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Electron-induced one-nucleon knockout observables are computed for a moderate to high momentum trans-
fer, making use of semirelativistic expressions for the one-body and two-body meson-exchange current matrix
elements. Emphasis is laid on the semirelativistic form ofARisobar exchange current and several prescrip-
tions for the dynamical-equivalent form of tepropagator are analyzed. To this end, the inclusive transverse
response function, evaluated within the context of the semi-relativistic approach and using different prescrip-
tions for theA propagator, is compared with the fully relativistic calculation performed within the scheme of
the relativistic Fermi gas model. It is found that the best approximation corresponds to the one using the
traditional staticA propagator. These semirelativistic approaches, which contain important aspects of relativity,
are implemented in a distorted-wave analysis of quasielastie’ ) reactions. Final state interactions are
incorporated through a phenomenological optical potential model and relativistic kinematics is assumed when
calculating the energy of the ejected nucleon. The results indicate that the meson-exchange currents may
modify substantially th&' L asymmetry for high missing momentum.
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[. INTRODUCTION cross section, hence leading to different spectroscopic factors
[4] (larger for RDWIA).

Electron-induced one-nucleon emission reactions near the The two-body meson-exchange curreff#C) may also
quasielastic peak are clearly dominated by one-blRg) play a significant role in the description of electron scattering
dynamics, since such knematics roughly corresponds to thebservables, since they are connected to the nuclear correla-
virtual photon interacting directly with a bound nucleon tions by the continuity equation. In fact, the interplay be-
[1-3]. Under these conditions it has been possible to analyzsveen correlations and MEC irefe’p) reactions is far from
a considerable amount of data for a variety of nuclei and tdrivial; rigorously, the concept of overlap function is not
study many aspects of the reaction mechanism. Most of thessnough to describe the process in the presence of two-body
studies have been based on the standard distorted-wave icdrrent operators and, therefore, the effect of correlations in
pulse approximatiofDWIA), where the OB current matrix the presence of MEC may be not simply parametrizable by a
elements are computed using single-particle wave functionspectroscopic factor. This idea is supported by calculations
obtained as solutions of the Schinger equation with phe- of the inclusive transverse response for nuclear matter within
nomenological potentials. Recenfl§—7|, efforts have been the correlated basis function perturbation theldr§], which
made to develop a fully relativistic description of the processhave shown a significant effect due to MEC, contrary to the
in order to describe consistently the high momentum andnuch smaller effect usually found for uncorrelated calcula-
energy transfer regions]. This constitutes the basis of the tions [17]. Before a complete calculation of the exclusive
relativistic DWIA (RDWIA). response functions including MEC within a sophisticated

Within the scheme of nonrelativistic approaches, the rolecorrelated model of the reaction be attempted, it is necessary
played by correlations beyond the mean field and their imto calibrate different approaches to the calculation in uncor-
pact on the overlap functions and spectroscopic factors havelated models, as a first step beyond the DWIA.
been investigated in several works. Many-body calculations Thus, in this work we restrict our attention to the mean-
[9,10] including short-range correlationSRO, of central field (uncorrelate model and evaluate the role played by
type only, have shown a small effect over the quasihole overthe MEC in quasielastic inclusive and exclusive electron
lap functions and, accordingly, over the,€’'p) cross sec- scattering reactions. In the case of exclusiege(p) pro-
tion. In Ref.[11] the SRC were shown not to modify sub- cesses, a theoretical evaluation of MEC, including the usual
stantially the mean-fieldge’p) results at high momentum pion in flight P, contactC, and Delta isoba\, has been
and low excitation energy. In recent works, a significant ef-presented in Refd.18-20. In Ref. [20] substantial differ-
fort has been made to improve the analysis by including thences were found with respect to the results of R&8),
tensor and spin-isospin channgls2,13 as well as long- particularly for the interferenc&L response. The analysis in
range correlation$14,15. It is important to point out that Ref.[19], which treats final state interactioffsSl) through a
the extraction of spectroscopic factors from the analysis ofeal potential, was extended to higher momentum transfer in
(e,e’p) experiments is still not free from ambiguities. This Refs.[21,22 where some relativistic corrections were also
would require an accurate knowledge of the reaction mechancluded in the OB current operator. Instead, the standard
nism. In this sense, a RDWIA calculation, compared tononrelativistic MEC operato®3,24] were used except for a
DWIA, gives rise to a different quenching of the,&'p) modified dynamicall propagator that depends on the invari-
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ant energy/s of the A. More recently, the theoretical model ~ One of the goals of this work is to derive a semirelativis-
of Ref.[18] has been refined in RgR25] modifying also the tic expression for thel-exchange current and compare its
A propagator in order to include the-invariant mass. The prediction for the inclusive transverse response function with
use of a proper dynamical propagator in thecurrent has the exact rel_ativistic re_sultobtai_ned Within the_ RFG_modeI of
been discussed at length, concerning mainly the case of twdRef. [38]. This comparison, carried out in the inclusive chan-
particle emission reactiof@6—28. One of the central ques- "€l (Sec. 1), makes it possible to test the reliability of the
tions is that how to determings in a way such that it could different prescriptions of the dynamical propagator to be

o : - used in exclusived,e’p) processegSec. lll). Once this is
?g :,ﬁ"i’;;%lgrgemed in the existing models fere() and settled, the impact of the relativistic MEC over the exclusive

. . . response functions is evaluated for the moderate to high mo-
In general, the appropriate choice ¢§ will depend on P g

o ) X ~_mentum transfer. Finally, in Sec. IV we draw our conclu-
the specific dynamical model for the reaction mechanismgjgng.

Hence, a proper description of the reaction dynamics through
an adequate choice of the currents and kinematics is neces- Il. INCLUSIVE TRANSVERSE RESPONSE

sary. For high momentum transfer, relativistic effects play a ) ) )
The impact of meson-exchange currents on inclusive elec-

significant role and therefore relativity should enter in the ; " . X ;
tron scattering has been traditionally investigated in a non-

description of kinematics and/or current matrix elements. lativistic f K and relativisti " h b
Within a fully relativistic model, MEC effects ing.e’p) relativistic framework and relativistic corrections have been

; implemented making use of a power expansion in the mo-
have been“comput"ed recently in RE29), whe_re only the menta of the nucleons and of the exchanged ph6r41.
contact(or “seagull”) current has been considered. Due to

' > In Refs.[31,38 a semirelativistic analysis of the MEQP
the complexity of the fully relativistic two-body currents, C, andA) currents, represented in Fig.yl, has been perférmed

particularly theA one, in this work we start by developing i, the context of the RFG with the aim of finding simple
reasonable semirelativistic expressions for all the two-body, escriptions for implementing relativistic effects into non-
currents P, C, andA) that can be easily implemented in the rejativistic calculations. Within the RFG model, it is possible
existing nonrelativistic descriptions of the reaction mechatg perform a fully relativistic calculation of the inclusive
nism. These semirelativistic currents retain important aspectésponse functions, using exact relativistic kinematics, cur-
of relativity and hence they may be used to describe properlyents, and propagators. Hence, the inclusive transverse re-
recent experiments performed at high momentum and energsponse function of nuclear matter can be used to test the

transfers. quality of the semirelativistic MEC, to be applied in the fol-
In this paper we discuss the one-particle emission sectolpwing section to semiinclusive processes.
introducing a recently developed semirelativist@R) ap- In this section, we focus on th& current, represented by

proximation for the three MEC operators which, in conjunc-Figs. 1d)-1(g), laying emphasis on the dynamical treatment
tion with the SR form of the OB current derived in RE30]  of the A propagator, an aspect of the problem which was
(see Ref.[31] for a recent review on these expansipns neglected in the SR model of R¢B8]. Restricting our at-
makes it possible to evaluate the quasielastige) and tention to the case of one-particle emission processes, the
(e,e’p) observables. The SR-OB current was applied in in-contribution of theA current to the transverse nuclear re-
clusive (e,e') [32] and for coincidenced,e’p) [6,10,33— Sponse function is obtained as the.interference _betweeh the
35] reactions. The SR expressions for the MEC operator@nd the OB currents. In the Fermi gas model, it reads

were obtained in Ref[36] in the case of the pionic and

contact currents. In Ref§31,37], a comparison between the Rl og(q, @)= z 2 Ref dhS(E,— E;— w)
SR-MEC predictions for the inclusive transverse response A0 grrks h<kg PN

and the exact relativistic Fermi gd®FG) results is pre- 0B A

sented. X Non T (P, )* -j7(p,M)], 1)
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FIG. 2. Exchange MEC diagrams contributing
to the one-particle emission responses computed
in this work. In the vertex-type isobar diagrams
[(d),(e)], different prescriptions for the dynamical
A propagator are discussed in the text.

CY © 69) ©

wherep=h+ q is the momentum of the ejected partiglejs The MEC particle-hole matrix elements are obtained by
the transverséperpendicular t@) component of, andkg is ~ summing over all the single-particle states occupied in the
the Fermi momentum. In the RFG modE| = Vk>+ mNz, ground-state Slater determinaf81,3§. In the case of
whereas in the nonrelativistitNR) Fermi gask,=my+ e, nuclear matter only the exchange term, represented by the
=my+K?(2my). Moreover, the factoiVyy,, arising from many—body d_iagrams of Fig. 2 survives due to spin and isos-
the spinor normalization, imﬁ/(Eth) for RFG and 1 in a Pin symmetries. Moreover, it can be proved that the ex-
NR model. Finally,j3(p,h) (which implicitly include spin ~ShangeA terms represented by Figsif2and 2g) are also

and isospin indicesare the OB orA particle-hole currents zero in nuclear matter. In the case of finite nuclei, there exists
[31]. however a contribution coming from the diredt term,

The nonrelativistic two-bodi current used in this paper which, although small, has been included in the calculations
has been obtained from the relativistic one in the limit ofPresented in following section.

small momenta by following the procedure sketched in Ref. U§|ng_ Eq.(2) the p_artlcle-hole matrix element of the non-
[38]: it can be written in momentum space as relativistic A current in nuclear matter results

FA ’ ' A . 4 Gl fﬂ'NA f d3k
inr(P1.P2.P1,P2) Jm(p,h)——lﬁtpthrhgﬂ m m (Zw)3e(kp—k)
1 Gy fona f
=9 2my m_ m, eaP1tQ)q x{G(k+a)B(h—K)s o
X[ —kyX M+ 2k, [ 2782 =i (#V% #42)) ] +GAk=)B(P—K)g 5.} ()
+Ga(P1—Q)gx[ko X oM+ 2ik,] wherer,=1 if his a proton and- 1 if neutron, and we have
o 6@ defined the function
><[27<32>+i(7il>><712))2]}k§ S +(1-2), () ,
+mﬂ_ Occ _k _k + _k Osg
2 B(p_k)sgz[ s (PRI (P k) a5y @

- . (p—k)?+m?
whereP;, P/ are the four-momenta of the initial and final
nucleons defined in Fig. 1k=p; —p; is the momentum | the k dependence of thd propagator is neglected, then
transferred to theth nucleon, and5,(P) is the nonrelativ-  the integral in Eq(3) can be solved analyticaflysee Ref.
istic (dynamica) A propagator, which will be later discussed [17] for its explicit form).
in detail. We use the following values for the coupling con-  The relativistic expression for the currents can be found in
stants:G,=4.2, f?/4w=0.079, andf ,yy=2.24. Ref. [38] and yields results which differ significantly from

In Ref. [38] a more general relativistic current was con- the nonrelativistic ones even if the momentum transfer is as
sidered, containing additional couplin@, G; and depen- |ow as 500 MeV/c. This difference is due in part to the rela-
dence on the so-called off-shell parameteys z,, andz;. tivistic kinematics(RK), which can be easily implemented in
Therein, it was shown that the teri@s andG; have a weak the NR model by the replacement— w(1+ w/2my) [32],
impact on the transverse response dobelow 1 GeV and with the exception of the electromagnetic form factors, that
that this response displays a small dependence upon the off-
shell parameters compared with its sensitivity\ts which
will be discussed at the end of this section. Therefore, in this INote that in this section we are not includimgN form factors in
work we use the Peccei Lagrangian, which neglé&fsand  order to obtain an analytical result for numerical convenience. In
G; and corresponds tg=—1/4. the following section, they will be properly included.
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must be computed for the unshifted value @f Moreover,
the NR results can be brought closer to the relativistic ones if
the SR form of the current operators 5t

1

i7,s8P.h)= \/mj?nr(p,h) ©)

10 F

I [Gev)

N
215 F RN s

is employed fora=0B,C,P,A, with 7=|Q?|/4m3. =05 Gev/e

Equation(5) has been obtainetee Refs[31,36,3§ for 20 s s
detailg by a direct Pauli reduction, expanding in powers of
h/my, to first order the OB curreni80] and to leading order
the MEC of pionic and contact typg86,37. In this paper, At
we use a similar “factorized” expression for the SRcur- 2
rent, which was already proposed in Rdf38]. The
7-dependent factor in Eq5) arises from the spinology and
produces a reduction of the responses.

Let us now discuss th& propagatoiG2, appearing in the
A current, Eqs(2) and(3). In a fully relativistic theoryG*
is given by the Rarita-Schwinger tend@8]. The possible
decay of the isobar into aN state is accounted for by the
substitution of the\ massmy—m,— (i/2)I'(P?) in the de-
nominator of theA propagator, where the functidi( P?) is w [MeV]

the width of the resonandsee Refs[42,43).
The nonrelativistic version of this propagator is defined FIG. 3. Contribution ofA to the transverse response function for

by the positive energy sector for spatial indices and smalfj=500 and 1000 MeW. The results corresponding to the RFG are
momenta 38] compared with the NR Fermi gas, including RK, and using the SRO

approach for the electromagnetic currents.

0 50 100 150 200 250 300

RT [GevY)

g=1GeV/e \\\ /

L L L L
00 300 400 500 600 700 800

A P+m, 1
Gij(P)= P2—m2 Sijt 3% factors F_yn=F ,na=1. The fully relativistic calculation
performed within the RFG model of Reff38] (thick solid
2 [ line) is compared with various nonrelativistic approaches:
—Ga(P)| 34—z €ijkox|- ®)  the traditional NR model, the NR model but including RK,
and the results corresponding to the semirelativistic currents,
Note that Figs. (d)—1(g) correspond to different momenta in using in addition relativistic kinematic&enoted as SRO
the propagators, namelyG,(P;+Q) and GA(Pi—Q): Apart from the RFG, where the Rarita-Schwinger propagator
these, referred to a& excitation (GIA) and A deexcitation IS used including the\ width, the other results have been
(GY) in Refs.[21,25, denote the propagator foracreated ~€valuated employing the static limit approximation for the
after and before photo-absorption, respectively. propagator, for whichys=my, and thereforel'y(s)=0,
The static limit approximation t&* involves taking sinces is below the thresholdy+m,, . Note the crucial role
played by the relativistic kinematics and, moreover, how the
P+my  mMyyo+my my+m, 1 SR app.roach, compared to the RK case, improves the agree-
o= 5 2 - ——— (7 ment with the RFG results.
Pe—mi P°—my mg—mg Mn—My Next, we study the effect of including a dynamical
5 propagator within the SR model. This can be done by using
where we have useB?=mg for P=P;+Q or P=P{—Q (ifferent approximations for the propagatds (K + Q) and
andg, o small, sinceP; andP; are the four-momenta of the G, (K —Q) appearing in the nonrelativistic current, E§),
initial and final nucleons. In this case, the two propagatorsinder the requirement that the new dynamical propagator be
are equal, i.e.,G,(P1+Q)=G,(P;—Q)=(my—m,) ! independent ok: only in this case it can be easily introduced
and can be factorized out in E(), thus yielding the tradi- into nonrelativistic calculations.
tional form of the nonrelativistic curref7,23. The results for theA-OB transverse response computed
The effects introduced by relativity can be appreciated inwithin the SR model, and using different prescriptions for the
Fig. 3. Here, we show the inclusive transverse response & propagator, are displayed in Fig. 4. As in the previous
40Ca for two values of the momentum transfeq figure and for comparison, we present the fully relativistic
=0.5 GeVk (top panel andq=1 GeV/c (bottom pangl  results(RFG and the SR approach using the static limit for
We use the Fermi momentuky =237 MeV/c and the Gal- theA propagatofSRO. In all the cases, relativistic kinemat-
ster parametrization of the nucleon form factptd]. For the ics is assumed. The various approaches considered to de-
A current, we use the electric form factor of the proton. Forscribe the dynamicah propagator are listed below and dis-

comparison with the nonrelativistic result we use strong formcussed in some detail.
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: quasielastic peakQEP. In fact, this is determined bynfy
REG —— +w)?—qg?=mj, hence Eq(9) gives the static result,s’
= mN .

(3) From Eqg.(6) we may write

RT [GeVY)

P+my Eyo—Qq-y+tm, 1

~ 11
Pom . ermy  veemy

for P=K+Q. The result given by Eq(8) is reobtained
when the first term in the right hand side of Efl) is close

to one. Note that fog large,\/s can be significantly different
from E, while one cannot neglect the temmy. This would

give an additional spin-dependent term and the propagator
would get tangled. Instead, a possible way to proceed is by
taking partially into account thg dependence in the numera-
tor in the way:

-0.5 |

15t
2k
25 F
,3.
351
4 ¢g=1GeV/e -
45| ]

A Ga(K+Q)= :
75200 250 300 350 400 450 500 550 600 650 \/§+ My \/g_ my

RT [GeVY]

mN+ (J)+q+ mA

(12

w [McV] Ga(K—Q)= My+w—q+my
4 Js"+my  JsT-m,’

wheres"!" are given in Eqs(9) and (10). This procedure
allows us to write down an approximate diagonal expression
: : ; for the A propagator, and the corresponding results are de-
[26(12)@T2§ propagator s written, as suggested in RGfShoted in Fig. 4 as SR3. The reduction of the response func-
7 tion is shown not to be as large as in the SR1 case.
Summarizing, from Fig. 4 we may conclude that none of
Gu(P)= ®) the above approximations proposed for the dynamital
A i ' propagator is entirely satisfactory. In fact, we observe that
s—my+ 5 1A(S) the best result, compared with the fully relativistic RFG one,
corresponds to the static limit approximation.
2 . . . To complete this discussion, we note that the role of the
where s=P* and \/§ is the available energy in tha rest — \idth I in the SR models of Fig. 4 is irrelevant, since the
system. The approximate valuessare obtained by neglect- approximate values taken f afs are far below the pole for

ing the momentunk and kl_netlc energy; compared withg these kinematics. In fact, for the prescription SR1 we have,
and the nucleon masgy, i.e., from Eq. (9)

(13

FIG. 4. Contribution ofA to the transverse response function,
using different prescriptions for th& propagator, discussed in the
text.

s'=(K+Q)?=(E+ w)?— (k+)?=(my+ w)?— ¢, . ©= s+ 2—my. (14)
This means that fog=1 GeV/c and \s'=m,, we getw
s'=(K-Q)?=(my—w)*—0g> (100 ~649 MeV, which is well above the allowed region of the
QEP, while the threshold/s'=my+m, is reached forw
As we observe in Fig. 4, this prescriptigdenoted as SR1 ~531 MeV, below which the\ width is zero. Hence, only
produces a hardening of the response function, which ishe small tail of theA close to the threshold is being consid-
more pronounced for high, and underestimates the exact ered in this region of energy.
result at the peak. Actually in the relativistic model, things are totally differ-
(2) This second prescription is obtained, as suggested ient because the pole is reached inside the allowed energy
Refs.[25,28], by using the static approximation in the deex- region. Indeed, the delicate energy balance in the denomina-
citation diagram, Fig. @), i.e., s''=m?, and a dynamical tor makes the value of the inner momentirto play a role.
propagator in theA excitation diagram, Fig. @). In this  Instead of Eq(14), a better approximation to the exact rela-
case, we use the same vail@s in Eq.(9). As shown in Fig.  tion is represented by
4, this prescriptior(labeled as SR2still produces a harden-
ing of the response, but now the response function is larger w=Vs'+(q+k)>—my. (15
than the relativistic one. We also note that the SR2 curve
crosses the static SRO result precisely at the position of thim this case, the pole is first reached at
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s'=(my+)?=(q—kg)?, (18)

s''=(my— )= (q—kg)?. (19

The results show that faj=1 GeV/c the pole is reached at
the right position close to the peak of the response. The
o | change of sign of the response is a consequence of the
N change of sign of thé\l propagator when one crosses the
g=05GeV/e" pole.
0 0 10 10 w0 20 a0 From Fig. 5 we observe that it is not possible to recover
the exact relativistic result by using/a propagator indepen-
dent ofk, even if it reaches the pol@n absence, of course,
of the A width) inside the allowed region. In fact, the present
singularity can only be smoothed, even in the presence of the
A width, after an integration ovek is performed, as in the
relativistic model.

In general, we conclude that, if a dynamical propagator
has to be used, like in the semirelativistic approaches dis-
cussed here, a smoothed form not hitting the pole is needed
in order not to deviate too much from the exact result for the
response function. Among the prescriptions analyzed in this
section, the static form of th& propagator produces, in spite
of its simplicity, the best agreement with the RFG results in
the case of one-particle knockout sector once the relativistic
kinematics and the semirelativistic corrections of the currents
are used. Therefore, a procedure to dynamizeAthgropa-
gator, as the ones presented here, and its use within the con-

N oy BT text of a nonrelativistic or a semirelativistic distorted-wave
©= My +(g=ke)"—my, (16) analysis of quasielasti@(e’) and (e,e’p) reactions appears
which gives w~511 MeV, close to the peak foq not to give better results than the static approximation. Ob-
=1 GeV/c. viously, this conclusion does not affect the validity of the

Thus, we have considered two new prescriptions, denote@PProximations discussed in Rg®8] for the two-particle
as SR4 and SR5. To help the reader they are shown in §Mission channel, where the kinematical conditions are com-
separate figuréFig. 5, where they are again compared with Pletely different. , _
the fully relativistic calculationRFG) and the static limit [N the following section, we apply the pr/esent semirela-
approach(SR0. These new prescriptions are based on thélVistic model of MEC to the exclusivee(e’p) response
value assigned ta/s, such that the position of the pole be functions of nuclei.
closer to the relativistic case.

(4) More precisely, one considerds' = Vsyy— My, Sun ll. EXCLUSIVE  (e,e’p) OBSERVABLES

being the invariant energy of the two outgoing nucleons, |, this section, we compute the quasielastige(p) re-
suggested in Refd.26,28 for two-nucleon knockout, and  ganse functions for intermediate to high momentum transfer
apparently applied also to one-nucleon emission in R&. \5jes within the context of the SR approach, introduced in
The meaning oyy for this case is doubtful, since there is he preceding section. As shown in the case of quasielastic
only one part_|cle in thg final state. However, from the,q|usive @,e') responses30,31,37,38 accounting for
A-excitation diagram, Fig. @), we see thak,h are two  (g|aivistic effects requires at least to treat properly the kine-
entering momenta anglk the two exiting ones. Hence, the matics and relativistic factors in the currents. Referring to the
prescription SR4 in Fig. 5 is based on the approximation A cyrrent, we make use of the static limit approach forhe
_ 2 2 2 propagator, as this gives rise to the best agreement with the
Sun=(PHK)™=(Ept Bt o)"= (h+k+q) fully relativistic calculation in the inclusive channel, as
=(2my+ w)?— 2. (17 shown in the preceding section. As a complete relativistic
analysis of all the MEC R,C, andA) currents in €,e'p)
In this case, the pole fogq=1 GeV/c is reached atw processes is still lacking, the use of dynamizZegropaga-
=513 MeV, inside the QE region. However, from the resultstors within existing NR or SR descriptions of the reaction
in Fig. 5, this prescription appears to be less satisfactory thamechanism does not appear to be well founded and, more-
the previous ones. over, these may lead to large discrepancies with the exact
(5) Finally, the prescription SR5 is obtained by exploiting calculation.
Eq. (16) that gives the right position at which the pole is first  The general formalism forg,e’p) reactions has been
reached and by defining presented in detail in Refi2—4,45 and we refer to them for

-10 F

RY [Gev]

-15 F

-20

' ' I '
® O e N O N e
T T T T T

RY [Gev]

A g=1GeV/e

-12 F

J14 L L L L L L L L
200 250 300 350 400 450 500 550 600 650

w [MeV]

FIG. 5. Contribution ofA to the transverse response function
using different prescriptions for th& propagator is discussed in the
text.
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specifications on the kinematics. Assuming plane waves fohave been studied in inclusive,g’) scattering in the region
the incoming and outgoing electrdtreated in the extreme of the A peak and for pion electroproducti¢46], but not, to
relativistic limit) and parity conservation, the exclusive crossour knowledge, for the MEC in the QEP. A rough estimate of

section can be written in the form these effects can be performed by adding a constant
A-nucleus optical potential , = —30—40i MeV [47] in the
dc . T L , denominator of the statit propagator: sinc¥, turns out to
d’—’: Kou(u W-+orW' +vr W' "cosé affect our results very little, we have accordingly neglected
€ dQede/ It
+oWTTcos 2¢7), (20) To illustrate the role of the relativistic corrections we dis-

play in Fig. 6 the four unpolarized exclusive response func-

wheree’ andQ, are the energy and solid angle correspond-ions for proton knockout from theqt, shell in 180 leading
ing to the scattered electron afi,, = (6’,4') is the solid to the residual nucleus$®N. The kinematics selected corre-

angle for the ejected proton with four-momentuRt * sponds to §,w)-constant kinematic§sometimes also re-
—(E',p’). In Eq. (20) K=2p'my/(27%)% and oy, is the ferred to as quasiperpendicular kinematiesid the values
Mott cross section. Finallyy, are the electron kinematical q=460 MeVic and g=995 MeVic have been chosen. In
factors given in Refd32,45. The labeld. andT refer to the ~€ach case, the selected value of the transferred energy
longitudinal and transverse projections of the current matri@/MOSt corresponds to the quasielastic peak value, awe.,
elements with respect to the virtual photon direction, respec= 100 MéV and 439 MeV, respectively. FSI are taken into
tively. account forg=460 MeV/c _thrqugh the o_ptlcal potential qf
The hadronic content of the problem enters via the reComfort and Karp[48], which is appropriate for proton ki-

sponse function®V®, which are obtained by taking the ap- N€lic energies below 183 MeV. In the case of
propriate components of the hadronic tensor =995 MeVlc, as the proton kinetic energy is430 MeV,
we use instead a Saidinger-equivalent form of the relativ-

1 A1) A istic global optical potential of Ref49]. Thus, the nonrela-
W= > (p'mg, @L VI Q)| D) tivistic wave functions correspond to the upper components
MM of the relativistic ones, containing the Darwin term. Results
X<p,ms,¢EIA71)|3V(Q)|¢6A)>, 1) obtained within this approach were compared with a fully

relativistic calculation in the impulse approximatif#l, i.e.,
where a sum over undetected final polarization states is pefvithout including the effects of MEC.

- . In each panel of Fig. 6 we compare the results corre-
o
formed. In Eq.(21), ‘] .(.Q) 'S thAe nuclear current opergtor sponding to the traditional nonrelativistic model with NR
and we assume the initial std®) to correspond to a spin-

o } kinematics, including RK, and finally, the SR approach dis-
zero nuclear target in its ground state with eneg)’ . The  ¢ssed in the preceding section. All the calculations include

final state|p’ms,®*"Y) is assumed to behave asymptoti- MEC. From these results it emerges that, particularly for
cally as a knockout nucleon with momentym and spin  high g, the relativistic kinematics plays a crucial role in de-
quantum numbems and a residual nucleus left in a bound scribing properly the form of the momentum distribution.
state, i.e]®"Y)=|J,,M,), with energye/ ™). Note that the allowable missing momentum values are deter-

In the present distorted-wave analysis @€ p) reac- mined by the relatiofp’ —q|<p=<p’+q, with p’ fixed by
tions, the outgoing nucleon state is described by a wavenergy conservation. Assuming nonrelativistic kinematics,
function solution of the Schabinger equation with an optical the value ofp’ is given by
potentialV, fitted to elastic nucleon-nucleus scattering data.
The matrix elements of the hadronic tensor are computed by p’'=v2my(e,+ w), (22
performing a multipole expansion of both the distorted
nucleon wave and the current operators in terms of the usuathile for relativistic kinematics it results
CoulombCj,, electrick;, and magnetidvl ; multipoles(see
Refs. [10,32,33 for details on the model and Refs. | - \/ €ntow
[17,24,32 for explicit expressions of the multipole matrix P = V(my+ ent o) —my=\/2my(en+ o)| 1+ 2my
elements of the currents (23

The electromagnetic form factors used in the contact and
pionic MEC are given in Ref.24], while for A we use the In Egs.(22) and(23), the energye, represents thénegative
same form factor as the electromagnetic proton form factorenergy of the bound nucleon. Hence in the case of RK we
In this section, we include monopole form factors in thesolve the Schidinger equation with equivalent energy,,(
MEC F un(K)=Fona(K)=(A2—m2)/(A2—K?) with A +w)[1+ (en+ w)/2my] for the ejected proton instead of the
=1300 MeV. For lowq these form factors are smdl4], NR energye,+ w.

but for high values ofj (close to 1 GeV, as herehey can Once relativistic kinematics is selected, the use of SR

reduce the MEC contribution of about 25%. currents produces an enhancement ofltlaad TL responses
Note that theA-current contributions can also be sensitiveand a reduction of th&d and TT ones, whose magnitude

to the A-nucleus potential in the mediurtsee Ref.[21]). increases witly. These effects are connected with the factors

Indeed, in-medium modifications of tdeand propagators «/y/7>1 and\7/k=1/(1+7) that enter in the SR expres-
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g = 460 MeV/c, w = 100 MeV g =995 MeV/c, w = 439 MeV
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sions of the longitudinal and transverse currents, respectivelgyponsegdotted ling with the results obtained when includ-
[31,37. It is important to point out the particularly large ing the contacC current(dashed ling the contact and pion-
relativistic enhancement observed for the interferencae-  in-flight (C+ P) currents(dot-dashed ling and the contact,
sponse. This is connected to the spin-orbit tdB8] con-  pion-in-flight, andA (C+ P+ A) currents(solid line). Let us
tained in the SR charge density, but neglected within the NRinalyze each response separately. In the casé/of the
approach. As shown in Ref32], the interference between contact current produces an increase which is partially can-
the spin-orbit term and the magnetization current gives riseeled by a small reduction introduced by the pionic current.
to a contribution inW™ which is of the same order of mag- Note that the role of th€ andP currents is negligible for
nitude as the interference between the charge density ardrgeq. The A current gives rise to an additional reduction
convection current. Thus the presence of the spin-orbit ternvhose relative magnitude is rather similar for both shells.
in the density is essential to describe properly the responsghe total effect ofC+P+A MEC is a reduction of the’
W't even for moderate values. response, which is slightly more important for high
Analogous results hold for a proton knockout from the Although a great caution should be taken in extending the
ps2 shell in 0: the role of relativity in each response is conclusions drawn from the analysis of exclusive reactions
similar to the one observed for th®,, case and, again, the to inclusive ones or vice versa, it is illustrative to discuss the
most sensitive response to relativistic effectsNd-. How-  results relative to quasielastie,g’p) reactions in connec-
ever, the relativistic enhancement for thg, orbit is some- tion with the quasielasticg,e’) ones. Note that, apart from
what smaller than the one presentedpgp, particularly for  the potentials usually considered in both types of reactions,
largeg. the inclusive responses are calculated by integrating the ex-
The separate contributions of the MEC is presented irclusive ones over the ejected nucleon variables, and sum-
Figs. 7 and 8 foip,/, and p5, shells, respectively. Kinemat- ming over all occupied hole states, i.e., including also the
ics is as in the previous figure and we do not show results focontribution given by the 4;,, shell. In Refs[31,37,38 we
the pure longitudinal response as it is not affected by MECevaluated the role of MEC for the inclusiieresponse in a
within the present approaches. We compare the OB rerelativistic Fermi gas model. The conta@tcontribution was
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found to be larger than the pion-in-flight ter®y a domi-  selected in the €,e'p) calculations(right hand panels in
nance increasing witly. The total C+ P) contribution pre- Figs. 7 and & On the contrary, in the cagg=500 MeV/c,
sents an oscillatory behavior with respect to the transferrethe contribution of theC+ P currents in the inclusivd re-
energyw, having a node close to the QEP value, particularlysponse presents a node for- 150 MeV and is positive and
for high g. For g=1 GeV/c, this node is reached fow non-negligible for the valuev=100 MeV selected here in
~435 MeV, which is very close to the value=439 MeV  the case of theg,e’p) process. A similar discussion can also

¢ =460 MeV/c, w = 100 MeV q =995 MeV/c, w =439 MeV
30 T T T 14 T T o
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W7 [fm?)

N
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within the SR model including the
successive contribution of each
one of the MEC. Experimental
data are from Ref[8]. Left and
- right panels have been obtained to
= include or not the spin-orbit part
in the optical potential.
0.8 . . . . . .
0 100 200 300 400 100 200 300 400

p [MeV /c] p [MeV /c]

be applied to the\ results. In Ref[38] (see also the preced- MEC on theTL response decreases@goes to higher val-
ing section, the A contribution to the i.nclusivé' response es. Whereas the contact current enhanced theesponse
has been shown to be always negative umjte2 GeVIC  p the same magnitude for the twoshells, theA term is
and larger than the one provided by tBeand P currents o jigibje forp,,, and tends to cancel the contact contribu-

togethgr. Hgnce, the general ”e‘?d of the MEC Contrlbutloqion for ps». For both shells, the pionic current does not alter
to the inclusive channel agrees with the effects shown for th?,vTL

exclusive responsd$igs. 7 and 8 . . .
Finally, comparing the results in Figs. 7 and 8 we con- As far aSWTT_ IS concgrne_d, note_ that this response is
clude that the effects of MEC for the exclusiferesponse MUch s;naller, its contribution being of the order of
are similar for bottp,, and py, shells. A different behavior (Ke/Mn)* (see Ref[32]); hence terms of the second order in
is found in the results of Ref25] where the role of MEC, p/my, usually neglected in the expansion of the current op-
for =460 MeV/c, is shown to be larger in the case of the €rators, may provide a crucial role in this response. However,
Pss» shell. In addition, the role introduced by the pionic cur- sinceW'T is also particularly sensitive to the details of the
rent P in Ref.[25] is said to be negligible, whereas in our model, it can be used as a test to compare different theoret-
case its contribution, though a little bit smaller than the conical models. Note that this response is opposite in sign for
tact term, is clearly visible. Our results are also in disagreepy, andpz;,. Concerning the role of MEC, it is found to be
ment with the calculation of Ref21] performed forq=1 of the same relative order of magnitude as in the other re-
GeV, where the total MEC effect is found to be small for the sponses, except for the pionic current which has an important
p1> and large for thes, in the T response. This discrepancy effect in this case.
is linked to the Foldy-Wouthuysen method used to imple- As a further application of our model we present in Fig. 9
ment relativity in Ref[21] which is not expected to be ap- the TL asymmetry A1) for p,,, (top panels and pg), (bot-
plicable forg=1 GeV[37]. tom panelg The kinematics has been selected to correspond
Next, we focus on the interferencelL response. From to the experimental da{@]. Ay, is obtained from the differ-
Figs. 7 and 8 we observe that fqe=460 MeV/c the MEC  ence of cross sections measured¢at=0° and ¢’ =180°
effect is larger in the case of thmg,,-shell. The main contri- divided by the sum, hence this observable is particularly in-
bution comes from the contact current, which produces ateresting because it does not depend on the spectroscopic
enhancement iW'™ ~20% for p,;, and ~15% for pa,, factors. A detailed study on tHEL asymmetry has been car-
while the role of the pion in flight is smaller, reducing the ried out in Refs[6,7] within the RDWIA, namely, a fully
response and, in particulak, gives rise to an almost negli- relativistic calculation without including MEC. In particular,
gible contribution(slightly positive forp;,, and negative for a comparison betweeA;, evaluated in the RDWIA and
ps). These results disagree with the findings of Rab], using the SR approach for the one-body current and neglect-
where the effect o in W'" is substantially large and nega- ing MEC was presented in Ref6]. There the large contri-
tive for thepy/» shell, so that it cancels out the contact term,bution given by the spin-orbit correction to the charge den-
yielding a negligible global MEC contribution. On the con- sity, and, more importantly, the crucial role played by the
trary, in the same reference the contribution for theps,  dynamical enhancement of the lower components of bound
orbit is found to be large and positive, hence the net effect oDirac spinors in the description of interferenté& observ-
MEC is an important enhancement in the response. As in  ables were provedsee also Refd.50,51)). Recent data on
the case of the pur€response, the pionic contribution found polarization observables agree well with the RDWIA analy-
in Ref.[25] is negligible, which again is not in accord with sis[52,53.
our results. However, a direct calculation of the role of MEC Ay
Figures 7 and 8 clearly show that the importance of thewithin a relativistic approach has never been performed, as
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far as we know. Thus, in Fig. 9 we show the results obtaine@nergy and momentum of the ejected nucleon.
within the impulse approximation, i.e., without ME@otted This model has been already tested in quasielastic inclu-
line), and the contributions introduced by the various two-sive (e,e’) processes in Ref$31,37,38. In this paper we
body currentsC (dashed ling C+ P (dot-dashed ling and  have first focused on the new SReurrent and compared its
total MEC, namelyC+ P+ A (solid line). In order to inves-  contribution to the inclusive transverse response with a fully
tigate also the dependence of our results on the FSI, in Fig. gelativistic calculation in RFG for moderate and higlval-
we show two sets of calculations for eaglshell: including  ues. This has allowed us to test the reliability of different
the spin-orbit part of the optical potentisl|s [49] (left pan-  prescriptions introduced to account for dynamical aspects of
els) and without it(right panel$. For comparison, we also the A propagator. We have found that the best agreement
present the experimental ddi&. From inspection of Fig. 9 with the fully relativistic calculation corresponds to the static
we conclude that the effect of MEC is very small for low limit approximation. Thus, we conclude that the use of any
missing momentum values and it starts to be important foof these dynamized propagators within the one-particle
p=300 MeVkt. Note, however, that in this region the dy- emission channel is not justified and, moreover, it may pro-
namical enhancement of lower components, obviously notluce very large discrepancies with the exact result.
considered within the present SR approach, also starts to Next, we have implemented the SR currents into a DWIA
play a crucial role and hence it should be considered before model of the quasielastice(e’p) reaction, computing the
detailed comparison with data can be accomplished. Noteeparate response functions and Theasymmetry, using the
also the large discrepancy between the SR calculation anstatic limit for the A propagator. After analyzing the role of
the data for lowp in the case op,,, with the full potential.  the different relativistic corrections embedded in our calcu-
This issue was already presented in R6f, where the RD- lation and its dependence on the momentum transfer, we
WIA calculation differs from the SR one, comparing better have studied the effect of MEC on the different observables.
with data[8]. This problem within the SR approach appearsin particular, we have compared the results for proton knock-
to be connected with the spin-orbit term introduced by theout from thep,;, and ps, shells in €0, choosing quasiper-
equivalent Schrdinger form of the optical potential, as can pendicular kinematics, typical of the experiments. In the case
be seen in the right panels of Fig. 9, that do not incligle  of the T response, MEC effects are shown to be equally
in the FSI. Our results also show that the MEC effects forimportant for the two shells, giving rise to a net reduction of
high missing momenta strongly depend on the FSI, sincéhe response. FON™", the role of MEC is to enhance the
they are substantially reduced when only the central part ofesponse, an effect that is substantially larger for phg
the optical potential is include@ight panel$. shell, and reduces considerably for higkalues. In general,

Summarizing, from theoretical results in Fig. 9 and Ref.we get sizable differences with previous calculations in the
[6], and their comparison to experimental dg8d we may literature[21,25.
conclude the following:(i) a fully relativistic calculation Finally, our model applied to th&;, asymmetry shows
within the impulse approximatiotfRDWIA), i.e., including that this observable is very sensitive to the MEC and to FSI
the effects introduced by the dynamical enhancement of thin the region of high missing momentum. Since it has been
lower components in the Dirac spinors, appears to be esseproved in Ref[6] that the interferenc& L observables, par-
tial to reproduce the datdij) the effects introduced by MEC ticularly A7, , are also crucially affected by other relativistic
for high missing momentum values seem to be also veryngredients, such as the dynamical enhancement of lower
important and highly dependent on the FSI. Hence, an apcomponents, not included in this work, it would be very
propriate relativistic analysis of these two-body currents mayinteresting to evaluate MEC effects within the scheme of the
be also essential in order to improve the description of theully relativistic calculation of Refs[4,6,7, and contrast
experimental data at high missing momentum. their predictions with the ones obtained with the present SR

model.
IV. CONCLUSIONS
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