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The electromagnetic longitudinal and transverse inclusive responses for 'C, “°Ca, and **Fe are
analyzed using the concept of y scaling. The longitudinal, F;, and transverse, Fy, scaling functions
are defined, and their experimental values are obtained and compared with the predictions of two
theoretical approaches. The first one, based upon the impulse approximation, Hartree-Fock-type
wave functions for finite nuclei, and final state interaction treated by complex optical potentials,
yields a reasonable interpretation of F; but cannot predict the experimental splitting between F,
and Fr. The second approach, based on an infinite nuclear matter model, quantitatively reproduces
the experimental splitting when the spin and isospin dependence of the effective particle-hole in-
teraction is properly taken into account. The effects of p-meson exchange and A-hole intermediate

states on the scaling functions are also analyzed.

I. INTRODUCTION

In the past few years the Rosenbluth separation of lon-
gitudinal (R;) and transverse (Rp) electromagnetic in-
clusive response functions for a variety of nuclei,’ > has
originated a growing interest in quasielastic (q.e.) scatter-
ing, since conventional nuclear models, though being able
to explain the total cross section, have shown their inade-
quacy to simultaneously account for the two response
functions; namely, whereas the transverse response can
be reasonably reproduced, the longitudinal one is general-
ly overestimated.

In spite of many theoretical efforts for reconciling ex-
periment and theory, based either on some modifications
of the properties of nucleons embedded in the nuclear
medium (e.g., a sizable modification of their electromag-
netic form factors® %), or on a microscopic description of
initial and final nuclear states within realistic treatments
of nuclear structure,® 13 a coherent explanation is still
waited for.

In order to contribute to the solution of this puzzle we
analyze in this paper the role played by some aspects of
nuclear dynamics, like e.g., the final state interaction
(FSI) and the effective nucleon-nucleon (N-N) interaction
in the nuclear medium, in determining the overall
features of the longitudinal and transverse responses. To
this end, the experimental data will be analyzed in terms
of y-scaling, which presents two nontrivial advantages as
follows.

(1) The experimental outcomes'* !> display a clear scal-
ing property at y <0 (corresponding to energy transfer
® < Wpeqi ), While the scaling is badly violated at y >0 (i.e.,
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@ > @), Which corresponds to the kinematical region
in which the pion production becomes relevant. There-
fore the y-scaling yields a striking signature of the region
where the nucleon degrees of freedom are relevant.

(2) The dependence of R; and R, upon the momentum
transfer for fixed values of y may provide valuable infor-
mation about those mechanisms which violate the im-
pulse approximation and which may be related to the pa-
rameters of the nuclear effective interaction.

In our paper nuclear dynamics will be treated within
two different, though complementary, approaches. The
first one is based upon a description of q.e. scattering in
terms of the distorted wave impulse approximation
(DWIA), characterized by initial and final states which
are not orthogonal. Such an approach is able to describe
surface effects (i.e., the behavior of R; and R at large
negative y), but completely fails in accounting for the
splitting between the two responses. The second, more
microscopic approach is based on Green’s function for-
mulation of the many-body problem for infinite nuclear
matter. In such a case surface effects cannot be repro-
duced, but, on the other hand, the splitting between R,
and R is not only explained, but is also easily connected
with the most relevant features of the particle-hole
effective interaction inside the nuclear medium.

Our paper is organized as follows. In Sec. II the gen-
eral definitions of the longitudinal and transverse scaling
functions F;(y) and Fr(y) will be given. In Sec. III the
scaling functions will be analyzed first in plane wave im-
pulse approximation (PWIA) and then taking the FSI
into account by means of a complex optical potential. In
Sec. IV a more microscopical, state-dependent, FSI will
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be introduced through an infinite nuclear matter ap-
proach. Finally, in Sec. V our conclusions -will be
presented.

II. THE LONGITUDINAL AND TRANSVERSE
SCALING FUNCTIONS

The cross section for inclusive electron scattering from
nuclei, in one photon exchange approximation, is given
by (see, e.g., Ref. 16):

d’o

a(q,w)zm
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=0y > | Re(q,0)

q

2
19, , 0
+ —2"';—2"‘*“:&[15 Ri(q,0) |, (1)

where o,, is the Mott cross section, ¢ and @ the momen-
tum and the energy transfer (qft =g?—w?), 6 the scatter-
ing angle and R; (¢,w) and R;(q,w) the longitudinal and
transverse response functions respectively, which are
defined in terms of the electromagnetic current of the nu-
cleus, J,(g,,)=(J,J;), in the following way:

Ry (q,0)=3 ¢;|Jol9;)|*8(0+E,—E,), ()
f#i .

Rr(g,0)= 3 K¢ IrlY) 1’80+ E,—E;) . 3)
f#i

Here ¢;(E;) and ¢(E/) are initial and final eigenstates
(eigenvalues) of the A-nucleon Hamiltonian and J is the
component of the three-vector J orthogonal to q. For
ease of presentation, nuclear recoil has been neglected in
Egs. (2) and (3). Adding and subtracting the elastic con-
tribution

|<1/’i|-]0[¢,‘ )|28(a)) ’

and summing over the final states, it is possible to recast
'(2) and (3) in the following form!’

1

=_ 1 t
R, (q,0) 17-I,m<¢i|J0m+Ei—H+ieJ0|¢i)
— EL cont. , (4)
Ry(q,0)=— Im (g, U —— |y,
’ T " o+ E;—H+ie !
— ElL cont. , (5)
where H is the Hamiltonian of the nuclear system:
A p2
H=3 ——+ i,j) - 6
i§1 2M+2V(1]) (6)

i<j B
After introducing the corresponding retarded (advanced)
total Green function
1
G(Etie)=———, 7
= —hxic @)

Eqgs. (4) and (5) can also be expressed through the so-
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called polarization propagators II; 1(q,®) (Ref. 17) (it
should be pointed out that, since we are only interested in
the values w > 0, the elastic contribution is always vanish-
ing):

RL(T)(q,(O): —$Im<1/},|J&T)[G(w+E,+l€)
+G(E;—o+ie)} Jop ;)
1
=——I ,0) . (8)
- mll; 1 (q,0)

Equation (8) is equivalent to Egs. (4) and (5), since the last
term has no imaginary part if ® > 0.

The evaluation of R; and Ry for a system of nucleons
interacting with realistic potentials represents for the
time being a prohibitive task, therefore one has to adhere
to several approximations which mainly concern the
quantities appearing in the rhs of Egs. (4) and (5), namely
(1) the nuclear current, (2) the nuclear wave function, and
(3) the total Green’s function.

In the usual approach for finite nuclei the nuclear wave
function and the total Green’s function are treated within
distinct approximations, whereas they are handled on the
same footing in an approach based on Feynman diagrams
expansion for the polarization propagator. Such an ap-
proach, however, due to numerical complications, is usu-
ally applied to infinite nuclear matter. The approach for
finite nuclei will be presented in Sec. III and the nuclear
matter approach in Sec. IV. In both cases we are not go-
ing to compare, as done by previous works in this field,
the experimental and theoretical R; (g,w) but rather
new quantities which are obtained by analyzing in terms
of y scaling the separate responses.

The concept of y scaling has been initially introduced
in nuclear physics by West,'® who has shown that, for a
system of nonrelativistic and noninteracting particles, the
inclusive cross sections at large momentum transfer can
be written as a product of the elementary electron-
nucleon cross section, times a nuclear structure function
depending only upon the “scaling variable”

9)

which represents the longitudinal momentum of a nu-
cleon embedded in a free Fermi gas. Subsequently the
concept of y scaling has been generalized to account for
relativistic kinematics in the definition of the scaling vari-
able,'* for nucleon binding and momentum'? and, finally,
for final state interaction.”22 In what follows the
theory of Ref. 19 will be adopted. It is based upon the
following definition of the scaling function

olq,y)

[Zaep—l-Naen]

K(q,y), (10)
where o denotes the total inclusive cross section [Eq. (1)],
Oepn) 1S the electron-proton (neutron) cross section,
K (q,y) is a proper phase space factor and y =y (g,w) is
the scaling variable which is defined by the equation giv-
ing the energy conservation for q.e. scattering of an elec-
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tron off a bound nucleon having minimal values of the
momentum and the removal energy. In case of relativis-
tic kinematics this reads

o+M, =M>+(y+g")'2+ (M5 +y))'"?, (11)

where M , is the mass of the target and M ,_, the mass
of the ground state of the (A4 —1) system. The phase
space factor in Eq. (10) is linked to the underlying reac-
tion mechanism which is supposed to occur (see Sec. III).

The importance of y-scaling analysis in terms of Eq.
(10) stems from the observation that if only nucleonic de-
grees of freedom are considered and the basic reaction
mechanism is supposed to be the PWIA, then, at
sufficiently high values of g, the scaling function F(q,y)
becomes a quantity which depends only upon y f(ie.,
which “scales” in y) and which represents an integral of
the nucleon spectral function. Therefore the analysis of y
scaling in the region where scaling is observed allows one
to obtain information on nucleon dynamics, e.g., nucleon
momentum distribution, whereas the analysis in the re-
gion where scaling is not observed yields information on
those effects which break down the impulse approxima-
tion.

In view of the available separation between longitudi-
nal and transverse responses it is natural to generalize the
concept of y scaling and to define the following longitudi-
nal and transverse scaling functions (see e.g., Refs. 23 and
24)

RL(q’y)
Filgy)=—7—F——7-K(gy), (12)
LY (ZoL +NoL) Y
. RT(q’y)
Fr(gy)=——F7——-——F-K(gy), (13)
Y ZoT ¥NoL) Y
where cfeLp((f), is the longitudinal (transverse) contribution

of the electron-proton (neutron) cross section appearing
in Eq. (10), calculated for a nucleon with energy equal to
the minimal removal energy and momentum equal to |y|.
It is clear that the separate scaling functions can pro-
vide a much richer information on nucleon dynamics
than the total one. In the following section the quantities
(12) and (13) will be analyzed in PWIA and the effect of
FSI will also be illustrated. Since the maximum momen-
tum transfer in the available experimental data on R 7
is not high enough to give us confidence that the PWIA
works and scaling occurs, the main aim of our paper is
the investigation of those effects which break the PWIA.

]

E ax(9,0) kax (E>q,0) dw
Ry plg@)=27 [ dE [ L
E in K in(E.q,0) kO cosa

(the explicit expression for the relativistic case is given in
Ref. 26). The factor |dw/kdcosa|=q /M originates
when integrating over the direction of the initial momen-
tum k of the ejected nucleon (see Fig. 1). a is the angle
between k and q, which is fixed, together with k_;,, K nax»
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II1. FINITE NUCLEI AND THE
IMPULSE APPROXIMATION

A. The scaling function within the plane
wave impulse approximation

A detailed discussion of the y-scaling analysis of the in-
clusive cross section within the framework of the PWIA
can be found in Ref. 20 and in Ref. 25 for the nonrela-
tivistic and the relativistic kinematics respectively; the
main results of these papers are summarized, generalizing
them to the separate response scaling functions. For ease
of presentation nonrelativistic kinematics will be used in
what follows.

The basic underlying assumptions of the PWIA are as
follows.

(1) The electromagnetic current of the nucleus is ap-
proximated by the sum of the free nucleon currents

A .
Jg})=3 jilq}) . (14)

i=1

(2) Only the direct coupling between virtual photon
and emitted nucleon is taken into account (Fig. 1).

(3) The interaction between the emitted nucleon and
the residual system is disregarded.

Let us define |f471),|f"47!) as exact eigenstates of
the (4 —1) system with eigenvalues E/ ™' and Ef "'
Let also |p,) and |k, ) be plane wave states with momen-
ta p, and k, describing the Ath nucleon which is not
correlated with the remaining system; thus, within the
PWIA, the matrix element of the total Green function
simplifies to:

(kp, f 4TG0 +E +ie)lp,, [ 471)

=8k, —p,)S(EA '—EA™")

1
X __ A—1 2 .
o+E,—(Ef '+ T, _+k}/2M)+ie

, (15)

where T, _, is the kinetic energy of the center of mass of
the residual system. Therefore, summing over the final
states of the ejected nucleon and of the remaining (4 —1)
system, one obtains (for ease of presentation the spin-
isospin variables are omitted):

-1

i [ZPp(k7E)U€(T)+NPn(k’E)UZ(T)] s (16)
[
and E,,, by the energy conservation
2 2
o=lktar k% g 1n

2M 2M,_,
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|4 >

[A-1>

FIG. 1. Diagram describing the direct interaction between
the virtual photon and the emitted nucleon.

and eventually E_; =M, ,+M—M ,. In Eq. (16)

Pywk,E)= 3 Kk fA 7 Y 8(E+E,—Ef ™"
fA~—1

(18)

is the spectral function, which yields the probability
distribution of finding in the target nucleus a nucleon
with momentum k—]kf——qi and removal energy
E=E{/ '—E,.

Dlsregardlng in Ry the convection current, which
gives a contribution of the order of few percent, one ob-
tains

R, (q,0)=[ZG§Xq%)+NGEXq2)]

X I(q,0), (19)

kd cosa

I_LH_@)_

R1(q,0)=[ZG§(q})

dw
kd cosa

q2
+NGg})]

M2 I(g,0) ,

(20)

where G§™ and Gf/" are the electric and magnetic
Sachs form factors, respectively, and I(q,w) is the nu-
clear structure function given by

E x4 w) kmax(E 9,0
Igw=27 [ " o 'k dk P(,E) QD)

(the equality between proton and neutron spectral func-
tions has been assumed, i.e., PP=P,, ). Let us introduce
the nonrelativistic analogue of Eq. (11), i.e., the energy
conservation for a nucleon with momentum k =|y| and
removal energy E=E

2 2
wtg)l , _»~ (22)
M 2M,

w-—Emin:

The longitudinal and transverse responses can then be ex-
pressed in terms of g and y instead of ¢ and w. If the
PWIA is assumed to hold, the general criterion for
defining the scaling function is that it should represent
the nuclear structure function; therefore the following
definitions will be adopted in what follows:

Fth(q y)_ RL(q y)
L [ZGEX (g2 )+ NG (gp))(1—q%/4M?)
dw
‘kacosa (23)
Ry(q,p) 3
Fi(q,y)= L @
T 2GR a2+ NG (g% )1g? /2M? | KB cosa
(24)

which have the same general form as Egs. (12) and (13),
with K(q,y)=|8w/kdcosa|=q /M. Placing (19) and
(20) in (23) and (24) one obtains F; =Fr=1(q,y). In or-
der to check such a strong prediction from the PWIA we
have constructed the experimental longitudinal and
transverse scaling functions, F§** and F$*®, for 12C, “°Ca,
and °Fe using in the numerators of Egs. (12) and (13) the
results of Refs. 3 and 4 The phase space factor K(q,y)
and the cross sections aep(,, ) which appear in the denomi-
nators have been calculated using fully relativistic kine-
matics (in particular the relativistic electron-nucleon
cross section cc! of Ref. 27 and the nucleon form factor
of Ref. 28 have been adopted). The results are presented
in Figs. 2, 3, and 4. It can be seen that F;*? and F7P are
different in the whole range of momentum transfer con-
sidered; moreover they decrease for large values of y and
seem to slowly approach a scaling behavior. Since the ex-
perimental data cover a small kinematical region at low
momentum transfer, these results are not very sensitive to
the choice of o, ,) the nucleon form factors and the ki-
nematics (the order of magnitude of the uncertainties
produced by alternative choices amount to 15%, at
most). Therefore the scaling properties of F;*P and F®
will be analyzed in the following using nonrelativistic ki-
nematics.

The experimental splitting between F;*® and F§*P is in
sharp contrast with the prediction of the PWIA
represented by the dotted lines in Figs. 2, 3, and 4 which
have been obtained using a Hartree-Fock-type function
for initial and residual systems, i.e.,

P(kE)= >

a € {occupied states}

ldk)*S(E +e,), (25)

where ¢, is the Fourier transform of the single particle
wave function and €, is the proper eigenvalue; one gets
for the scaling function

maqu a

=27 z b (k)| *kdk . 26)

Ha.y) K min(9:,€4)
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It can be seen that at the q.e. peak (corresponding to
y =0) the longitudinal response is strongly overestimated.
“We reiterate, however, that the main inadequacy of the
PWIA is its inability to split F; and F.
B. The distorted wave impulse approximation

The first correction to the PWIA which has to be con-
sidered is the FSI between the emitted nucleon and the

(kp, f A7 G(o+E; +ie)lps,f 47 1)
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residual system, which has been introduced in our
scheme by modifying the matrix element of the total
Green’s function, Eq. (7). Actually we used a single par-
ticle Green’s function with a complex energy-dependent
potential, that describes the interaction between the nu-
cleon and the residual system, obtaining instead of Eq.
(15) the following expression:

PEN)
=8k, —pBEATI—EATT) - ;V , @D
o+E,—(Ef "' +T,_+kf/2M+V(Ey))+iW(Ey)
[
where E is the final energy of the nucleon in the centre ~ P(Ey) is the Perey factor
of mass of the A system: B )= AV(Ey)
Ey=0+E—Ef™'~T,, 28) R Vo @9
and V(Ey) (Ref. 29) and W(Ey) (Ref. 30) are the real
4 e g0 , and imaginary parts of the optical potential, given by:
0 ML TR
[] _";ﬂ;.‘;“;“;”; ————————— V(EN)= —[E‘F%(Zn +I+%)wosc]exp[_(EN+E)/E0] ’
e + + + J———+———%—'
2 L i M (30)
1 PO T NP T SN BRU HAPU BTN PR N
4 _
4 _ ar, y=0
2t 080 v B
> 2 [ AN
o [ S ¥ ¥ ¥ } {
o Pz
_;“ 0 N
i 0 Loty b b b b b b
b2
4 y=-0.1
1 L
2 L
>
0 Lt vt vt b by ) - -
Y S S B R R N AN A PR A
2 y=-0.3 15
2 - --0.2
[ y=-0.
L -
1L . +
+ L T 1L
=
0 N U DU NS OUTUS DUUTTUY FUUTIY NUUTOUS FOUTTOOY MO |
200 300 400 500 600 g
q(MeV/c) 1 ISR TRRVELS) FEETCLSY N NP SR NP BRSO PR
2 - --0.284
N . . 2 ' y=-0.
FIG. 2. Longitudinal and transverse scaling functions for '“C
vs the momentum transfer g for several values of the scaling
variable y defined by Eq. (11). Crosses and open circles denote, (S M_\
respectively, F; and F; obtained from Egs. (12) and (13) using ' ==
for Ry (1) the experimental data from Ref. 3 and for 47} the o LA
relativistic off-shell cross section from Ref. 27. Dotted lines 0 ‘20'0 - '30'0 bk 40'0‘ 1 ‘50‘0"‘60‘0"
represent the PWIA results, dashed lines the DWIA with real q(MeV/c)

potential, and solid lines the DWIA with complex optical po-
tential. In this and in following figures scaling functions and
variables are expressed in units of the nucleon mass.

FIG. 3. The same as Fig. 2 but for *°*Ca. Experimental data
for R 7 from Ref. 4.
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W(Ey)=C(Ey~+E)%xp(—(Ey+E)/E,) , (31)

with E,=4k?/2M and C=—4.5X 107> MeV ™.

The dynamics included in this parametrization of the
Green’s function is in principle quite rich, but, as we shall
see, it is nevertheless not sufficient to explain the
|
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differences between the longitudinal and transverse chan-
nels [the microscopical meaning of (27) will be discussed
in more details in the next section].

Equation (27) leads to the following expression for

Fpry:

P(EN)W(Ey)P(k,E)

Fron(@,9)= —%szindEfdi*k

Due to the fact that, for fixed y, Ey increases with g,
also ¥V and W decrease, and therefore the asymptotic
value of Fy p, is the same as in the case of the pure
PWIA. In Figs. 2, 3, and 4 the theoretical results ob-
tained using Eq. (32) are presented by the full curves (the
dashed curves represent the results obtained from a pure-
ly real optical potential); it can be seen that the g-
behavior of the longitudinal scaling function is qualita-
tively reproduced, at least near the top of the peak,
displaying, at low g, some structure due to the effects of
the shells, but no splitting between F; and F; is obtained.
It is clear that in order to obtain such a splitting further

4 r e y=0
g 0 8 0 0
2 L ) /'/ s —._'—
P e
0 Lo b o b by by by by b by 4
4 y=-0.1
2 L
> ! .
o i
‘-;_nlljll[l‘lllllll‘llll
u
2 - y=-0.2
1 b
0 1
2 - y=-0.284
1 L
0 P T Y wode g b e
200 300 400 500 600
q(MeV/c)

FIG. 4. The same as Fig. 2 but for *Fe. Experimental data
for R ) from Ref. 4.

{@+E,—[EA7'+T,_+(k+q)?/2M+V(Ey)}2+W(Ey )

(32)

[

improvements in the evaluation of the matrix element of
the e.m. current of the nucleus would be necessary. As a
matter of fact, we have considered only the direct term
(Fig. 1) in the e.m. coupling of the electron with the nu-
cleus, but the antisymmetrization, or recoil, term could
be relevant. If these terms are taken into account the in-
clusive cross section does no longer factorize and more-
over different final states of the residual system are gen-
erated, due to the different structure of J, and Jy in the
spin-isospin subspace. This fact has important conse-
quences, in that the FSI acting differently in the longitu-
dinal and transverse channels is now able to distinguish
the two responses. Such a mechanism will be illustrated
in the following section within a simple but significant
model.

IV. INFINITE NUCLEAR MATTER MODEL

We have seen in the previous section that by introduc-
ing the FSI it is possible to qualitatively explain the longi-
tudinal response but no splitting between F; and F can
be obtained.

In .order to understand this phenomenon let us
remember the connection between Egs. (2) and (3) and
Egs. (4) and (5): In the latter, the final states |y, )
represent the intermediate states of the propagation of
the system. We may for instance consider intermediate
particle-hole states only. If we assume that both the par-
ticle and the hole interact with the surrounding medium
(i.e., they move under the effect of an optical potential)
but not between themselves, then no splitting between
longitudinal and transverse channels arises. This is the
case, a fortiori, of the PWIA, when the ejected nucleon
evolves under the action of the free Hamiltonian; the
same happens in the DWIA as far as the exact Green’s
function of the system is approximated by a single parti-
cle Green’s function, since in this way it cannot carry in-
formation on the state of the residual system, apart from
the missing energy and momentum. If we assume, on the
contrary, that some interaction between the particle and
the hole occurs, then in principle this interaction will de-
pend upon the quantum numbers of the particle-hole pair
and, consequently, it may distinguish between different
channels.

To improve our understanding of many of the features
described above, and in particular shed some more light
on the role of and on the precise meaning of the final
state interactions, we wish to examine here a simple ap-
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proach based on infinite nuclear matter. Something will
be lost of course, since in this frame surface effects are
forcibly ignored, which may be relevant at high values of
y but we gain in improving our understanding of the de-
tails of the process.

Moreover, we may understand in this frame why the
y-scaling hypothesis holds in simple cases and why it is
violated in more sophisticated approaches. In order to
follow step by step the physical origin of the deviations
from the y-scaling hypothesis we start from the lowest
possible level of complication, namely the free Fermi gas
model, and then we shall introduce other effects one at a
time.

A. The Fermi gas model

The response of a system to an external probe which
couples to the nuclear density is expressed through the
polarization propagator II; (q,w) [cf., Eq. (8)]. In the
free Fermi gas model, where no interaction is present,
Il; (g,») simply reduces (up to electromagnetic form fac-
tors or trivial coefficients) to the Lindhard function,
which reads!’

d3k
2m)}

H‘?(q,w)=f( 0(lq+k|—kp)0(kp—k)
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The longitudinal and transverse scaling functions (12)
and (13) can be easily found by considering that the Feyn-
man diagram expansions for II; and Il;, as defined in
Eq. (8), are topologically coincident, the only differences
being in the initial and final vertices. One gets for the
free Fermi gas scaling function F} o

FFS,=— ifi %Imﬂo( q0) (34)

(p being the nuclear density). One immediately recog-
nizes that for o > 0 only the retarded term contributes to
the imaginary part. If moreover the kinematical region
q > 2k is considered, FFC can be rewritten as
d’k Okp—k)
m f ( 2 )3 2 k
o—1_ -3, n
2M M

1 2
FG_—_ 1 9 %
F T Mp

m [ kOl (35)
(2m)* Yo _ kcosa +i .
M M T

112,
T™Mp

Equation (35) shows that F; , depends on ¢ and w
through the West’s scaling variable y, defined by (9), i.e.,
the original result of West is recovered.

B. The Hartree-Fock approximation

The next level of complication is to assume that nu-
cleons move in a mean field (Hartree-Fock approxima-
tion), which amounts to add a self-energy in the denomi-
nators of Eq. (33); one has in this frame

1

2 (33)

9" 9k

w+2M+M in
J

d3k
MiF= o(lq+k|—kz)0(k.—k

f(21T)3 ('q | p) ( F )w— 3 ~ X
2M M

Since our attitude will be that of parametrizing =, we
may of course imagine to parametrize the exact self-
energy. The system we are describing in the frame of Eq.
(36) corresponds to a particle-hole excitation, with the
particle (and the hole) interacting with the surrounding
medium. In other words this corresponds to a knock-out
process in which the ejected nucleon propagates under
the effect of the optical potential of the spectator system;
the latter can be not only in the ground state but, in gen-
eral, in an excited state, with a dressed hole left by the
ejected nucleon propagating in it. We neglect however
any interaction between the ejected nucleon and the hole
left in the residual system. In other words, apart from
the more or less suitable parametrizations, we are
describing the same kind of physical situation of the
DWIA. We remind once more that no difference may

+ advanced term . (36)

—32(lq+k])+=(k)+in

arise in this case between longitudinal and transverse
channels because only the internal propagation of nu-
cleons has been changed, which does not depend upon
the initial and final vertices.

To further simplify the problem let us assume a very
elementary model for the self-energy

k2

— A, ifk<kp;
K st M (37)
oM = k2 .
m'*‘B, lfk>kp.

Using the preceding definitions one easily finds
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Lk g, — ! . (38)
(2m)’ Yo kcosa | k*  k?

o” M 2M—EJ—\—{_*-+A+B /q+in

It can be seen that this new quantity depends both on ¢ and y,. However the g dependence which breaks the scaling
property has two contributions: The first one, namely (k2/2M —k?/2M*)/q is clearly weak in the spirit of the hole-
line expansion, since it leads to higher powers of kp. The second one, which is instead relevant, comes from the
different potential energies felt by the nucleon inside and outside the nuclear medium (here it coincides just with the
quantity €= 4 +B). However this object does not depend on the integration variable, so that a change in the definition
of the scaling variable is naturally suggested. Let us define

. q* (39)
ym:——q~ (CD_E)_W .
We find
1 d3k 1
FHF(y eg)=——Im Oky—k) (40)
HE M f (2m)’ F YHF k cosa k2 k? .
—_———— | —_—— /q+in
M M 2M 2M*

Of course the new definition of the scaling variable de-
pends on the assumptions on 2 done in Eq. (37). The
evaluation of Eq. (40) is an easy task and an explicit cal-
culation at yyr fixed, shows indeed an extremely low
dependence on gq.

The physical insight which comes out from these ele-
mentary considerations is that within a Green’s function
many-body approach the choice of the scaling variable
and consequently the scaling properties of the scaling
function depends upon the explicit form of the self-
energy. It can be seen from Eq. (40) that, in disagreement
with experimental observations, no splitting between F,
and Fr is predicted by the HF approximation.

The weakness of the Hartree-Fock approximation is
the lack of the imaginary part of the self-energy, which is
connected with complicated many-body intermediate
states like 2 (or more) particles-2 (or more) holes,?! and
will be discussed at the end of this section.

A further drawback comes from the neglecting of any
residuum at the pole, or in other words from the momen-
tum distribution which in our formulas is that of the free
Fermi gas. As a consequence at high values of y the HF
approximation goes wrong, while the DWIA described in
Sec. III, being a much more sophisticated parametriza-
tion, did provide better agreement with the data in that
region. In the following subsections the scaling functions
(23) and (24) will be plotted versus the scaling variable
corresponding to the HF approximation and, by consid-
ering various improvements of the latter, we will try to
understand the physical origin of the splitting between
F; and F.

C. The residual interaction

The correction to the HF approximation which will be
now considered is the effective p-h interaction, which, to
begin with, is assumed to be constant and independent
from the quantum numbers of the p-h pair. Let us

denote it by V,,. The Bethe-Salpeter equation for the full
polarization propagator becomes algebraic (in practice
the RPA series) and one gets
M%%q,w)
[1=VolI"(g,0)]

(g, 0)= @1

The physical effects introduced here are often referred to
in the literature’? as rescattering corrections. From a
many-body point of view however these corrections come
about by antisymmetrizing the interaction between the
ejected nucleon and the remaining hole in the residual
system. In this sense they could be described as final
state interaction too. This is an important improvement
with respect to the HF approximation, which brings
about the central problem of our paper, namely whether
the FSI can be considered the origin of the splitting be-
tween F; and Fr.

For sake of simplicity we ignore for the moment the
structure of the vertices (to be discussed later) and as-
sume the interaction to be channel-independent. The
scaling function is, explicitly writing the imaginary part,
FHF

(1—V,Rell"(g,0)) 2+ (mpV FHEM /29 )
42)

tot —_
Fiin=

This equation shows that no splitting between F; and
Fy can be obtained within a constant channel indepen-
dent p-h interaction and that the scaling property is
violated for two reasons. The first one is the existence in
the denominator of the term (mpMV F"F)? /442, which
clearly depends on ¢, and which is vanishing small as
q— . The second point is the dependence of F'! on
Rell"F. Let us remember that ReIT"F has a retarded and
an advanced part. The functional dependence of the first
one is like @(yyr)/q and is vanishing for yyr=0 (this
statement is for instance trivial for the Lindhard function
IIy). The advanced part instead is given, in the low densi-
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ty limit, by

mir - —-———L—z . (43)
q _
+ -+
oM ¢

This clearly shows the breaking down of the scaling prop-
erty and again shows that these effects disappear at
higher values of g. A new physical effect is taken into ac-
count here since the advanced part of the Lindhard func-
tion may introduce into the game initial state correlations
as well: In fact if one translates the Feynman diagram
language into the old-fashioned (Briickner) perturbation
theory, one sees that the advanced part of ReIT"F makes
it possible 2p-2h (or more) excitations to occur before the
photon is absorbed, which just describe corrections to the
single-particle wave function of the initial state.*

We remind that the experimental data presented before
concern transferred momenta up to 600 MeV /¢ which
are not yet in the asymptotic region. From our discus-
sion we may argue in which direction the scaling proper-
ty is broken. It is clear in fact that the term
(mpMV FHF)? /4¢? entails always a depletion of the qua-
sielastic peak. The other term has quite a clear behavior
at yyur=0 since it reduces to (1—VyRellf )2 and Eq.
(43) shows that RelIly, is negative. It follows that a
repulsive effective interaction leads to a term > 1 which

cooperates with the previous term to reduce the scaling
function F'*'. Since the asymptotic value is FHF, then
F'' reaches this value from below. The case of attractive
interaction is more involved since the two contributions
have opposite effects and only a strongly attractive in-
teraction shall give an enhancement of F'*",

Let us eventually consider the case of a realistic p-4 in-
teraction, namely the one which is obtained in the frame
of the Landau-Migdal theory. The usual Ansatz is

Vpﬁhzco[go'i‘gé’fl"fz‘i“g001'0'2+ 9671'7201'02] ’
(44)
with

272

= 45
kpM*(kg) “3)

Co

The apparent dependence of the effective interaction
on the particular spin-isospin channel has an immediate
consequence: In fact a longitudinal interaction propa-
gates only in the S =0 channel, while a transverse one
propagates in the S =1 channel, so that different Landau
parameters are involved. In this way the degeneracy of
F; and F; is necessarily broken.

Since the longitudinal vertex is 1[1+7;], a little bit of
algebra provides for I1; the expression

HF HF
n, = < 2 +1 I (46)
2 1—=CyFJIHF 2 1—C FIHF
[Eq. (41) is regained when the interaction in the isoscalar
and isovector channels coincide].
For Ilr, if convection current is neglected, the follow-
ing expression can be easily obtained:

1433

(g, )?
T 2} +pl)
HHF

y (pp+u,)?  [HF
1 - CO goHHF

2u2—pl) 1—CyGITHF
47)

The parametrization for the transverse response, given
by Eq. (47), does not contain several effects whose
relevance should be carefully investigated. To this end,
let us note first of all that numerically the weights for the
isoscalar and isovector channels are respectively 0.03 and
0.97, so that considering propagation through the isovec-
tor channel only, viz.

HHF

e (48)
1—C, SpITHF

Iy

appears to be an excellent approximation.

This channel, unlike the longitudinal one, cannot be
fully described in a conventional approach based on more
or less realistic N-N potentials but requires an explicit
treatment of p-meson exchange and intermediate isobar
configurations. The effective interaction in this channel
is therefore usually written as (f2/47=0.08)

yi=L g'+cC R — , 49)
m%r pwz_qz_m;z)

with C,=2.3 (Ref. 34) and where the parameter g’ is
connected to §; by

2
CoSh= #g' . (50)

Moreover in this channel the A-h intermediate states are
allowed and provide the following contribution to the
transverse polarization propagator: If we introduce the
A-h propagator as

M2 Mq,0)=¢(q,0)+d(q, —o) , (51)
3 0kp—k)
dlg,0)=4 [ ((217:3 (Fg+k)2 K2 ‘
O—My+M— M, +m+l‘r]
(52)

the whole polarization propagator then is obtained by
means of the replacement

2
HHF_>HHF+———;’;’A A=+ (53)

in Eq. (48). In the following, as usual, we put f ys=2f.

In Fig. 5 the scaling functions of “°Ca calculated for
two different values of y are presented. The results
deserve several comments as follows.

(1) The splitting between the two responses due to the
particle-hole interaction is demonstrated.

(2) A repulsive p-h interaction is necessary in order to
obtain a quenching of the longitudinal scaling function
with respect to the HF results.
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(3) The relevant contribution of the p-meson exchange
is clearly put in evidence.

(4) The effect of A-h intermediate states is also relevant
at the top of the q.e. peak (y =0) while it becomes negli-
gible for high negative values of the scaling variable.

Having established the important role played by the
effects due to p-meson exchange and to the A-A inter-
mediate states, a systematic calculation of F; and Fp for
12C, Y0Ca, and *°Fe has been performed, taking these
effects into account. Following Moniz*> the Hartree-
Fock parameters are €=20 MeV, 30 MeV, 40 MeV, and
kp=220 MeV/c, 230 MeV/c, 240 MeV/c for 12C, *°Ca,
and 3®Fe, respectively. The results, which are presented
in Figs. 6, 7, and 8, clearly show that, for all nuclei con-
sidered, the splitting between the longitudinal and trans-
verse scaling functions can systematically be obtained
with a unique set of parameters for the p-h interaction,
p-meson exchange and A-h intermediate states. It can

4 -

Ca y=0

Frrta.y)

y=-0.2

q(MeV/c)

FIG. 5. Longitudinal and transverse scaling functions for
4Ca vs the momentum transfer g for two values of the scaling
variables defined by Eq. (39). Crosses and open circles denote,
respectively, F; and F; obtained from Egs. (12) and (13) using
for Ry p the experimental data from Ref. 4 but for o5\}) the
nonrelativistic cross section. Dotted lines denote the pure
Hartree-Fock response. Including the particle-hole interaction
with F,=F =1 and g'=0.5 leads to the splitting of the
responses represented by the dot-dashed (F,) and long-dashed
(F7) lines. The short-dashed lines include the effect of the p-
meson exchange and the solid lines also the contribution of the
A-h intermediate states. Here C,=2.3, k;=230 MeV, =30
MeV, M*=0.7M. In evaluating C, [Eq. (45)] the value
M*(kp)=M is used.
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also be seen that the depletion of the longitudinal channel
requires a repulsive effective interaction, while the experi-
mental data in the transverse one suggest a weak attrac-
tion.

Let us now discuss the sensitivity of our results upon
the choice of the Landau parameters; this is a really cru-
cial problem since for these quantities many estimates are
available. As to the longitudinal channel for instance,
Speth et al.>® found, from the analysis of the low-lying
states of lead, values compatible with F;~0 and
Fo~0.65, which implies on the whole a repulsive interac-
tion.

Another evaluation for these coefficients is hidden in
the parameters of the Skyrme forces, since in practice in
the particle-hole channel they simply correspond to a
Landau-Migdal effective interaction [like in Eq. (44)] with
in addition a p-wave interaction. A translation from

4 _

2 b

0 PN S NN O DU YR BTN AN BAI S
4 y=-0.1

e [ A S
» A L
S TN TP IO B S R R R W
¥

T y=-0.2

F

1 b

0 P |

2 -

S
o Lt vt TR i
200 300 400 500 600

q(MeV/c)

FIG. 6. Longitudinal and transverse scaling functions for 2C
vs the momentum transfer g for several values of the scaling
variable yyr defined by Eq. (39). Crosses and open circles,
denote respectively, F; and F; obtained from Egs. (12) and (13)
using for R, () the experimental data from Ref. 3 and for %%}
the nonrelativistic cross section. The dash-dotted lines
represent the longitudinal response, the solid lines the trans-
verse one, and the dotted lines denote the pure Hartree-Fock re-
sult. Parameters for the p-h interaction [Eq. (44)], p-exchange
[Eq. (49)], and A-h [Egs. (51) and (52)] contributions as in Fig.
5.
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FIG. 7. The same as in Fig. 6 but for “°Ca. Experimental
data for R; 1) from Ref. 4.

4 SEFE y=0

Fpsla,y)
o

200 300 400 500 600
q(MeV/c)

FIG. 8. The same as in Fig. 6 but for **Fe. Experimental
data for R; () from Ref. 4.
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particle-particle to particle-hole parameters for Skyrme
forces is found in Ref. 37. The various kinds of forces
give a quite uncertain value for F, (ranging between
—0.45 to 0.74) and a &, which at least is always repul-
sive. In particular the Skyrme III interaction, which has
been used in Ref. 10, provides F;,~0.3 and F,~0.87; it
is clear from our previous analysis that a RPA calcula-
tion with this repulsive interaction should provide a
lowering of the quasielastic peak, as it was indeed found
in Ref. 10.

A very strong repulsion is obtained if, as in Ref. 8, the
relations between F;, F;, the nuclear compressibility and
the asymmetry coefficient of the mass formula are used:
with these expressions one finds (with m*=m) F,=1.89
and F;=4.06. Such a repulsion could be lowered by in-
troducing a cutoff function which produces a strong de-
crease of the repulsion with increasing g. This procedure
is quite reasonable since the assumption that the Landau
parameters are independent on the energy and momen-
tum transfers is surely questionable, but at present there
are no insights on what kind of g dependence one should
require. In Ref. 8 the cutoff function has been fixed by
fitting the longitudinal response function.

In Fig. 9 the sensitivity of F; upon the Landau-Migdal
parameters F, and ¥ is illustrated for *°Ca: It appears
that the effect of the variation of the parameters is of

a y=0

Fplq,y)

q(MeV/c)

FIG. 9. Longitudinal scaling function for *°Ca for different
effective interactions. Scaling variable and experimental data as
in Fig. 7. Dashed lines correspond to the parameters of Ref. 36,
dash-dotted lines correspond to the parameters of Skyrme III
interaction, solid lines to the parameters of Ref. 8. The dotted
lines represent pure Hartree-Fock approximation.
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minor relevance at high g, where all curves, correspond-
ing to different sets of parameters, approach the HF re-
sult. The best agreement with experimental data is
achieved by using the values of Ref. 8, and at y =0 it is
indeed very good, without any change of the free nucleon
form factor as advocated in Ref. 8. There, however, the
p-wave interaction and the surface effects, disregarded in
our calculation, have been taken into account; therefore
the agreement shown in Fig. 9 has to be considered with
some caution. It should be pointed out, in this regard,
that our aim was mainly to illustrate the potentiality of
the y-scaling analysis of the electromagnetic responses
showing, e.g., that the g-behavior of F, represents a seri-
ous test of various values of Landau-Migdal parameters,
rather than to fit the experimental data. In this respect
an analysis of F; of the type presented in this paper, tak-
ing into account p-wave interaction and surface effects,
would be highly necessary.

As far as the transverse channel is concerned, the cen-
tral parameter is g’. Its value ranges in the literature
from 0.5 to 0.8 (without excluding however other values).
It is commonly believed at present that a value g’ 2 0.6 is
required to prevent pion condensation and precursor phe-
nomena, but since g’ may depend on momentum and en-
ergy,>®3° the use of such a constraint in the quasielastic
region is not a stringent one. The relevant point here is
that the interaction is repulsive for small g where g’ dom-
inates, but the weight of the p exchange (which is attrac-
tive) increases with g. With g’=0.5 and y =0, for in-
stance, the effective interaction changes sign at g =400
MeV/c.

The effect of the A-hole is also relevant. An order-of-
magnitude estimate for y =0 provides

6 _p

which has the same sign of II*% and at ¢ =400 MeV/c
holds about a 60% of I1*¥". At higher momenta where
the interaction is always attractive its relative weight is
further increasing.

In Fig. 10 the transverse scaling function for *°Ca is re-
ported for different reasonable values of g’. It can be
seen that unlike F; (cf. Fig. 9) the HF limit (and there-
fore the scaling) is not recovered, particularly at y =0,
and that different values of g’ seem to lead to an almost
constant shift of Fr.

To sum up, the following comments concerning the re-
sults presented in this section are in order as follows.

(1) The connection of the scaling function with nuclear
dynamics has been put in evidence. As shown in the
figures of this section, by plotting the g dependence of F,
and F; for fixed values of y the analysis of the inclusive
q.e. data is remarkably improved.

(2) The effect of the g dependence of the effective in-
teraction has been clearly outlined. For instance the ¢
dependence of Ref. 8 changes drastically the shape of the
curve.

(3) At low g, the disagreement with experimental data
increases with increasing values of y. This is a clear man-
ifestation of the relevance of the surface effects and it
points to the potentiality of our analysis in establishing

HAh fa—d
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Felq,y)

| IR N R P |
200 300 400 500 600
q(MeV/c)

FIG. 10. Transverse scaling function for *“°Ca for different
values of g’ (p exchange and A-h contributions are included).
Scaling variable and experimental data as in Fig. 7. Dash-
dotted lines correspond to g’'=0.4, dashed lines to g’=0.6, and
dotted lines to g’=0.8. The solid lines represent pure Hartree-
Fock approximation.

the limits of validity of a “Fermi-gas” model for inclusive
scattering.

(4) Whereas F}" seems to approach an asymptotic value
with increasing g, F on the contrary exhibits an appre-
ciable increase with g, which is mainly due to the A-4 in-
termediate states. It is clear that the future measure-
ments at higher values of y will represent a severe test of
effective nucleon-nucleon effective forces within the con-
text of the application of many-body approaches for
infinite systems to finite nuclei.

V. CONCLUSIONS

In this paper the concept of y scaling has been used to
systematically investigate longitudinal and transverse
responses. Our analysis of g.e. responses in terms of their
q and y dependences had the following advantages with
respect to the usual analysis in terms of their ¢ and w
dependence: The plot versus g of various sets of data,
corresponding to different kinematics but to the same
value of y, had provided us with the experimental g
dependence of those effects which break down the im-
pulse approximation and the simple Hartree-Fock ap-
proximation; since different kinds of contributions to the
g.e. cross sections are singled out for different values of y
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(y ~0, scattering from quasifree nucleons; y > kp, surface
effects; y >> k., scattering from correlated nucleons, etc.),
plotting the g dependence of F; ((q,y) for various values
of y yields unique information on many-particle effects in
different regimes of nucleon dynamics. The main con-
clusions which should be drawn from our analysis can be
summarized as follows.

(1) The usual treatment of FSI within the impulse ap-
proximation, using optical potentials which contain a
minimum of state dependence through the values of the
single-particle energies [cf, Egs. (28)-(31)], provides a
reasonable description of the longitudinal response but is
unable to generate any splitting between F, and Fj.
Several effects have been left out in the approach present-
ed in Sec. III, namely those related to the necessary im-
provements of the DWIA and those related to the meson
exchange currents (MEC) in the transverse channel.
Since the latter ones are expected to be of minor
relevance at large values of y, (i.e, for @ <wpe
=gq%/2M), where the relative splitting is roughly of the
same order as that at y =0, the effect of the MEC cannot
be considered as the main origin of the splitting. The re-
sults of the many-body approach presented in Sec. IV
clearly show that the failure of the DWIA in generating
the splitting is essentially due to the product form of the
final state both in the longitudinal and transverse chan-
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nels. Therefore future efforts should be focused on the
construction of a final state allowing for a state depen-
dent correlation between the emitted nucleus and the re-
sidual system.

(2) The splitting between the two channels induced by
the effective interaction goes into the right direction, but
clearly something is missing. The drawbacks of our mod-
el are of course the lack or too crude a parametrization of
the ¢ and w dependences of effective masses, self-energies
and effective interactions as well as the complete neglect-
ing of any imaginary part for these quantities. Both these
effects may come from a more complicated diagram in-
volving light mesons (pions) and other particle-hole pairs,
as those arising in the analysis presented in Ref. 31; how-
ever, such an analysis has been carried out at fixed
momentuin transfer, while it would be of great interest to
repeat calculations for fixed y. It is clear however that a
rich many-body calculation seems to be necessary in or-
der to microscopically explain the splitting between F T
and F.

(3) Present data do not allow us to make any expecta-
tion about the behavior of the splitting at higher values of
y. Such a behavior on the other hand would represent a
decisive test to confirm or rule out different models of the
reaction mechanisms and/or the residual N-N interac-
tion.
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