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The exclusive process 3He�e; e0p�2H has been analyzed by a nonfactorized and parameter-free
approach based upon realistic few-body wave functions corresponding to the AV18 interaction and
treating the rescattering of the struck nucleon within a generalized eikonal approximation. The results of
our calculations, compared with recent JLab experimental data, show that the left-right asymmetry
exhibits a clear dependence upon the final state interaction demonstrating the breaking down of the
factorization approximation at ‘‘negative’’ and large (*300 MeV=c) values of the missing momentum.
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Recent experimental data obtained at JLab on exclu-
sive electro-disintegration of 3He [1] are at present the
object of intense theoretical activity (see [2–4] and refer-
ences therein). In Refs. [2], the 2-body, 3He�e; e0p�2H, and
3-body, 3He�e; e0p�np, breakup channels have been calcu-
lated within the following parameter-free approach:
(i) initial state correlations (ISC) in the target nucleus
3He have been taken care of by using state-of-the-art
few-body wave functions obtained [5] by a variational
solution of the Schrödinger equation containing realistic
nucleon-nucleon interactions [6]; (ii) final state interac-
tions (FSI) have been treated by a Generalized Eikonal
Approximation (GEA) [7], which represents an extended
Glauber approach (GA) based upon the evaluation of the
relevant Feynman diagrams which describe the rescatter-
ing of the struck nucleon in the final state, in analogy with
the Feynman diagrammatic approach developed for the
treatment of elastic hadron-nucleus scattering [8,9]. In
Ref. [2], the results of calculations of the two-body
breakup (2BBU) channel have been compared with pre-
liminary JLab data covering the region of ‘‘positive’’ (or
‘‘left’’) values of the missing momentum, i.e., the ones
corresponding to� � �, where� is the angle between the
scattering and reaction planes. Subsequent published ex-
perimental data [1] covered, however, also the region of
‘‘negative’’ (or ‘‘right’’) values of the missing momentum,
i.e., the ones corresponding to � � 0, which have not been
considered in [2]. It is the aim of this Letter to analyze the
process in the entire experimental kinematical range and,
at the same time, to improve our theoretical approach. As a
matter of fact, our previous calculations [2] were based
upon the so called factorization approximation (FA) in
which the cross section is written as a product of the free
electron-nucleon cross sections and the nuclear spectral
function. Whereas the FA is valid within the Plane Wave
Impulse Approximation (PWIA), it has been shown that it
is violated when FSI is taken into account (see, e.g., [10–
16]). Within the FA, the �-dependence of the cross section
is only due to the �-dependence of the elementary cross
section for electron scattering off a moving nucleon [17].
Such a dependence is in clear contradiction with the ex-

perimental data of Ref. [1] at pm * 0:35 GeV=c, which is
clear evidence of the breaking down of the FA. Performing
nonfactorized calculations within relativistic and non-
relativistic models for complex nuclei is nowadays a com-
mon practice. Nonfactorized calculations for the process
3He�e; e0p�2H using realistic nonrelativistic three-body
wave functions have only recently been performed [3,4],
deriving the cross section in configuration space, with
different prescriptions for the nonrelativistic reduction of
the current operator. We have extended our previous ap-
proach [2] by relaxing the FA and avoiding the problem of
nonrelativistic reductions by directly performing calcula-
tions in momentum space. We do not consider, for the time
being, Meson Exchange Currents (MEC), Isobar Configu-
rations, and similar effects, which have been the object of
intensive theoretical studies; we fully concentrate on the
effects of the FSI, treating initial and final state correla-
tions, FSI, and the current operator within a parameter-free
approach. By considering the general case of a target
nucleus A, the relevant quantities which characterize the
2BBU process A�e; e0p��A� 1� are the energy and mo-
mentum transfer � and Q2, respectively, the missing mo-
mentum pm � q� p1 (i.e., the momentum of the recoiling

system A� 1), and the missing energy Em �
�����������
P2
A�1

q
�

mN � MA � � � TA�1 � Tp1
� jEAj � jEA�1j � E�A�1.

Here, p1 is the momentum of the detected proton and
EA�EA�1� the (negative) ground state energy of the target
(recoiling) nucleus and E�A�1 the intrinsic excitation energy
of the latter (E�A�1 � 0 in the 2BBU channel we are going
to consider). The cross section of the process has form

 

d6�

d�0dE0d3pm
� �Mott

X
i

ViW
A
i ��;Q

2;pm; Em� (1)

where i � fL; T; TL; TTg, Vi are kinematical factors [11],
and the nuclear structure functions WA

i result from proper
combinations of the polarization vector of the virtual pho-
ton, "�� , and the hadronic tensor, WA

��, the latter depending
upon the nuclear current operators ĴA��0�. In the present
Letter, we describe the two- and three-body ground states
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in terms of realistic wave functions generated by modern
two-body interactions [5], and treat the final state interac-
tion by a diagrammatic approach of the elastic rescattering
of the struck nucleon with the nucleons of the A� 1
system. We consider the interaction of the incoming virtual
photon �� with a bound nucleon (the active nucleon) of low
virtuality (p2 �m2

N) in the quasielastic kinematics, i.e.,
corresponding to x � Q2=2mN�� 1. In quasielastic kine-
matics, the virtuality of the struck nucleon after
��-absorption is also rather low and, provided p1 is suffi-
ciently high, nucleon rescattering with the ‘‘spectator’’
A� 1 can be described to a large extent in terms of
multiple elastic scattering processes in the eikonal approxi-
mation. In coordinate representation, the initial three- body
wave function is �1=2;M3

��; r�, whereas the wave function
of the final state is

 �f � ÂSFSI
� ��; r�e

ip1r1eiPDRD�1;M2
�r��1=2;sf (2)

where �, r, and R are usual Jacobi coordinates, Â denotes
a proper antisymmetrization operator, ��1;M2

�r� is the deu-

teron wave function, and �1=2;sf the spin wave function of
the struck nucleon. The quantity

 SFSI
� ��; r� � 1� TFSI

�1� ��; r� � T
FSI
�2� ��; r� (3)

is the GEA S matrix, which describes both the case of no
FSI, as well as single and double rescattering of the struck
nucleon [2,7]. For ease of presentation, we will consi-
der, from now on, the single rescattering contribution
only, which has the form TFSI

�1� ��; r� � �
P3
i�2 	�zi �

z1�ei�z�zi�z1���b1 � bi�, where ri � �zi;bi�. It can be
seen that, unlike the usual GA, the GEA S matrix gets
also a contribution from a parallel momentum �z of pure
nuclear origin and depending upon the external kinematics
and the removal energy of the struck proton (within the
‘‘frozen approximation’’ �z � 0, and the usual Glauber
profile is recovered). By assuming that the nuclear current
operator is a sum of nucleonic currents ĵ��i�, its momen-
tum space representation resulting from Feynman dia-
grams within GEA, can be written as follows

 J3
� �

X
�

Z dp
�2��3

d�

�2��3
SFSI

� �p;��hsfjj���� pm; q�j�iO�pm � �;p;M3;M2; �� � J3�PWIA�
� � J3�1�

� � J3�2�
� ; (4)

where SFSI
� �p;�� �

R
drd�e�iprei��SFSI

� ��; r�, is the Fourier transform of the GEA S matrix [Eq. (3)], O the nuclear
overlap in momentum space

 O ��k1�pm��;p;M3;M2;���
Z
d�drei�pm����eipr�1=2;M3

��;r���1;M2
�r���1=2�; (5)

and hsfjj���� pm; q�j�i the nucleon current operator,
� and sf being the spin projections of the struck pro-
ton before and after �� absorption. In absence of any
FSI, the momentum space S matrix is SFSI

� ��;p� �
�2��6
���
�p� and only the PWIA contribution J3�PWIA�

�

survives in Eq. (4). When FSI is active, the contributions
from single and double rescattering have to be taken into
account; let us consider the former: it results from the
single scattering momentum space term of SFSI

� �p;��,
which has the following form
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where fNN��?�, the Fourier transform of the profile func-
tion ��b�, represents the elastic scattering amplitude of two
nucleons with center-of-mass momentum k�. Placing
Eq. (6) in Eq. (4), one obtains the single scattering con-
tribution J3�1�

� to the nuclear current, viz.

 J3�1�
� �

X
�

Z d�

�2��2k�
hsfjj��k1; q�j�i

fNN��?�
�k � �k � i"

�
O

�
�k1;

��

2
;M3;M2; �

�
�O

�
�k1;�

��

2
;M3;M2; �

��
; (7)

here, k1 is the momentum of the proton before �� absorp-
tion and � � k1 � q� p1 � k1 � pm the momentum
transfer in the NN rescattering. The longitudinal part of
the nucleon propagators has been computed using the
relation 	�k � �z 
 i"�

�1 � �i�
��k � �z� �
PV	�k ��z�

�1. Note that in the eikonal approximation,
the trajectory of the fast nucleon is a straight line so that all
‘‘longitudinal’’ and ‘‘perpendicular’’ components are de-
fined with respect to this trajectory, which means that the z
axis has to be directed along the momentum of the detected
fast proton. Looking at the structure of Eq. (7), it can be

seen that due to the coupling of the nucleonic current
operator hsfjj��k1; q�j�i with the nuclear overlap integral,
a factorized form for Eq. (7) cannot be obtained; the same
holds for the double-scattering contribution and, conse-
quently, for the cross section. However, as shown in
Ref. [2], if the longitudinal part of the nucleonic current
can be disregarded, the factorization form can approxi-
mately be recovered. Using the above formalism, and
including the contribution from double rescattering J3�2�

� ,
the cross section [Eq. (1)] and the left-right asymmetry
defined by
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 ATL �
d��� � 0� � d��� � 180�

d��� � 0� � d��� � 180�
(8)

have been calculated. Following de Forest’s prescription
[17], the ‘‘CC1’’ form of the nucleon current operator has
been adopted; the elastic amplitude fNN has been chosen in
the usual form fNN��?� � k� �

tot�i���
4� e�b

2�2
?
=2, where the

slope parameter b, the total nucleon-nucleon cross section
�tot and the ratio � of the real to the imaginary parts of the
forward scattering amplitude, were taken from world’s
experimental data.

The results of our calculations are shown in Figs. 1–3. In
Fig. 1, the full nonfactorized cross section is compared
with the PWIA result; Fig. 2 shows the nonfactorized and
factorized cross sections; in Fig. 3, the asymmetry ATL is
exhibited. As in previous calculations of ours, no approx-
imations have been made in the evaluation of the single and
double-scattering contributions: intrinsic coordinates have
been used and the energy dependence of the profile func-
tion has been taken into account in the properly chosen CM
system of the interacting pair. In PWIA, the cross section is
directly proportional to the two-body spectral function of
3He. It can be seen from Fig. 1 that up to jpmj �
400 MeV=c, the PWIA and FSI results practically coincide
and, moreover, fairly well agree with the experimental

data; this means that the 2BBU process 3He�e; e0p�2H
does provide information on the two-body spectral func-
tion; on the contrary, at larger values of jpmj *

400 MeV=c, the PWIA appreciably underestimates the
experimental data. It is however very gratifying to see
that when the FSI is taken into account, the disagreement
is strongly reduced and an overall good agreement between
theoretical predictions and experimental data is obtained. It
should be pointed out that at large values of the missing
momentum, the experimental data correspond to a kine-
matics in which the deuteron momentum is always almost
perpendicular to the momentum of the final proton; in this
case, the effects of the FSI are maximized; it appears
therefore that our approach is a correct one in describing
FSI effects. The results presented in Fig. 2 clearly show
that treating FSI within the FA in the region � � 0 and
jpmj * 300 MeV=c is a poor approximation, unlike what
happens at � � �. It should be pointed out that in spite of
the good agreement provided by the nonfactorized calcu-
lation, in some regions, quantitative disagreements with
experimental data still persist. Particularly worth being
mentioned is the disagreement in the region around jpmj ’
0:6–0:65 GeV=c at � � 0. The origin of such a disagree-
ment can be better visualized by analyzing the left-right
asymmetry. It is well known that when the explicit expres-

FIG. 1 (color online). The differential cross section for the
process 3He�e; e0p�2H calculated within the nonfactorized ap-
proach compared with the PWIA result. Dot-dashed line: PWIA;
dashed line: PWIA plus single rescattering ; solid line: PWIA
plus single and double rescattering. Experimental data from
Ref. [1].

FIG. 2 (color online). The differential cross section for the
process 3He�e; e0p�2H calculated taking into account FSI within
the nonfactorized approach [FSI(NFA)] compared with the re-
sults which include FSI within the factorized approximation
[FSI(FA)]. Experimental data from Ref. [1].
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sions of Vi and WA
i are used in Eq. (8), the numerator is

proportional to the transverse-longitudinal response WTL,
whereas the denominator does not contain WTL at all,
which means that ATL is a measure of the relevance of
the transverse-longitudinal response relative to the other
responses. In the eN cross section, the behavior of the
asymmetry ATL is known to be a negative and decreasing
function of the missing momentum [17], and the same
behavior should be expected in eA scattering within the
PWIA. The results presented in Fig. 3 clearly show that at
pm � 250 MeV=c, the PWIA result is in reasonable agree-
ment with the experimental data; however, with increasing
pm, the disagreement between the PWIA and the experi-
mental data appreciably increases, which seems to be a
common feature of all calculations so far performed using
microscopic three-body nonrelativistic wave functions
[1,3]; the origin of such a disagreement is at the moment
unclear (Meson Exchange currents considered in [1,3] do
not seem to solve this problem). In conclusion, we have
calculated in momentum space the cross section of the
processes 3He�e; e0p�2H, using realistic ground state two-
and three-body wave functions and treating the FSI of the
struck nucleon with the spectator nucleon pair within the
generalized eikonal approximation. The method we have
used is a very transparent and parameter-free one: it only
requires the knowledge of the nuclear wave functions,
since the FSI factor is fixed directly by NN scattering
data. At the same time, calculations are very involved
mainly because of the complex structure of the wave
function of Ref. [5], which has to be first transformed to

momentum space and then used in calculations of multi-
dimensional integrals, including also the computation of
principal values. The main results of our calculations can
be summarized as follows: (i) the violation of the factori-
zation approximation is appreciable at negative values
(� � 0) of jpmj * 300 MeV=c, whereas the nonfactor-
ized and factorized results are in much better agreement
in the whole range of positive values (� � �) of jpmj;
(ii) the left-right asymmetry can reasonably be reproduced
at low values of the missing momentum, but a substantial
discrepancy between theoretical calculations and experi-
mental data remains to be explained at high values of jpmj.
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