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Relativistic nuclear structure effects in (e,e’|5)

J. M. Udias and Javier R. Vignote
Departamento de Bica Atanica, Molecular y Nuclear, Facultad de Cienciassieas,
Universidad Complutense de Madrid, E-28040 Madrid, Spain
(Received 20 July 1999; published 3 August 2000

Results for recoil nucleon induced polarization fe;d’ ﬁ) are presented using various approximations for
the relativistic nucleonic current, at the kinematics of a recent experiment at Bates. We see that the dynamical
relativistic effects improve the agreement with the data. We make predictions for the induced normal polar-
ization and responses for TINAF 89-033 and Mainz A1/2-93 experiments.

PACS numbsgfs): 25.30.Fj, 25.30.Rw, 24.181, 21.60.Cs

I. INTRODUCTION ments ofP,, at differentQ? would give information about the
onset of nuclear transparency. If nuclear transparency is
Several experiments have been proposed or have begmesent at certairQ? value, that is, if FSI effects are
carried out to measure the polarization of the ejected nucleoguenched, we would see a decreaségfwhat would be a
in (e,e’|5) reactions[1-3]. In this way, new sets of polar- clear signature of nuclear transparency free from the ambi-

ization response functions can be isolatdéd 7). guities on the occupancies of the shells under s{@dy
If we write the cross section for the coincidenegd’ 5) The first analysis of the experiment performed at Bates by
reaction in terms of recoil nucleon polarization dependentvoo et al. that measure®,, in °C(e,e’p) [1] was made in
and independent terms, we hgvg6,7| a nonrelativistic framework. Other nonrelativistic results for
this experiment were recently presented in R&f. The non-
d3o o N L L oN .
— = [1+P-g], (1) relativistic approach tod,e’p) is based on the impulse ap-
dedQ.dQ’ 2 proximation, i.e., assuming the one-photon exchange picture

) i in which the single photon interacts only with the nucleon
wheree, is the scattered electron energy, is the unpolar- 14t is detected4]. If no FSI are considered, the ejected
ized cross sections denotes the nucleon spin projection . jeon is described by a plane waistane wave impulse
upon o, and P is the induced polarization. Each of these approximation or PWIA FSI are taken into account using
observables can be written in terms of response functionggtentials that distort the final nucleon wave functiaiis-
that are bilinear combinations of the nuclear electromagnetigyted wave impulse approximation or DWIA4]. The non-

current operatof4,5,7. If the electron beam is unpolarized (o|ativistic analyses fouha a systematic underestimation of
and the experiment is performed in coplanar klnemat|c§Dn of around 10% at begt.].

. . :
(¢'=0,m), the relationship between the nuclear responses There are two main sources of an induced nonzero normal

and the cross section is given by polarization in proton knockout reactions caused by the in-

teraction with the residual nucleus in the final state. One is

{VL(R_+R!S,) +V1(R; due to the absorption, that is, the flux lost into inelastic chan-

Mott nels, parameterized in the imaginary part of the optical po-
tential. Semiclassically, for scattering on a given sideﬁpf

ejecting a nucleon from the front or the rear face of the

@) nucleus would select out different directions of the angular

momentuml =r X p and, as the absorption depends on how
The kinematical factors ar&/, =\2, Vi=\/2+tarf6./2, much the nucleon travels in the nuclear medium before being

Vir=M2, Vi =AJN+tarf 672, and A=1—(w/|q|)? deteqted, thg gffect is a net induced polgrizatiorj due to gb—
TT L J («/]al) sorption. This is well known from hadronic reactions and is

wherew andq are the energy and momentum tranesfer in thenarned as the Maris effect or Newns polarizatiad]. It is,
reaction, . is the electron scattering angle, ad, [P’| are  however, a small source &, [1]. The bulk of the induced
the energy and momentum of the ejected nucleon. Hence, f¢jolarization is primarily due to the real part of the spin-orbit
coplanar kinematics, i.e., when the ejected nucleon liegotential, that parametrizes the explicitly spin-dependent
within the electron scattering plar® the net ejectile polar- terms in the optical potentidlL].

ization for an unpolarized beam or induced polarization Since the spin is a property intrinsically related to relativ-
(P,), is normal to the scattering plane. In the one-photority, one maya priori consider that a relativistic approach is
exchange approximatioR,, is zero when no final state inter- better suited to describe nucleon polarization observables. In
actions(FSI) between the ejected nucleon and the residuafecent years, the relativistic mean-field approximation has
system are consider¢d,5,7]. Thus,P, is an observable well been successfully used for the analysesey&(p) reactions
suited to study FSI effects in nuclear systems and measuré the so-called relativistic distorted wave impulse approxi-

do
dQ,

d3o 3 E'|P'|
de,dQ.dQ’  2(27°)

+R1S,) +cos¢' Vo (R +RY,S))

+c0s2' Vo1(Rrr+ RIS}
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mation (RDWIA) [11-15. The polarization degrees of free- to be introduced in Eq3) in order to calculate a relativisti-
dom for the electron and the ejected nucleon have been irelike nucleon current matrix element. In this way the relativ-
cluded in this formalism years ag/]. In RDWIA, the istic kinematics is fully taken into account and no expansions
nucleon current in p/M are needed. One further stepreativize the calcu-
lations is done by rewriting the Dirac equation for the upper
. . R R component as a Schiimger-like equation and introducing
Jﬁ(w,Q)Zf dp ¢e(p+d)I(w,q) ¢a(p) (3 its nonrelativistichispinor solutiony in Eq. (4). This “non-
relativistic” bispinor is phase shift and energy eigenvalue
?s'c.:alculated with 'relativistigbg and ¢ wave funct?ogs for Sglrjilr\llg I;ahr;; tsolt:t?orr]egt't\ﬂzt'g Cmté%[ﬁﬁézé%i aﬁz nctgn'Eh e
initial bound and final outgoing nucleons, respectivelyis  ypper component of the fully relativistic wave functions, one
the relativistic nucleon current operato_raxfl orcc2 forms_ finds an additional factofi) so that the upper component of
[16]. As bound state wave function, Dirac-Hartree solutionsthe full Dirac solution is quenched in the nuclear interior
from relativistic Lagrangian with scalar and vect&®V) me-  compared to the nonrelativistic soluti¢h3,22,25,27. This
son termg17] or solutions of Dirac equation with phenom- guenching can be associated to the Darwin faf28] that

enological Woods-Saxon wells are cus}omar|ly used. Th%ppears from an extra term Iinearﬁrthatmust be dealt with
wave function with asymptotic momentuR{ for the outgo-  to obtain the Schidinger-like equation and that is not
ing proton is a solution of the Dirac equation containing SVpresent in the usual nonrelativistic treatment.
optical potentials. Recently a relativistic calculation Rf One can then build a nonrelativistic formalism based on
following those general lines has appeaj2]. In Ref.[18]  the Schidinger-like equation, with central and spin-orbit po-
it was found that the agreement with the data improvedentials that are phase shift equivalent to the relativistic po-
slightly compared to the nonrelativistic analyses of R&f.  tentials, incorporating posteriorithe Darwin term in order
However, relativistic effects for this improvement remainedto recover exactly the same upper component as in RDWIA
unspecified in Refl18]. and, by means of Ed4), avoid the expansions io/M. This
Some of the differences between the relativistic and nonformalism would incorporate all the kinematical and
relativistic approaches are independent of the dynamics, hayperator-related relativistic effects, as well as the dynamical
ing to do with the prope(relativistic) kinematics being taken quenching of the relativistic upper components due to the
into account. Also, the nonrelativistic operators are normallypgrwin term.
obtained from an expansion and truncation in powerns/ & This is done for instance by Kelly in several worl9]
and sometimes also @f/M and w/M. When the momenta though with an additional approximation, the effective mo-
and energy involved in the reaction are of the order of thenentum approacEMA) for the lower components. This
nucleon mass, as it may be the case feje(p) reactions,  amounts to approximate the-p term that appears for the
one must be very careful with the behavior of the expandeqpwer components in Eq4)
and truncated operator. In R¢fL9] different nonrelativistic
expansions were studied and new expressions that compared
better with the unexpanded result were deduced. In [8éf. R op -
improved nonrelativistic operators were used, particularly X(p)lower:m)((p)upper
with the inclusion of the extra spin-orbit term in the charge
density operator as described in refereft8]. This term
proves to be necessary to reproduce at least qualitativel
[15,2Q the features seen in th®;, response andL asym-
metry

- -

E\)/y 0 Pas, With p,s the momentum corresponding to the
asymptotic kinematics at the nucleon vertex. Results ob-
tained within this approximation both with relativistic and
nonrelativistic potentials were compared to experiment in
_o(¢'=m)—0a(¢'=0) Ref. [1].
- o(¢'=0)+o(¢p'=m) The differences between the calculations of R&8] and
those presented in Reffl] can be either due to the EMA
procedure, or to an additional dynamical relativistic effect
different from the Darwin term, namely the enhancement of
he lower componentsii): The lower components of the
ully relativistic solutions are enhanced at the nuclear interior
due to the presence of negative energy components
[13,30,4Q. Solving the Dirac equation with scalar and vector
é)otentials we see that the lower components are related to the
upper ones by

ATL

as measured in a recent TINAF experimentQgt=0.8
(GeVic)? [21].

The nonrelativistic approach can be better compared t
the relativistic one thinking in terms of the direct Pauli re-
duction[13]. Starting from a nonrelativistic formalism based
on bispinorsy solutions of a Schdinger-like equation, one
may at best construct properly normalized four-spinors of th
form

-

. op -
X(D),mx(p)

- -

. op N
(4) X(P)iower= m)(( p) upper- 6)

1
¢NR=\/_N
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Comparing with Eq.(4), we see that the lower compo- 0.5 ‘ - .
nents are enhanced with respect to the ones of free positive
energy spinors by a factor

R E+M
()= ErmM+sin—vin)

(we recall S<0, V>0, andA (r) is =2 at the nuclear S 0F — rel(ccl) T

interior for the usual values of the potentiald " (r) equals | rel. (cc2) Y

the inverse of the Darwin factor squared. This enhancement - --- projected (cc1) A

of the lower components with regard to free spinors has been — — - projected (cc2)

sometimes referred apinor distortion[29]. I * Woo et al.

As one can see from Eg&}) and(5), for small values of
the momentunp the lower components would play a minor

role with respect to the upper ones, due to the faﬁVcﬁE 05 ‘ . !

+M). In this low+ region (p<<300 MeV), the enhancement 0.5 : , :

of the lower components is not important for the € p)

cross section§l3] and the most visible difference between q =760 MeV/c 1s
RDWIA and nonrelativistigkinematically correctedDWIA o = 292 MeV 2
results is caused by the effect mentioned above in goint - &=3579 MeV

namely, the Darwin term. Due to dynamical effects, relativ-
istic cross sections at low-are smaller than the nonrelativ-
istic ones and RDWIA-deduced spectroscopic factors from .
the lowp data are 10 to 15 % higher than the nonrelativistic 8-
ones[11,12. With increasingp, however, the lower compo-
nents cease to be small and their enhancement, present in th
fully relativistic wave functions but not in E4) or in simi- i e
lar nonrelativistic expressions, increases the cross sections a * Woo etal. [28 < E_ < 39 MeV] R
p>300 MeV/c, compared to the nonrelativistic ones. This o Woo et al. [39 < E_ < 50 MeV]
improves sizeably the agreement with the data of the

RDWIA (e,e’p) cross section§l14,15. In short, in regions -0.5 ‘ ; ' : ‘

where the momenta of the bound and/or final nucleon are 0 100 200 300
comparable to the nucleon mass, the RDWIA cross sections P (MeV/c)

arelarger than the nonrelativistic DWIA ones, in spite of the 1
Darwin factor that in these kinematical regions would play a FIG. 1. Py from 2C for the Ips, (upper pangland Isy, (lower
minor role. The more visible dynamical effect in highre- pane) orbits, versus missing momentupy, in M.eV/C'. Results
gions would be the one mentioned in paragréiphthat is, ghown correspond to a fully relativistic calculation with thel

th h t of the | ts. Thi h solid) andcc2 (dotted operators. Also shown are the results after
€ enhancement o € lower components. IS enhanc rojecting the bound and scattered proton wave functions over

ment is crucial to obtain good ag_reelrgéﬂlﬁ,Zq with the positive-energy stateshort-dashed and long-dashed lines, respec-
recent data foRy response ané; in ~°O taken at TINAF tively). Data points are from Ref1].

for Q2=0.8 (GeVk)? [20,21].

To compare with nonrelativistic calculations, one can _ ) )
project the negative energy sector out of the fully relativisticOf the lower components is contained in the current of Eq.
solutions, thus removing the enhancement of the lower com@) but not in Eq.(6). Apart from kinematical effects, the
ponents described in paragrafil. More specifically, if the ~Matrix elements obtained with the prescription of E&).are

negative-energy components are projected out, the nucledifluivalent to the ones computed in nonrelativistic ap-
current is calculated as proaches based upon either the Foldy-Wouthuysen reduction

[6,31] or the direct Pauli reductiofi3,32.
. . . . The EMA approach(or more properly the EMA-noSV
Jffroj(w,Q)=f dp I (p+a)34(w,q)ys(p), (6)  one where, as we have said, no spinor distortion is consid-
ered[29]) also removes the enhancement of the lower com-
ponents but it is not completely equivalent to the exact pro-
i (+)p2y - N S — jection method. Indeed, it is equivalent to neglecting phe
(Ye), 18, ¥g (B)_A +l(p) ¥8(P), A)(P)=(M+P)/  dependence of the projection operators in &), using in-
2M, with p,, = ( p2+M?2,p) (similarly for ap(F*)). That is, stead the asymptotic values of the momenta at the nucleon
the matrix element of the current is computed in a truncatedrertex. We can say that the EMA-noSV approach computes
space with only positive energy spinors without enhancethe matrix element with spinors that have the same structure
ment of the lower components. This truncation is inherent tas the ones that enter in the scattering of free nucleons, be-
all nonrelativistic calculations. The dynamical enhancementause it enforces the relationship between upper and lower

where y§") (4£) is the positive-energy component gf;
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0.5 ‘ - . ' ' '
i 0.25
N 0.00 £
a5-0.25 i )
~0.50 |- — rel. (ccl) ¢ parallel kinematics
I rel. (cc2) i € = 855 MeV
-0.75 ¥ T'=200MeV 1
a~ © 025 - 3\
rel. (cc1) EDAI-C 0.00 L. ‘
] . af | [EEEESEEEEEST e
—-— rel. (cc1) EDADA1 | -025 -~~~ projected (cc1) ;
,,,,,,,,,,,, EMA EDAI-C \ ~0.50 — — - projected (cc2) g
e Woo ez al. N . . . .
\ 025 | 15w 1
-05 ‘ : ' _ 0.00
05 | | ' ' & 025 [
g =760 MeV/c 050
e =579 MeV -300 -200 -100 0 100 200 300
P, (MeV/c)
FIG. 3. P, from 10 for the Ip,,, (upper pang| 1ps, (middle
c pane), and 1s;;, (lower panel orbits, versus missing momentum
o Pm in MeV/c. Results shown correspond to a fully relativistic cal-
b culation with theccl (solid line) andcc2 (dotted line operators.
-05 \\\ . Also shown are the projected resulshort- and long-dashed lines
' and the EMAecl ones(dash-dotted ling Results in parallel kine-
\ matics corresponding to Rg3] and the EDAI-O potential is used.
e Woo etal. [28 <E, <39 MeV] ", h
° Woo eral. [39 < E,, < 50 MeV] N We must keep in mind that both projected and EMA-
-1 ‘ ‘ ! noSV results still incorporate the dynamical quenching of the
0 100 200 300 upper componentéarwin term) and, if they are to be com-
P,, (MeV/c) pared with nonrelativistic calculations, care must be taken of

the Darwin term in the nonrelativistic result. Relativistic op-
tical potentials normally give rise to increased absorption
and stronger spin-orbit potentials. Due to this, it is expected
that they would also lead to a stronger induced normal po-
larization.

We want to emphasize that the possible differences with
the former EMA-noSV analyses of Wa al.[1] are not due
to the use of a relativistic optical potential. In both Réfs|.

) . and [18], results were presented with the same potential
components to be driven by the asymptotic value of the MOgpA|-C that we use in the present work. The Darwin term
menta at the nucleon vertex. The EMA-noSV calcuIa‘uonaeading to increased absorptjomas also included in a simi-
lacks any “spinor distortion,” exactly as in the scattering of |5, way to us. Thus, if there are differences between our
free nucleons. In particular, the Gordon transformation is exyesylts and those of RefL], they must be due to relativistic
act for the EMA-noSV approach amt1 andcc2 operators  effects additional to the Darwin term and different from the
would lead to identical results within EMA-noSV, if the fact that the optical potential is relativistic or not.

same choices for the off-shell valueswf E, E', P, andP’

are made in both cases.

The projected results, on the other hand, though lacking
the large(around a factor of Renhancement of the lower For the bound state wave functions we use the parameters
components seen in the fully relativistic calculation, areof the set NL3[33] that reproduces adequately the known
based on spinors whose upper/lower components verify Eqnomentum distributions at low-[34]. We have also com-

(4) but with a wider value of momenta than in scatteringputed results with other bound state wave functions and
from free nucleons. Thus, even projectednrelativisti¢ re-  found the effects inP, to be very small up top=<250
sults can have a certain degree of spinor distortion comparedeV/c. For the scattered proton wave function, we use the
to the free case due to the dispersion by the nuclear potemnergy-dependemt-independent potentials derived by Clark
tials. et al. for *°C (EDAI-C) and 0 (EDAI-O) [35]. To study

FIG. 2. P, from 2C for the Ip,, (upper panéland 1s,,, (lower
pane) orbits, versus missing momentupy, in MeV/c. Results
shown correspond to a fully relativistic calculation with thel and
the EDAI-C (solid), and the EDAD1(dash-dotteflpotentials. Also
shown are the EMA resultédotted ling for the EDAI-C case.
Former EMA-EEI resultsdashed ling and data points are from
Ref.[1].

II. RESULTS
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1 p1/2 1 p3/2 1 S1/2
40 T \ 50 T T 50 T
— rel. (cc1) L A
------------ rel. (cc2 L L
30 | (cc2) 4071 40 |
LI 30 - 30 -
E _
E 20 - 20
10 + 10 -
O | | O L
40 50 11— 80 ;
---- proj. (cc1) L 70 L
——- proj. {cc2 L o L -
30—~ 'IJEMJA( ) 40 L / \\ 60 Aé\\\
i 30 | i 50
g 20F A . / n 40 [ ;,/' o FIG. 4. Response functions corresponding to
o ,f/\\ 20 - o 30 L ﬂ// *\\ the kinematics of Fig. 3.
| v// | E i) [ /
ooy 10l f 20 4 \
k r / %
0 1 0 1 1 \\- 0 L 1 \
6 6 parallél kinematics
3 L& = 855 MeV
T =200 MeV
—~ 3
£
=
e 0

3300 100 100 300 2300 —100 100 300 2300 —100 100 3C
p,, (MeV/c) p,, (MeV/c) p., (MeV/c)

the sensitivity to different optical potentials, we also com-tive energy components worsens the agreement with the data
pute results with the energy-dependéatiependent param- for both theccl andcc2 operators. In all casd®, is smaller
etrization 1(EDAD-1) of Ref.[35]. (less positive or more negativéor the projected calcula-
tions. We also see that the Gordon ambiguities, i.e., the dif-
ferences betweercl and cc2 results, are rather small.
Compared to the theoretical results of Réf], the agreement

In Fig. 1, P, is presented against the momentum of thewith experiment is better for any of the curves presented in
recoiling residual nucleus anissing momentum,p related  Fig. 1. This cannot be due only to the negative energy com-
to the momentum of the nucleon inside the target nucleugonents because the effect of projection is rather modest as
before being knocked oi#]. The results are computed for the results in Fig. 1 show. To disentangle the reasons for this
the kinematics of Ref[1], namely, beam energy of 580 difference in Fig. 2 we shoudotted lineg a calculation ob-
MeV, kinetic energy of the final nucleon of 270 Me\g| tained with the EDAI-C potential within the EMA-noSV ap-

= D . : : proach with the operatoccl (very similar results are ob-
_.7;50 2|\/I~eV/c, “’_299 MeV in qr']“’ conlstanbt k|nemgt|csll tained with thecc2 operator and are not shown herAs a
with Q°=0.5 (GeVk)“. We use the Coulomb gauge in all g iqance, the solid line in Fig. 2 corresponds to the same one

the cases. We included the Coulomb distortion of the elecy Fig. 1. We see in Fig. 2 that for the EMA-noSV results the
tro_n wave funct|on_ and found its effect iR, to be_ _sma”- reduction ofP, is noticeable and the agreement with the data
With solid (dotted lines we present the fully relativistic re- s worse. Our EMA-noSV results are in the line of the ones
sults obtained with thecl (cc2) operator. We also show obtained with the same optical potential EDAI-C in Rf].
results after projecting out the negative energy component@/e note that ouccl andcc2 results are not identical within
(short-dashed lines farcl, long-dashed lines farc2). EMA-noSV due to the different off-shell prescription we use
We see that for the fully relativistic results, the agreemenin each case for the values of the kinematical quantities that
with the data is excellent in both shells, except perhaps foenter in the evaluation of the current matrix element. Follow-
the highestp,, and missing energy data points in teg, ing Ref.[16] for cc2 we have
shell, where the contribution from continuum states not con-
sidered in the present work begins to be important. Looking
at the projected results, we see that the removal of the nega-

A. Comparison with former results from Bates

mv,
14

2M

Jho=Fy +i Fa, (7)
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' ' ' TABLE I. Approximated values of the kinematical variables

025 | and the factors in E¢(2) for the g-w constant experimental setups
0.00 0 o e discussed in the present work.
0°-0.25
-0.50 el (eo) \\/ TINAF MAMI Bates
-075F el (cc2) . . a4 5.6 186
: : : : ‘ 2 (GoVIc)? 08 0.4 05
A : ) Q? (GeVic) ) . .
1 8 llel ki
05| Pe D445 ﬂ%@auc- o (MeV) 445 215 292
A T =433 MeV
=i Samaniz | A 0.643 0.792 0.727
-0.25 o g:g!:g:gg iggg “““ Vr 0.444 0.651 3.283
| proele ‘ , ‘ Vi 0.737 0.932 1.642
' ' ‘ ' ‘ Vit 0.401 0.445 0.426
181/2
025 |-
o= 0.00

in the present work. However, the effect of these ambiguities
in the P,, predictions is almost negligiblgypically less than
, ‘ , ‘ 1%). We have plotted only thecl EMA-noSV result for
-100 0 100 200 300 P,. Ourcc2 EMA-noSV result is almost identical to this
P (MeV/c) curve.
Recently, Kelly has incorporated the effect of spinor dis-
pane), and 15y, (lower panel orbits, versus missing momentum tortion within his EMA approach by including the relativistic
pm in MeV/c. Results shown correspond to a fully relativistic cal- potentials in the lower Compcj”%m of the fp[nors as in Eq.
culation with theccl (solid line) andcc2 (dotted ling operators.  (5), while still substituting theo- p term by o- p,s. This is
Also shown are the projected resulihort and long dashed lines called EMA-SV approach in Ref29] in contrast to EMA-
and the EMAnoSV)-ccl ones(dash-dotted ling Parallel kinemat- noSV. This procedure reintroduces the dynamical enhance-

025 T pua

-300 -200

FIG. 5. P, from %0 for the 1p,,, (upper pangl 1pg, (middle

ics suitable at TINAF2] and the EDAI-O potential is used. ment of the lower components. For modest values of the
momentum(up to around 275 Me\W), where the role of the
with qv:(w,ﬁ) at the electron vertex. Farcl we have lower components is less relevant, this approximation goes

close[39] to the results obtained with the exact treatment

. F, that we do in the present work. It tends, however, to mini-
JEa=(F1+Fy)y#— W(P’+pm)“, (8) mize the effect of enhancement of the lower components

beyond the value gb,, mentioned above and, as the momen-

L _ tum of the ejected nucleon is normally well above 275

with pn=(E,pm), Pm=P’—d, E'=vVP’2+M? (the final MeV/c, it underestimates the effect of spinor distortion for

nucleon is asymptotically on-shglland E=+/p,,2+M?2.  the ejected nucleon. We conclude that an important reason
Thus, » used in Eq(7) is different fromw=E'—E as im- for the differences of our full RDWIA results with those of

plied in Eqg.(8). If we had usedwv in cc2 instead ofw, the E,?,{A%]c;sliflggptgzcia?nfpE)F;}é%alinpg;eﬂr_]]t_lal EDAI-C, is the
resglts qf ourccl andcc2 EMA-noSV cglpulatlons 'wquld For the purpose of comparison, we pres@tash-dotted

be identical. At present, there is no definite prescription folline in Fig. 2 results obtained with the same bound state
handling this off-shell kinematical ambiguity i®, o and  \wave functions as for the other curves, the full RDWIA ap-
other kinematical variables to be used in the current operatqroach with theccl operator but a different optical potential,
[23,24). This ambiguity arises because, contrary to the scathamely, the EDAD-1 of Ref[35]. We emphasize that the
tering of free nucleons, part of the energy and momentum oEDAI-C potential should be a more suitable choice than
the exchanged photon is transferred to the recoiling systemapAD-1 for 1°C because it describes better the elastic pro-
instead of being completely absorbed by the detectegpn scattering data for this particular nucleus. The effect of
nucleon. We have chosen the original prescription of de Forysing EDAD-1 instead of EDAI-C is sizable. EDAD-1 yields
est of usinge in ccl butw in cc2. We find that, in this way, a largerP,, for the p3,, shell, worsening the agreement with
off-shell kinematics ambiguity effects and Gordon ambiguitythe data and a smallé?,, for the s;,, shell, with no signifi-
ones reinforce each other so that the differences between tlvant worse(or bettej agreement with the data in this shell.
ccl andcc?2 results are enhanced by our choice. The EMA-We observed that both EDAI-C and EDAD-1 produce al-
noSV results are free from Gordon ambiguities. This is themost identical unpolarized cross sections or unpolarized re-
reason whyccl andcc? results obtained in such approach sponse. However, the,, values they produce are noticeably
are much closer than the corresponding ones of the full RDdifferent. This shows the sensitivity &, to details of the
WIA calculations. Kinematical ambiguities will cause differ- FSI.

ences of up to 15% between occl andcc2 EMA-noSV The comparison between the results of both potentials fol-
unpolarized cross-section results for all the cases considerdéows the same general trend as shown in R&8]. In Ref.
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[18], P, changes in the same relative direction in going frompart of the potentials. Given the fact that the nucleus is al-
EDAI-C to EDAD-1 as in our calculation but, contrary to our most transparent to electrofmompared to nucleohsphase-
case, the differences between the EDAI-C and EDAD-1 arehift equivalent potentials that differ only in the nuclear in-
larger for the &, shell than for the b5, one and in this terior would produce the same good fits to elastic proton
latter shell, their results seem to agree better with experimergicattering observables, leading, however, to different elec-
for the EDAD-1 potential than for the EDAI-C. We find, in tron scattering results. The EEI approach solves this ambigu-
general, that our results with EDAI-C agree better with theity by phenomenologically constraining the potentials in the
data. These minor discrepancies with Rf8] should be nuclear interior by means of simultaneous fits to inelastic
traced back to the different bound state wave functions andata. In the relativistic case, on the other hand, the shape of
possibly other parts of the formalistaurrent operator, Cou- the potentials at the nuclear interior is assumed to be of
lomb distortion employed in both cases. simple Woods-Saxofsurface terms, not very different from

In Fig. 2 we also show the EMA-noSV results of Rglf] ~ what one finds in the relativistic mean field approximation.
with the EEI potentialdashed ling In Ref.[1] a more posi- Thus, the fact that the relativistic model gives a very fair
tive P, for the ps, shell and better agreement with the dataaccount of €,e’p) observables such @, cannot be attrib-
was obtained with the EEI potential than with the EDAI-C yted merely to the incorporation of the right phenomenology,
one. For the %, shell, however, a more negati®, and  as it could be the case with the EEI potentials, but to a merit
worse agreement with the data was found. of the model itself.

The EMA-noSV-EEI calculation of Ref{1] underesti-
mated the data by about 10%. The EEI is a nonrelativistic

. ; ) : . B. Predictions for Mai TINAF i i i
optical potential obtained after folding a density dependent redictions for Mainz and TJ in parallel kinematics

empirical effective interaction with the nuclear dengigy]. In a recent wor15,20,3§, it has been shown that the
The interaction is fitted to proton-nucleus elastiwd inelas- ~ dynamical enhancement of the lower components shows up
tic scattering data for several states of several targets simuthfferently in thej =1—1/2 andj =1+ 1/2 spin-orbit partners,

taneously. The relativistic optical potentials, on the otherspecially for theRy response and th&r asymmetry. We
hand, are fitted only to elastic scattering data. It is wellremind that for'’C the two shells studied correspond jto
known that elastic data can only constrain the asymptotic=1+ 1/2 spin-orbit partners. New sets of induced polariza-

034302-7



J. M. UDIAS AND JAVIER R. VIGNOTE PHYSICAL REVIEW C62 034302

1p3/2 1S1/2
3 T T 0.5 ‘ :
— 2 [
n L
£ 1 0r
c - [ S
o O — rel(ccl) T
[ rel. (cc2)
-1 T -0.5
i 5 " - proj. {cel) 05 1
—— - proj. (cc2) 0r
e 30 : 05 |
£ o '
c = 1r -r
T ol o] 715
-1 e -2
FIG. 7. Normal responses for the kinematics
1 : : . of Fig. 1.
0 - oi==="rr==
.A _1 77,,—’
E 2L
e L q =760 MeV/c
cm" o = 292 MeV
-4 & = 579 MeV
-5 L
5 05
4 I
nE 3 7 0.25
c |: 2 [ 0
[ 1
0 : ' == _0.25
0 100 200 300 0 100 200 300
p., (MeV/c) p,, (MeV/c)

tion P, are being obtained at TINAR] in %0 at a more much larger than it was in Fig. 1. _
relativistic kinematics, namely, beam energy of 2450 MevV, A Very characteristic feature is seen in tag, shell for

kinetic energy of the ejected nucleon of about 420 MeV, andfiS case of parallel kinematics: A zero valueRyf is pre-
Q?=0.8 (GeVk)2. There is also a proposal at Maif] to dicted within the EMA-noSV approach. A small value Bf

do similar measurements at a smaller value of the kineti s obtained by the:' projected' calculatipns, while the full
energy of the ejected nucleon, namely 200 MeV. In wha DWIA approach yields a relatively larda absolute value

follows, we analyze whether these experiments may provide.” due to spinor distortions. The choicel, that empha-
X L ; - izes the effect of the enhancement of the lower components
signatures of relativistic dynamics i, similar to the ones

X [30], yields the largest prediction fd?, in absolute value.

found inRrandAr . Should the experiments at TINAF or Mainz provide us with

In parallel kinematics only two response®, and Ry,  p yalues with equal or smaller uncertainty that the ones
contribute to the unpolarized cross section and justBfie,  already measured at Bates, it will undoubtedly disentangle
to P, so that for this kinematics the analyses are simplifiedthe role played irP,, by the enhancement of the lower com-
We present in Fig. 3 fully RDWIA results witkcl (solid  ponents.
line), cc2 (dotted ling, projected resultgsshort-dashed lines The responses involved in the evaluationRyf for this
for ccl and long-dashed lines farc2), and EMA-noSV case are displayed in Fig. 4. The only nonzero contribution
results with theccl operator(dash-dotted lingfor the two  to P, comes fromRY, and the link between the responses
p-shell spin-orbit partners ot®0, plus the dees shell, in  shown in the bottom panel of Fig. 4 and the resultsAgrof
parallel kinematics and with beam energy and transfer enFig. 3 is straightforward. As it could be deduced from the
ergy suitable for MainZ3] (beam energy of 855 MeV, ki- values ofP, displayed in Fig. 3RY, for the sy, shell is zero
netic energy of the ejected nucleon of 200 MeV within EMA-noSV, it is very small for the projected results

For the three shells we see the opposite pattern to the or@nd reaches the largest absolute value for the full RDWIA
depicted in Fig. 1: the removal of the negative energy com¢cl calculation. The results for thmy, shell follow the same
ponents drives here,, towards higher values, and even moretrend as shown for the,, shell, only that here the more
so does using the EMA-noSV approach. For the kinematiceomplex spin-orbit structure of the bound state causes a non-
of Fig. 3, the effect of projection and Gordon ambiguities iszero value ofP,, even for the EMA-noSV results. The pro-
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s ' ' T el (cet) ] which large effects of negative energy components translate
‘ Piz , - rel. (cc2) into small values oRY, .
_025 B 2223 In Ref. [36] results were presented for the EMA-noSV

case within the IA and also in a calculation beyond IA that

included channel coupling to several configurations in the
N final state. Our EMA-noSV result of Fig. 4 and the one

: : : : : - shown in Fig. 14 of Ref[36] are very similar, with small

il differences due to the different wave functions and optical
potentials. The most interesting outcome of this comparison

-0.25 B\

-0.75 F\ %

0.75

0.25

- \ 7 \ 01000 MoV is that the effect of spinor distortion increas®, , in par-
-0.25 e © = 445 MeV N ticular for the case of the,, shell that would have a zero
-0.75 | €= 2445 MeV 1 value without spinor distortion within IA. Due to channel

coupling (CC), a nonzerdRY, for this shell was obtained in
Ref.[36]. The effect of spinor distortion, however, is at least
twice to four times(depending on whether one considers the
RDWIA cc2 orccl resulj larger than the one of CC shown
in Ref.[36]. We conclude that coupled channel contributions
would not mask the large negative value Bf caused by
R : : : : spinor distortion. TheR}, response in this,, shell is sen-
-300  -200  -100 0 100 200 300 o L X
p., (MeV/c) sitive to Gordon ambiguities and overall constitutes a very
clear signature for the presence of negative energy compo-
FIG. 8. P,, from %0 for the 1p,,, (upper panél 1pz, (middle  nents in the nucleon wave function.
pane), and Is,,, (lower panel orbits, versus missing momentum For the other shells, the effects of CC shown in R&a6]
pm in MeV/c. Results shown correspond to a fully relativistic cal- were small at moderate valuesmyf, for the cases we studied
culation with theccl (solid line) andcc2 (dotted ling operators.  in the present work and the IA results shown here should not
Also shown are the projected resufhort and long dashed lines  change much if CC effects were considered. Still in parallel
and the EMAnoSV)-ccl ones(dash-dotted line Results ind-o  kinematics but with a larger value @? that is suitable at
constant kinematics corresponding to R&] and the EDAI-O po-  TJNAF, we have obtained very similar results to the ones
tential is used. just presented. We plot in Fig. 5 only the results Ry.

0.75 )

0.25

c

o
-0.25

-0.75

jected and EMA-noSV results display smdlh absolute C. g-w constant kinematics
value predictions forR}, . Thecc2 RDWIA prediction ex-

hibits IargﬁrRﬁ,.whlIe the:* full ccnl r'esu'lt ylelds the largest kinematics and in the same sidecpfor the scattered proton,
\{alue of Ry, . This gradation ORTL is §|m|Iar to what one 4 — . which corresponds t@,,>0 in our figures. The
finds generally for the unpolarizei (in - constant ki-  analysis of this case is more complicated because all the
nematics: As the ccl operator enhances the role of the eight responses of Eq2), in combination with the factors
negative energy componen{80] with regards to other shown in Table I, contribute to the cross section &yd In
choices of the operator, it produces the largest valueef.  Figs. 6 and 7 we present the responses for the Bates results
Thus, at least for thg=1+ 1/2 spin orbit partner, we observe depicted in Fig. 1. The effect of spinor distortion and Gordon
the same behavior fd®}, andR_ with regards to the effect ambiguities in theR_, Ry, Ry, andRy1 has been studied
of negative energy components. previously in the context of RPWIA30,38. It was found

On the other hand, we find that projection and Gordorthere that for thg =1+ 1/2 partners, as it is the case of the
ambiguities effects show up differently for tipg,, shell. For ~ two shells in12C, the differences are relatively small, at least
this caseR, , Ry, andR?, are shown in the leftermost panel for the “large” response®, andRy .

of Fig. 4 at the same kinematics of Fig. 3. While ®¥, in For the normal responses the situation is less clear. One

thej =1+ 1/2 shells the larger was the role given to the nega_must remember that unpolarized and normal responses share

i ts the largén absolut lUER" the same structure in terms of components of the hadronic
ive energy components the largén absolute valug Ry, current, differing only in the signs with which the contribu-

response was obtained, for thg, shell (j=1—1/2) one sees jqn, for every value of ejected nucleon spin projection upon
the opposite behawor: the futicl ca|09|6}tlon y|elds the  the normal direction enters into the unpolarized or normal
smallestRy, while the EMA-noSV prediction displays the responseg5,7]. Thus, large unpolarized responses usually
|argeSt one. This is at variance with the behavior Observegome from Constructive interference of the two Spin Contri_
for the unpolarizedRy, respons¢38] and indicates an inter- pytions and are associated with a correspondingly small nor-
ference between positive and negative energy componepha| response coming from destructive interference. The con-
contributions taR}, . This interference is constructive for the verse is also true: small unpolarized responses have a
j=1+1/2 shells so that the calculations with large contribu-correspondingly large polarized normal respofiielf there

tion from negative energy components yield a lak,  were no FSI, both normal projection contributiofspin up
while it is largely destructive for thg=1—1/2 shells for and spin dowhwould be identical, all the responses shown

The experiment of Bates was performedgiw constant
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in Fig. 7 would vanish and no normal polarization would becurves group together, while both fully relativistic calcula-

observed. tions clearly deviate from the others. Going bacletpin the
Taking into account the value of the kinematical factors insecond panel of Fig. 8, we observe these differences only in

front of each respons@ee Table), the main contributions  the regionp,,<0, due to the different sign with which the

to P, for the's, shell comes fronRy andR7, responses. In ¢osy’RY, term contributes in th@,<0 andp,,>0 regions.

the case of the full RDWIA results, tHeT, response is re- This behavior is characteristic of the kinematics chosen at

sponsible for most of the nét, . Due to this,P,, will change  TJNAF. Indeed, as we can see in Fig. 11, at different kine-

sign with p,, because of the cap’ factor in Eq.(2). We also  matics conditions such as the ones suitable at Méiez o-

see thaR}, is larger(in absolute valugfor the calculation o constant kinematics witfg| =648 MeV/c, w=215 MeV,

with larger effect of the negative energy components, i.e., theomde=855 Me\V), there is not such a clear separation of the

full ccl result. In Fig. 6 we can see the same feature in th . .
unpolarizedRy response. This characteristic has been ex(—?u"y relativistic curves from the others in they, shell for

plained beforg20,30,38. For thep shell, the largest contri- _pm<0 as the one found for the TJNAF kmer_natlcs. Anot_her
bution comes fronRT that shows little dependence on spinor mte.rest.mg feature that was already f]ound In parallel kine-
distortion. This is why the effect of negative energy compo—rnatICS s that, for ,thq’: I+1/2 ,She"S’RTL has Iarger.values
nents is small for this shell. when the calculation emphasizes the role of negative energy

We plot alsoP,, and response&Figs. 8, 9, and 10for a CO{'/’;)O”‘;”TIS while the converse is seen for fhg (j=!
. . . > — shell.
Sieﬂ?ﬁse\ju;ﬁ? En::gyo'\m‘b?h@ig:g:'Czllzlzlsl?\sl)g\bl\.ﬂz\égr,t For the twop shells qt th'e kinematics of TINAF and
from what has been already said, we find that for phg Mamﬁ, the largest contribution t®, would come from
shell andp,<O0 there are small Gordon ambiguities and aVTTRrr. For thepg;, shell in thep,<0 region, however,
very clear separation of the fully RDWIA results from the this contribution is canceled to a large extent by VheRT
projected or EMA-noSV ones is seen. Therefore, this is @ne. This explains why,, is mainly negative fop,,<0 for
good region to look for the effects of spinor distortion. We the psj, shell. On the other hand, the R}, contribution is
can explain this better by looking at the results in the secondkess important for the,,, shell and practically does not in-
column of Fig. 10. There, all calculations lie very close ex-fluence the total polarization. TherefoRg, for this shell is
cept forRY, . In the ps, shell the projected and EMA-noSV negative irrespectively of the sign of;,.
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A serious concern is the issue of current conservationthe fully RDWIA results for P, into excellent agreement
The use of an optical potential breaks gauge invariance iwith the data of Ref[1]. For the kinematics of the TINAF
DWIA. We estimated the uncertainty associated to theg9-033[2] and Mainz[3] experiments we find the differ-
choice of gauge by comparing the results we show in thences between the RDWIA and projected results to be im-
present work with the ones obtained in the Landau gaug&yortant.

We find that the fully relativistic results in perpendicular  p_ proves to be very sensitive to the choice of optical
kinematics at the highest value QF are the less sensitive potential, allowing this observable to be used to constrain the
ones to this procedure. On the other hand, the unpolarizégieoretical model for FSI so that these effects can be in-
cross sections can differ by as much as 50% in parallel kiz),qeq with confidence when making predictions for other

nematics for large values ¢fp,|. However,P, is much less  1conapies much less sensitive to the choice of FSI, such as
sensitive to the choice of gauge than unpolarized cross Sefe polarization transfer observableé and P, [29]
! [29].

tions: For the fully RDWIA results of the present work, us- : )
Previous explorations of the role of meson exchange cur-

ing the Landau or Coulomb Gauge produdes results AT
within 5%. Gauge ambiguity is much less important than therents(MEC) folr Bates, bgsed upon a nonrelativistic picture,
one due to thecl orcc? choice. showed very little effect i, at moderatep,, [8]. MEC are
expected to play an even minor role for higl@t at quasi-
elastic kinematics X=1) [8] and its inclusion will not
modify substantially the predictions folP, presented in
We have found that the relativistic dynamical effect men-the present work. The same can be said of coupled channel
tioned in paragrapkii), the enhancement of the lower com- effects analyzed within the EMA-noSV approach in Ref.
ponents, increases noticeal®y, with respect to both the [36]. However, Gordon and kinematical off-shellness
projected and, more sizeably, the EMA-noSV results, drivingambiguities are large for higi? experiments. We have

IIl. CONCLUSIONS
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075 L ' ' — Trel. (cc1) ] components is found. lg-w constant kinematics the same
1Py o :;'c;j(fzza) favorable situation is seen again ;<0 (¢’ =0) but only
0BT — - proj. cc?) | for the pa, shell at|q|=1 GeV/c, adequate to TINAF.
* 025 pomem e EM ] In parallel kinematics we found very clear signatures for

= negative energy components in the wave functions, that

=] causeP, to be driven towards more negative values with
' ' ‘ ' ‘ respect to the nonrelativistic prediction, particularly for the

ors I ) 1 Sy and pay, (j =1+ 1/2) shells. This feature should remain
0.25 e 1 even in the presence of MEC and CC.

D-E_O o5 | q=648 MeVic - In g- constant kinematics the effect of the negative com-
e 0)_=825355'\|I\1/|e\>/ ponents is manifested as an increddecreasgof P, for
-0.75 P~ &= © pm=>0 (pm<<0) of the relativistic predictions with regards to

' ! ' : the nonrelativistic ones. Finally, we hope that future experi-
0.75 1 ments will shed light on the theoretical uncertainties that are
0.25 b still present in the calculations such as which current opera-
ot \ tor should be used and will help to disentangle the role
-0.25 played by the negative energy components of the wave func-

075 tions.
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