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Spin-orbit final-state interaction in the framework of Glauber theory for (e,e’p) reactions
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We investigate the reactiori3(e,e’p)n and D(é,e’p)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 interactidRSI) 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’'p) 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[S0556-28139)07205-3

PACS numbgs): 25.30.Fj, 24.10+i, 24.70+s, 25.106+s

[. INTRODUCTION more sophisticated microscopic few-body wave functions
which are now availabl¢2,3]. The final state is typically
Currently, there are many exclusive electron scatteringalculated using optical potentials or multiple scattering
experiments being performed or in the planning stage at metheory. It is our aim to focus on two parts of the problem: the
dium to high energies, e.g., at TINAFefferson Lah Bates, electromagnetic current and the final state. The relativistic
NIKHEF, and MAMI. A sketch of the typical reaction is effects in the electromagnetic current operator have been in-
provided in Fig. 1. In treating the problem theoretically, yestigated elsewhef@] and were found to be quite impor-
ideally one would use a microscopic Hamiltonian for theant, They are included in all of the calculations presented in
description of both the nuclear bound state and the—in genpis paper. We will discuss methods that are applicable to all
eral rather complicated—hadronic final state. Such a micropqje in a wide range of energies. We develop and test these
scopic Hamiltonian would also contain a minimal coupling a4 for the case of electron scattering on the deuteron so

to the photon, so that the initial-state, final-state, and eleCterhat these effective methods can be checked against the re-
magne_tic current operators WOU'O.' all be treatgd cpn_sistentlgults of microscopic calculations, once the latter are avail-
in a microscopic, relativistic fashion. In practice, it is very able ’

difficult to perform a consistent calculation of both nuclear Tﬁis paper is organized as follows: after this brief intro-

ground state and final hadronic scattering state and, espg- ion in Sec. 1. in Sec. I ize diff h
cially for medium and heavy nuclei, it is unlikely that a _UCt'On In Sec. 1, In Sec. 1l we summarize di e_rentt eoret-
consistent, fully microscopic and therefore relativistic treat-Ic@l models for the deuteron wave function and indicate what

ment will be available in the near future. is expected for the plane-wave impulse approximation

At present, there are several approximate calculations fof°WIA). In Sec. Ill, we consider the effects of final-state
particular electronuclear reactions available for few-bodyinteractions(FSI's) and their description at high energies by
systems[1-3]. However, it is difficult to extend these ap- Glauber theory. We discuss the different effects of central
proaches for few-body systems to energies above the pioand spin-orbit FSI's, which are due to their different spin
emission threshold. Given the considerable effort that onétructure and to their different ranges. Then in Sec. IV we
expects will be put into experimental studies in this field, indiscuss the various possible choices of parameters for the
the next few years calculations in the few GeV regime for
reactions at least with deuteron targets will hopefully be-
come available, although even this is not trivial. For heavy
nuclei, there are only relativistic mean-field calculations
available.

Therefore, at present in practice one is forced to split the
problem up into three separate parts, namely, the calculation ¥
of the ground state, the calculation of the final hadronic state,
and the treatment of the electromagnetic current. Although A
the approaches taken for those different parts will not be
consistent, there is a good chance that by doing the best g, 1. schematic representation of the’N) reaction. The

possible job for each separate ingredient, one will be able t@jectron exchanges a photon with the nucleus, and the photon
incorporate the essential physical features in the theoretic&hocks out a nucleon which undergoes final-state interactions
description of exclusive electron scattering at high energiegrsr's) while leaving the nucleus. The scattered electron and the
For the nuclear ground-state wave function one either usesrcleon are detected in coincidence. The other hadrons in the final

solution of a bound-state Sclioger equation or one of the state remain unobserved.

N
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FIG. 2. Panela) shows the nucleon momen-
tum distributionn(p) for the deuteron calculated
with the Bonn wave functiorisolid line) and the
Paris wave function(dashed ling Panel (b)
shows the decomposition of the full nucleon mo-
mentum distribution calculated with the Bonn
wave function(solid line) into the Swave part
(dashed ling and theD-wave part(dash-dotted
line).

n(p) [GeV3 sr!]

p [fm™] p [fm™]

FSI calculation and end in Sec. V with a brief summary and The different predictions for momenga>1.5 fm ! stem

outlook. from the differentD-wave probabilities: in Fig. @), the de-
composition of the momentum distribution infwave and

Il. MODELS FOR THE NUCLEAR GROUND STATE D-wave is shown, and one can see clearly that the momen-
AND THE PWIA tum distribution is dominated by tHa-wave for momenta of

1.5 fm™ ! and higher.

Before we discuss the incorporation of FSI's and the suit-  Of course, the simple picture of the PWIA is only an
abl“ty of SpeCifiC observables for the discrimination betweenapproximation, as the Outgoing nucleon will in fact interact
different theoretical models, we would like to recall the dif- with the residual system, and this interaction will break the
ferences between these models. There exist several modejgnple factorized relation of Eql) involving the single-
of the nucleon-nucleon interaction which are based Orycleon cross section and nuclear spectral function. This
meson-exchange potentids—7] that not only make predic- means that the momentum distribution cannot be extracted
tions for the deuteron wave function, but also describe grom the data immediately; in fact, it is a difficult problem to
wide range of freeNN and meson-nucleon scattering data.find observables which show sufficient sensitivity to the dif-
Recently, more microscopic approaches have been deveferent models of the ground-state wave function. In the fol-

oped [2,3]. The main difference between the meson-jowing, we will discuss some possible candidates.
exchange models lies in the differddtwave probability in-

curred: for instance, the Bonn model predicts a loestate
probability than most other models. There are also some dif- Il. EINAL-STATE INTERACTION
ferences in the very-short-range part{0.5 fm) of theS . ) o
wave. For the later discussions, we compare results for the Here we are interested in scattering in the GeV energy
Bonn wave functiori5] and the Paris wave functid6], as  regime, and the natural description of the FSI in this regime
they are good representatives of the available models and & given by Glauber theory8]. Let us briefly recall the
most other theories will fall in between them. change of the nature of thEN interaction that occurs in

In the PWIA, the €,e’'N) cross section is proportional to 90ing from low to high energies. At energies of 100 MeV or
the product of the electron-nucleon half-off-shell cross secless, the scattering of nucleons is elastic and nearly isotropic
tion times the spectral functic@(E,ﬁ), which gives the joint and only a few partial waves contribute, while in contrast, at

babil find | f d - high energies, the interaction becomes absorptive, as new
m(:h: ri:é/léﬁs_'” a nucleon of enerdy and momentunp o ticles are produced. At an energy of 500 MeV, the proton-

proton inelastic cross section rises sharply from values of
less than 2 mb to approximately 30 nffor a review, see
_ K(reNS(E,ﬁ), 1) [9]). It then remains aImo_st constant for energies up to sev-
de'dQ dQ\dEy eral hundred GeV. ThB N interaction also becomes diffrac-
tive at high energies. The proton-nucleus elastic scattering
where K is a kinematic factor andr.y is the electron- data(see, e.g.[10,11]) taken at proton beam energies of 1
nucleon half-off-shell cross section. In the case of the deuGeV and higher show a clear diffractive pattern, with broad
teron, the energ¥ is fixed by the binding energy and the maxima and diffractive dips, reminiscent of the patterns ob-
spectral function reduces to the momentum distributiOp) tained in optics in Fraunhofer diffraction. In the past, there

which does not depend on the direction of the momenpym have been great successes in the description of proton-
as long as unpolarized deuterium is considered. Differenfucleus scattering data with Glauber the¢sge, e.g.[10—
predictions for the momentum distributior(p) are shown 12]), and we will apply it here—with the necessary
in Fig. 2(a). It should be noted that although the discrepancymodifications—to the €,e’N) reaction.

for higher momenta is |a|’ge_up to a factor of 5—the mo- Once the FSl is inCIUded, the generic form of the matrix
mentum distribution varies over seven orders of magnitudeglements we have to calculatetd; =(f|S i), whereJep,

and the agreement between the models is quite good overafienotes the current operator aBds the FSI operator dis-

It is interesting and important to g|ean information on theCUSSGd below. An overview of the conventions used in this
high momentum part ofi(p) from experiment, as it is this Paper and the relativistic current operator employed in our
kinematic region that is expected to tell us about the transic@lculations can be found in the Appendix. The FSI operator
tion from hadronic degrees of freedom to quark-gluon de-S(r) for the interaction between the outgoing nucleon and a
grees of freedom. spectator nucleon reads

dGO_PWIA
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CT? 10+2 T
T i . . .
T FIG. 3. On the left, the fivefold differential
E 10%° ¥ = 90°1 cross section for the reactio®(e,e’p)n is
j 107! b shown in parallel kinematicgthe angle of the
= 107 ] missing momentum3=0°); on theright, it is
%A 10-2 i S~ - ) shown for perpendicular kinematicsd € 90°).
S 10 i o~ The solid line shows the calculation including
g 1w - . central FSI's, while the dashed line shows the
S 107 L L L L PWIA result. The beam energy is 6 GeV.
< 0 1 2 30 1 2 3

P [fm1] P [fm™]

S(r)=1-6(z)I'(b), 2) A=Agexp — Bal?), (6)

where the distance between the two interacting nucleons whereAy and 8, are complex numbers, leading to a profile
is decomposed into longitudinal and transverse partsfunction of the form

r=b+z-q, whereq indicates the direction of the virtual

photon’s momentum. Thé function indicates that the spec- . g',[\cl){\‘(l—ip) b2

tator nucleon has to be in the forward hemisphere with re- I'(b)= a2 O o) @)
gard to the struck nucleon; otherwise, no FSI's will take ™o 0

pIace.F(B) is called the profile function oNN scattering,
and is related to th&N scattering amplitudd(I) via the
Fourier transform:

For a 1 GeV nucleonhy~0.5 fm and accordingly the pro-

file function changes on a scale that is much smaller than the

nuclear radius, i.e., approximately 2 fm for the deuteron.

1 This means that the central FSI operator is a short-ranged
F(B):—_f d2l exp(—il -b)f(I). (3)  function with respect to the transverse separation of the

2mik nucleons and a long-ranged function with respect to their
. o - longitudinal separation.

Herek is the incident nucleon momenturk; denotes the | the analysis of the proton-nucleus scattering data, the

outgoing nucleon’s momentum, aheF k—k’ is the momen-  spinless version of Glauber theory, including only the central

tum transferred in th& N scatteringnot to be confused with part of theNN interaction, was very successful0,11. We

the momentung transferred to the nucleus by the elecfron also start by including only the central part, as was done

The most general form for the scattering amplitude in thebefore in[13,14.

NN center-of-masgc.m) system assuming parity conserva-

tion, time-reversal invariance, the Pauli principle, and iso- A. Central FSI's

spin invariance can be written in terms of five invariant am-

plitudes(see references given [8)): Before we start the discussion of the results including

FSI's, some remarks about conventions and the choice of
f(F)=A( r)+ B(r)(51+52) ) ﬁ+C(r)(51- ﬁ)((;'z' n) kinematics are irl ordiar. YVe plot oureresults versus the miss-
oo oL ing momentump,,=q—py, Where g is the momentum
+D((or-m)(gz-m)+E(1)(01-h)(02-h). (4 transferred to the nucleus by the electron ardis the mo-
R R mentum of the detected nucleon in the final state. In the
The nucleon spin operators are denotedoiyand a3, and  PWIA, it coincides with the negative initial momentum of
n=kxKk'/[kxk'|, m=(k—k')/[k—k'|, andh=(k+k')/|[k  the struck nucleon inside the nucleys;= —p. We denote
+K'I. the angle betweep,, andq by 6, and the term “parallel
In principle, the amplitudes\, B, C, D, andE can be kinematics” indicatesé=0° and “perpendicular kinemat-
determined from a complete phase shift analysisiNfdata.  jcs” indicates 6=90°. In this paper, we assume that the
In practice, for Glauber theory calculations one chooses axperimental conditions are such that the kinetic energy of
parametrization of the central amplitudein terms of three  the outgoing nucleon and the angles of the missing momen-
experimentally known parameters: the toliN cross sec- tum, 9 and the azimuthal angle, are fixed. The kinetic
tion, the diffraction S|Op€bz, and the ratigp of the real to energy T, of the outgoing proton is fixed to 1 GeV. For
imaginary parts of the elastic forward scattering amplitudechanging missing momentum, the transferred energy and
We discuss the differences between these approaches latemtomentum change accordingly. Figure 3 shows the fivefold
Sec. IV. For the following discussion, we employ the latterdifferential cross section for the reacti@(e,e’p)n in par-
approach, writing allel kinematicqleft pane) and for perpendicular kinematics
(right panel. In perpendicular kinematics, the effect of the
central FSI's is most pronounced: for missing momenta from
0.8 fm ! to 1.5 fm i, the FSI reduces the cross section,
and for missing momenta higher than 1.5 fhm it drasti-
Note that sometimes this amplitude is parametrized as cally enhances the cross section, by up to an order of mag-

NN
tot

Al)= 47

(p+i)exp(—0.92b3). (5)
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FIG. 4. On the left, the fivefold differential
cross section for the reactio®(e,e’'p)n is
shown in the PWIA; on the right, it is shown
including central FSI's. The top panels show the
cross section in parallel kinematics, whereas the
bottom panels show it in perpendicular kinemat-
ics. The solid line shows the calculation per-
formed with the Bonn wave function, while the
dashed line is the Paris wave function result. The
beam energy is 6 GeV.

07 PWIA 1 [ FSI I
0 1 2 3 0 1 2 3
P [fm™] Pm [fm"]

do/dQQpde [nb MeV~1 sr72] do/dQ.Qpde [nb MeV-! sr2

nitude. The central FSI effects in parallel kinematics are In order to find a better suited observable for the study of
smaller, but still important for higher missing momenta.  the nuclear ground state, we turn our attention to the smaller
Figure 4 shows the cross section in the PWIA and withinterference responsé&+ andRy , which have a different
central FSI's, calculated using the Bonn and the Paris wavstructure than the larger respond®s and R;. Since the
functions. Whereas the predictions of the two models diffefformer vanish in(antparallel kinematics, in Fig. 5 we show
for the PWIA for higher missing momenta, the curves be-them only in perpendicular kinematics. One should note that
come almost indistinguishable in perpendicular kinematicshe transverse-longitudinal respons¥, is considerably
and very similar in parallel kinematics once FSI effects aresmaller thanR, and Ry, and that in turn the transverse-
included. These results can be understood when we considgansverse respongg;; is much smaller thaiRy, . We re-
the properties of final-state interactions: they are shortmark that the separation of the interference responses from
ranged, and this means that while they act on $heave, the measured cross section is by no means easy; here, we
their effect on theD wave is small, as th® wave is sup- focus on discussions of their properties, disregarding the ex-
pressed at short distances by the centrifugal barrier. In thperimental feasibility for the moment.
discussion of Fig. 2, we have seen that the difference be- In panels(a) and (c) of Fig. 5 we showR;t and Ry,
tween the models at higher momenta stems from their differealculated in the PWIAdashed ling and including central
entD-wave content, and that tH2 wave dominated the mo- FSI's (solid line); in panels(b) and (d), we show the re-
mentum distribution at higher momenta. Once FSI's aresponses calculated with central FSI's decomposed into their
included in the calculation, they redistribuBewave strength  Swave (dashed ling and D-wave (dash-dotted linecompo-
from low and medium missing momenta to high missingnents.
momenta, so that with FSI's, tfg@wave becomes important  First, we discus®y, , shown in panel$a) and(b) of Fig.
for this kinematic region. As the wave function models d05 Starting at missing momenta of 1 ﬁh the transverse-
not differ too much in thes wave, the cross sections calcu- |ongitudinal response shows a strong FSI effect: at first, the
lated with the two models including FSI effects do not differ ,egponse is reduced by final-state interactions; thenp for
very much, either. These issues have been discussed i) 5 1 jt is enhanced. The overall behavior of the FSI
greater detail ir13]. effect is similar to that in the cross section andRinandRy,

Thus, the unpolanzecﬂ)(e,g P)n cross §e9t|or) Is not a but the enhancement due to FSI's sets in at higher missing
good candidate for the experimental discrimination between

theoretical models. The central FSI effects in the IongitudinafﬂOm(:"mu_r?_]cor the cross section, It star_ts Pl
and transverse response functions are fairly similar to the F 1.5 fmi* The decomposition of the_ response ”Wave
effects in the cross sectidfor the convenience of the reader, 21d D-wave components, as shown in pafe), exhibits a
the definition of the response functions and the differentiNique feature oRy  in that even with the final-state inter-
components of the current operator is given in the Appen@ctions included, th® wave plays a prominent rolle, and at
dix). This comes as no surprise, becaBses dominated by ~medium missing momenta 1.2 fih<p,<2.3 fm™*, it is
the zeroth-order charge operator a@Rglis dominated by the much larger than th&wave contribution. This does not hap-
magnetization current. Their coordinate space structure is theen in the longitudinal respongd3] or in the transverse
same apart from different multiplicative factors, the mainresponse. Th® wave is scarcely affected by FSI's, and only
difference being in the spin-operator structure. As we arevhen the Swave contribution becomes larger than the
considering only central FSI's at this moment, the FSI effectD-wave contribution does the typical enhancement of the
in the two sectors will be the same. response in perpendicular kinematics due to FSI's set in.



2680 S. JESCHONNEK AND T. W. DONNELLY PRC 59

103

0, 10t FIG. 5. The top paneléa) and (b) show the
W . .
e e absolute value of the transverse-longitudinal re-
% sponse functiofRy, , while the bottom panel&)
<} 10t0 and(d) show the absolute value of the transverse-
— 10 transve_rse_response functiéty ;. In_aII panelg,
&~ , the solid line shows the calculation including
&0 central FSI's. The dashed line ifg) and (c)

103 shows the PWIA result, whereas the dashed line

1o in (b) and(d) shows theS-wave contribution and

— 10 the dash-dotted line irfb) and (d) shows the
'; 10+2 D-wave contribution. The total respongqgt is
@ qpH negative over the enting,, range, as is its S-wave
% o part. TheD-wave part is positive for missing mo-
G 10 menta less than 0.5 fat and then turns nega-
= o7 tive, too. The total respond®;, is positive over
ﬁﬁ 10-2 the entirep,, range, as is itD-wave part. The
- . . Swave part is negative from 1.4 fm to

10 0 1 9 3 2.1 fm™L,

P [fen”] P [fen”]

The transverse-transverse respori®g shows only a tions, it is not appropriate to neglect the spin-dependent FSI
small effect of FSI's, namely, a slight reduction at mediumin the calculation of certain responses, in particular in the
missing momenta. Figurg® explains why: for missing mo- calculation of the interference responses discussed here. We
mentap,,>1.5 fm !, the response is entirely given by the now proceed to address this issue.

D-wave contribution, while th& wave is negligible for me-

dium missing momenta and increases again only dgr B. Spin-dependent FSI's

>3 fm™!, a region where the whole response is small.
Since the central FSI's are short ranged, they do not affect
the D wave very much—see the discussion above—an
therefore the FSI effects dRyt are small.

The NN amplitude in Eq{(4) contains one spin-orbit term
nd three double-spin-flip terms. The unique determination
of these contributions to theN amplitude is more difficult

So at this stage it seems that, if they could be determineH;?nq;O;rg]ehgfgtgl gstr;i:ngfcsg)uescéag ttuii?c:juif?:eeresnﬁms_g:ﬁ
experimentally, the interference responses might be We'structure, the spin-orbit term and the double-spin-flip terms

suited for an experimental discrimination between diﬁeremlpave different effects on thee(e’p) observables, so that a
theoretical models for the nuclear ground state, as they diffe P ’

mainly in theirD-wave content and botRr+ andRy show S(;ptzaréatse ?risgtjtiflt% ':rgf }th?nn; 'SngtZ;drﬁ;ﬁrz% dwgsconcentrate
sensitivity to it. However, here we have to be careful and® P ' ybep

review the approximations which went into our calculation oNN
so far. One has to keep in mind that the interference re- B(hy=v 4t°t (ps+i)l exp(—0.592b2). (8
an

sponses are much smaller than the longitudinal respBnse
and the transverse responBe, and thatR;t roughly ac-

. . The corresponding profile function reads
counts for only 1% of the total cross section, d@R¢ is not : S

much bigger. So any additional contribution that would be a o\N b2
1% effect on the total cross section, and which might there- Ly(b)=—iy t°t4(1— ipg)b exp{ - —2) , 9)
fore be neglected with good reason in the calculation of the 4wy 2bg

cross section, could give rise to a huge effect in the interfer- i i i i
ence responses, especially Ry;. For example, meson- SO that we have, for the full profile function defined in Eg.
exchange current effectsvhich are not considered in the 3),
present work may play such a role. - S oL

One of the reasons why the transverse-transverse response I'(b)=T(b)+'y(b)a-v, (10
is so small is that in the PWIA the magnetization current = _ . . ] ) ) )
cannot contribute, unless one includes a second-order rel§4th »=bxk. Comparing the expression for the spin-orbit

tivistic correction to the currenfsee[4]) with which it can ~ @mplitude with that for the central amplitude, the main dif-
interfere. Recalling thaR;;=2RdJ*J_] and taking into ference is in the functional form of the former: it contains a

account that for the magnetization curreht contains the factorl, wherel is the transferred momentum, and this makes

spin-flip operatowr .. , it is easy to see that for tf@wave the ~ the corresponding spin-orbit profile functiéi(b) a longer-
magnetization current cannot contribute, unless there is EaNged function than the short-ranged central profile function
spin-dependent, spin-flipping FSI. This means that, although'(b). In addition, the value oby is larger than that ob,

it is quite reasonable and has been a common, successfused for the central amplitude, further increasing the longer
practice to use only a central final-state interaction within theange of the spin-orbit amplitude. The value fp0.16 fm
framework of Glauber theory in the calculation of cross sectaken from[12] indicates that the absolute value of the spin-
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FIG. 6. The real partleft pane) and the absolute value of the imaginary paight pane) of the central profile functioiisolid line) in
coordinate space fgyn scattering aff|,,=1 GeV and the spin-orbit profile functididashed ling The profile functions are plotted versus
the transverse separatibrof the two nucleons. The parameters for the central par-ffe-41.1 mb,by=0.48 fm, andp= —0.48. For the
spin-orbit part, we use=0.16 fm,bs=0.65 fm andps= —0.24. The imaginary part of the spin-orbit profile function is negative and the
imaginary part of the central profile function is positive.

orbit amplitude is much smaller than the central contributionmost important contribution stems from the imaginary part
This indicates that the contribution of the spin-orbit final- of the spin-orbit profile function; see pan@). It dominates
state interaction will be significant only if it interferes with the central contribution already fdr>1 fm, and remains

the ce_ntral FSI. _ o quite large for largeb. We note that there are even larger
To illustrate these points, in Fig. 6 we compare the realalues forbg published in the literature, e.g., a value nf
and imaginary parts of the central profile functi@olid line) ~ =0.81 fm in[12], and that, if one substitutes one of these

and the spin-orbit profile functiofdashed lingfor p-n scat-  for our smaller value ob,=0.65 fm, the spin-orbit profile
tering. We use the parametergf=41.1 mb, b, function will be enhanced significantly at larger

=0.48 fm, andp= —0.48, while for the spin-orbit part we In the following, we investigate the consequences of the
use y=0.16 fm, by=0.65 fm, andp,=—0.24. These pa- longer-range character and different spin structure of the
rameters are the average of the parameters quoted in Takdgin-orbit profile function. For the cross section and the two
10 of Ref. [11] for Glauber theory analyses af,, large responseR, andR;, the influence of the spin-orbit
=1 GeV. For the real parts of the profile functions, shownFSI is—as expected—very small. The simple structure of the
in panel(a), the central contribution is dominant for trans- longitudinal respons®, =|p|? and transverse responig
verse separations<1.6 fm, then falls off quite fast, and at =|J,|?+|J_|? does not restrict any kind of contribution
b=2.5 fm is two orders of magnitude smaller than the spin-even with central FSI's, and therefore, by including the spin-
orbit contribution. However, at these larger separations, therbit FSI which would allow for different spin structures to
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10t° H

Tl |

Ryp| [GeV~? sr?
| RpL,
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10—

10+3
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10+
10+°
10!
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Ryr| [GeV~3 sr?
| Rpr

1073

Pm [fm™'] Pm [fm™']

FIG. 7. The top panel&@) and(b) show the absolute value of the transverse-longitudinal response fulgtignwhile the bottom panels
(c) and (d) show the absolute value of the transverse-transverse response furgtioin all panels, the solid line shows the calculation
including central and spin-orbit FSI's. The dashed lindanand (c) shows the central FSI result; and the dash-dotted lin@)irand (c)
shows the PWIA result. In panel(b) and (d), the dashed line shows ttf®wave contribution and the dash-dotted line showsDheave
contribution. The full responsBr+ is negative, except for 1.2 frt<p,<1.5 fm 1. Its Swave part is negative over the entjg, range,
and itsD-wave part is positive over the entipg, range. The full respong®y, is positive over the entirp,, range, as is it®-wave part. The
Swave part is negative from 1.4 fm to 2.1 fmi 2.
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10+3

10+2
10+1
10+0 H

FIG. 8. On the left, the interference responses
Rr. andR+ are shown in the PWIA; on the right
they are shown including central and spin-orbit
FSI’s, in both cases for perpendicular kinematics.
The top panels show the transverse-longitudinal
response function, and the bottom panels show
the transverse-transverse response function. The
solid line shows the calculation performed with
the Bonn wave function, whereas the dashed line
is the Paris wave function result.
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contribute, no strength is gained. The results with and withuted to the spin-structure-changing nature of the FSI.
out spin-dependent FSI's almost coincide, and therefore we There is another interesting spin-orbit FSI effect here
do not show them here. which originates in its longer range, namely, the effect on the
The situation changes once we consider interference réd wave. As mentioned above and discussed in detgil &,
sponses. They are shown in Fig. 7. On the left-hand side, thihe central FSI does not affect tBewave very much, as it is
responsefRrt and Ry, are shown calculated with the full short ranged and the wave is suppressed at short distances
FSI (solid line), with central FSI's only(dashed ling and by the centrifugal barrier. However, the spin-orbit FSI has a
without FSI's (dash-dotted line For the transverse- longerrange, and if we compare tBewave part ofRyt with
longitudinal response, the additional spin-orbit FSI has onlycentral FSI's[Fig. 5d)] and with centratspin-orbit FSI's
a marginal effect on the result for missing momenta from[Fig. 7(d)], there is a dramatic difference: the latter causes
1.8 fm ! to 3.5 fm 1. Therefore, also the decomposition the D-wave part to be positive over the entipg, range,
into Swave andD-wave contributions is practically un- whereas with central FSI's only, tHe-wave part is positive
changed compared to the central FSI results. for missing momenta less than 0.5 fhand turns negative
For the transverse-transverse response, the spin-orbit F&fterwards. The absolute magnitude is affected as well by the
plays an important role. The results for the PWIA, i.e., nospin-orbit FSI: it introduces a dip aroung,=2.2 fm 1,
FSI's at all, and for central FSI's are very similar; they showwhereas with central FSI's it just decreases smoothly. This is
a smooth, structureless decrease with increasing missing mthe first instance we encounter where the FSI changes the
mentum, and the response is negative for the eptireange.  D-wave contribution significantly. In combination with the
Once the spin-orbit FSI is included, the response starts ouwdffect of the spin-orbit FSI's on th8 wave, this leads to an
negative at small missing momenta, then changes sign a&tversion of the importance of the two contributions Ry .
pm=1.2 fm !, and becomes negative again ai, This is very important, as the ability to discriminate experi-
=1.5 fm . For higher missing momeng@,>2 fm™1, the  mentally between different theoretical models for the nuclear
spin-orbit FSI increases the response significantly. This iground state depends on being sensitive toRheave, in
due to the fact that with the spin-dependent FSI, the magnewhich the model predictions differ.
tization current now can also have &wave contribution to This leads to the last point in our discussion of the inter-
Ry1. Without spin-dependent FSI's, this contribution doesference responses: the comparison of the different model
not exist. As the magnetization current is the largest contriwave functions. In Fig. 8, in pane(s) and(c), we show the
bution toJ, andJ_, and as theSwave is the largest com- transverse-longitudinal and transverse-transverse responses
ponent of the deuteron wave function, the new contributiorin the PWIA, calculated with the Bonn wave functi¢solid
introduced by the spin-orbit FSI is obviously important. Thisline) and the Paris wave functiddashed ling As expected,
is demonstrated in Fig. (@), where the full transverse- the results differ at higher missing momentum where we
transverse response is decomposed $ieave (dashed ling  have seen that the wave plays an important role. Once the
and D-wave (dash-dotted line contributions. TheSwave  full FSI, including central and spin-orbit interactions, is in-
contribution is larger than th®-wave contribution for all cluded in the calculationRy, is affected at higher missing
missing momenta, and it is dominant for,>2 fm~'. This momenta; however, it basically retains its potential for dis-
is in sharp contrast to the picture for central FSI's dmdgm-  crimination between the different ground-state wave func-
pare with Fig. d)]: there, theSwave contribution is much tions. This is due to the fact that fét;, , the D wave is an
smaller than theD-wave contribution forp,>2 fm~!, important contribution for p,>1.3 fm 1. For the
while it is practically negligible in the region from 2 fit  transverse-transverse response, the difference in the PWIA
to 2.5 fm L. Indeed, the increase in ti®wave part in this  results is roughly the same as ¢, . However, the full FSI
region amounts to more than 1.5 orders of magnitude. Thalters the picture: for higher missing momenta,,
effect of the spin-orbit FSI on th&wave part can be attrib- >2 fm~1, the Bonn and Paris wave functions give very
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__ 10¥ T T . 1o% T T
JRTeE 9 =90°p=90° | Lowgef 9 =90° = 90° 1
L Lo FIG. 9. The fifth response functioRy . is
i ﬁ 10+ shown in panel(a) calculated with full FSI's
- - 10! (solid line) and with central FSI's onlydashed
ﬁ E 10-2 line) in perpendicular kinematics at an azimuthal
= = e angle ¢=90°. The full response is negative for
pm<1.4 fm~%; with central FSI's only, it is posi-
P [f0™'] P [f0™'] tive up to pp,=2.6 fm 1. Panel(c) shows the
— 10 T T — 1o T T response calculated including full FSI's with the
Lot} 9 =90° ¢ =90° - B0t 9 =90°% ¢ =90° A Bonn wave function(solid line) and the Paris
7 T oot | 4 wave function(dashed ling In panels(b) and
% % 1o+ (d), besides the full responsgsolid line), we
% % ) show the Swave part (dashed ling and the
o o Iy D-wave part(dash-dotted lingfor the calculation
& Rl f with central FSI's(d) and full FSI's(b).

103
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similar results. At medium missing momenta, 1 fhcp,, tral FSI calculation, th®-wave contribution is slightly more
<1.8 fm %, the sensitivity to the models is increased byimportant, as its size is larger than for the full FSI result and
FSI's. This is the region wher&wave andD-wave contri- as the absolute magnitude of tf&wave contribution is
butions have a similar size. Unfortunately, the practical usesmaller than for the full FSI at higher missing momenta.
of this information is limited: from the experimental point of Consequently, the difference between the Bonn and Paris
view, a separation dRrt is very dificult, as this is the small- wave function results is marginal; see Figc)9 where the

est of the four responses generally present in the unpolarizesblid line represents the Bonn result and the dashed line rep-
D(e,e’p)n reaction, and the experimental errors might beresents the Paris result. The two curves are almost on top of
largest in the region of 1 fm'<p,,<1.8 fm !, which in-  each other.

cludes two zeros of the response. From the theoretical point The large differences between the full FSI and central FSI
of view, it is advisable to include the full relativistic electro- results stem from the different spin structure of the spin-orbit
magnetic current for the calculation Bt (see[4]), and itis  FSI operator. For central FSI's, there are two contributions in
possible that meson-exchange currents may play a role, tothe Swave: the largest is given by the magnetization current
In this paper, it is our goal to demonstrate that even in theand the spin-orbit charge operator, and the convection cur-
GeV energy regime, it is mandatory to include spin-rent and the zeroth-order charge operator yield a contribution
dependent FSI effects, although we do not claim to havef different sign and approximately half the magnitude of the
treated the reaction mechanism fully. magnetization—spin-orbit contributidifior an extensive dis-

We now turn to the fifth response functidty ., which  cussion of the electromagnetic current 4d¢). Once the
can only be measured with a polarized electron beam anspin-orbit FSI is included, the previously existing contribu-
vanishes for the PWIA. Its dependence on the out-of-planéions are unchanged, but there arise new contributions, the
angle ¢ is given by sinp, and therefore we consider this dominant new contribution being the one coming from the
response at an out-of-plane angle-90°. Figure %a) shows magnetization current and the zeroth-order charge operator.
Ry, calculated with the full FSKsolid line) and with the It is about 40% larger than the magnetization-current—spin-
central FSl(dashed ling With central FSI's, the response is orbit charge operator result, and it has a different sign. This
positive up top,=2.6 fm ! and then changes sign. Once new contribution is responsible for changing the sign and
the spin-orbit FSI is included, the response is negative fomcreasing the magnitude of tif&wave contribution to the
pn<1.4 fm ! and becomes positive afterwards. Also, thefifth response. There are also new contributions involving
magnitude is changed drastically by the spin-dependent FSinterference of the convection current with the spin-orbit
for small missing momentd&y, -+ is increased by a factor of charge operator and the first-order convective spin-orbit cur-
4 and more. For the higher missing momenta, the response iignt which did not contribute at all for the central FSI, al-
increased by more than one order of magnitude. Being rathéhough these contributions are small. The main effect is that
large, this is likely to be an observable effect, and it showshe two biggest components of the current, the zeroth-order
clearly that for polarization observables such as the fifth recharge operator and the magnetization current, can interfere
sponse function the inclusion of spin-dependent FSI's is abwith each other and contribute due to the spin-orbit FSI, and
solutely necessary. therefore change the character of the fifth response.

In Figs. 9b) and 9d), we show the decomposition of the  Previous calculations employing Glauber theory for

full wave function intoS and D-wave contributions, for the (e,e’p) reactions at high energies only took into account
full FSI in panel(b) and for central FSI's only in panéd). central FSI's[13-164, which is reasonable when one is in-
In both cases, th&wave is the most prominent contribution, terested in the cross sections, large responses, and nuclear
especially for the full FSI calculation, where the influence oftransparencies. However, the measurement of the smaller re-
the D wave is reduced to the region aroupg~1.3 fm !,  sponses and of the polarization observables is expected to
i.e., where theswave contribution changes sign. In the cen-reveal most about the nuclear wave function, and so the in-
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TABLE I. NN amplitude parameters for the central and spin- TABLE Ill. NN amplitude parameters for the spin-orbit terms
orbit terms from the Glauber proton-nucleus scattering analysisfrom the Glauber proton-nucleus scattering analysis. Parameters are

Parameters are given in tiNN c.m. frame. given in theNN laboratory frame.

o /mb bo/fm p yifm  bg/fm Ps Nucleon vIfm bg/fm Ps

41.1 0.48 —0.48 0.16 0.65 -0.24 Proton 0.15 0.65i0.03 -0.44
Neutron 0.17 0.64i0.03 —0.02

clusion of spin-orbit FSI's will be necessary for the interpre- , . .

tation of the experimental data. There is also a recent publigiS have an imaginary part, although it is small. por there
cation [17] in which both central and spin-orbit FSI's are 'S a wide sp_reaq of values even among the different Glauber
treated within a Dirac eikonal formalism. Although the spin- 2nalyses, yielding values from 0.4 t60.62. Clearly, we
orbit FSI in[17] is also found to be important for certain N€ed to investigate how much a change in this parameter
polarization observables, and Ry+, its effects in the fifth ~ affects our results. _

response are small. This may be due to the consideration of a The situation is somewhat more complicated by the fact

different target nucleufO or due to the different approach that the final-state interaction is not calculated in the
used there. NN c.m. system, for which the parametrizations are given,

but in a system where the incoming and outgoing nucleons
all have different momenta: before the FSI takes place, the
proton carries the sum of its initial momentum and the mo-

In this section, we discuss the different parametrizationgnentumq transferred by the photon, and the neutron still
for the NN amplitude and the effects of changes in thesecarries the momentum it had initially in the deuteron. After
parameters on the results we have obtained. For the centride FSI took place, the neutron carries the missing momen-

part of the amplitude, this has been done beford 1i8].  tym Pm, and the proton has the momentyg. As the pro-
There, it was shown that changes in the slope paranigter {o's momentum is high in any case, and the neutron’s initial
affect the results in perpendicular kinematics, increasingnomentum on the average will be smaller than the Fermi
them for high missing momenta 1, is smaller and the momentum p-~55 MeV for the deuteron the situation is
interaction therefore shorter ranged, and decreasing them gither asymmetric. At least for the deuteron, the rescattering
high pr, if bg is chosen larger. In any case, the results withtgkes place in a system quite close to the laboratory system,
FSI's lead to a considerably larger high missing momentunys the Fermi momentum is so small.
tail than in the PWIA. A change ip, the ratio of the real to Therefore, we have to boost tiuN parameters from the
imaginary parts of the forward elastic scattering amplitudec m. system to the appropriate “rescattering system.” As in
influences the results only in parallel and antiparallel kinethe rescattering system the momenta of the nucleons do not
matics. _ _ transform into one another under time reversal, we pick up
The spin-dependent part of the amplitude is not known agjifferent coefficientsC, andC, for the spin-orbit part for the
well as the central part, and there are many different valuegyg different nucleons. This is in analogy to the transforma-
for the spin-orbit parametrization to be found in the literaturetion from the c.m. frame to the Breit frame, which was dis-
(for an overview, se¢l11]). The two main groups are the cyssed if11,19. We have transformed thé¢N parameters
values derived from phase shift analyses and from protong the |aboratory frame, since taking into account the nonva-
nucleus Glauber theory calculations. In the Glauber appjshing initial momentum of the neutron would only lead to
proach, one usually neglects all double-spin-flip contribu-negligible additional corrections. We used the method out-
tions and in addition assumes that the slope parameters afgeq in [19] for the boost. It is well known that the central
real, in contrast to the complex values derived in the phasgarameters do not change in a transformation from the c.m.
shift analyses. Actually, the two different approaches alreadyy the laboratory system, provided they are multiplied with
differ quite significantly in the central part: the diffraction e properly boosted quantities in each reference fre2ag
slope derived in a typical phase shift analysis is about 50%hjs |eaves the spin-orbit parametéesd also the double-
larger than the one derived from Glauber calculations. Charspin_ﬂip terms, which we do not consider her&he spin-
acteristic values af.,=1 GeV are listed in Tables I and Il orpjt parameters now differ for the two nucleons, and the
The phase shift values are taken frpi9], while the Glauber slope parameters pick up an imaginary part. However, we
values are the average of the parameters quoted in Table 1@ried out a calculation with the imaginary partsbgfset to
of Ref. [11]. Except forps, which enters in the spin-orbit zerg and found that the results practically coincide with the
part, all of the parameters agree within 10-20%. As alreadyesylts obtained for the nonvanishing imaginary parts. The
mentioned, the parameteg andb of the phase shift analy-  spin-orbit values for the laboratory system obtained from the
_ ~ Glauberp-A analysis are shown in Table IIl. It is obvious
TABLE Il. NN amplitude parameters for the central and SPIN-that the boost to the laboratory system has a very small effect
orbit terms from the phase shift analysis. Parameters are given ig, y andbs. The boost has a significant effect only pg,
the NN c.m. frame. which is almost zero for the neutron and takes on about twice
its c.m. frame value for the proton. The spin-orbit values for
the laboratory system obtained from the phase shift analysis
36.9 0.57i0.07 -0.47 020 053i0.05 052 are shown in Table IV. Again, the boost effects are signifi-
cant only forpg.

IV. INFLUENCE OF THE NN PARAMETRIZATIONS

ohN/mb bg /fm p yIfm bs/fm Ps
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TABLE IV. NN amplitude parameters for the spin-orbit terms __ 10t® T T
from the NN phase shift analysis. Parameters are given inNhe n o
laboratory frame. 5 10
T
Nucleon ylfm bs/fm Ps >
& 1070
Proton 0.18 0.53i0.07 0.41 =
Neutron 0.21 0.52i0.03 0.64 E 10"
H 102
=]
Instead of discussing the merits of the Glaupek analy- 108
sis versus the phase shift analysis parameters, we investigate
the sensitivity of the final results to changes in tal pa- P [fm™']

rameters. From the preceding paragraph, it is clear that we
have to consider moderate changesyirand by, and large

changes in the less well known,. As y simply multiplies
g W Y Pl P shows the results of the calculation wijth= —0.44 for the proton,

the spin-orbit term, it is obvious that a slight increase or> ) .
decreFe)lse iny leads to a slight increase or ?jecrease in thewhlle the dashed line shows the result for the changed sign of

overall spin-orbit FSI effect, independent of the specific ki-"©" for ps=+0.44.
nematics. We therefore focus dn, and pg. As the fifth
response is most sensitive to the spin-orbit FSI, we choose #te, although its contribution is much smaller than that of the
as a testing ground. Before checking the sensitivity to thespin-orbit FSI on the proton. This asymmetry is introduced
NN parameters, it is useful to consider the spin-orbit FSIin the problem by the assumption of the impulse approxima-
effect on the proton and the neutron Separate|y_ In F|g 1(1i0n, i.e., the aSSUmption that the nucleon with which the
the solid line shows the fifth response calculated with the fullvirtual photon interacted is the one which is detected later.
FSI, i.e., with the spin-orbit FSI acting both on the protonThis means that the electromagnetic current operator acts
and neutron. The dashed line shows the results with the spi@nly on the proton, and therefore the spin effects on proton
orbit FSI acting on the proton only. One can see that theétnd neutron cannot be the same, as the electromagnetic cur-
qualitative agreement between the curves is good. Naturallyent operator contains spin-flipping parts. For the conditions
the influence of the spin-orbit FSI on the neutron is largestve assume here, namely, a very energetic virtual photon and
when the fifth response changes sign, but for small missing Very energetic protonT,=1 GeV) which is measured,
momentap,,<0.5 fm ! and the high missing momentum the impulse approximation is a realistic assumption, because
tail p,;>1.8 fm™1, its role is minor. The situation changes it is quite unlikely that after its interaction with the photon
when we switch off the spin-orbit FSI on the proton, andthe nucleon will transfer the momentum and energy gained
keep 0n|y the spin_orbit FSI on the neutron, as depicted by’] the hard vertex Completely to the other nucleon. For lower
the dash-dotted line: the results are qualitatively similar teenergies, where both the proton and neutron in the final state
the results with central FSI's onlylotted line—indeed, they —have similar momenta, the Born graph does contribute and
are even somewhat smaller. the spin-orbit FSI's on the neutron should gain importance,
Note that here the case is different from proton-nucleugs the situation then is more symmetric for the two nucleons.
scattering, where the spin-orbit FSI on the spectator nucleon In view of the importance of the spin-orbit FSI on the

does not contribute for spin-0 targets. Here, it does contribProton and the relatively small role of the spin-orbit FSI on
the neutron, we will only discuss the sensitivity to the differ-

FIG. 11. The fifth response functidR;, is shown in perpen-
dicular kinematics at an azimuthal angte=90°. The solid line

10+3 . . entNN parameters for the spin-orbit FSI on the proton. As
the effects there are large, this should allow for an easy iden-

10+ F 4 =90° ¢ =90° - tification of the effects of changes in, and ps. We start

10+ with different values ofpg for the proton, keeping all of the

otherNN parameters the same. The results of a calculation
with p,=—0.44 (the value we used for all of the above cal-
culationg are compared to the results of a calculation with
ps= 1+0.44 in Fig. 11. The results are very similar to each
other, the only significant deviations occurring in the region
whereR+/ changes its sign. We conclude that even the very
drastic change of 200% in the value @f does not alter the
results qualitatively and even does not alter the results quan-

titatively, except for the region of 1.3 fmt<p,<2 fm1,

FIG. 10. The fifth response functidRy,. is shown in perpen- Where the response changes its sign and any slight change in
dicular kinematics at an azimuthal angle=90°. The various the calculation must induce a visible difference. So, although

curves represent a calculation with the FSEslid line), a calcula-  the value ofps is not known with much precision, this un-
tion with central FSI's and spin-orbit FSI's only on the proton Certainty does not influence the practical calculations in a
(dashed ling a calculation with central FSI's and spin-orbit FSI's significant way.

only on the neutrorfdash-dotted ling and a calculation with cen- In Fig. 12 we investigate the influence of the slope param-
tral FSI's only (dotted ling. eter value on the fifth response. The solid line shows the
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_ 1073 T T tend to smear out the differences between the various theo-
Ts_ 10+ retical models for the nuclear ground state. Our results indi-
) cate that one of the smaller responses or a polarization ob-
T ot servable might be better suited for this purpose. A reliable
% theoretical calculation of these responses must include the
G U spin-orbit FSI as well as the central FSI. We have included
— 101 the spin-orbit FSI, for the fifth response function showing
= that the spin-dependent FSI is indeed crucial. The calcula-
m?' 1072 tions presented here go beyond the approach usually taken in
— 10-% calculations for €,e’p) reactions in the framework of

Glauber theory, where only the central FSI is included. In
P [fm!) addition, we have pointed out that due to the longer-ranged
nature of the spin-orbit final-state interaction, the FSI can
FIG. 12. The fifth response functidR . is shown in perpen- also have a significant impact on tiewave contribution.
dicular kinematics at an azimuthal angle=90°. The solid line  The experimental measurement of the small responses and
shows the results of the calculation with Rg(=0.65 fm for the  the polarization observables is a challenge that holds poten-
proton, the dashed line shows the result for Re€0.71 fm, the  tial to shed light on interesting issues involving all of the
dash-dotted line corresponds to Rg(=0.59 fm, and the dotted ingredients in electronuclear physics, namely, initial- and
line represents Rég)=0.52 fm. final-state nuclear structure and electromagnetic operators.
Of specific relevance for the present work, we note that the

result with Reps) =0.65 fm, while the dashed line repre- fifth res : ; :
a . : ponse function will be measured for a variety of nu-
sents the results for Re{)=0.71 fm, which makes the in- Chei at Jefferson Lab in the near futui2l].

teraction even longer ranged. As expected, and as observe The aim of this paper is to point out how to include a

for the central FSI and the slope paramdigrin [18], the . o . . I
longer-ranged interaction decreases the result at higher mis§pm'Orblt final state interaction within the Glauber frame-

ing momenta. Consequently, the shorter-ranged valués of work and to assess it; ir_nportance.. We ha_ve shown the influ-
lead to a slightly increased result at higher missing momente£nce of the spin-orbit final state interaction for a few ex-
namely, the dash-dotted curve for Rg(=0.59 fm and the amples, the most striking being the flfth. response function.
dotted curve for Ref.)=0.52 fm. On an absolute scale, e plan to perform a more complete investigation of all
these changes are small and they are present onlpfor ©Observables accessible with a polarized beam and a polarized
>15 fm 1. target, e.g.Ry/ and the tensor analyzing power, and present
From these observations on the sensitivity to ke pa-  the results in a forthcoming paper.
rameters, we can conclude that the overall effect of the boost
from the c.m. frame of theNN system to the laborator
frame only has a small effect, qu%te similar to the obser)\//a— ACKNOWLEDGMENTS
tions made in[19] for proton-nucleus scattering and the s J. thanks N. N. Nikolaev and R. Schiavilla for useful
transforr_natlon from the c.m. to the Breit system. Also, thecomments on the manuscript. S.J. is grateful to the Alex-
change in the parameters due to the boost is smaller than thegyjer yvon Humboldt Foundation for financial support during
uncertaln_ty in the value of the_: parameter. Although the d'f'part of this work. This work was in part supported by funds
ferences introduced by changing ddé&l parameter at a time provided by the U.S. Department of Ener¢9OE) under

are small, we found that a simultaneous change in the valuqﬁ)operaﬁ\,e research agreements Nos. DF-FC02-94ER40818
of all NN parameters can add up to a significant shift of thegg DE-AC05-84ER40150.

zero of the fifth response.

In this paper, we did not consider double-spin-flip terms
in the FSI. They are smaller than the spin-orbit term, and in APPENDIX A: RESPONSE FUNCTIONS AND CURRENT
the proton-nucleus Glauber calculations they are usually ne- OPERATOR
glected. We estimate that their influence on the observables

calculated here will be very small, since the spin-orbit FSI's For the convenience of the reader, we provide a definition

already allow the “bia” components of the current and the of the response functions and identify the different parts of
y 9 P the electromagnetic current. For more information on exclu-

\;vac\)/:séut%?(c):gni?ibﬁ?igtr:l%l;tfﬁesirgtee?f]l(izlr:)é’e Ige:\r/]\/ee(;ﬂrr;a:eh s_ive electron scattering in general, the reader is referred to
P 9 22]; for the electromagnetic current operator and the relativ-

e e ST Ohermlo s 1 e efecs ncorporated i 1, 54¢)
when the spin-orbit FSI is included. However, there may be The differential cross section is equal to
other observables, e.g., double-polarization observables, "
where the double-spin-flip FSI might contribute—in these do® MM PN
cases, it will be necessary to reexamine many of the approx "de'dQ.dQy ] 8mm,

mations made in the present study.

f—l
O Mott! rec

V. SUMMARY AND OUTLOOK L T TT TL
X[(ULRfi+UTRfi+UTTRfi +UTLRfi )

Final-state interactions have a rich structure: as a result of o L
the short-ranged nature of the central part of the FSI, they +h(vr Ry +orRe™ )], (A1)
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wherem;, my, andm; are the masses of the target nucleus,with
the ejectile nucleon, and the residual systpgpandQy are

the momentum and solid angle of the ejectié,is the en-

ergy of the detected electron, afifj, is its solid angle. The
helicity of the electron is denoted By The coefficients ¢

are leptonic coefficients, anldy are the response functions
which are defined by

P=p="fo[&+iEHqxp)-al,

-39
q L

N

le_iE|P(a)fi|2a

P

= S T P S (O
Rl =19 (@)l>+ 9 (@)l JL:f(’(gl{p_(?)ql_'{gl(qxa)+§2(q'“)
RI=2Rd J* (q)1J_(9)si], N I e By A
" D) (Dl X(qxp)+&[(gxp)-ol| p— q—zp)q ) (A5)

RfTiLE -2 RG{P*(ﬁ)fi[L(a)fi_J—(a)fi]},
|

RIY =—2 Relp* (4) 1[I+ (A) i +I_(Drl},

where theJ.. are the spherical components of the current.
For our calculations, we have chosen the following kine-

matic conditions: the axis is parallel tcﬁ, and the missing

momentum is defined as,=q— py, SO that in the PWIA,
the missing momentum is equal to the negative initial mo

Here, fo,&;,& are all functions Ofa),q,pz; their explicit
forms are given irf4]. For the reasons explained [i4], we
refer to the operator associated wigh as the zeroth-order
charge operator; we call the term containing £jdirst-order
spin-orbit operator, the term containing the first-order
convection current, the term containigg the zeroth-order
magnetization current, the term containiggthe first-order
convective spin-orbit term, and the term containigigthe
second-order convective spin-orbit term. In this paper, we
have used the current expanded up to first order in the initial

2

RE =[3., (@)%~ 13- (d)s

(A2)

mentum of the struck nucleon in the nucleps,= —p. We

denote the angle betwe@r, andq by 6, and the term “par-
allel kinematics™ indicates¥=0°, “perpendicular kinemat-
ics” indicates #=90°, and “antiparallel kinematics” indi-

nucleon’s momentum and retained terms of all order in the
transferred energy and the transferred momentum

Note that we retain more terms in the current than with
the commonly used strict nonrelativistic reduction, which as-

cates#=180°. Note that both this definition of the missing sumes that the transferred momentgns smaller than the
momentum and the definition with the other sign are used imucleon mass, and that both the initial nucleon momentum
the literature. In this paper, we assume that the experimentaind the transferred energy are smaller tiggand therefore
conditions are such that the kinetic energy of the outgoingnuch smaller than the nucleon mass. Under these assump-
nucleon and the angles of the missing momentdrand the tions, the current operator simplifies to the form

azimuthal anglep, are fixed. The kinetic energy of the out-

going proton is fixed to 1 GeV. For changing missing mo- P g
mentum, the transferred energy and momentum change ac- nonrel =& »
cordingly.

The electromagnetic current operator - -

. Jhonrer™ 2 Gu(gXxo)
_ i

" PI'AT) = PAT y73 v oo

JHPAP'A)=u(P'A")|Fyy +2mNF20' QV}U(PA) 1 b
(A3) T e CE| P2 )

can be rewritten in a form that is more suitable for applica-
tion to nuclear problems: which contains only the zeroth-order charge operator, the
zeroth-order magnetization current, and the first-order con-

IHPA;P'A)=x ) JHP;P )X, (A4)  vection current.
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