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A study of the effects of meson-exchange currents and isobar configuratidk(séja’ |5)B reactions is
presented. We use a distorted wave impulse approximation model where final-state interactions are treated
through a phenomenological optical potential. The model includes relativistic corrections in the kinematics and
in the electromagnetic one- and two-body currents. The full set of polarized response functions is analyzed, as
well as the transferred polarization asymmetry. Results are presented for proton knockout from closed-shell
nuclei for moderate to high momentum transfer.
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I. INTRODUCTION relevant because it does not depend on the spectroscopic fac-
tors. For high missing momentup®= 300 MeV/c, A1 pre-

For the past decades coincidenaee(p) reactions on sents an oscillatory structure that has been shown to be con-
complex nuclei have provided precise information on boundsistent with predictions of “dynamical” relativistic
nucleon properties, which have made it possible to test caresalculationg13,17-19.
fully the validity of present nuclear modegl$—4]. Although The advent of longitudinally polarized bearfi20] and
the analysis of these processes, making use of different disecoil polarization measurementl,22 has importantly en-
torted wave approaches and coupled-channel models, héarged the number of observables which can be accessible
been extremely useful, there are still uncertainties associateslith this type of experiment, a fact that is welcome to chal-
to the various ingredients that enter in the description of théenge the theory strongly. In recent experiments carried out at
reaction mechanism: treatment of final-state interaction$1IT-Bates and Jefferson Lab, the induceH) (and trans-
(FSI), nuclear correlations, off-shell effects, Coulomb distor-ferred (P’) polarization asymmetries were measured for
tion of the electrons, relativistic degrees of freedom, mesoneomplex nucleit’C [21] and %0 [22], respectively. In both
exchange currentdEC), etc. All of these ingredients affect cases {,w)-constant kinematics has been selected with
the evaluation of the differential cross section and hence leag~760 MeV/c, »=290 MeV at MIT-Bates and q
to ambiguities in the extraction of the spectroscopic factors~1000 MeVk, w~450 MeV at TJlab. Since the transfer
The origin of this uncertainty is directly connected with the momentum values are high enough, relativistic degrees of
complexity of the dynamics of the reaction and the differentfreedom should be incorporated in a consistent description of
approaches to handle it, which produce different cross seahese reactions. After the pioneering work in R¢23,24), a
tions. Itis clear that a reliable determination of spectroscopieletailed study on the induced normal polarizatiBp has
factors requires an accurate description of the reactioeen presented in Ref®5,26 within the framework of the
mechanism. Important efforts in this direction have beerrelativistic distorted wave impulse approximatiRDWIA).
made in recent workgs5—9]. A comparison with nonrelativistic analyses was also dis-

The measurement of the separate nuclear response funwdssed. The sensitivity of polarized observables to channel
tions and asymmetries imposes additional restrictions ovetoupling in final-state interactions was analyzed in Refs.
the theory. The exclusive response functions, which includé3,27], while in Ref.[17] the study was focused on the ef-
different components of the hadronic tensor taken along théects of spinor distortion over the transfer polarization ratio
longitudinal (L) or transversdT) directions with respect to P;/P,. In Ref.[28] the whole 18 recoil nucleon polarized
the momentum transfey, may present very different sensi- responses were computed from intermediate to high momen-
tivities to the different aspects of the reaction. In this sense, itum transfer in the Dirac eikonal formalism. A comparison
is interesting to point out that MEC are shown to contributebetween the predictions of the Glauber and eikonal models
mainly to the transverse componeft®—12, while relativ-  for P,, was presented in Reff29] with the aim of bridge the
istic degrees of freedom play a crucial role in the interferenceyap between the low- and high-energy description of FSI.
TL responsd8,13]. Thus, a joint analysis of cross sections More recently a theoretical study of kinematical and dynami-
and response functions, comparing the experimental dateal relativistic effects over polarized response functions and
with the theoretical predictions, can provide very relevantpolarization asymmetries has been performed in Refs.
and complementary information on the reaction mechanisni30,31] within the relativistic plane-wave impulse approxi-
Separate response functions and e asymmetry have mation(RPWIA). A general analysis of all the polarized ob-
been measured foffO(e,e’ p) at moderat¢14,15 and high  servables within the RDWIA is at present in progré3g].

[16] g values. The asymmetri, , obtained from the dif- Our main aim in this work is to explore in depth the role
ference of cross sections measured at opposite azimuthplayed by the two-body currents in recoil nucleon polariza-
angles(with respect tay) divided by the sum, is particularly tion observables. Some previous analyses on this subject
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have been done by the Pavia groi§8,34 and the Gent Y
group [35,36. The calculation of MEC in Refs[33,34
makes use of an effective one-body operator leading to re-
sults which, in the unpolarized case, differ significantly from
those obtained with other approaches that describe properly
the two-body currentd37,3§8. Recently the unpolarized
model of Ref[34] has been improved in Ref39], but dif-
ferences with other MEC calculations still persjg0]. In

Ref. [36] the induced and transferred polarization asymme-
tries P, and P/ and P{ were evaluated for different kine-
matical situations. The model considered did not rely on any
empirical input with respect to the FSI, describing the bound
and scattering states as the solutions of the Siihger
equation with a mean field potential obtained from a Hartree-
Fock calculation. MEC were included based on the formal-
ism developed in Ref37] which also differs from the MEC
analysis perfgrmed in RefE38,40. In addition, in Ref[36] FIG. 1. Kinematics for thed,e’p) reaction. The X,y,2) coor-
results for high momentum transféup to q=1 GeVE) ginate system is referred to the scattering plane witretiis lying
were evaluated including relativistic corrections into the onejong the direction of the momentum transter The barycentric
body current operator obtained through the Foldy-qystem (,t,n) is referred to the reaction plané:lies along the

Wouthuysen method. direction of the ejected nuclegn’, the directionn is defined by
In this work we extend the DWIAMEC model devel-  gxp’ andt=nxl.

oped for unpolarized reactions in Ref88,4( in order to

describe the spin observables ie,¢'p) processes from ,osented in detail in Ref§4,23,24,48. In this section we

closed-shell nuclei. This model takes care of relativistic de'simply provide the basic description of our DWIA model
grees of freedom by making use of semirelativi$8&) op-  focusing on the development of the multipole expansion

erators for the one-bod{OB) current[13,41-43 as well as  ;seq to compute the response functions. For this end we
for the two-body MEQ 40,44 -4§. The SR currents are ob- 5|10y closely the multipole formalism developed in Ref.
tained by a direct Pauli reduction of the corresponding rela[49] for polarized nuclei.
tivistic operators by expanding only in missing momentum \ve consider the process depicted in Fig. 1, in which an
over the nucleon mass while treating the transferred energy, \iqant electron with four-momentuk“ = (e, k.) and he-

e ehre.

e s e oot e iy Re]eY TS wih  nuleus, saters hrough an ange
) g : y o to four-momentunK’4=(€’,k;), and is detected in co-

are incorporated through a phenomenological optical poten-°© . . . ,
tial which, for high momentum transfer, is taken as theInCIdence with a nucleon with momentyph and ene.rg_3E};
Schralinger-equivalent form of a S-V Dirac optical poten- The/f‘our-momentqm‘ trangferrgd t02 the nucleu@r‘éf— K,e

tial. The goal of this work is to use the SR approach to— K'e =(®,q), verifying Q= «"~q"<0. The polarization
evaluate the importance of MEC effects upon the spin obOf t_he final nucleon is measured alon_g an arbitrary direction
servables and their dependence on the FSI for intermediate fi£fined by the unitary vecta. Assuming plane waves for
high momentum transfer. As a complete relativistic distortedne electrons and neglecting the nuclear recoil, the cross sec-
wave analysis of MEC ind,e’p) processes is still lacking— tion can be written in the extreme relativistic linmit,< e, as

the only study in this direction has been performed takiné48]

into account only the contact currgdf7]—the use of the SR

model becomes, as a starting point, a convenient way of do
implementing relativistic effects in existing nonrelativistic deédﬂédf)'
descriptions of the reaction mechanism in order to explore

the high momentum region.

The paper is organized as follows: in Sec. Il we outlinewhere a separation has been made into terms involving po-
the DWIA formalism describing in detail the multipole ex- larized and unpolarized incident electrons. Using the general
pansion done for the separate response functions. In Sec. properties of the leptonic tensor it can be shown that both
we present our results for the polarized response function®rms,2 andA, have the following decompositions:
and transferred polarization asymmetries for selected kine-

matics near the quasielastic peak. Finally our conclusions are L - L -
drawn in Sec. IV. S =Koy(v R-+v{R +v R"+vR"), 2)

>

=3 +hA, (1)

Il. DWIA MODEL OF (e,e'p)

: : A=K R +upRT
A. Cross section and response functions om(vTL vrRY), )

The general formalism for coincidence electron scattering
on nuclei involving polarization degrees of freedom has beemwry, is the Mott cross section, the factsr=myp’/(27%)3,
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with my the nucleon mass, and the, coefficients are the RTL’:COS¢ WTL’+Sin¢WTL’ (14)
usual electron kinematical factots. ’

The. hadronic dynam|c§ of the process 1s contained in th(\37vhere the functionsV andWX are totally specified by four
exclusive response functiof®, which are given as

kinematical variables, for instanéd&,w,q,6’}, and the po-
larization direction{ 65,A ¢=p— ¢s}. The responses with

R-=W% RT=W>+wW", (4 and without tilde refer to their dependence on the spin vector
s. As shown belowWX are purely spin vector, whilgVvK
RTL=2(Wo+WX0), RTT=wWYY— WX (5  present also a spin-scalar dependence, so only the latter sur-
vive when the polarization of the ejected nucleon is not mea-
sured.

T Xy _ X TL y y0 N N
R =i(WY=wW¥), R N2(WY+WH), - (6) In the case of €,e’'N) processes, the hadronic response

functions are usually given by referring the recoil nucleon
polarization vectos to the barycentric system defined by the
1 axes(see Fig. L | (along thep’ direction, n (normal direc-
WHY=— 's,B|I#(q)|AY*(p’s,B|3(q)|A) (7)  tionto the plane defined byandp’, i.e., alonggxp’), and

K MEB (P @A) (p N @lA) t (determined bynx1).? It can be showr(see Refs[23,24]

for detailg that a total of 18 response functions enter in the

constructed from the matrix elements of the electromagneu%lnalysis of é,e’N) reactions. These are given by the decom-

nuclear current operatal”(q) between the ground state of position

the target nucleu$A) (assumed to have zero total angular

momentum and the final hadronic statép’s,B). In what K 1ok "

follows we assume the residual nucleus to be leftin a bound ~ W' =2Wynport Wysn,  K=L, T, TLTT,TL’, (15
state, hence its wave function can be written down in the

form |B)=|JgMg) with Jg as the total angular momentum.

The state|p’s) represents the asymptotic distorted wave
function of the ejected nucleon polarized along an arbitsary

direction, determined by the angleds(¢s) referred to the

with W*? the hadronic tensor

WA=Wfs+WKs,, K=TLTT,T,TL', (16

where, as mentioned above, only tW{fnpm responses sur-
TL'

Xyz coordinate system of Fig. 1. It is given by vive within the unpolarized case. Moreoviv, ., (referred
to as fifth respongeenters only when the polarization of the
112 incident electron is measured.
Ip's)= > D2 (65, 5,0) |p'v), (8) Owing to the above decomposition, the response func-
v RIS tions (9)—(14) can be expressed in the forRi‘=R{fnpo,12

h 'y s referred to th ‘ ith th tization RX.s, and similarly the cross sectidft)—(3) can be writ-
w .ere|p v) is referred to the system wi Ne quantizalion yo, a5 3 sum of unpolarized and spin-vector dependent terms
axis alongq and the arguments of the rotation matrices are

the Euler angles that specify tisairection.
Isolating the explicit dependences on the azimuthal angle do
of the ejected nucleos’ = ¢, the hadronic responses can be de’ d0 dp’ = Ezunpo|+2' sth
i Ee e p
expressed in the form

1
EAunpoI"'A'S) (17)

RL:WL, 9 1
® =§Eunpo|[1+ P-s+h(A+P’-9)],
RT:WT, (10) (18)
where the usual polarization asymmetries have been intro-
R™=cos¢ W' +sing W', (11)  duced[3]:
R™T=cos 26 W' T+sin2¢ W™, (12 P=3/(33unpo) (induced polarization (19
RT=W", (13 P'=A/(53,np0) (transferred polarization  (20)
Yn this work we consider the kinematical factors similar to those A=A npoi/Zunpor  (electron analyzing powgr (21)
expressions presented in R¢A8]. Note that these factors differ
from the ones of Ref.24] in a global sign fow;,, v/, andvrr,
and an additional /2 factor in the case of the interferende. Note that this notation does not coincide with Ref30,31]
coefficients. where thet direction is denoted as (sideways.
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B. Multipole analysis of response functions for K=TL,TT,T',TL’, with the coefficientay=—1 for

In this section we present the multipole expansion of thel L. TT and ax=1 for T, TL', and PJ(cos6y the Leg-
response functions to be used in our DWIA model. The finandre functions.
expressions, where the sums over third components of angu- The five response function&;,, are the only ones that
lar momenta have been performed analytically, are convesurvive when summing over final spinss, in which case
nient in the present work since the computational time can b&e 1/2 factor cancels and the unpolarized cross section is
considerably reduced, especially the calculation concerningecovered. The spin dependence is determined from the 13
the MEC. Note that the number of multipoles needed to geteduced response functioltg,, (M=0,1) andWX; intro-
convergence increases withw, and up to~36 multipoles duced above. Explicit expressions for these reduced re-
are needed foq=1 GeV/c. The expansion is performed sponses can be written in terms of the reduced matrix ele-
following the formalism developed in R4#9] for exclusive  ments of the current multipole operators
reactions from polarized nuclei. A basic difference between
the present work and that of R¢#9] lies on the sums per- ) -
formed over the third components which are different when C,=((1j)Jg,J[IM,[|0), (27)
initial- and/or final-state polarizations are considered. Here
we simply present the final expressions, referring to Rk

— ; Tel
for details on the expansion method and to the Appendix for E,=((11)Je,JT510), (28)
an outline on the procedure used to perform the sum over
third components in the present case. . A
g h M, =((1j)3s,J]iT7290), (29

In order to compute the hadronic tensor in our DWIA
model we first perform a multipole expansion of the ejected
nucleon wave function in partial waves. The final hadronic”"
states may then be written as

where we have defined a multiple index=(l,j,J) corre-
sponding to the quantum numbers of the final states. Note
that the initial stat§A)=|0) has total angular momentum
equal to zero, sd¢=J. The response functions involve qua-

'v.B)= i'vx (9" (% vIM|jm dratic products of these multipole matrix elements which can
P ) IMimEpJfo (P [im,) be decomposed into their reaRf,(,) and imaginary (i,(,)
. . arts:
X(jmpdeMaldMp|(1)3g. M), 22 P
where the partial wavedj() are coupled to the angular mo- C C, R +|I , (30)
mentumJg of the residual nucleus to give a total angular 7
momentumlJ; in the final state$f)=|(1j)Jg,J:M;).
The electromagnetic charge and transverse current opera- E’;,Eg+ MfrrM = R +|| U,U, (31)
tors are expanded as sums involving Coulof@h, electric
(E), and magneti¢M) tensor operators,
EXM, M E, —R +|IUU, (32
p(a)=4m X, i[3IMy(a), (23
0 % CHE, =R +il T 33)
” ~ ~ TL2 TL2
—V2m 2 PLITSH @)+ mTiRda)], m==1, CoM =R, +il g, (34)
J=1
(24)
EX¥E,—M* M, =R +ilT (35
where, as usual, we assume the transfer momeutahong
the z direction andf]m are the spherical components of the e, T
current operatorJ. We use the bracket symbolJ] ErM,+M?E, =R, +il (36)

=/2J+1 for angular momenta. Inserting Eq8) and(22)—

(24) into the hadronic tensdf), the following expansion for ~Expressions for the unpolarized response functiths,, in

the response#/X and WK is obtained: terms of Egs.(30)—(36) are given in Ref[41], while the
recoil nucleon polarized responses can be written as

WK=2W, ot 277P1(costy)sin(A )Wy (25)

for K=L,T,TL,TT,TL’, and Wi=¢ 2 R o0 )2 A
WK =27 0 [ PA(cOS8) WK+ PL(C0S6s) cog A ) WK 3L n -
(26) 0 0 0 gJ’—I',J—I og'o?
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- 1 1
Wi=— TEL P},thﬂo(a/)z A

JJ L

X
1 -1 0

+ T1 - T2
)(gJ’—l’,J—llo”o’+§J’—|’,J—||o"0')’

(39

~ 1 ~
Wir=- RMJE,L (=7 R (002 Pl s @y

JJ L
0 1 -1

X

+ TL1 - TL2
)(gJ’l’,Jllzr’cr_gJ’|’,J||0’0')’

(39

- 1 er
WH:_KJE,L (-1)7 +Lh1j,|_2(9 )Z P|++|,+j,d>g,l,

% 7 L (§+ |TT1—§_ |TT2)
1 1 =2 J—-1"J-1"o'o J—=1"J-1"o'a/?
(40)
~ 1 ~
Wir =—R2ﬁf2 (=17 R, 4 (002 Py P
L oo
JJ L
+ TL1 - TL2
X 0 1 _1)(§J’|’,J|R0'/O'_§J/|’,J|R0"0')’
(41)

1
M ’
Wik=— 32 ﬁJZL (=175 (002 Pl Py

JJ L
0 1 -1

X

+ TL1 - TL2
)(gJ’—l’,J—llU’U_gJ’—|',J—llo"o’)’

(42

1
Wij=— ; (=17 ] L0022 Pl 2Py
L ’

o o

3oL + |TTL g |TT2
L1 o E s s,

(43

X

1
T _ - M / +
WlM__R% PJ’+Lh1J’LO(0 )Z PI+I’+.7’q)<T'lT

JJJ L
1 -1 0

X

+ T1 - T2
)(gJ’—l’,J—lRU’U+gJ’—l’,J—lRU’U)’

(44)
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1
! ’ M
Wik= - RZﬁJZL (D7 5002 Pl P

J J L
+ TL1 - TL2
X 0 1 _1)(SJ’—l’,J—lRU’U_gJ’—l’,J—lRU’U)’
(45)
where we use the parity functions
Py =[1+(-D)"/2, &,,=(-1)0 I2p]
g;JE(_l)(J,7J+l)/2P\]_/+J, (46)

and the angular dependence of the above responses is deter-

mined by the function&’, ,(¢") andh’, ,,(8"), defined
through the coupling of two spherical harmonicee Eq.

(A21)].

REY A9)Y 7 (p")Lm
J
=cosM ¢'ME:O h (8" P (cosfg)cod MA §)

J
+sinM ¢'MZ=O R (0P (cosbs)sin(MA ¢).

(47)

Finally, the coefficientsb,,, are derived in the Appendix
and are given by Eq(A19) selecting7=1. Although the
above expressions correspond formally to those denoted as
WK and WES ) in Ref. [49] for polarized nuclei and7
=1, it is important to point out that the coefficiends,.,
contain the whole information on the polarization distribu-
tion of the particles. Hence the significance ®f. , is
clearly different when polarization degrees of freedom are
considered for the ejected nucleresent work or the tar-
get nucleug49].

The nuclear structure information in Eq&7)—(45) is
contained in the quadratic forn{80)—(36) of the C, E, and
M multipoles® Thus the present expansion can be applied to
any nuclear model of the reaction as far as it provides mul-
tipole matrix elementg27)—(29) for high enough angular
momentas=(l,j,J). Note that only the responses involving
the real partsR('j,o survive when FSI are neglected since in
this case all theC, E, and M multipoles are strictly real
functions. Therefore those responses which depend on the
imaginary parts are expected to be particularly sensitive to
the description of FSI.

Writing down explicitly the Legendre polynomials in-
volved in the multipole expansio(25) and (26), and com-

3Note that there is a typo in Eqel0)—(51) of Ref.[49]: the order
of J andJ’ in the 3§ should be reversed. This error has been
corrected in Eqs(37)—(45) in the present paper.
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paring with the general expressi¢tb) and(16), we get the
following relation between both sets of response functions:

Wh=-27W, K=LTTLTTTL, (49

W =2ma (W sing’ + Wicosd'), K=TL,TT,TL',T,

(49

WK =27 ay (WK cosd’ — W sing’), K=TL,TT,TL', T,

(50

with ax as introduced in Eq26).

C. Electromagnetic operators and PWIA

In this work we evaluate the exclusive polarized re-

sponses using a SR model for describing the electromagnet : ; 1
correction factors appearing within the SR operators. Be-

OB and two-body MEC current operators. The OB curren

PHYSICAL REVIEW C 68, 034611 (2003

FIG. 2. MEC diagrams contributing to the two-body current of
this work: seagull(a), pion-in-flight (b), and A (c,d) currents are
considered including relativistic corrections.

1
JMEC: JMEC, (56)
SR /—1+ r NR
whereJNEC is the traditional nonrelativistic MEC operator.

The expressions for the reduced matrix elements of the
OB and MEC multipole operator§27)—(29) in the shell
ppodel are given in Ref$10,11,43 except for the relativistic

has been obtained by a direct Pauli reduction of the fullycause of the somewhat complex structure displayed by these

relativistic operator in powers only of the initial nucleon mo-
mentum over the nucleon mapémy. The dependence on
the transfer and final momenta, which can be ldd@-45,

is treated exactly. The SR-OB current in momentum space

can be written as

Jo(p, /P)=pctipso(COSP ay—sin ¢0'y))(’ (51
J(p",p)=idmoy+Icx COSP, (52
J(p',p)=—iJnox+JIcxSing, (53

multipoles it is not possible to predict the relative importance
of each contribution separately without explicit numerical
evaluation, even in the case of the OB current.

Although in this work we perform a DWIA analysis of the
response functions, we may take advantage of the significant
simplifications introduced within the PWIA, where analytical
expressions for the response functions can be obtained
[30,31]. First, for intermediate to high values gf the PWIA
approach is expected to provide reasonable results, thus the
analytical PWIA expressions allow us to estimate the contri-
butions of the different pieces of the currents to the polarized
response functions. Second, since the PWIA results should
be recovered using the present multipole expansion in the
limit of no FSI, the comparison between our calculation and

wherey = (p/my)singand (¢, ¢) are the angles determining the analytical PWIA responses makes it possible to fix the

the direction of the initial momentump in the (x,y,z) coor-
dinate system. The chargp), spin-orbit (os,), magnetiza-
tion (J,,), and convection J.) terms shown above include
relativistic corrections and are given by the following ex-
pressions

number of multipoles needed to get convergence.
Hence, within PWIA, the matrix element of the OB cur-
rent is written as

(p's.B|I#(Q)|Ay=2 Dy, 1 (93P’ .p) g 5(Blap gl A),
B'B

(57)
K 2GM - GE
PCZEGE’ PSOZKT\/TT’ (54 \where ap g is the annihilation operator corresponding to a
particle with momentunp and spin projectiorB referred to
the quantization axis. Inserting this expression into the had-
Jr ronic tensor(7), and following the procedure described in
Jn=7Gy, Jo=——Ge, (55  Ref.[43] we obtain

W= Lmup’we (', p,9MS(p), (58)

where k=qg/2my,7=|Q?/4m%, and Gz and G, are the
electric and magnetic nucleon form factors for which we taka/vhere we have defined the po|arized Sing]e_nudeon tensor
the Galster parametrizatids0].

The two-body MEC operators of pioni@®), seagull or vt
contact(S), and A-isobar kinds, displayed in the Feynman W' (P":P.S)
diagrams of Fig. 2, have been also obtained by making use of
a SR approach leading to simple prescriptions that include

relativistic corrections through a multiplicative fact(see
Refs.[40,45,44 for details on the SR expansion method

= E ’D;fl/z(s)‘]v(pl ’p)ﬁ’a‘]ﬂ(p,lp)ZﬂaDa’I/Z(S)-
aa'ﬁ'
(59)

034611-6



MESON EXCHANGE CURRENTS IN ¢,e’'p) RECOL . .. PHYSICAL REVIEW C 68, 034611 (2003

In the case of interest here, a closed-shell nucleus, the scalar 0, 1py/2, ¢ = 460 MeV/c, w = 100 MeV
momentum distributioM S(p) for nucleon knockout from a 3 0
shellnlj is given by
a2 5 05
MS(p) = 2 2R p) w0 i =
P Ao P), N E: }
-1.5
~ of .
with R(p) the radial wave function of the hole in momentum 2 -
space. of 0.2
Using the current matrix element$1)—(53) one can — —
compute in the factorized approximatig8) the response g 1 g it /
functions(4)—(6). From these results the PWIA expressions - RN
for the reduced response functions can be identified. Expres—“g 27 ] § )
sions for the unpolarized responses in PWIA were given in 3t
Refs.[43,49. In the case of the polarized responses, from the 0.1 .
total of 18, only five survive in PWIA. These are given by 12l
&5 1.5 o,
! E E 0.8
r MyP el &,
T _''N 1t
Wll_ﬁz‘]CJmXMs(pL (62) = S 04
=05
0 L
, Myp’ 0~ ,
Wio=——2J2MS(p), (62 2 12
13t 1t
B o1p 5 08
~ 0 myp’ 05 06
Wii =7 2V20pdn=psdoX®MXp), (63 B 4l oot
0.3 02t
myp’ 1o 0 200 300 400 %0 100 200 s00 400
T _ N S
Wi = 4o 2\/EPCJmM (P), (64) p [MeV/(] p [MeV/(]
FIG. 3. Induced polarized response functiohs, (T-, TL-, and
myp’ TT-type respons@gor proton knockout from the fi;, shell in 160,

Wig :?ZﬁPSOJmXMS(p)’ (65 with momentum transfeq=460 MeVk and energy transfet
=100 MeV. Solid lines are the DWIA results using the optical
where we have used the factors introduced in E&4) and  potential of Comfort and Karp; dashed lines have been computed
(55). Note that all theL-, T-, TL-, and TT-type polarized with the Schwandt optical potential.
responses are zero in this approximation.
tion observables, trying to identify kinematical conditions for
Ill. RESULTS which these effects can be important; however, a brief excur-
ion on the FSI effects is also presented. All the calculations
ave been done within the formalism described in the pre-
ceding section, i.e., semirelativistic expressions for the one-

In this section we present results for selected recoi
nucleon polarization observables corresponding to proton

16,

\valofggtwc{rg?rgﬁ?ef f:) n?h%y;rfgleglsslgf aO” tlﬁeparTlculard and two-body current operators and a multipole expansion

Y polarzed I ethod have been used. The number of multipoles needed
sponse functions, including the fifth respons&s™  has been fixed by comparing the DWIA results, in the par-
—WI,'; o/ 2 that does not depend on the nucleon polarizatioriicular case of no FSI, with the exact factorized PWIA re-
and only enters when the initial electron beam is polarizedsponseg61)—(65). Convergence in the multipole analysis is
and the transferred polarization asymmetries, ,. The  obtained withJ,,,= 30 forq=460 MeVic andJpax= 35 for
study of cross sections and induced polarizations will be pred=21000 MeVk. Finally, in all the results which follow, the
sented in a forthcoming publicatigf1]. Two different kine- ~ kinematics of the ejected nucleon is treated exactly.
matical situations corresponding tq,)-constant kinemat-
ics (also referred to as quasiperpendicular kinematies/e A. Polarized response functions

been selected(i) q=460 MeV/c,o=100 MeV and(ii) q ] )
=1 GeVlc,w=450 MeV. In both cases the value of the _Here we analyze the 13 responses defined in Etg-

transfer energyw corresponds almost to the quasielastic(®0) Which arise from the ejectgd nucleon polarization, plus
peak. the “fifth” response functionW;" . Results are displayed in

In this work our main interest is focused on the role of theFigs. 3—12. A similar analysis for the unpolarized responses
two-body MEC operators upon the recoil nucleon polariza-L, T, TL, andTT has been performed recently in Rp40].
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190, 1py /s, ¢ = 460 MeV/c, w = 100 MeV 60, 1py/2, ¢ = 460 MeV/c, w = 100 MeV
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p [MeV/c]

100 200 300 400
p [MeV/c]

EE 0.8
=,
FIG. 4. The same as Fig. 3 for the fifth and transferred polarized ., 06
response functionsT(- andTL'-type responsesWith dotted lines “g 0.4
we show also for reference the PWIA results. 0.2
B N [’ . 0 . . P
0 100 200 300 400 0 100 200 300 400
p [MeV/(] p [MeV/(]

1. Effects of FSI

We start our discussion with the effects of FSI on the FIG. 5. Induced polarized response functions for proton knock-
polarized responses. A study of the dependence of the unpgut from the Py, shell in *°0, with momentum transfex
larized responses on the particular FSI model was already 460 MeV/c and energy transfen =100 MeV. Dotted lines are
presented in Ref.38]. In Fig. 3 we show the eight induced _the DWIA resu_lt_s using only the OB current operator; dashe_d lines
polarized responses for proton knockout from thg,dshell !nclude in addition the sea.gul.l curre(®B+Y9); dot-dasheq lines
in 0 as a function of the missing momentyrKinematics mc!udg the seagull plus pionic curren(t@B+S_+P); _and finally
corresponds t@=460 MeVt and w=100 MeV. The five solid lines represent the total rest@B+MEC) including also the
transferred polarized responses plus the fifth ofié énd A current.

TL' typeg are displayed in Fig. 4. Similar results are ob-
tained for the b5, shell and thus they are not shown here. In
all of these results we use bound wave functions obtained
solutions of the Schiinger equation with a Woods-Saxon

potential, with parameters taken from Ref2]. For the final The five transferred polarized responses which survive in

states we use solutions for two different optical potentials . )
Solid lines correspond to calculations performed with thePWIA (61)-(65) depend less on the details of the potential,

Comfort and Karp potentidb2], which was originally fitted being mostly affected by the central imaginary part of it. As

to elastic proton scattering frortfC for energies below 183 :(nrilt(i):\;lx\lmélgt]:tersoi E:Spoﬁgﬁgz der;cre]; It?](;hecgr?tsr?bl:TeV\tlgI(t:k?eafulrsazsﬂ-]e
MeV. We have extended it t6°0 by introducing a depen- potarized, y :
13 . .. ferred nucleon polarization asymmetry. We obse(vig. 4)
denceA™* in the radius parameters. The results shown with . e
. . that both potentials lead to close results, differing by less
dashed lines have been computed with the Schwandt poten- ] T T
tial [53], which also has been extrapolated heref® since than, 10% for the dominant responsed,” , W, , apd
it was originally fitted to higher mass nuclei. W/, while the largest differences are shown ot |
The induced polarized, T,TL,TT and the fifth response which is however very small. Similar results are found for
functions, which are zero in the absence of FSI, are expectetie p, shell. The sensitivity shown by some polarized re-
to be highly sensitive to the details of the particular opticalsponses to the details of the potential makes these observ-
potential considered and, in particular, to the spin-orbit termables of special interest to disentangle between the different
in the potential. In this sense note the significant differencanodels of FSI that can fit reasonably well the unpolarized
introduced by both potentials in the case of the polaritzed cross sections.

and TT responsesFig. 3), while the FSI discrepancy gets
Fmaller for the fifth response functidfig. 4) and is consid-
erably reduced fows andW,, .
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190, 1py/s, ¢ = 460 MeV/c, w =100 MeV 10, 1p3/2, ¢ = 460 MeV /¢, w = 100 MeV

8 —=

7N
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p [MeV /c] p [MeV /c]

FIG. 6. Fifth and transferred polarized response functions for =
160. Kinematics corresponds to momentum  transfey
=460 MeV/c and energy transfew=100 MeV. The meaning of
the lines is the same as in Fig. 5.

0 100 200 300 400 0 100 200 300 400
2. Effects of MEC p [MeV/c] p [MeV/c]

The impact of MEC on the recoil nucleon polarized re- |G, 7. The same as Fig. 5 for proton knockout from thmyd
sponses is shown in Figs. 5-12. In each panel we compakgell.
the distorted wave responses evaluated by using the OB cur-
rent only(dotted ling with the results obtained when includ- an additional reduction, leading to a global decrease of the
ing also the two-body MEC operators considered in Fig. 2Wj, response~10% at the maximum; this effect being simi-
namely, the seagull or contact (GBB) current(dashed lar for both shell{Figs. 5 and 7.
lines), the contact, and pion-in-flight (OBS+ P) currents Larger MEC effects are found for some of the induced
(dot-dashed linesand, finally, including also thé current polarizedTL responses, particularly detT" where theA
(solid lineg, denoted asOB+MEC). Results in Figs. 5—8 current produces a very significant modification of the re-
correspond to kinematiog=460 MeV/c,o=100 MeV (ki- sponse, changing even its shape in the region closp to
nematics ), whereas in Figs. 9—12 we present the responses- 100 MeVk. Note that, although the global effect intro-
evaluated atj=1 GeV/lc, ®=450 MeV (kinematics I). For ~ duced by theA current in this response is similar for both
both kinematics proton knockout from tpg, (Figs. 5, 6 and  shells, in the case gb,,, there is a large increase, whereas
9, 10 andps, (Figs. 7, 8 and 11, )2have been considered. for ps, the response is significantly reduced in absolute

Let us discuss first the results for kinematidgigs. 5—8.  value. It is interesting to point out that the current also
Here we observe that the global sign of the polarizedL, plays the most important role for th&/ - response, this be-
andTT responses changes when comparingghe (Fig. 5 ing clearly shown in the case of thmw,, shell.
and ps, (Fig. 7) shells. The same occurs for kinematics Il. ~ The role of MEC on the three polarizeHT responses
Concerning MEC effects, the various polarized responseshows a very different behavior for the two shells consid-
display different sensitivities to the two-body component ofered. In the case qf,, (Fig. 5, the global effect of MEC is
the nuclear current. Apart from the pure longitudinal re-a very significant reduction of the responses, particularly for
sponseW:- , which shows no dependence on MEC becausev] " (~20%) andW!T (~30%), being the separate contri-
the “semirelativistic’ MEC expressions only include the butions of the S, P, and currents of rather similar impor-
leading transverse components, the role of MECthh is  tance. Note that the contributions introduced by the S and P
shown to be similar to the one found for the unpolariZed currents have opposite signs for thg, andps, shells. As a
response in Refl40]: the enhancemer(in absolute value consequence, for thps, shell (Fig. 7) the large enhance-
produced by the S current is partially canceled by the reducment(in absolute valugproduced by the S current is almost
tion introduced by the P current; thee current gives rise to canceled exactly by the contributions of the P ahctur-
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%0, 1ps/2, ¢ = 460 MeV/c, w = 100 MeV 160, 1py/2, ¢ = 1000 MeV/c, w = 450 MeV
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FIG. 8. The same as Fig. 6 for proton knockout from thp,1 ? 0-2
shell. S.00
=~
=02y
rents, so the net MEC effect is almost negligible for the three  -0.4 T — .
TT responses 0 100 200 300 400 0 100 200 300 400
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The transferred polarized responsds-(and TL'-type
responsesare shown in Figs. 6 and 8. From these results we FIG. 9. The same as Fig. 5 fog=1000 MeVt and o
find in general a small effect of MEC, less tharb%. An =450 MeV.

exception is\NtT/ where the role ofA gives rise to an impor- . . . .
ity is expected to play a more important role and in fact,

tant reduction of the response;,however ’note WfTat iIsvery  studies within the RDWIA13] have proved the importance
small, ~10% compared withW| andW]" , and hence dif- of these effects. The present SR model, although lacking
ficult to measure. The anomalous smallness of the responseme of the relativistic ingredients inherent in the RDWIA,

WIT’ was already discussed in detail in RE31] within the incorporates exact relativistic kinematics for the ejected
context of the PWIA and different nonrelativistic reduction NUcleon, a SR expansion of the current which can be used for
schemes. This result can be also understood within the muftigh g values and, finally, the use of the Scimger-
tipole analysis performed in this work by taking into account&quivalent form of the S-V Dirac global optical potential of
the general relations given in Eq&49) and (50) and the Ref. [54], .|nclud|ng the Darwin term in the wave function.
explicit expressions obtained for the multipole functions inThe validity of the expansion procedure used in the SR
PWIA (61) and (62). Since we are close to the quasielasticodel was tested in Reff13] where unpolarized observables
peak, the angled’ is close to zero for moderate missing €valuated within the SR approach were compared with a RD-
momentum, so the largest contribution comes from the factoYV!A calculation for this kinematics. o

multiplied by cos? in Egs. (49) and (50). This factor is The discussion of the results presented in Figs. 9-12 fol-
WfO=O(1) in the case of thé responses aanl= O(x) lows similar trends to the ones already presented for kine-
for thet responses. Precise values of the nucleon form ff:lc[n""t'(t:)S l’fSO here \lNe S|mpl3'/AsurEmar|z.e It:hose aslpzectrs], which
tors and kinematical variables can be introduced in thes§2" P€ of more relevance. As shown in Figs. 9-12, the gen-
equations to verify the exact relation between thend t eral effect introduced by MEC is a global reduction of the

components in PWIA, which is not very different from the responsesin absolute valuewhose magnitude depends on
distorted wave results: of Figs. 6 and 8. the specific response, being of the order of a few percent for

Results for higher momentum and energy transter, W/, andWgr ., larger forW;, W{ [, and W], (particu-
=1000 MeVk andw=450 MeV (kinematics 1), are shown larly because of th& contribution, and the largest fon' T,
in Figs. 9—12 for the tw shells in 0. This kinematics where the reduction(basically due to A) is about
corresponds to the experimental setting of Ref5,22] ~20-25%. Note however that the respor\AéT is the
whereQ?=—0.8 (GeVk)2. Obviously in this case relativ- smallest one and so hardly measurable.
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FIG. 10. The same as Fig. 6 fay=1000 MeVkt and o £
=450 MeV. =
= \
The dependence of MEC effects on the momentum trans- S AN
fer shown in the results of Figs. 5-12 is consistent with the OB 00 200 300 100 0 100 200 300 100
findings of Ref.[40] for the unpolarized responses. In gen- p [MeV/d] p [MeV/d]
eral the importance of MEC decreases withThis is in
accord with the results for th& response in the d—1h FIG. 11. The same as Fig. 5 for tipg,, shell,q=1000 GeVt

channel in the case of quasielastic inclusiege() reactions andw=450 MeV.

[45,46]. This behavior can be roughly understood from the . .
relativistic expressions for the pagr]tic)I/e-hole transverse cur.pe'O\M larger effects are found for high valuesgand miss-
rent matrix elementd.(p’,p) in Fermi gag45,46 and also Ing momentum.
from the traditional nonrelativistic expressions. At the non-
relativistic level, the OB current is dominated by the magne-
tization contribution which goes asq. On the contrary, Apart from the response functions, other observables of
MEC present a much more complex dependencg and on  special interest are the nucleon polarization asymmetries in-
the momenta of the two holes involved: the missing momentroduced in Eqs(18)—(21). These observables are given as
tum p and an intermediate momentuknwhich should be ratios between polarized and unpolarized responses, where
integrated. Moreover, MEC also contain pion propagator®ne hopes to gain different insight into the underlying phys-
involving inverse squared pion momenta. For higla crude ics from what is revealed through the responses themselves.
estimation of thetransverspseagull and pion-in-flight cur- As already mentioned in the Introduction and in order to
rents is shown to behave asq/(g%+ mi), while theA cur-  clarify the discussion, here we restrict ourselves to the analy-
rent goes as-q%/(q’+ mi); hence the latter clearly domi- Sis of the transferred polarization asymmetti{s ,, which
nates, which is in accord with the results shown here. Onc@nly enter with polarized incident electrons and persist in
the 7N form factor, which becomes smaller when high mo-PWIA. Induced polarization ratioB, ; ,—which do not de-
menta are probed, is added to the two-body currents, we fingend on the polarization of the incident electron and are zero
the OB contribution to dominate over the MEC. At the rela-Within the plane-wave approach—and total cross sections
tivistic level the above dependences qrchange. In Ref.  Will be analyzed in a forthcoming publicatids1].

[44] it was demonstrated that if the form factors are ne- Following the discussion presented for the responses, here
glected, then the OB, seagull, and pionic currents grow aswe first study the effects introduced by FSI and later on we
ymptotically as\/q. Thus the inclusion ofrN form factorsis ~ focus on the role of MEC.

essential for the dominance of the OB current This conclu-

sion however applies to the response functions only for low 1. Effects of FSI

missing momentum, since for other observables such as the In Figs. 13 and 14 we present the results obtained for the
A asymmetry[40] and the polarization asymmetri¢see  transferred polarization asymmetries corresponding to proton

B. Transferred polarization asymmetries
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160y, Ips/2, ¢ = 1000 MeV /c, w = 450 MeV o a+b,x+0(x?) B 8
P = ori1=I,i,n,

¢+ dix+0O(x?)

where y=(p/my)sing, already introduced in Eq951)—
(53), is the parameter in the SR expansion of the nuclear
current. For low missing momentum, the above fraction has
a linear dependence gnplus a small correction of order
which breaks linearity for highep.

For low missing momentum valugs<200 MeV/c, the
effects introduced by FSI are small, being almost negligible
at the maximum of the momentum distributionp (
~100 MeV/c). This result is expected because of the global
reduction of the polarized response functions produced by
FSI: ~30% (Fig. 4). This is somewhat similar to the behav-
ior shown by the unpolarized responsge8]. Hence, al-
though not exact because of the slightly different sensitivities
to FSI shown by the various responses, a kind of cancellation
] of FSI between the numerator and denominator in the polar-
= ization ratios occurs for lowp. From results in Fig. 13, one

0 : : . i i
0 100 200 300 400 0 100 200 300 200 also observes tha‘F FSI effects Iare slightly larger in the case of
p [MeV/c] p [MeV/d] the ps, shell, particularly forP; and ¢=180°. The reason

for this is connected to the much less reduction that FSI
FIG. 12. The same as Fig. 6 for thes, shell, g=1000  cause upon the unpolarizéil response fops, (see Ref.
MeV/c and w =450 MeV. [38] for details.

16 ) ) For high missing momentum the DWIA polarizations de-
knockout from thep,, and ps, shells in ~O. Kinematics  \jate significantly from the PWIA results, showing a very
has been selected as I, i.eq=460 MeVlc and @  pronounced oscillatory behavior which may even give rise to
=100 MeV. Results for kinematics Il follow the same gen- 3 change of sign in the polarizations. This is a clear indica-
eral trends althoggh FSI effects are in gen(_aral less importaniyn that for high momentum the effects of FSI are not sim-
because Ofl the higher momentum transfer involved. The long)y 4 global reduction of the responses due to the imaginary
gitudinal P and transversésideway$ Py components are hart of the potential, but on the contrary each response turns
shown in Fig. 13 for electron scattering angle fixedfat oyt to present a peculiar sensitivity to the interaction. As
=30° (forward scattermog and thre(:: values of the proton gpown in Figs. 3 and 4, this is hardly visible in the separate
azimuthal e}r?gla_;s:O, 90°, and 180°, while the normal PO response functions because of the smallness of the momen-
larizationPy, is displayed in Fig. 14 fors=90° (note that®, ¢, distribution for highp. It is important to point out that
is zero for coplanar kinematigsAlthough not shown here  ihe oscillatory behavior presented by the polarization ratios
for brevity, we have also explored the behavior of the transis 4 direct consequence of the breaking of factorization prop-
ferred polarization ratios at backward scattering andle ( erty. This issue was already studied at the level of the plane-
=150°). As is known, the purely transverse responses domiyave approach taking care of the dynamical relativistic ef-
nate at backward angles, whereas all of the kinematical fagects introduced by the lower components of the bound Dirac
tors that enter in the description o&,e’p) reactions are of spinors[30]. A general analysis of factorization within the
similar order at forward angles. In R¢B0] forward scatter- context of the RDWIA and different nonrelativistic approxi-
ing angles were proved to enhance significantly the sensitivmations is presently in progref32].
ity to dynamical relativistic effects. Concerning FSI and Focusing on the results presented in Fig. 13, we observe
MEC, the discussion of the results f@l,=150° follows that the shape and magnitude of both polarization asymme-
similar trends to the ones presented hereéigr 30°. tries P/ and P{ are similar for the twg shells. In the par-

The PWIA calculation(dotted ling is compared with ticular case ofp=90° (out-of-plane kinematigsthe ratioP;
DWIA results using the two optical potentials already pre-js very small, almost negligible for low missing momentum.
s_ented in the preceding sectl_on, 1.e., Comfort and_ Kaofid This is expected since only the respowﬁ/ , which is very
lines and Schwandtdashed lines First, note the difference . . L .
between PWIA and DWIA results. Within the plane-wave smqll, contnbuteg i@, In that situation. For coplanar kl_ne-

tics a large discrepancy between the results obtained at

approach, the responses factorize and hence the polarizatiofi™ ", 2 A
ratios depend only on the single-nucleon responses. Thi =0° and¢=180" exists. As shown by Eq€l3)~(16), the

means that PWIA results are identical for the tweshells numerator in the ratioB; , i =1,t, is given through the linear
considered. Moreover, polarization ratios in PWIA may becombinationv W +vr W] " cosp, with the kinematical
written in the general form factors being 1/ =0.27 andv 1., = —0.18 for the kinematics
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P1/2

FIG. 13. Transferred polariza-
tion ratios P/ and P{ for proton
knockout from thep shells in
160, andq=460 MeV/c,w=100
MeV. The electron scattering
angle is8,=30°, and results are
shown for three values of the pro-
ton azimuthal anglep=0, 90°,
180°. Solid lines have been com-
puted in DWIA with the Comfort
and Karp potential, dashed lines
with the Schwandt potential, and
finally the dotted lines are the
PWIA results.

0 100 200 300 400 0 100 200 300 400 O 100 200 300 400
p MeV/c]

considered here I. Hence, from the transferred polarization The case of the normal polarization transigy (Fig. 14
asymmetries measured ét=0° and¢$=180°, the separate presents some peculiarities not observedRgy. First, the
responsesV’ andW"" could be extracted. difference between PWIA and DWIA results is rather con-
Comparing the solid and dashed lines in Fig. 13 we constant for the two shells in the whole range of missing mo-
clude that the uncertainties introduced by the optical potenmentum. In particular, the distorted wave approach leads to
tials selected are rather small. For low momentum transferesults which are very similar to the ones obtained within
these differences are negligible in contrast to Fig. 4 wherd®WIA in the case ops,. In addition, the strong oscillatory
some responses are shown to be affected appreciably by thehavior due to FSI and shown f&, (Fig. 13 does not
optical potential. This again is an outcome of the fact that theappear here, the differences introduced by both optical po-
differences between the responses computed with these ptentials being small. These results could promote this observ-
tentials are of the same size in numerator and denominatetbleP;,, which can be obtained in out-of-plane experiments,
and they tend to cancel when taking the quotient to computgs a good candidate in order to study properties of the reac-
the polarizations. Both sets of results start to differ por tion without being much affected by FSI.
=300 MeV/c. Note however that for higlp values other
relativistic effects coming from the dynamical enhancement
of the lower components in the wave functions, not included
in the present model, may also contribute significantly to the In Figs. 15—-17 we present the effects introduced by MEC
oscillatory behavior of the polarizatiof80,32. upon the transferred proton polarization components for the

2. Effects of MEC
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¢ = 90° selected, the seagull and pion-in-flight currents playing an
0.3 T T T important role.
To finish we present in Fig. 18 the asymmetrRes and
0251 . P{ evaluated foy=1000 MeVk, «=450 MeV, and elec-
Ak " tron incident energy.= 2450 MeV. This kinematics corre-
0.9 sponds to a recent experiment performed at TJlab. We com-
pare our calculations with the experimental data presented in
o Ref. [22]. The azimuthal angle in this experiment wes
Ao

=180°. Note the change of sign & with respect to the
0.3 T results of Fig. 16, due to the opposite definitions of the nor-
mal plane(and hence of thé component for ¢=180° (in

our case the normal plane f@r=180° would point down in

2 02 Fig. 1, while in Ref.[22] it was chosen along the up direc-
tion). Results for thep ands shells in *%0 are shown from
P32 left to right. Although being aware of the possible modifica-
tions that the dynamical relativistic ingredier{t$3,27,23
0.1

may introduce in the present calculations, we are rather con-
fident that the results in Fig. 18 give us a clear indication of
p [MeV/c] how much the DWIA calculation is expected to be modified
_ o after including the two-bodyMEC) contributions(compare
FIG. 14. The same as Fig. 13 for the polarization transfer comyotted with solid lines As noted, though the contribution of
ponentP, and¢=90°. MEC over P, is negligible, they give rise to a slight reduc-
tion of P/, which is well inside the experimental error ex-
two p shells in*°0, and for the two kinematics considered cept for thes,, shell. Comparing the results for the tyo
above. In the case of kinematics |, i.g5460 MeV/c (Fig.  shells we observe that our model describes better the case of
15), where we use the optical potential parametrized byp,,. This is in agreement with the findings in Ref&3,40
Comfort and Karp, MEC effects are shown to be small in theconcerning theAr, asymmetry. The particular case sfj,
whole missing momentum range and similar for both shellsshows that the experimental data ff are well reproduced
Note also that the role played by MEC is of the same ordepy the calculations, which however underestimate very sig-
of magnitude or even smaller than the uncertainty introduceq;hiﬁcanﬂy the data folP| .
by the use of the two optical potentiglBig. 13. The small- In order to clarify the importance of FSI, in Fig. 18 we
ness of MEC effects on the polarization asymmetries comegisy show with dot-dashed lines the results corresponding to
from their effective cancellation when taking ratios of re- e global OBFMEC calculation but without including the
sponse functions. spin-orbit term of the optical potential, i.e., using a phenom-
‘Results for higher momentum transfgr=1000 MeVE  gnological optical potential consisting only of a central part.
(kinematics 1) are shown in Fig. 16 for the Schdimger-  Ag shown, the corresponding polarizations present some
equivalent form of the S-V Dirac global optical potential of yinq of “linearity,” being similar to the PWIA results. This is
Ref.[54]. As in the previous case, MEC effects are small foreypected since, apart from the dynamical relativistic effects,
low missing momentum; however they tend to increase Sigthe spin-orbit interaction is the main responsible of the os-
nificantly for higherp values due to th& exchange current, cillatory behavior of the polarization ratios.
inducing a softening of the transferred polarization asymme- 1o ratioP;/P| , shown in the bottom panels of Fig. 18,
try, which makes its oscillatory behavior to appear at slightly, 55 heen proposed as a suitable observable for getting infor-
lower momentdsee, for instance, the important MEC effects ,ation on nucleon properties inside the nuclear medium
observed foiP| at ¢=0, particularly in the region close to [55]. From inspection of Fig. 18 we find that MEC produce a
the minimump~300 MeV/c). The present results indicate sma|| reduction of this observable, particularly for low miss-
that the response functions entering into the polarization r8ng momentum, being larger @sgoes up.
tios are importantly affected by MEC, mainly due to the aJ| of the above results have been computed using the
current, for high momentum transfer. Large effects of thisgaister parametrization for the nucleon form factor. It is of
kind have also been found recently for the, asymmetry jnterest to know the dependence of our results on the nucleon
obtained from the analysis of unpolarizeel¢'p) reactions  structure, hence we have also calculated thet®EC po-
corresponding to the same kinematic$40]. larization asymmetries assuming the Gari-Krumplemann
The normal polarizatiorP), is shown in Fig. 17 for the (GK) form factor parametrizatiof56]. The results are shown
two kinematics and both shells. MEC effects follow the samewith dashed lines. The GK parametrization was used by
trends as those observed 8f andP{ : they increase sig- Udiaset al. [57] within the context of the relativistic calcu-
nificantly for high momentum transferq& 1000 MeVik) lations presented in Ref22]. P/ computed with GK form
and high missing momentum. In contrast with yeandP{ factors is increased with respect to the solid lines, being a
cases, here the relative contributions of the separate ME(Gttle bit closer to the experimental data. Let us recall that the
currents depend on the specific kinematics andplshell  effects of MEC lead to a global reduction of all of

0 100 200 300 400
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FIG. 15. MEC effects over the
transferred polarization asymme-
tries P/ andP{ for proton knock-
out from the p shells in €0,
and g=460 MeV/c,w=100
MeV. The electron scattering
angle is9,=30°, and results are
shown for three values of the pro-
ton azimuthal angle¢$=0,90°,
180°. The meaning of the lines is
the same as in Fig. 5.

0 100 200 300 400 0 100 200 300 400 O 100 200 300 400
p MeV/c]

these polarization observables, hence the OB calculation us- C. Comparison with previous works
ing the GK form factors would be clearly located above the Concerning previous calculations of MEC ig,&'p) re-

corresponding results including ME@ashed lines This — 5c4ions, in Refs[38,40 comparisons for unpolarized observ-
makes our present results to come closer t.o thg relativistigp|as obtained with the present model with those of Refs.
ones of Ref[22]. Note also that the.un(?ertamty introduced [34,35,37,39were presented. Next we summarize the differ-
by the nucleon form factor parametrization shows UPin  ences of MEC effects on recoil polarization observables be-
being negligible forPy . tween the present work and Ref83,36], given as follows.

To finish the discussion, it is also interesting to point out (1) Boffi and collaboratorg33] find for intermediateq
that the behavior shown by tH& data, growing withp for  values large MEC effects on the separate polarized responses
pi» and the reverse fgp,,, does not agree with the theo- (reduction of the order of 15-30 % or even langehe A
retical results which increase withfor both shells. Thisisin current being the main contribution. We get in general
accordance with other relativistic calculatiof@2]. For p smaller and qualitatively different effects for this kinematics,
=140 MeV/c our predictions forP; in the case of the,, the seagull and pion-in-flight currents being in our case as
shell clearly underestimate the data; as already mentioneéipportant as the\ current. Concerning the transfer polariza-
other relativistic effects coming from the lower componentstion ratios, they findP| to be the most sensitive one, with a
of the Dirac wave functions, not considered here, may als@0% decrease due to thecurrent for low missing momen-
play a significant role. tum p<200 MeV/c. In our calculation MEC effects are
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E.T
P3/2 .
FIG. 16. The same as Fig. 15
0.5 - - = - - - - - - for q=1000 MeVkt and w=450
% MeV.
E_T

0 100 200 300 400 O 100 200 300 400 O 100 200 300 400
p [MeV/c]

clearly less important for these missing momentum values.sively large contributions compared with ours, while their
(2) Ryckebuschet al. [36] do not present the separate small size in Ref[36] is in accord with our calculation.

[,t,n response functions. In general they find small MEC

effects, as we do, in the transferred polarizations for fpw IV. SUMMARY AND CONCLUSIONS

<300 MeV/c. These effects being larger asand p in- ) .

crease. Comparing specifically our results to theirs for kine- _In this paper we have presented a distorted wave model of

matics Il, we observe that the OB results clearly differ due to(e,e’p) reactions which goes beyond the impulse approxi-

the different treatment of FSI, while somewhat larger andmation with the inclusion of two-body meson-exchange cur-

qualitatively different MEC effects are found in this work. rents. Relativistic kinematics to relate the energy and mo-
Be that as it may, since the different treatment of FSI andnentum of the ejected proton is used, and the currents are

of the current operators in Refg33,36 and in the present derived through an expansion in powers of the missing mo-

work produces discrepancies already at the impulse approximentum over the nucleon mass. Explicit expressions of the

mation, it is hard to draw general conclusions on MEC ef-polarized response functions in a general multipole expan-

fects beyond the fact that in R€33] MEC lead to exces- sion method are given. Results for the responses and trans-
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in each case by using different optical potentials.

One of our primary goals has been to estimate, within our
present model, the validity of the impulse approximation by
analyzing the effect of MEC on the different recoil nucleon
polarized observables. Thus we compare the standard DWIA
results, obtained using only the OB current, with the “full”
calculation which includes the MEC. We have also explored
the role played by the particular description of the FSI, hence
we compare the results obtained by using different optical
potentials which have been widely considered in the litera-
ture: Schwandf53] and Comfort and Karp52] parametri-
zations. For higher energy we have used instead the
Schralinger-equivalent form of a Dirac optical potential.

From our present studies we may summarize and con-
clude the following.

(1) The inducedT, TL, andTT polarized responses are
particularly sensitive to the details of the optical potential,
allowing them, especially th& T ones, to constrain the the-

FIG. 17. The same as Figs. 15 and 16 for the normal polarizapretical model for FSI. The transferred polarized responses
tion transfer componer®;, and ¢=90°.

(T" andTL"), which survive in PWIA, show a much less
sensitivity to the interaction.

ferred polarization asymmetries have been obtained for pro- (2) In general, MEC effects over the transferr&d and

ton knockout from the different shells

intt0  for

TL' polarized responses far=460 MeV/c and moderate

quasiperpendicular kinematics with the transfer momentunmissing momentum <300 MeV/c) are rather small
fixed toq=460 and 1000 MeW. FSI have been considered (<5%), andtend to increase ag goes higher, being of the

P12

¢ = 180°
D32

51/2

FIG. 18. Transferred polariza-
tion asymmetrie®| andP; , and
their quotient P{/P| for proton
knockout from the three shells in
160 for q=1000 MeVt and w

=450 MeV. The incident electron
energy ise,=2450 MeV and the

proton azimuthal angleb=180°.
The meaning of the lines is the
following: dotted are the DWIA
calculation with OB current only;
solid are the total OBMEC re-
sult; dot-dashed are also the OB
+MEC result but without the
spin-orbit term of the optical po-

tential. These three curves have
been obtained using the electro-

magnetic nucleon form factors of
Galster. Finally, dashed lines are
the total OB+MEC result using
instead the form factors of Gari-
Krumplemann.
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order of a~10% reductiondue mainly to the\ currenj in

the particular case oW,T' and q=1 GeV/c. The role of
MEC gets clearly more important for the inducédr L, and
TT polarized responses. Emphasis should be placed/Hn
andW'T which are reduced at the maximum by20% and RT’:i S (1342194 (A6)
~30%, respectively, forg=460 MeV/c and for thep,, K . o

shell; note however that these effects are negligible in the

case ofpg;,. Forq=1 GeVlc the role of MEC diminishes. nqerting the multipole expansion for the charge and current
(3) FSI g!ve .rlse to an |mportant dewatlpn of the trans- components as given in Eq3) and(24) we find that each

ferred polarization asymmetrié2; and P; with respect 10 egponse can be written as a sum of terms of the type

the PWIA results, showing a very pronounced oscillatory

behavior that starts fop=200 MeV/c. This behavior does 1
not appear in the componeit,. The uncertainties intro- m'm_ * / 2 *
duced by the optical potentianltnare rather small for the miss- Bya=x % (p'$JeMel Ty () A)

ing momentum region analyzed. .

(4) MEC effects onP; and P, are negligible forq X(p'sIgMg|Tim(@)|A), (A7)
=460 MeV/c and increase fog=1 GeV/c, especially for
p>200 MeV/c. The role of MEC onP/ is clearly more
important.

, 1
Rt :_2RR82 p*(Je1tdoy), (AS)

whereT), . andT,, represent in general the Coulomb, elec-

X . . ... tric, or magnetic multipole operators. Introducing now the
Finally we are confident that the significant sensitivity multipole expansion22) corresponding to the final state

shown by some polarized observables to MEC, particularly . ™ . : .
to the A current, will be maintained within the scheme of a)(NhICh Is polarized along an arbitrary directisr(8), we get

fully relativistic calculation which takes care of relativistic
ingredients, such as the dynamical enhancement of lower ... 1 (1/2) ) N

. X - (1/2) AV
components, not included in the present model. Work alondPus = Mz E Dy 9P (9" E Y ()
this line is in progress. By M7,

XV M (] m)(j ' mpJgMgl3'm”)
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APPENDIX: SUM OVER THIRD COMPONENTS AND

REDUCED RESPONSE FUNCTIONS where we have used;=J and M;=m, since the initial
nucleus has total angular momentum equal zero.
Using the Wigner-Eckart theorem for the matrix elements
tensor operators between states of definite angular mo-
enta

In this appendix we perform the sum over third compo-
nents in the multipole expansion of response functions angf
give their explicit expressions in terms of the reduced matri4n
elements of the multipole operators.

First, we write the response functiof®—(6) in terms of
the spherical components of the current matrix elements

. 1
J.1=(p's,B|J.1|A) using the hadronic tensev) ((17)3e,Im(T sl 0)= m«“ e, JT0)  (A9)

RLZE E 0*p (A1) and reducing the products of two rotation matrices and two
K ' spherical harmonics to linear combinations of spherical har-
monics
1
RT=1c 2 ([3-1/+13.407), (A2) /
1/2) /=~ ~ v
DL DR =Am >, (1M
1
RTt=—2ReX, p*(J11-Jo1), (A3) 11
x| 2 2 Y am(9),
1 -v v M
*
RTT=2 20 (3 1d41+ 35000 0), (A4) (A10)
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- - I I 400 RV A ¥ B B RV .
* ' 1 — _1\M - (P
Vi POYw(P)= 2 D"y el o o Yo, (A11)
with f(jl/2)= 1/\/2 the Fano tensor for spin-1/2 polarization, we obtain
1 1 7
P-SSS S S S ipee a2 202 Y9 DM
B v - Mp 17M " my ' M -v vV M
1
I AT o '—@2)-mlrir| 2 I’ I Jg—j'—m’
_m v oo o o Yoar®)(=1) '] (—1)%
V’ Mr _m!
. 1
i" g X — | j _ i Jg J
x| (=D EATm| 2 (—1)%7imm
m, Mg —-m 5 M —m m, Mg —m
P
X((1']")3g 3" T5,110)* (1)) Ig . I[ T,[10), (A12)

where we have transformed the Clebsch-Jordan JocBefficients. Next we perform the sums over third components of
angular momenta in the above expression. Note that the total phase inside the sum can be simplified to

phase= (—1)(1/2) #mp(— 1) J+1+1"(_1)i-i", (A13)

Therefore the following coefficient appears

1 1 1
A e A | VA s U i’
SEE 2 E 2 (_1)(1/2)+mp+j+l+l +j—j 2 2 MM 2
Mg 1" MM’ mpml') —-v vV M v M’ —m
. 1
RN PR — | i i Jg J
x|, 2 : (A14)
m, Mg —-m m, Mg —-m
v M —m,
We first perform the sum over,v’,M,M’ by using a 9} coefficient
1 1 1 1
- = I [’ —_ j —_— j’
sslz oz )0, . alle ’(2 |
MM M v M —mj v’ M" —mg
J J L
77 L\Lod iy E o
—(— 1)W1+ L2< ) 2 A15
=1 %[] M M MM m, —mg 1 (AL5)
_ |I 1!
> J
Next we compute the sum over, ,ml’),MB using a 6} coefficient
R M LIS S LS R
Mg M m, —m)/\m, Mg —m/img Mg —m’
:(_1)(1/2)+m'+j+j’+JB L Y’ J) Lo (Al6)
M —-m m/|Jg | '’
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Then theS coefficient(A15) results

=3 [Lp-p e o T
Y] M —m’' m

X

JJ’L>
M MM

(A17)
To finish we insert resultA18) into Eq. (A13), and define

PHYSICAL REVIEW C 68, 034611 (2003

where the coupling between two spherical harmonics has
been used

[YASY (P )]m

=(=)7EM S L]
MM
(J J
X

MM M Y (Y 7 ().

(A21)

indiceso,o’ corresponding to the quantum numbers of the Although the result given in EqA21) is formally iden-

final states
o=(,j,9), o' =U",j"3), (A18)
and a coupling coefficient

Do o(J,T, L) =N20 0G0 I LT L]

. [
I +j+HIg LI+
X1y (o 0 o)
J J L
[L J J] o
X 2
Jg ] ] 1 .o
5 J
(A19)

The final expression foB is

o 1 '
By =5 2 > i'7(-1"

0 g7um

(J J’ L)
X m _m/ M (Da'a(JuT,L)

XY AY (P, —m{(1'])Ig J[| T}, [ 0)*
X((1))3g,d|IT4[0), (A20)

tical, with the exception of the factor 1/2, to the one obtained
in Ref. [49] for the case of polarized nuclei, there exists a
basic difference concerning the polarization coefficient
o, ,(7,7,L), which contains all the information on the
polarization properties of the particles in the initial and/or
final state. Note that in the present cdspin-1/2 polarized
particleg, the angular momentum in the expansion of the
rotation matrices,7, only takes the values 0,1. The caSe
=0 is the only one surviving when the final nucleon is not
polarized, i.e., when summing the cross sectionstsrval-
ues. In this case the present formalism reduces simply to the
standard unpolarized one of R¢41]. In fact, for 7=0 we
have 7' =L and the reader can prove after some Racah al-
gebra thatd . ,(0L,L) reduces to the expression given in
Eq. (Al1l) of Ref.[41] for the unpolarized case.

Moreover, using the properties of thegl $ymbol, the fol-
lowing important symmetry property is found for the polar-
ization coefficient under exchange of the indices:

D, (JT L)=(—1)TT LD (J,T,L). (A22)

This property coincides with the one already presented in
Ref.[49] in the case of polarized targets. Since the multipole
expansion of response functions performed in R&9] was
based on this symmetry, the same formalism can be applied
to the present case. In this way one arrives to E8j§—(45)

(see Ref[49] for more details on the expansion
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