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Abstract. This contribution reviews a calculation of two-step rescattering events in (e, e′p) reactions. A
semiclassical approach is employed for different kinematics, involving both medium and large missing
energies. The effects of nuclear transparency and Pauli blocking are also included. The results are
of interest for experiments aimed to study short-range correlations in the spectral distribution and
suggest that the effects of rescattering can be strongly reduced in parallel kinematics. The comparison
with the experimental data seem to confirm that sensible measurements could be achievable with a
careful choice of the kinematics. However, contributions to final state interactions beyond the ones
considered here become relevant for heavy nuclei. For transverse kinematics, rescattering induce large
shifts of the spectral strength that can lead to a total experimental yield much larger than the direct signal.
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1 Introduction

Short range correlations (SRC) have long been known to
be one of the major elements influencing the dynamics of
nuclear systems [1,2]. Their main effects consist in shifting
a sizable amount of spectral strength, about 10-15% [3],
to very high missing energies and momenta. This results
in an equally large depletion of the deeply bound orbitals,
which is fairly independent of the given subshell and of the
nuclear radius. Several theoretical studies have suggested
that most of the missing strength is found along a ridge in
the momentum-energy plane (pm-Em) which spans several
hundreds of MeV/c (and MeV) [4,5,6,7]. This distribution
is also responsible for most of the binding energy of nu-
clear systems [8]. The main characteristics of these results
appear to be confirmed by recent experimental data [9,7],
which will be also considered further below.

Due to the importance of SRC effects, measurements of
the correlated tail have been attempted in the past. This
was done by means of (e, e′p) reactions. Unfortunately,
these studies gave limited results due to the enormous
background that is generated by final state interactions
(FSI), see for example [10,11]. Several attempts to com-
pute the latter were done by different groups [12,13,14,
15,16]. In general, theory predicts larger effects when the
transverse momentum distribution is considered. Interfer-
ence effects between FSI and SRC correlations can also
play a role [17,15]. The results of [13,18] suggests that
multiple rescattering contributions (more than two-steps)
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Fig. 1. Schematic representation of the direct knockout of a
proton (a), given by the PWIA, and the contribution from a
two-step rescattering (b). In the latter a proton or neutron is
emitted with momentum pa and different missing momentum
and energy (p′

m, E′
m). Due to a successive collision, a proton

is eventually detected with the same momentum pf as seen in
the direct process

are relatively small in light nuclei like 12C but can become
relevant for heavy systems. However, all these effects were
seen to be reduced in parallel kinematics (that are de-
fined here in terms of the angle between the momentum
transferred by the electron q and the missing momentum
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pm
1). The issue of how to minimize the FSI in (e, e′p)

experiments has been recently addressed in [19]. There,
it was suggested that for properly chosen kinematics FSI
are dominated by two-step rescattering processes like the
one depicted in Fig. 1. In agreement with the above con-
siderations, rescattering effects become particularly rele-
vant when regions of small spectral strength are probed
in perpendicular kinematics. A study of several kinematic
conditions shows that the rescattered nucleons can move
spectral strength in the pm-Em plane, from the top of
the ridge toward regions where the correlated strength is
small, therefore submerging the direct signal in a large
background noise. Other possible contributions that in-
volve the excitation of a ∆ resonance are expected to be
more sensitive to transverse degrees of freedom. Parallel
kinematics tend to be more clean due to the high mo-
mentum that is required for the detected proton. New
data were subsequently taken in these conditions by the
E97-006 collaboration at Jefferson Lab [20,9,7] for a set
of nuclei ranging from carbon to gold.

A different experiment has been undertaken recently
at NIKHEF to measure the spectral function for the com-
plete mean field region of 208Pb [21]. This gave informa-
tion of the above mentioned depletion of deeply bound
orbitals and required probing medium missing energies,
up to Em=110 MeV. In [21], the scattered proton was de-
tected at energies at which a full distorted wave calcula-
tion, in terms of an optical potential, is required. However,
rescattering processes leading to the emission of two nu-
cleons (one of which is not detected) can lead to the reap-
pearance of part of the experimental strength absorbed by
inelastic processes. This reaction mechanism is analogous
to the one pointed out in [19] and Fig. 1 and was inves-
tigated in terms of a semiclassical model, inspired by the
work of [22]. In these proceedings, we review the results
obtained with this approach in [23] for both the NIKHEF
and the E97-006 experiments.

2 The model

We consider contributions to the experimental yield that
come from two-step mechanisms in which a reaction
(e, e′a) is followed by a scattering process from a nu-
cleon in the medium, N ′(a, p)N ′′, eventually leading to
the emission of the detected proton and the undetected
nucleon N ′′. For the present work, a may represent either
a proton (with N ′ = p or n) or a neutron (three chan-
nels in total). The letter a will also be used to label the
possible open channels. The semi-exclusive cross section
for these events was calculated according to [23,21]. By
summing over the possible channels,

d6 σrescatt.

dE0 dΩk̂o
dEf dΩp̂f
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∫
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1 With this nomenclature ’perpendicular’ and ’transverse’
kinematics have the same meaning. This definition becomes
useful in the limit of high momentum transfer, where q and
pf always tend to be collinear.
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where (Eo,ko) and (Ef ,pf ) represent the four-momenta
of the detected electron and proton, respectively. Equa-
tion (1) assumes that the intermediate particle a is gener-
ated in plane wave impulse approximation (PWIA) by the
electromagnetic current at a point r1 inside the nucleus.
Here K = |pa|Ea is a phase space factor, Sh

a (p′
m, E′

m)/M
is the spectral function of the hit particle a normalized to
one [i.e., M = N(Z) if a is a neutron (proton)] and σcc1

ea

the off shell electron-nucleon cross section, for which we
have used the cc1 prescription of de Forest [24]. The pair
distribution functions gaN ′(|r1 − r2|) account for the joint
probability of finding a nucleon N’ in r2 after the particle
a has been struck at r1 [25]. The integration over the ki-
netic energy Ta of the intermediate particle a ranges from
0 to the energy ω transfered by the electron. The factor
PT (p; r1, r2) gives the transmission probability that the
struck particle a propagates, without any interactions, to
a second point r2, where it scatters from the nucleon N ′
with cross section d3 σaN ′ . The whole process is depicted
in Fig. 1b.

The in medium cross section d3 σaN ′ is obtained by
adding the constraints of Pauli blocking to the nucleon-
nucleon (NN) cross section and accounting for the Fermi
distribution of the hit nucleon [23]. The NN differential
cross section for small and large energies was extracted
from the SAID data base [26] or expressed in terms of a
small angle parameterization, respectively. This approach
is accurate at large nucleon momenta, since the interac-
tion with the medium becomes weak in this regime. In
the kinematics of [21], protons are scattered with energies
of about 100–250 MeV and the dispersion effects of the
medium also need to be accounted for. These were added
in terms of the effective Dirac mass and the time-like part
of a vector potential UV , which were computed in [27] us-
ing Dirac-Brueckner-Hartree-Fock theory. In doing this, a
further constraint was imposed that the undetected nu-
cleon is scattered into the continuum.

3 Results

The studies of [21], employed two different parallel kine-
matics in which the outgoing proton was emitted in
the same direction as the momentum transfer (thus q
and pm were also parallel). The central kinetic energy
of the outgoing proton was kept constant at 161 MeV
(pf =570 MeV/c) in both cases. The two kinematics differ
only for the energy of the electron beam, which was taken
to be EH

o =674 MeV for the first case and EL
o =461 MeV

for the other. These choices correspond to a Q2 ranging be-
tween 0.08 and 0.22 GeV2. The spectral function of 208Pb
was extracted for missing energies up to 110 MeV and
parametrized in terms of single particle orbitals spread in
energy.
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The same parameterization was used as input spec-
tral function in (1) and calculations were performed with
the same kinematics, in order to estimate the importance
of possible contributions from two-nucleon emissions. Fig-
ure 2 plots the results after they have been converted to a
reduced representation by dividing them by |pfEf |Tσcc1

eN
(where T is the nuclear transparency). These are com-
pared to the input spectral function. The yield resulting
from rescattering is between one and two orders of magni-
tude smaller than the direct signal, except for low missing
momenta and missing energies above 60 MeV, where it
gives a correction of about 20%. The rescattering effects
are also found to be independent on which of the above
kinematics is chosen. In practice this means that the ra-
tio rescattering yield/direct yield does not depend on the
longitudinal-transverse character of the exchanged virtual
photon. These findings support an analysis of data in [21]
based on standard distorted wave calculations.

In [9] data were taken in both parallel and perpen-
dicular kinematics with the aim of investigating the re-
action mechanism. In the first case, the angle between
the photon and the initial momentum (−pm) was cho-
sen to be ϑqpi ∼ 20 deg and the energy of the proton
was Ef ≥∼1.8 GeV [20]. For the perpendicular kine-
matics, ϑqpi ∼ 90 deg and Ef ∼ 1.3 GeV. In both
cases the four momentum transfered by the electron was
Q2 ∼ 0.40 GeV2. The energy of the scattered nucleons is
large enough that only the effects of Pauli blocking are rel-
evant in the calculation of d3 σaN ′ . These kinematics are
sensitive to the SRC tail at very large missing energies
and momenta. Thus it is convenient to split the spectral
function as the sum of a mean field and a correlated part,

Sh(pm, Em) = Sh
MF (pm, Em) + Sh

corr(pm, Em) , (2)

where Sh
corr(pm, Em) is the strength directly probed by

the experiment and was parametrized as

Sh
corr(pm, Em) =

C e−α pm

[Em − e(pm)]2 + [Γ (pm)/2]2
(3)

where e(pm) and Γ (pm) are smooth functions of the miss-
ing momentum, fitted to the available 12C(e, e′p) data in
parallel kinematics [7]. This is shown by solid line in Figs. 3
and 4. The calculation with a 197Au target employed the
same Sh

corr of (3) multiplied by 79/6 or 118/6 to account
for the correct number of protons and neutrons, respec-
tively. Most of the remaining strength, Sh

MF (pm, Em), is
localized in the mean field orbitals. For 12C these have
been extracted from the world data in [28]. Since no di-
rect data is available for 197Au we choose to employ the
spectral function discussed above for 208Pb [21] properly
normalized to the number of protons and neutrons of gold.

Due to the loss of energy of the ejected nucleon at the
rescattering vertex, the spectral strength is always shifted
toward higher missing energies. This is clearly visible in
Fig. 3, where the results for the total reduced spectral
function [(dσPWIA + dσrescatt.)/|pfEf |Tσcc1

eN ] are plotted
for 12C and 197Au. The contribution to parallel kinemat-
ics is negligible at missing energies below the peak of the
correlated tail but it tends to become more important for
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Fig. 2. Theoretical results for the rescattering contribution
to the reduced spectral strength of 208Pb for the kinematics of
[21]. The full (dashed) lines refer to the kinematics with lower
(EL

o ) and higher (EH
o ) energy beams. The thick lines shows

the input spectral function, Sh
p (pm, Em)

Em >150–200 MeV. This confirms the expected trend that
a part of the strength seen in this region is dragged from
places where the hole spectral function is larger [19]. The
same behavior is seen in perpendicular kinematics where,
however, rescattering effects are already relevant at small
missing energies. In this situation the direct process ac-
counts for only 30–50% of the total yield obtained at the
top of the correlated peak. At higher energies, the rescat-
tering can overwhelm the PWIA signal by more than an
order of magnitude. It should be noted that for both par-
allel and perpendicular kinematics the contribution of (1)
tends to increase with the nuclear radius.
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Fig. 3. Theoretical results for the reduced spectral strength
in the correlated region obtained in parallel (dashed line) and
perpendicular (dot-dashed line) kinematics. The full line shows
the model spectral function, (2), employed in the calculations.
The results are shown for 12C (top) and 197Au (bottom) targets

In [9] the strength seen by the E97-006 experiment
was integrated over a part of the correlated region in the
pm-Em plane. For 12C and parallel kinematics the total
amount of protons seen in this area was found to agree
with theoretical predictions. This is in line with the above
results that predict very small rescattering contributions
at the top of the correlated ridge for these kinematics.
Thus, it supports the above choice of fitting (3) to the ex-
periment. The quality of this fit is shown by the top panel
of Fig. 4. As the missing energy increases, (3) decreases
in a realistic way. However, the experimental cross section
is substantially enhanced above Em ∼ 150 MeV, which
is the threshold for (e, e′pπ) events. At very high energies
other mesons can be produced and the experimental cross
section tends to become flat. Here, the yield is at least one
order of magnitude larger than the direct signal and cal-
culated rescattering events represent a minor contribution
to the total FSI.

The results for gold are compared to the experiment in
parallel kinematics in the bottom panel of Fig. 4. In this
case the spectral function (2) is the same used for 12C but
normalized according to the different number of protons
of 197Au. While, this is only a first approximation it is
clear that an analogous fit of (3) to the experimental data
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Fig. 4. Theoretical results for the total reduced spectral
strength (dashed line) are compared to the experimental data
in parallel kinematics. The full line shows the model spectral
function, (2), employed in the calculations. The top (bottom)
panel refer to a 12C (197Au) target and the experimental data
are from [20]. The values of pm refer to the center of the ex-
perimental bins

for 197Au would imply an unrealistically large number of
protons in the correlated tail. Thus the discrepancy be-
tween theory and experiment should be considered as evi-
dence that in heavy nuclei the FSI effects beyond two-step
rescattering are present already in the correlated region.
At very large Em the experiment has the same behavior
as observed for 12C. However, the valley between the cor-
related and pion emission regions is completely filled due
to FSI effects.

4 Summary

Probing the effects of SRC in (e, e′p) experiments requires
measurements of the spectral function at large missing en-
ergies. This requires kinematical conditions in which the
effects of final state interaction can be very complicated
and can lead to a large contribution to the experimen-
tal yield. Thus, they would overwhelm the direct signal.
However, these effects strongly depend on the particular
kinematics chosen. This paper considers a semiclassical
model of two-step rescattering events, which represents a
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first approximation to FSI, and applies it to investigate
its consequences for the kinematics of two different exper-
iments.

For kinematics involving outgoing protons of the order
of few hundreds of MeV, the present model was employed
to estimate the reappearance of strength through inelastic
channels that lead to two-nucleon emission. In the reaction
208Pb(e, e′p) the overall effects were seen to be about an
order of magnitude or more smaller than the direct signal.
This supports an analysis of the experimental data based
on usual distorted wave calculations.

Further calculations were performed for both the par-
allel and perpendicular kinematics employed in the E97-
006 experiment at JLab that focused on the SRC distribu-
tions at high missing energies and momenta. Calculations
were performed for 12C and 197Au targets, which have dif-
ferent radii. In general, rescattering is found to be much
smaller in parallel kinematics than in perpendicular ones.
The comparison with the experimental data in parallel
kinematics suggests that the rescattering contribution to
FSI is calculable with reasonable accuracy in this case.
For 12C it is suggested that the effects of FSI are small
for missing energies below ∼150 MeV. Above that the ef-
fects of pion emission become dominant. For 197Au FSI
effects beyond two-step rescattering are important even
in parallel kinematics.
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