution is dominated by theD-wave for momenta of
1.5 fm21 and higher.

Of course, the simple picture of the PWIA is only a
approximation, as the outgoing nucleon will in fact intera
with the residual system, and this interaction will break t
simple factorized relation of Eq.~1! involving the single-
nucleon cross section and nuclear spectral function. T
means that the momentum distribution cannot be extrac
from the data immediately; in fact, it is a difficult problem t
find observables which show sufficient sensitivity to the d
ferent models of the ground-state wave function. In the f
lowing, we will discuss some possible candidates.

III. FINAL-STATE INTERACTION

Here we are interested in scattering in the GeV ene
regime, and the natural description of the FSI in this regi
is given by Glauber theory@8#. Let us briefly recall the
change of the nature of theNN interaction that occurs in
going from low to high energies. At energies of 100 MeV
less, the scattering of nucleons is elastic and nearly isotro
and only a few partial waves contribute, while in contrast,
high energies, the interaction becomes absorptive, as
particles are produced. At an energy of 500 MeV, the prot
proton inelastic cross section rises sharply from values
less than 2 mb to approximately 30 mb~for a review, see
@9#!. It then remains almost constant for energies up to s
eral hundred GeV. TheNN interaction also becomes diffrac
tive at high energies. The proton-nucleus elastic scatte
data~see, e.g.,@10,11#! taken at proton beam energies of
GeV and higher show a clear diffractive pattern, with bro
maxima and diffractive dips, reminiscent of the patterns o
tained in optics in Fraunhofer diffraction. In the past, the
have been great successes in the description of pro
nucleus scattering data with Glauber theory~see, e.g.,@10–
12#!, and we will apply it here—with the necessa
modifications—to the (e,e8N) reaction.

Once the FSI is included, the generic form of the mat
elements we have to calculate isMf i5^ f uSJemu i &, whereJem
denotes the current operator andS is the FSI operator dis-
cussed below. An overview of the conventions used in t
paper and the relativistic current operator employed in
calculations can be found in the Appendix. The FSI opera
S(rW) for the interaction between the outgoing nucleon an
spectator nucleon reads
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FIG. 3. On the left, the fivefold differentia
cross section for the reactionD(e,e8p)n is
shown in parallel kinematics~the angle of the
missing momentumq50°); on the right, it is
shown for perpendicular kinematics (q590°).
The solid line shows the calculation includin
central FSI’s, while the dashed line shows th
PWIA result. The beam energy is 6 GeV.
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S~rW !512u~z!G~bW !, ~2!

where the distancerW between the two interacting nucleon
is decomposed into longitudinal and transverse pa
rW5bW 1z•q̂, where q̂ indicates the direction of the virtua
photon’s momentum. Theu function indicates that the spec
tator nucleon has to be in the forward hemisphere with
gard to the struck nucleon; otherwise, no FSI’s will ta
place.G(bW ) is called the profile function ofNN scattering,
and is related to theNN scattering amplitudef ( lW) via the
Fourier transform:

G~bW !5
1

2p ikE d2 lW exp~2 i lW•bW ! f ~ lW !. ~3!

Here kW is the incident nucleon momentum,kW8 denotes the
outgoing nucleon’s momentum, andlW5kW2kW8 is the momen-
tum transferred in theNN scattering~not to be confused with
the momentumqW transferred to the nucleus by the electro!.
The most general form for the scattering amplitude in
NN center-of-mass~c.m.! system assuming parity conserv
tion, time-reversal invariance, the Pauli principle, and is
spin invariance can be written in terms of five invariant a
plitudes~see references given in@9#!:

f ~ lW !5A~ lW !1B~ lW !~sW 11sW 2!•n̂1C~ lW !~sW 1•n̂!~sW 2•n̂!

1D~ lW !~sW 1•m̂!~sW 2•m̂!1E~ lW !~sW 1•ĥ!~sW 2•ĥ!. ~4!

The nucleon spin operators are denoted bysW 1 and sW 2, and
n̂[kW3kW8/ukW3kW8u, m̂[(kW2kW8)/ukW2kW8u, and ĥ[(kW1kW8)/ukW

1kW8u.
In principle, the amplitudesA, B, C, D, and E can be

determined from a complete phase shift analysis ofNN data.
In practice, for Glauber theory calculations one choose
parametrization of the central amplitudeA in terms of three
experimentally known parameters: the totalNN cross sec-
tion, the diffraction slopeb0

2, and the ratior of the real to
imaginary parts of the elastic forward scattering amplitu
We discuss the differences between these approaches la
Sec. IV. For the following discussion, we employ the lat
approach, writing

A~ l !5
ks tot

NN

4p
~r1 i !exp~20.5l 2b0

2!. ~5!

Note that sometimes this amplitude is parametrized as
s:

-

e

-
-

a

.
r in
r

A5A0 exp~2bAl 2!, ~6!

whereA0 andbA are complex numbers, leading to a profi
function of the form

G~bW !5
s tot

NN~12 ir!

4pb0
2

expS 2
bW 2

2b0
2D . ~7!

For a 1 GeV nucleon,b0'0.5 fm and accordingly the pro
file function changes on a scale that is much smaller than
nuclear radius, i.e., approximately 2 fm for the deutero
This means that the central FSI operator is a short-ran
function with respect to the transverse separation of
nucleons and a long-ranged function with respect to th
longitudinal separation.

In the analysis of the proton-nucleus scattering data,
spinless version of Glauber theory, including only the cen
part of theNN interaction, was very successful@10,11#. We
also start by including only the central part, as was do
before in@13,14#.

A. Central FSI’s

Before we start the discussion of the results includ
FSI’s, some remarks about conventions and the choice
kinematics are in order. We plot our results versus the m
ing momentumpW m5qW 2pW N , where qW is the momentum
transferred to the nucleus by the electron andpW N is the mo-
mentum of the detected nucleon in the final state. In
PWIA, it coincides with the negative initial momentum o
the struck nucleon inside the nucleus:pW m52pW . We denote
the angle betweenpW m and qW by u, and the term ‘‘parallel
kinematics’’ indicatesu50° and ‘‘perpendicular kinemat
ics’’ indicates u590°. In this paper, we assume that th
experimental conditions are such that the kinetic energy
the outgoing nucleon and the angles of the missing mom
tum, u and the azimuthal anglef, are fixed. The kinetic
energyTp of the outgoing proton is fixed to 1 GeV. Fo
changing missing momentum, the transferred energy
momentum change accordingly. Figure 3 shows the fivef
differential cross section for the reactionD(e,e8p)n in par-
allel kinematics~left panel! and for perpendicular kinematic
~right panel!. In perpendicular kinematics, the effect of th
central FSI’s is most pronounced: for missing momenta fr
0.8 fm21 to 1.5 fm21, the FSI reduces the cross sectio
and for missing momenta higher than 1.5 fm21, it drasti-
cally enhances the cross section, by up to an order of m
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FIG. 4. On the left, the fivefold differentia
cross section for the reactionD(e,e8p)n is
shown in the PWIA; on the right, it is shown
including central FSI’s. The top panels show th
cross section in parallel kinematics, whereas t
bottom panels show it in perpendicular kinema
ics. The solid line shows the calculation pe
formed with the Bonn wave function, while th
dashed line is the Paris wave function result. T
beam energy is 6 GeV.
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nitude. The central FSI effects in parallel kinematics a
smaller, but still important for higher missing momenta.

Figure 4 shows the cross section in the PWIA and w
central FSI’s, calculated using the Bonn and the Paris w
functions. Whereas the predictions of the two models dif
for the PWIA for higher missing momenta, the curves b
come almost indistinguishable in perpendicular kinema
and very similar in parallel kinematics once FSI effects
included. These results can be understood when we con
the properties of final-state interactions: they are sh
ranged, and this means that while they act on theS wave,
their effect on theD wave is small, as theD wave is sup-
pressed at short distances by the centrifugal barrier. In
discussion of Fig. 2, we have seen that the difference
tween the models at higher momenta stems from their dif
entD-wave content, and that theD wave dominated the mo
mentum distribution at higher momenta. Once FSI’s
included in the calculation, they redistributeS- wave strength
from low and medium missing momenta to high missi
momenta, so that with FSI’s, theS wave becomes importan
for this kinematic region. As the wave function models
not differ too much in theS wave, the cross sections calc
lated with the two models including FSI effects do not diff
very much, either. These issues have been discusse
greater detail in@13#.

Thus, the unpolarizedD(e,e8p)n cross section is not a
good candidate for the experimental discrimination betw
theoretical models. The central FSI effects in the longitudi
and transverse response functions are fairly similar to the
effects in the cross section~for the convenience of the reade
the definition of the response functions and the differ
components of the current operator is given in the App
dix!. This comes as no surprise, becauseRL is dominated by
the zeroth-order charge operator andRT is dominated by the
magnetization current. Their coordinate space structure is
same apart from different multiplicative factors, the ma
difference being in the spin-operator structure. As we
considering only central FSI’s at this moment, the FSI eff
in the two sectors will be the same.
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In order to find a better suited observable for the study
the nuclear ground state, we turn our attention to the sma
interference responsesRTT andRTL , which have a different
structure than the larger responsesRL and RT . Since the
former vanish in~anti!parallel kinematics, in Fig. 5 we show
them only in perpendicular kinematics. One should note t
the transverse-longitudinal responseRTL is considerably
smaller thanRL and RT , and that in turn the transverse
transverse responseRTT is much smaller thanRTL . We re-
mark that the separation of the interference responses f
the measured cross section is by no means easy; here
focus on discussions of their properties, disregarding the
perimental feasibility for the moment.

In panels~a! and ~c! of Fig. 5 we showRTT and RTL

calculated in the PWIA~dashed line! and including central
FSI’s ~solid line!; in panels~b! and ~d!, we show the re-
sponses calculated with central FSI’s decomposed into t
S-wave~dashed line! andD-wave~dash-dotted line! compo-
nents.

First, we discussRTL , shown in panels~a! and~b! of Fig.
5. Starting at missing momenta of 1 fm21, the transverse-
longitudinal response shows a strong FSI effect: at first,
response is reduced by final-state interactions; then, forpm

.2.2 fm21, it is enhanced. The overall behavior of the F
effect is similar to that in the cross section and inRL andRT ,
but the enhancement due to FSI’s sets in at higher mis
momentum—for the cross section, it starts atpm

.1.5 fm21. The decomposition of the response intoS-wave
and D-wave components, as shown in panel~b!, exhibits a
unique feature ofRTL in that even with the final-state inter
actions included, theD wave plays a prominent role, and a
medium missing momenta 1.2 fm21,pm,2.3 fm21, it is
much larger than theS-wave contribution. This does not hap
pen in the longitudinal response@13# or in the transverse
response. TheD wave is scarcely affected by FSI’s, and on
when the S-wave contribution becomes larger than t
D-wave contribution does the typical enhancement of
response in perpendicular kinematics due to FSI’s set in
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FIG. 5. The top panels~a! and ~b! show the
absolute value of the transverse-longitudinal r
sponse functionRTL , while the bottom panels~c!
and~d! show the absolute value of the transvers
transverse response functionRTT . In all panels,
the solid line shows the calculation includin
central FSI’s. The dashed line in~a! and ~c!
shows the PWIA result, whereas the dashed l
in ~b! and~d! shows theS-wave contribution and
the dash-dotted line in~b! and ~d! shows the
D-wave contribution. The total responseRTT is
negative over the entirepm range, as is its S-wave
part. TheD-wave part is positive for missing mo
menta less than 0.5 fm21 and then turns nega
tive, too. The total responseRTL is positive over
the entirepm range, as is itsD-wave part. The
S-wave part is negative from 1.4 fm21 to
2.1 fm21.
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The transverse-transverse responseRTT shows only a
small effect of FSI’s, namely, a slight reduction at mediu
missing momenta. Figure 5~d! explains why: for missing mo-
mentapm.1.5 fm21, the response is entirely given by th
D-wave contribution, while theS wave is negligible for me-
dium missing momenta and increases again only forpm
.3 fm21, a region where the whole response is sm
Since the central FSI’s are short ranged, they do not af
the D wave very much—see the discussion above—a
therefore the FSI effects onRTT are small.

So at this stage it seems that, if they could be determi
experimentally, the interference responses might be w
suited for an experimental discrimination between differ
theoretical models for the nuclear ground state, as they d
mainly in theirD-wave content and bothRTT andRTL show
sensitivity to it. However, here we have to be careful a
review the approximations which went into our calculati
so far. One has to keep in mind that the interference
sponses are much smaller than the longitudinal responsRL
and the transverse responseRT , and thatRTT roughly ac-
counts for only 1% of the total cross section, andRTL is not
much bigger. So any additional contribution that would b
1% effect on the total cross section, and which might the
fore be neglected with good reason in the calculation of
cross section, could give rise to a huge effect in the inter
ence responses, especially inRTT . For example, meson
exchange current effects~which are not considered in th
present work! may play such a role.

One of the reasons why the transverse-transverse resp
is so small is that in the PWIA the magnetization curre
cannot contribute, unless one includes a second-order
tivistic correction to the current~see@4#! with which it can
interfere. Recalling thatRTT52Re@J1* J2# and taking into
account that for the magnetization currentJ6 contains the
spin-flip operators6 , it is easy to see that for theSwave the
magnetization current cannot contribute, unless there
spin-dependent, spin-flipping FSI. This means that, altho
it is quite reasonable and has been a common, succe
practice to use only a central final-state interaction within
framework of Glauber theory in the calculation of cross s
l.
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tions, it is not appropriate to neglect the spin-dependent
in the calculation of certain responses, in particular in
calculation of the interference responses discussed here
now proceed to address this issue.

B. Spin-dependent FSI’s

TheNN amplitude in Eq.~4! contains one spin-orbit term
and three double-spin-flip terms. The unique determinat
of these contributions to theNN amplitude is more difficult
than for the central part, and especially the double spin-
terms are hard to obtain. Because of their different s
structure, the spin-orbit term and the double-spin-flip ter
have different effects on the (e,e8p) observables, so that
separate discussion of them is justified. Here, we concen
on the spin-orbit term. It may be parametrized as

B~ l !5g
ks tot

NN

4p
~rs1 i !l exp~20.5l 2bs

2!. ~8!

The corresponding profile function reads

Gs~bW !52 ig
s tot

NN

4pbs
4 ~12 irs!b expS 2

b2

2bs
2D , ~9!

so that we have, for the full profile function defined in E
~3!,

G~b!5Gc~bW !1Gs~bW !sW •nW , ~10!

with nW 5b̂3 k̂. Comparing the expression for the spin-orb
amplitude with that for the central amplitude, the main d
ference is in the functional form of the former: it contains
factor l, wherel is the transferred momentum, and this mak
the corresponding spin-orbit profile functionGs(bW ) a longer-
ranged function than the short-ranged central profile funct
G(bW ). In addition, the value ofbs is larger than that ofb0
used for the central amplitude, further increasing the lon
range of the spin-orbit amplitude. The value forg'0.16 fm
taken from@12# indicates that the absolute value of the sp
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FIG. 6. The real part~left panel! and the absolute value of the imaginary part~right panel! of the central profile function~solid line! in
coordinate space forpn scattering atTlab51 GeV and the spin-orbit profile function~dashed line!. The profile functions are plotted versu
the transverse separationb of the two nucleons. The parameters for the central part ares tot

pn541.1 mb,b050.48 fm, andr520.48. For the
spin-orbit part, we useg50.16 fm, bs50.65 fm andrs520.24. The imaginary part of the spin-orbit profile function is negative and
imaginary part of the central profile function is positive.
on
l-

h

ea

a

wn
s-
t
in
th

art

er

se

the
the
wo
t
the

n
in-
o

orbit amplitude is much smaller than the central contributi
This indicates that the contribution of the spin-orbit fina
state interaction will be significant only if it interferes wit
the central FSI.

To illustrate these points, in Fig. 6 we compare the r
and imaginary parts of the central profile function~solid line!
and the spin-orbit profile function~dashed line! for p-n scat-
tering. We use the parameterss tot

pn541.1 mb, b0

50.48 fm, andr520.48, while for the spin-orbit part we
use g50.16 fm, bs50.65 fm, andrs520.24. These pa-
rameters are the average of the parameters quoted in T
10 of Ref. @11# for Glauber theory analyses atTlab
51 GeV. For the real parts of the profile functions, sho
in panel ~a!, the central contribution is dominant for tran
verse separationsb,1.6 fm, then falls off quite fast, and a
b>2.5 fm is two orders of magnitude smaller than the sp
orbit contribution. However, at these larger separations,
.

l

ble

-
e

most important contribution stems from the imaginary p
of the spin-orbit profile function; see panel~b!. It dominates
the central contribution already forb.1 fm, and remains
quite large for largerb. We note that there are even larg
values forbs published in the literature, e.g., a value ofbs
50.81 fm in @12#, and that, if one substitutes one of the
for our smaller value ofbs50.65 fm, the spin-orbit profile
function will be enhanced significantly at largerb.

In the following, we investigate the consequences of
longer-range character and different spin structure of
spin-orbit profile function. For the cross section and the t
large responsesRL and RT , the influence of the spin-orbi
FSI is—as expected—very small. The simple structure of
longitudinal responseRL5uru2 and transverse responseRT
5uJ1u21uJ2u2 does not restrict any kind of contributio
even with central FSI’s, and therefore, by including the sp
orbit FSI which would allow for different spin structures t
n

FIG. 7. The top panels~a! and~b! show the absolute value of the transverse-longitudinal response functionRTL , while the bottom panels

~c! and ~d! show the absolute value of the transverse-transverse response functionRTT . In all panels, the solid line shows the calculatio
including central and spin-orbit FSI’s. The dashed line in~a! and ~c! shows the central FSI result; and the dash-dotted line in~a! and ~c!
shows the PWIA result. In panels~b! and ~d!, the dashed line shows theS-wave contribution and the dash-dotted line shows theD-wave
contribution. The full responseRTT is negative, except for 1.2 fm21,pm,1.5 fm21. Its S-wave part is negative over the entirepm range,
and itsD-wave part is positive over the entirepm range. The full responseRTL is positive over the entirepm range, as is itsD-wave part. The
S-wave part is negative from 1.4 fm21 to 2.1 fm21.
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FIG. 8. On the left, the interference respons
RTL andRTT are shown in the PWIA; on the righ
they are shown including central and spin-orb
FSI’s, in both cases for perpendicular kinematic
The top panels show the transverse-longitudin
response function, and the bottom panels sh
the transverse-transverse response function.
solid line shows the calculation performed wit
the Bonn wave function, whereas the dashed l
is the Paris wave function result.
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contribute, no strength is gained. The results with and w
out spin-dependent FSI’s almost coincide, and therefore
do not show them here.

The situation changes once we consider interference
sponses. They are shown in Fig. 7. On the left-hand side
responsesRTT and RTL are shown calculated with the fu
FSI ~solid line!, with central FSI’s only~dashed line!, and
without FSI’s ~dash-dotted line!. For the transverse
longitudinal response, the additional spin-orbit FSI has o
a marginal effect on the result for missing momenta fro
1.8 fm21 to 3.5 fm21. Therefore, also the decompositio
into S-wave andD-wave contributions is practically un
changed compared to the central FSI results.

For the transverse-transverse response, the spin-orbit
plays an important role. The results for the PWIA, i.e.,
FSI’s at all, and for central FSI’s are very similar; they sho
a smooth, structureless decrease with increasing missing
mentum, and the response is negative for the entirepm range.
Once the spin-orbit FSI is included, the response starts
negative at small missing momenta, then changes sig
pm51.2 fm21, and becomes negative again atpm
51.5 fm21. For higher missing momentapm.2 fm21, the
spin-orbit FSI increases the response significantly. This
due to the fact that with the spin-dependent FSI, the mag
tization current now can also have anS-wave contribution to
RTT . Without spin-dependent FSI’s, this contribution do
not exist. As the magnetization current is the largest con
bution toJ1 andJ2 , and as theS wave is the largest com
ponent of the deuteron wave function, the new contribut
introduced by the spin-orbit FSI is obviously important. Th
is demonstrated in Fig. 7~d!, where the full transverse
transverse response is decomposed intoS-wave~dashed line!
and D-wave ~dash-dotted line! contributions. TheS-wave
contribution is larger than theD-wave contribution for all
missing momenta, and it is dominant forpm.2 fm21. This
is in sharp contrast to the picture for central FSI’s only@com-
pare with Fig. 5~d!#: there, theS-wave contribution is much
smaller than theD-wave contribution for pm.2 fm21,
while it is practically negligible in the region from 2 fm21

to 2.5 fm21. Indeed, the increase in theS-wave part in this
region amounts to more than 1.5 orders of magnitude.
effect of the spin-orbit FSI on theS-wave part can be attrib
-
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uted to the spin-structure-changing nature of the FSI.
There is another interesting spin-orbit FSI effect he

which originates in its longer range, namely, the effect on
D wave. As mentioned above and discussed in detail in@13#,
the central FSI does not affect theD wave very much, as it is
short ranged and theD wave is suppressed at short distanc
by the centrifugal barrier. However, the spin-orbit FSI ha
longer range, and if we compare theD-wave part ofRTT with
central FSI’s@Fig. 5~d!# and with central1spin-orbit FSI’s
@Fig. 7~d!#, there is a dramatic difference: the latter caus
the D-wave part to be positive over the entirepm range,
whereas with central FSI’s only, theD-wave part is positive
for missing momenta less than 0.5 fm21 and turns negative
afterwards. The absolute magnitude is affected as well by
spin-orbit FSI: it introduces a dip aroundpm52.2 fm21,
whereas with central FSI’s it just decreases smoothly. Thi
the first instance we encounter where the FSI changes
D-wave contribution significantly. In combination with th
effect of the spin-orbit FSI’s on theS wave, this leads to an
inversion of the importance of the two contributions forRTT .
This is very important, as the ability to discriminate expe
mentally between different theoretical models for the nucl
ground state depends on being sensitive to theD wave, in
which the model predictions differ.

This leads to the last point in our discussion of the int
ference responses: the comparison of the different mo
wave functions. In Fig. 8, in panels~a! and~c!, we show the
transverse-longitudinal and transverse-transverse respo
in the PWIA, calculated with the Bonn wave function~solid
line! and the Paris wave function~dashed line!. As expected,
the results differ at higher missing momentum where
have seen that theD wave plays an important role. Once th
full FSI, including central and spin-orbit interactions, is i
cluded in the calculation,RTL is affected at higher missing
momenta; however, it basically retains its potential for d
crimination between the different ground-state wave fu
tions. This is due to the fact that forRTL , theD wave is an
important contribution for pm.1.3 fm21. For the
transverse-transverse response, the difference in the P
results is roughly the same as forRTL . However, the full FSI
alters the picture: for higher missing momentapm
.2 fm21, the Bonn and Paris wave functions give ve
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FIG. 9. The fifth response functionRTL8 is
shown in panel~a! calculated with full FSI’s
~solid line! and with central FSI’s only~dashed
line! in perpendicular kinematics at an azimuth
anglew590°. The full response is negative fo
pm,1.4 fm21; with central FSI’s only, it is posi-
tive up to pm52.6 fm21. Panel ~c! shows the
response calculated including full FSI’s with th
Bonn wave function~solid line! and the Paris
wave function~dashed line!. In panels~b! and
~d!, besides the full response~solid line!, we
show the S-wave part ~dashed line! and the
D-wave part~dash-dotted line! for the calculation
with central FSI’s~d! and full FSI’s ~b!.
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similar results. At medium missing momenta, 1 fm21,pm
,1.8 fm21, the sensitivity to the models is increased
FSI’s. This is the region whereS-wave andD-wave contri-
butions have a similar size. Unfortunately, the practical
of this information is limited: from the experimental point o
view, a separation ofRTT is very dificult, as this is the small
est of the four responses generally present in the unpolar
D(e,e8p)n reaction, and the experimental errors might
largest in the region of 1 fm21,pm,1.8 fm21, which in-
cludes two zeros of the response. From the theoretical p
of view, it is advisable to include the full relativistic electro
magnetic current for the calculation ofRTT ~see@4#!, and it is
possible that meson-exchange currents may play a role,
In this paper, it is our goal to demonstrate that even in
GeV energy regime, it is mandatory to include sp
dependent FSI effects, although we do not claim to h
treated the reaction mechanism fully.

We now turn to the fifth response functionRTL8 , which
can only be measured with a polarized electron beam
vanishes for the PWIA. Its dependence on the out-of-pl
angle w is given by sinw, and therefore we consider th
response at an out-of-plane anglew590°. Figure 9~a! shows
RTL8 calculated with the full FSI~solid line! and with the
central FSI~dashed line!. With central FSI’s, the response
positive up topm52.6 fm21 and then changes sign. Onc
the spin-orbit FSI is included, the response is negative
pm,1.4 fm21 and becomes positive afterwards. Also, t
magnitude is changed drastically by the spin-dependent
for small missing momenta,RTL8 is increased by a factor o
4 and more. For the higher missing momenta, the respon
increased by more than one order of magnitude. Being ra
large, this is likely to be an observable effect, and it sho
clearly that for polarization observables such as the fifth
sponse function the inclusion of spin-dependent FSI’s is
solutely necessary.

In Figs. 9~b! and 9~d!, we show the decomposition of th
full wave function intoS- andD-wave contributions, for the
full FSI in panel~b! and for central FSI’s only in panel~d!.
In both cases, theS-wave is the most prominent contribution
especially for the full FSI calculation, where the influence
the D wave is reduced to the region aroundpm'1.3 fm21,
i.e., where theS-wave contribution changes sign. In the ce
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tral FSI calculation, theD-wave contribution is slightly more
important, as its size is larger than for the full FSI result a
as the absolute magnitude of theS-wave contribution is
smaller than for the full FSI at higher missing momen
Consequently, the difference between the Bonn and P
wave function results is marginal; see Fig. 9~c!, where the
solid line represents the Bonn result and the dashed line
resents the Paris result. The two curves are almost on to
each other.

The large differences between the full FSI and central F
results stem from the different spin structure of the spin-o
FSI operator. For central FSI’s, there are two contributions
theSwave: the largest is given by the magnetization curr
and the spin-orbit charge operator, and the convection
rent and the zeroth-order charge operator yield a contribu
of different sign and approximately half the magnitude of t
magnetization–spin-orbit contribution~for an extensive dis-
cussion of the electromagnetic current see@4#!. Once the
spin-orbit FSI is included, the previously existing contrib
tions are unchanged, but there arise new contributions,
dominant new contribution being the one coming from t
magnetization current and the zeroth-order charge opera
It is about 40% larger than the magnetization-current–sp
orbit charge operator result, and it has a different sign. T
new contribution is responsible for changing the sign a
increasing the magnitude of theS-wave contribution to the
fifth response. There are also new contributions involv
interference of the convection current with the spin-or
charge operator and the first-order convective spin-orbit c
rent which did not contribute at all for the central FSI, a
though these contributions are small. The main effect is t
the two biggest components of the current, the zeroth-or
charge operator and the magnetization current, can inter
with each other and contribute due to the spin-orbit FSI, a
therefore change the character of the fifth response.

Previous calculations employing Glauber theory f
(e,e8p) reactions at high energies only took into accou
central FSI’s@13–16#, which is reasonable when one is in
terested in the cross sections, large responses, and nu
transparencies. However, the measurement of the smalle
sponses and of the polarization observables is expecte
reveal most about the nuclear wave function, and so the
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clusion of spin-orbit FSI’s will be necessary for the interpr
tation of the experimental data. There is also a recent pu
cation @17# in which both central and spin-orbit FSI’s ar
treated within a Dirac eikonal formalism. Although the spi
orbit FSI in @17# is also found to be important for certai
polarization observables, and inRTT , its effects in the fifth
response are small. This may be due to the consideration
different target nucleus16O or due to the different approac
used there.

IV. INFLUENCE OF THE NN PARAMETRIZATIONS

In this section, we discuss the different parametrizatio
for the NN amplitude and the effects of changes in the
parameters on the results we have obtained. For the ce
part of the amplitude, this has been done before in@18#.
There, it was shown that changes in the slope parameteb0
affect the results in perpendicular kinematics, increas
them for high missing momenta ifb0 is smaller and the
interaction therefore shorter ranged, and decreasing the
high pm if b0 is chosen larger. In any case, the results w
FSI’s lead to a considerably larger high missing moment
tail than in the PWIA. A change inr, the ratio of the real to
imaginary parts of the forward elastic scattering amplitu
influences the results only in parallel and antiparallel kin
matics.

The spin-dependent part of the amplitude is not known
well as the central part, and there are many different val
for the spin-orbit parametrization to be found in the literatu
~for an overview, see@11#!. The two main groups are th
values derived from phase shift analyses and from pro
nucleus Glauber theory calculations. In the Glauber
proach, one usually neglects all double-spin-flip contrib
tions and in addition assumes that the slope parameters
real, in contrast to the complex values derived in the ph
shift analyses. Actually, the two different approaches alre
differ quite significantly in the central part: the diffractio
slope derived in a typical phase shift analysis is about 5
larger than the one derived from Glauber calculations. Ch
acteristic values atTlab51 GeV are listed in Tables I and II
The phase shift values are taken from@19#, while the Glauber
values are the average of the parameters quoted in Tab
of Ref. @11#. Except forrs , which enters in the spin-orbi
part, all of the parameters agree within 10–20%. As alre
mentioned, the parametersb0 andbs of the phase shift analy

TABLE I. NN amplitude parameters for the central and sp
orbit terms from the Glauber proton-nucleus scattering analy
Parameters are given in theNN c.m. frame.

s tot
NN/mb b0 /fm r g/fm bs /fm rs

41.1 0.48 20.48 0.16 0.65 20.24

TABLE II. NN amplitude parameters for the central and sp
orbit terms from the phase shift analysis. Parameters are give
the NN c.m. frame.

s tot
NN/mb b0 /fm r g/fm bs /fm rs

36.9 0.572 i0.07 20.47 0.20 0.531 i0.05 0.52
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sis have an imaginary part, although it is small. Forrs , there
is a wide spread of values even among the different Glau
analyses, yielding values from 0.4 to20.62. Clearly, we
need to investigate how much a change in this param
affects our results.

The situation is somewhat more complicated by the f
that the final-state interaction is not calculated in t
NN c.m. system, for which the parametrizations are giv
but in a system where the incoming and outgoing nucle
all have different momenta: before the FSI takes place,
proton carries the sum of its initial momentum and the m
mentumqW transferred by the photon, and the neutron s
carries the momentum it had initially in the deuteron. Aft
the FSI took place, the neutron carries the missing mom
tum pW m , and the proton has the momentumpW N . As the pro-
ton’s momentum is high in any case, and the neutron’s ini
momentum on the average will be smaller than the Fe
momentum (pF'55 MeV for the deuteron!, the situation is
rather asymmetric. At least for the deuteron, the rescatte
takes place in a system quite close to the laboratory sys
as the Fermi momentum is so small.

Therefore, we have to boost theNN parameters from the
c.m. system to the appropriate ‘‘rescattering system.’’ As
the rescattering system the momenta of the nucleons do
transform into one another under time reversal, we pick
different coefficientsC1 andC2 for the spin-orbit part for the
two different nucleons. This is in analogy to the transform
tion from the c.m. frame to the Breit frame, which was d
cussed in@11,19#. We have transformed theNN parameters
to the laboratory frame, since taking into account the non
nishing initial momentum of the neutron would only lead
negligible additional corrections. We used the method o
lined in @19# for the boost. It is well known that the centra
parameters do not change in a transformation from the c
to the laboratory system, provided they are multiplied w
the properly boosted quantities in each reference frame@20#.
This leaves the spin-orbit parameters~and also the double
spin-flip terms, which we do not consider here!. The spin-
orbit parameters now differ for the two nucleons, and t
slope parameters pick up an imaginary part. However,
carried out a calculation with the imaginary parts ofbs set to
zero and found that the results practically coincide with
results obtained for the nonvanishing imaginary parts. T
spin-orbit values for the laboratory system obtained from
Glauberp-A analysis are shown in Table III. It is obviou
that the boost to the laboratory system has a very small ef
on g andbs . The boost has a significant effect only onrs ,
which is almost zero for the neutron and takes on about tw
its c.m. frame value for the proton. The spin-orbit values
the laboratory system obtained from the phase shift anal
are shown in Table IV. Again, the boost effects are sign
cant only forrs .

-
s.

-
in

TABLE III. NN amplitude parameters for the spin-orbit term
from the Glauber proton-nucleus scattering analysis. Parameter
given in theNN laboratory frame.

Nucleon g/fm bs /fm rs

Proton 0.15 0.652 i0.03 20.44
Neutron 0.17 0.642 i0.03 20.02
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Instead of discussing the merits of the Glauberp-A analy-
sis versus the phase shift analysis parameters, we invest
the sensitivity of the final results to changes in theNN pa-
rameters. From the preceding paragraph, it is clear that
have to consider moderate changes ing and bs , and large
changes in the less well knownrs . As g simply multiplies
the spin-orbit term, it is obvious that a slight increase
decrease ing leads to a slight increase or decrease in
overall spin-orbit FSI effect, independent of the specific
nematics. We therefore focus onbs and rs . As the fifth
response is most sensitive to the spin-orbit FSI, we choo
as a testing ground. Before checking the sensitivity to
NN parameters, it is useful to consider the spin-orbit F
effect on the proton and the neutron separately. In Fig.
the solid line shows the fifth response calculated with the
FSI, i.e., with the spin-orbit FSI acting both on the prot
and neutron. The dashed line shows the results with the s
orbit FSI acting on the proton only. One can see that
qualitative agreement between the curves is good. Natur
the influence of the spin-orbit FSI on the neutron is larg
when the fifth response changes sign, but for small miss
momentapm,0.5 fm21 and the high missing momentum
tail pm.1.8 fm21, its role is minor. The situation change
when we switch off the spin-orbit FSI on the proton, a
keep only the spin-orbit FSI on the neutron, as depicted
the dash-dotted line: the results are qualitatively similar
the results with central FSI’s only~dotted line!—indeed, they
are even somewhat smaller.

Note that here the case is different from proton-nucle
scattering, where the spin-orbit FSI on the spectator nucl
does not contribute for spin-0 targets. Here, it does cont

TABLE IV. NN amplitude parameters for the spin-orbit term
from theNN phase shift analysis. Parameters are given in theNN
laboratory frame.

Nucleon g/fm bs /fm rs

Proton 0.18 0.531 i0.07 0.41
Neutron 0.21 0.521 i0.03 0.64

FIG. 10. The fifth response functionRTL8 is shown in perpen-
dicular kinematics at an azimuthal anglew590°. The various
curves represent a calculation with the FSI’s~solid line!, a calcula-
tion with central FSI’s and spin-orbit FSI’s only on the proto
~dashed line!, a calculation with central FSI’s and spin-orbit FSI
only on the neutron~dash-dotted line!, and a calculation with cen
tral FSI’s only ~dotted line!.
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ute, although its contribution is much smaller than that of
spin-orbit FSI on the proton. This asymmetry is introduc
in the problem by the assumption of the impulse approxim
tion, i.e., the assumption that the nucleon with which t
virtual photon interacted is the one which is detected la
This means that the electromagnetic current operator
only on the proton, and therefore the spin effects on pro
and neutron cannot be the same, as the electromagnetic
rent operator contains spin-flipping parts. For the conditio
we assume here, namely, a very energetic virtual photon
a very energetic proton (Tp51 GeV) which is measured
the impulse approximation is a realistic assumption, beca
it is quite unlikely that after its interaction with the photo
the nucleon will transfer the momentum and energy gain
in the hard vertex completely to the other nucleon. For low
energies, where both the proton and neutron in the final s
have similar momenta, the Born graph does contribute
the spin-orbit FSI’s on the neutron should gain importan
as the situation then is more symmetric for the two nucleo

In view of the importance of the spin-orbit FSI on th
proton and the relatively small role of the spin-orbit FSI
the neutron, we will only discuss the sensitivity to the diffe
ent NN parameters for the spin-orbit FSI on the proton.
the effects there are large, this should allow for an easy id
tification of the effects of changes inbs and rs . We start
with different values ofrs for the proton, keeping all of the
other NN parameters the same. The results of a calcula
with rs520.44 ~the value we used for all of the above ca
culations! are compared to the results of a calculation w
rs510.44 in Fig. 11. The results are very similar to ea
other, the only significant deviations occurring in the regi
whereRTL8 changes its sign. We conclude that even the v
drastic change of 200% in the value ofrs does not alter the
results qualitatively and even does not alter the results qu
titatively, except for the region of 1.3 fm21,pm,2 fm21,
where the response changes its sign and any slight chan
the calculation must induce a visible difference. So, althou
the value ofrs is not known with much precision, this un
certainty does not influence the practical calculations in
significant way.

In Fig. 12 we investigate the influence of the slope para
eter value on the fifth response. The solid line shows

FIG. 11. The fifth response functionRTL8 is shown in perpen-
dicular kinematics at an azimuthal anglew590°. The solid line
shows the results of the calculation withrs520.44 for the proton,
while the dashed line shows the result for the changed sign ofrs ,
i.e., for rs510.44.
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2686 PRC 59S. JESCHONNEK AND T. W. DONNELLY
result with Re(bs)50.65 fm, while the dashed line repre
sents the results for Re(bs)50.71 fm, which makes the in
teraction even longer ranged. As expected, and as obse
for the central FSI and the slope parameterb0 in @18#, the
longer-ranged interaction decreases the result at higher m
ing momenta. Consequently, the shorter-ranged values obs
lead to a slightly increased result at higher missing mome
namely, the dash-dotted curve for Re(bs)50.59 fm and the
dotted curve for Re(bs)50.52 fm. On an absolute scale
these changes are small and they are present only fopm
.1.5 fm21.

From these observations on the sensitivity to theNN pa-
rameters, we can conclude that the overall effect of the bo
from the c.m. frame of theNN system to the laboratory
frame only has a small effect, quite similar to the obser
tions made in@19# for proton-nucleus scattering and th
transformation from the c.m. to the Breit system. Also, t
change in the parameters due to the boost is smaller tha
uncertainty in the value of the parameter. Although the d
ferences introduced by changing oneNN parameter at a time
are small, we found that a simultaneous change in the va
of all NN parameters can add up to a significant shift of
zero of the fifth response.

In this paper, we did not consider double-spin-flip term
in the FSI. They are smaller than the spin-orbit term, and
the proton-nucleus Glauber calculations they are usually
glected. We estimate that their influence on the observa
calculated here will be very small, since the spin-orbit FS
already allow the ‘‘big’’ components of the current and t
wave function to contribute. Specifically, in the fifth re
sponse the contribution of the interference between mag
tization current and zeroth-order charge operator is the
gest contribution one can expect, and it is already pres
when the spin-orbit FSI is included. However, there may
other observables, e.g., double-polarization observab
where the double-spin-flip FSI might contribute—in the
cases, it will be necessary to reexamine many of the appr
mations made in the present study.

V. SUMMARY AND OUTLOOK

Final-state interactions have a rich structure: as a resu
the short-ranged nature of the central part of the FSI, t

FIG. 12. The fifth response functionRTL8 is shown in perpen-
dicular kinematics at an azimuthal anglew590°. The solid line
shows the results of the calculation with Re(bs)50.65 fm for the
proton, the dashed line shows the result for Re(bs)50.71 fm, the
dash-dotted line corresponds to Re(bs)50.59 fm, and the dotted
line represents Re(bs)50.52 fm.
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tend to smear out the differences between the various th
retical models for the nuclear ground state. Our results in
cate that one of the smaller responses or a polarization
servable might be better suited for this purpose. A relia
theoretical calculation of these responses must include
spin-orbit FSI as well as the central FSI. We have includ
the spin-orbit FSI, for the fifth response function showi
that the spin-dependent FSI is indeed crucial. The calc
tions presented here go beyond the approach usually take
calculations for (e,e8p) reactions in the framework o
Glauber theory, where only the central FSI is included.
addition, we have pointed out that due to the longer-ran
nature of the spin-orbit final-state interaction, the FSI c
also have a significant impact on theD-wave contribution.
The experimental measurement of the small responses
the polarization observables is a challenge that holds po
tial to shed light on interesting issues involving all of th
ingredients in electronuclear physics, namely, initial- a
final-state nuclear structure and electromagnetic opera
Of specific relevance for the present work, we note that
fifth response function will be measured for a variety of n
clei at Jefferson Lab in the near future@21#.

The aim of this paper is to point out how to include
spin-orbit final state interaction within the Glauber fram
work and to assess its importance. We have shown the in
ence of the spin-orbit final state interaction for a few e
amples, the most striking being the fifth response functi
We plan to perform a more complete investigation of
observables accessible with a polarized beam and a pola
target, e.g.,RT8 and the tensor analyzing power, and pres
the results in a forthcoming paper.
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APPENDIX A: RESPONSE FUNCTIONS AND CURRENT
OPERATOR

For the convenience of the reader, we provide a definit
of the response functions and identify the different parts
the electromagnetic current. For more information on exc
sive electron scattering in general, the reader is referre
@22#; for the electromagnetic current operator and the rela
istic effects incorporated in it, see@4#.

The differential cross section is equal to

S ds5

de8dVedVN
D

f i

h

5
mNmfpN

8p3mi

sMottf rec
21

3@~vLRf i
L 1vTRf i

T 1vTTRf i
TT1vTLRf i

TL!

1h~vT8Rf i
T81vTL8Rf i

TL8!#, ~A1!
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wheremi , mN , andmf are the masses of the target nucle
the ejectile nucleon, and the residual system,pN andVN are
the momentum and solid angle of the ejectile,e8 is the en-
ergy of the detected electron, andVe is its solid angle. The
helicity of the electron is denoted byh. The coefficientsvK
are leptonic coefficients, andRK are the response function
which are defined by

Rf i
L [ur~qW ! f i u2,

Rf i
T [uJ1~qW ! f i u21uJ2~qW ! f i u2,

Rf i
TT[2Re@J1* ~qW ! f iJ2~qW ! f i #,

Rf i
TL[22 Re$r* ~qW ! f i@J1~qW ! f i2J2~qW ! f i #%,

Rf i
T8[uJ1~qW ! f i u22uJ2~qW ! f i u2,

Rf i
TL8[22 Re$r* ~qW ! f i@J1~qW ! f i1J2~qW ! f i #%, ~A2!

where theJ6 are the spherical components of the curre
For our calculations, we have chosen the following kin
matic conditions: thez axis is parallel toqW , and the missing
momentum is defined aspW m[qW 2pW N , so that in the PWIA,
the missing momentum is equal to the negative initial m
mentum of the struck nucleon in the nucleus,pW m52pW . We
denote the angle betweenpW m andqW by u, and the term ‘‘par-
allel kinematics’’ indicatesu50°, ‘‘perpendicular kinemat-
ics’’ indicates u590°, and ‘‘antiparallel kinematics’’ indi-
catesu5180°. Note that both this definition of the missin
momentum and the definition with the other sign are used
the literature. In this paper, we assume that the experime
conditions are such that the kinetic energy of the outgo
nucleon and the angles of the missing momentum,u and the
azimuthal anglef, are fixed. The kinetic energy of the ou
going proton is fixed to 1 GeV. For changing missing m
mentum, the transferred energy and momentum change
cordingly.

The electromagnetic current operator

Jm~PL;P8L8!5ū~P8L8!FF1gm1
i

2mN
F2smnQnGu~PL!

~A3!

can be rewritten in a form that is more suitable for applic
tion to nuclear problems:

Jm~PL;P8L8![xL8
† J̄m~P;P8!xL , ~A4!
lea
T,
,

t.
-

-

in
tal
g

-
c-

-

with

J̄05r5 f 0@j01 i j08~qW 3pW !•sW #,

J̄35
v

q
J̄0,

J̄'5 f 0Xj1F pW 2S qW •pW

q2 D qW G2 i H j18~qW 3sW !1j28~qW •sW !

3~qW 3pW !1j38@~qW 3pW !•sW #F pW 2S qW •pW

q2 D qW G J C. ~A5!

Here, f 0 ,j i ,j i8 are all functions ofv,q,p2; their explicit
forms are given in@4#. For the reasons explained in@4#, we
refer to the operator associated withj0 as the zeroth-orde
charge operator; we call the term containing thej08 first-order
spin-orbit operator, the term containingj1 the first-order
convection current, the term containingj18 the zeroth-order
magnetization current, the term containingj28 the first-order
convective spin-orbit term, and the term containingj38 the
second-order convective spin-orbit term. In this paper,
have used the current expanded up to first order in the in
nucleon’s momentum and retained terms of all order in
transferred energyv and the transferred momentumq.

Note that we retain more terms in the current than w
the commonly used strict nonrelativistic reduction, which a
sumes that the transferred momentumq is smaller than the
nucleon mass, and that both the initial nucleon moment
and the transferred energy are smaller thanq and therefore
much smaller than the nucleon mass. Under these assu
tions, the current operator simplifies to the form

J̄nonrel
0 5GE ,

J̄nonrel
' 52

i

2mN
GM~qW 3sW !

1
1

mN
GES pW 2

qW •pW

q2
qW D ,

which contains only the zeroth-order charge operator,
zeroth-order magnetization current, and the first-order c
vection current.
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