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The contribution of rescattering to final state interactions inse,e8pd cross sections is studied for medium and
high missing energies using a semiclassical model. This approach considers two-step processes that lead to the
emission of both nucleons. The effects of nuclear transparency are accounted for in a Glauber-inspired ap-
proach and the dispersion effects of the medium at low energies are included. It is found that rescattering is
strongly reduced in parallel kinematics. At high missing energies and momenta, the distortion of the short-
range correlated tail of the spectral function is dominated by a rearrangement of that strength itself. In
perpendicular kinematics, a further enhancement of the experimental yield is due to strength that is originally
in the mean field region. This contribution becomes negligible at large missing momenta.
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I. INTRODUCTION

Nuclear correlations strongly influence the dynamics of
nuclear systems[1,2]. In particular, the repulsive core at
small internucleon distances has the effect of depleting the
shell model orbitals and inducing high momentum compo-
nents in the nuclear wave functions[3,4]. The main effects of
short-range correlations(SRC) consist of shifting a sizable
amount of spectral strength, about 10–15 %[5], to very high
missing energies and momenta, together with increasing the
binding energy[6]. The resulting reduction of the occupation
numbers of the deeply bound orbitals appears to be fairly
independent of the given subshell and of the size of the
nucleus, except for a slight increase with the central density
of the system. Theoretical studies of the distribution of short-
range correlated nucleons for finite nuclei have been carried
out using a local density approximation(LDA ) by Benharet
al. [7] and with many-body Green’s functions by Mütheret
al. [3]. These calculations suggest that most of the missing
strength is found along a ridge in the momentum-energy
planespm-Emd, which spans several hundreds of MeV/c (and
MeV). Such behavior is confirmed by recent experimental
data[8].

It is important to note that the depletion of spectroscopic
factors for closed shell orbitals observed near the Fermi en-
ergy is more substantial than the 15% reduction discussed
above[9] due to long-range effects such as the coupling to
collective modes[2]. We note that this reduction also tends
to be weaker for loosely bound orbitals such as halo states
[10,11]. As a consequence, it becomes particularly interest-
ing to study the spectral distribution in heavy nuclei where
the mean field single-particle orbitals extend to regions far
from the Fermi level and tend to decouple from surface ef-
fects. A measurement of the spectral function for the com-
plete mean field region of208Pb has been undertaken recently

at NIKHEF [12]. In this region the single-particle orbitals are
sensibly fragmented and it is required to probe missing en-
ergies up to 100 MeV[12] or more. Further detailed infor-
mation on SRC could be obtained fromse,e8pd experiments
that directly search for the missing strength at very high
missing momenta and energies. This is particularly appealing
since the details of its distribution strongly influence the
binding energy of finite nuclei and nuclear matter[6]. Be-
sides, it could shed more light on how much the interior of
large nuclei is sensitive to the effects of finite size and
proton-neutron asymmetry.

Unfortunately, past measurements of the short-range cor-
related tail by means ofse,e8pd reactions have been limited
due to the enormous background that is generated by final
state interactions(FSI) (see, for example, Refs.[13,14]). The
issue of how to minimize the FSI has been recently ad-
dressed in Ref.[15]. There, it was suggested that FSI in
exclusivese,e8pd cross sections are dominated by two-step
rescattering processes like the one depicted in Fig. 1. This
becomes particularly relevant when regions of small spectral
strength are probed in perpendicular kinematics.1 A study of
several kinematic conditions shows that the rescattered
nucleons can move spectral strength in thepm-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 aD resonance are expected to be
more sensitive to transverse degrees of freedom. Parallel ki-
nematics tend to be more clean due to the high momentum
that is required for the detected proton. In Ref.[15], it was
suggested that the contribution of rescattering can be dimin-
ished by choosing parallel kinematics and taking advantage
of modern electron beam facilities. New data were subse-
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1In this work we refer to “parallel” and “perpendicular” kinemat-
ics in terms of the angle between the momentum of the virtual
photonq and the missing momentumpm (as opposed to the outgo-
ing protonp f).
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quently taken in these conditions by the E97-006 collabora-
tion at Jefferson Laboratory[8,16,17] for a set of nuclei
ranging from carbon to gold. Clearly, FSI could still play a
role even in parallel kinematics and need to be properly ad-
dressed before the relevant physical information is extracted
from the experiment. We note that a similar dependency of
the FSI on the kinematics is also predicted in Ref.[18] for
se,e8NNd reactions in superparallel kinematics.

The issue of computing the effects of rescattering has
been considered recently by means of the multistep dynam-
ics approach[19] and by using Glauber theory[20–22]. All
these calculations suggest that multiple rescattering contribu-
tions (more than two steps) are relatively small in light nu-
clei like 12C but can become relevant for large systems. In-
terference effects between FSI and SRC correlations can also
play a role[21]. However, all these effects were seen to be
reduced in parallel kinematics. In Ref.[12], the scattered
proton was detected at energies at which a full distorted
wave calculation, in terms of an optical potential, is required.
However, rescattering processes leading to the emission of
two nucleons(one of which is not detected) can lead to the
reappearance of a part of the experimental strength absorbed
by inelastic processes. This effect was investigated in terms
of a semiclassical model inspired by the work of Ref.[23].
Even if very different kinematical situations were consid-
ered, the reaction mechanism included in the latter approach
is the same as pointed out in Ref.[15] and Fig. 1. Some
partial simplifications occur for high-energy protons, since
the relevant effects of the medium are limited to Pauli block-
ing. Therefore this approach offers a valid starting point to
investigate the FSI effects needed in the analysis of data at
large missing energy and momenta. Other effects such as
meson exchange currents and the excitation of resonances
also need to be investigated. However, these are beyond the
scope of the present paper and will be considered in future
work. In this paper, we consider the approach of Ref.[12]
and extend it to high missing energies. We then apply it to
the kinematics of both the NIKHEF[12] and the E97-006

[16,17] experiments to evaluate the importance of two-step
processes for the different kinematics employed.

The model for computing the contribution of rescattering
is depicted in Sec. II, together with a discussion of the inclu-
sion of the absorption effects in terms of nuclear transpar-
ency. A practical application requires the knowledge of the
in-medium differential cross section, which is calculated in
Sec. III by extending the approach of Ref.[23]. Sections
IV A and IV B report on the results for the kinematics used
in the above experiments at medium and high missing ener-
gies, respectively. Conclusions are drawn in Sec. V.

II. MODEL

This work considers contributions to the experimental
yield that come from two-step mechanisms in which a reac-
tion se,e8ad is followed by a scattering process from a
nucleon in the medium,N8sa,pdN9, eventually leading to the
emission of the detected proton. In general,a may represent
a nucleon or another possible intermediate particle. In this
work we will only consider the channels in whicha is either
a proton(with N8=p or n) or a neutron. In the following we
will also use the lettera to label the possible open channels.

Following the semiclassical approach of Refs.[12,23], the
contribution to the cross section coming from rescattering
through the above channels is written as

d6srescatt

dE0dVk̂o
dEfdVp̂f

= o
a
E dr 1E dr 2E

0

v

dTarNsr 1d

3
K Sa

hspm8 ,Em8 dsea
cc1

Msr 1 − r 2d2 gaN8sur 1 − r 2ud

3PTspa;r 1,r 2drN8sr 2d
d3saN8

dEfdVp̂f

PTspf ;r 2,`d, s1d

wheresEo,kod andsEf ,p fd represent the four-momenta of the
detected electron and proton, respectively. Equation(1) as-
sumes that the intermediate particlea is generated in plane
wave impulse approximation(PWIA) by the electromagnetic
current at a pointr 1 inside the nucleus. HereK= upauEa is a
phase space factor,Sa

hspm8 ,Em8 d /M is the spectral function of
the hit particlea normalized to one[i.e., M =N sZd if a is a
neutron (proton)], and sea

cc1 the off shell electron-nucleon
cross section, for which we have used thecc1 prescription of
de Forest[24]. The pair distribution functionsgaN8sur 1−r 2ud
account for the joint probability of finding a nucleonN8 in r 2
after the particlea has been struck atr 1 [25]. The integration
over the kinetic energyTa of the intermediate particlea
ranges from 0 to the energyv transfered by the electron. The
nuclear transparency factorPTsp; r 1,r 2d gives the transmis-
sion probability that the struck particlea propagates, without
any interactions, to a second pointr 2, where it scatters from
the nucleonN8 with cross sectiond3saN8. The whole process
is depicted in Fig. 1(b). The point nucleon densitiesrNsr d are
normalized to either the number of neutrons or protons.

FIG. 1. (Color online) Schematic representation of the direct
knockout of a proton(a), given by the plane wave impulse approxi-
mation, and the contribution from a two-step rescattering(b). In the
latter a proton or neutron is emitted with momentumpa and differ-
ent missing energy and momentumsEm8 ,pm8 d. Due to a successive
collision, a proton is eventually detected with the same momentum
p f seen in the direct process.
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These were derived from experimental charge distributions
by unfolding the proton size[26]. We employed equal distri-
butions for neutrons and protons, which is a sufficiently ac-
curate approximation since even in208Pb neutron and proton
radii differ by less than 4%.

The nuclear transparency for the ejected nucleon was con-
sidered in Ref.[23] according to Glauber theory. The prob-
ability PT that a proton struck atr 1 will travel with momen-
tum p to the pointr 2 without being rescattered is given by

PTsp;r 1,r 2d = expH−E
z1

z2

dzfgppsur 1 − r uds̃pp„p,rsr d…rpsr d

+ gpnsur 1 − r uds̃pn„p,rsr d…rnsr dgJ , s2d

where thez axis is chosen along the direction of propagation
p̂, an impact parameterb is defined so thatr =b+zp̂, and
z1sz2d refers to the initial(final) position. Equation(2) differs
from the standard Glauber theory by the inclusion of the pair
distribution functionsgpNsur 1−r ud. In principle, thegpN func-
tions should depend on the density and on the direction of
the interparticle distance. However, these effects have been
shown to be negligible in Ref.[23]. In the present applica-
tion we find that a simple two-Gaussian parametrization of
the gpN can adequately fit the curves reported there for
nuclear matter at saturation density. The in-medium total
cross sectionss̃ppsp,rd ands̃pnsp,rd used in this work have
been computed according to Ref.[23] and account for the
effects of Pauli blocking, Fermi spreading, and the effective
mass generated by the nuclear mean field. For energies above
300 MeV they have been extended to incorporate the effects
of pion emission[27].

The nuclear transparency is defined as the average over
the nucleus of the probability that the struck proton emerges
from the nucleus without any collision. This is related toPT
by

T =
1

Z
E dr rpsr dPTsp;r ,`d. s3d

It should be mentioned that the practical experimental defi-
nition of nuclear transparency depends on the specific kine-
matics employed and that Eqs.(2) and (3) rigorously apply
only to the parallel case[28]. For the present approach, these
are the right quantities to be included in Eq.(1) since they
describe the loss of flux in the direction of propagation. In
the case of208Pb and an outgoing proton with energyEf
,1.1 GeV (kinetic energy of,161 MeV), Eq. (3) gives T
=0.37. WithEf ,1.8 GeV, which is of interest for the calcu-
lations of Sec. IV B,T=0.63 for12C andT=0.29 for197Au.
The PWIA contribution of the direct process, Fig. 1(a), also
needs to be corrected for the nuclear transparency effects,

d6sPWIAsTd

dE0dVk̂o
dEfdVp̂f

= Ksep
cc1Sp

hspm,EmdT, s4d

with T given by Eq.(3). Equation(4) is consistent with the
assumptions of Eq.(1), from which it would be obtained if

the rescattering event was substituted with the limit ofr 2 to
infinity.

III. EVALUATION OF THE IN-MEDIUM
NUCLEON-NUCLEON RATE

The last ingredient required in Eq.(1) is the in-medium
cross section for the rescattering process, in which the par-
ticle a (either a proton or a neutron) hits against a bound
nucleon on its way out, eventually leading to the emission of
the detected proton. This can be evaluated by extending the
approach of Ref.[23] to describe the angular dependence of
the ejected proton. We start from theNN differential elastic
cross section in free space,

dspN

dVp̂f

= ufpNscosudu2 =
uM̄ss,t,udu2

64p2s
, s5d

wheres, t, and u are the Mandelstam invariants[Îs being

energy in the center of mass(c.m.) system] and uM̄ss,t ,udu2
represents the square of the Lorentz invariant amplitude[29]
averaged(summed) over the initial(final) spins. For nucleon
momenta above 1 GeV/c and for small angles, the scattering
amplitude in Eq.(5) is well approximated by its central part
and can be written as

fpN =
pfspN

tot

4p
sepN + idexph− bpN

2 spi − p fd2/2j, s6d

where pi and p f are the initial and final momenta of the
scattered nucleon,epN is the ratio of the real to imaginary
part of the scattering amplitude, andspN

tot is the total scatter-
ing cross section. At low energy the values ofMss,t ,ud
where extracted from the SAID phase shift data analysis
[30]. For thepp case, we chose to keep the differential cross
section constant for angles smaller than 5° and larger than
175°, in order to avoid the Coulomb peak in the forward and
backward directions. However, the results of the present
work are largely insensitive to this choice of the cutoff angle
due to Pauli exclusion. The solutions of the SAID program
were used for energies in the laboratory system up to 1.6
GeV for pp scattering and 1.2 GeV for thepn case, which
are well contained within the range of validity of this data-
base. At higher energies Eq.(6) was used with parameters
spp

tot=44.0 mb,spn
tot=41.1 mb, andepp=epn=−0.48. The slope

coefficients were chosen by requiring that Eq.(5) yields the
correct valuesspN

el for the total elastic cross section. This
implies

bpN
2 .

s1 + epN
2 dspN

tot2

16pspN
el , s7d

wherespp
el and spn

el were extracted from experiment[31]. A
direct comparison for energies above 1 GeV showed that Eq.
(6) appropriately approximates the data from the SAID data-
base; thus there exists an overlap region where these ap-
proaches are both accurate and join smoothly.

In deriving the rescattering rate we assume that the inter-
action between the two nucleons is localized enough so that
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the amplitudeMss,t ,ud is not altered by the presence of the
surrounding nucleons. However, the medium can sensibly
modify the cross section due to the spectral distribution of
the momentum of the hit nucleon and due to the effects of
Pauli blocking. In the spirit of the LDA, which underlies Eq.
(1), the momentum of the hit nucleon,N8, is taken to be
locally distributed as in infinite nuclear matter. The density
of the latter being the one of pointr 2 where the collision
occurs,rNM=rN8sr 2d. The effects of the nuclear surface are
eventually included by integrating overrN8sr 2ddr 2 in Eq. (1).
For the present purposes it is appropriate to further approxi-
mate the symmetric nuclear matter with a free Fermi gas.2

The assumption of a completely filled Fermi sea is also con-
sistent with the Dirac-Brueckner-Hartree-Fock(DBHF) em-
ployed below. Initially, the hit nucleonN8 is in the Fermi sea
and therefore must have a momentumh smaller thankF
=s3p2rNM /2d1/3. At the same time the Pauli principle re-
quires that the particles in the final state will have momenta
p f and l, both larger thankF. Among all the nucleons in-
volved in the process,p f refers to the detected proton while
the others can be either neutrons or protons depending on the
channela. The probability per unit time of an event leading
to the emission of a proton with momentump f is obtained by
imposing the Pauli constraints and integrating over the un-
observed momentah and l,

d3PaN8

dpfdVp̂f

= 2 uspf − kFdL3E E dh dl

s2pd6uskF − hdusl − kFdWI

= 2 pf
2uspf − kFd E dh

s2pd3uskF − hdusl − kFd

3U 1

64p2

uM̄ss,t,udu2

EaspadEN8shdEfspfdEN9sld

3dsEa + EN8 − Ef − EN9dU
l=pa+h−pf

s8d

whereL3 is the volume of a normalization box and, for a free
nucleon,ENspd=sp2+mN

2d1/2. In Eq. (8), WI is the probability
per unit time for the eventpa

m+hm→pf
m+ lm, which can be

expressed in terms ofMss,t ,ud. The inverse lifetime of the
nucleona for energies below the pion production threshold is
related to Eq.(8) by

1

ta
= o

N8=p,n

E dVp̂f E dpf

d3PaN8

dpfdVp̂f

. s9d

At low energies, a nucleon traveling through the medium
acquires an effective mass due to dispersion effects. For in-
finite matter, this can be described by a scalar fieldUS and
the time component of a vector fieldUV [32]. This particular

approach allows us to maintain the relativistic framework
adopted in Eq.(8). The values ofUS andUV in nuclear mat-
ter were computed in Ref.[33] by solving the DBHF equa-
tions. The results were found to be consistent with the value
of the nonrelativistic effective mass extracted from nucleon-
nucleus scattering. At the energies considered by the DBHF
calculations,US and UV are predicted to be essentially mo-
mentum independent. Thus, the energy of a nucleon moving
with momentump is given by

mDsrNMd = mN + USsrNMd, s10d

ENsp,rNMd = Îp2 + mD
2 srNMd + UVsrNMd, s11d

wheremD is the Dirac effective mass. It should be noted that
US andUV have large and opposite values. The success of the
DBHF approach relies on a subtle cancellation of their ef-
fects and require a self-consistent calculation of the interac-
tion with the medium[33]. As a consequence, the use of Eqs.
(10) and(11) to compute the in-medium cross section at low
energy does not guaranteea priori accurate predictions. In a
relativistic model, this would require a more elaborate calcu-
lation of the scattering amplitudeM (see, for example, Refs.
[34,35]). In the present work, we are simply interested in
giving an approximate treatment of the dispersion effects on
the rescattering of protons for the kinematics that will be
considered in Sec. IV A. The kinematics relevant for study-
ing the short-range correlated tail involve much higher ener-
gies, where the nuclear cross section is known to approach
the free one. Above 1 GeV,US andUV are not known except
that they are no longer momentum independent and that they
should decrease to zero. In this case, Pauli blocking gives the
only relevant contribution of the medium and the dispersion
effects are negligible. ThereforeUS and UV will be set to
zero in the calculations of Sec. IV B.

When the effective mass is accounted for, the momentum
of a nucleon participating in the rescattering process is re-
lated to its energyEspd by Eq. (11). In general,Mss,t ,ud is
off shell. However, following the assumption that the inter-
action is not appreciably modified by the in-medium effects
we use the on-shell values extracted from the vacuumpN
cross section, Eq.(5). In vacuum, this depends on only two
invariants that were chosen to bes=spa

m+hmd2 and t=spa
m

−pf
md2 and computed accounting for the dispersion relation

(11). The energy denominators appearing in Eq.(8) were
also taken to be equal to the total energy of the nucleon, Eq.
(11). We note that this differs from the normalization of a
Dirac spinor in the medium[32]. However, this prescription
is consistent with the choice of using the free scattering am-
plitudeMss,t ,ud since it provides the right normalization in
the nonrelativistic limit. Finally, the in-medium scattering
rate is given by

d3saN8

dEfdVp̂f

=
1

rN8vg

dpf

dEf

d3PaN8

dpfdVp̂f

, s12d

where rN8 is the density of the hit nucleon andvg

=dEaspad /dpa=pa/Îpa
2+mDa

2 is the group velocity of the in-
coming one. Note that the dispersion effects modify the res-
cattering rate, Eq.(12), in three different ways. First, bothvg

2Note that in correlated nuclear matter a sizable number of pro-
tons s,15%d have momentum larger thankF. However, the error
on the spreading effects generated by considering all of them inside
the Fermi sea did not appear to be relevant in Ref.[12]. This dis-
crepancy also tends to reduce further for large nucleon energies.
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and the Jacobiandpf /dEf depend onUS and UV. Second,
the density of final states for the scattered nucleons is
modified by using Eq.(11) in the energy delta function
d(Easpad+EN8shd−Efspfd−EN9sld). Third, the energies of
nucleons just abovekF are lowered by Eq.(11), which allows
scattering at energies that would otherwise be Pauli forbid-
den.

Figure 2 shows the in-medium effective cross section as a
function of density obtained by integrating Eq.(12) over
angle and energy. Two values of the energy of the incoming
nucleon are considered. The solid line gives the vacuum
cross section while the dashed line includes the effects of
Pauli blocking and Fermi spreading. A further reduction is
produced by accounting for the dispersion effects. While the
calculation of the Pauli blocking effects is equivalent to the
work of Ref. [23], the full cross section obtained here is
somewhat smaller than the one obtained in the corresponding
nonrelativistic result. A difference between the two ap-
proaches should be expected since the present calculation is
based on the Dirac effective mass, given by Eq.(10). This is
different form the nonrelativistic definition of effective mass,
which is instead related to the vector potentialUV [36]. The
effects of Pauli blocking at higher energies can be seen in
Fig. 3 where the elastic cross section is computed at normal

nuclear matter densityrNM =0.16 fm−3 for energies up to 3
GeV. As it can be seen, the effects of Pauli blocking remain
relevant at large energies where they produce a constant re-
duction of the cross section. The further reduction due to the
effective mass affects the results at low energies and tends to
become less important at 1 GeV even for constant values of
US andUV. However, it is meaningless to extend the calcu-
lation of the effective mass effects above this energy since
the values ofUS andUV are unknown in this region.

IV. RESULTS

Equation (1) requires the knowledge of the undistorted
spectral functionShspm,Emd of the target nucleus. For the
present purposes, the strength in the mean field region can be
described as a sum over the nuclear orbitals

SMF
h spm,Emd = o

i

Zi f isEmduFispmdu2, s13d

whereFispmd are the single-particle wave functions,Zi are
their occupation numbers, and each orbital is spread in en-
ergy according to a Lorentzian distribution with a variable
width [37],

f isEmd =
1

2p

GsEmd
sEm − «id2 + fGsEmd/2g2 , s14d

GsEmd =
asEm − EFd2

b + sEm − EFd2 , s15d

where the Fermi energy was taken to beEF=6 MeV, a
=24 MeV, andb=500 MeV2. The neutron spectral function
was also obtained from Eq.(13) by including all the neutron
orbits occupied in the shell structure. For Pb and Au no ex-
perimental data are available for neutrons, thus the occupa-
tion numbersZi were assigned by extrapolating the trend
measured for protons in280Pb [12]. For kinematics chosen to
probe medium and low missing energies, as those discussed
in Sec. IV A, SMF

h spm,Emd covers all experimentally acces-

FIG. 2. (Color online) In-medium elasticpN cross sections as a
function of density for laboratory energies of 161 MeV(top panel)
and 250 MeV(bottom panel). The curves show the vacuum cross
section (full line), the results obtained by accounting for Fermi
spreading and Pauli blocking(dashed line) and by adding the inter-
action with the medium through Eq.(11) (dot-dashed line).

FIG. 3. (Color online) In medium elasticpN cross sections com-
puted for normal nuclear matter density as a function of the nucleon
energy. The curves show the vacuum cross section(full line), the
results obtained by including Pauli blocking and Fermi spreading
(dashed line) and also the dispersion effects(dot-dashed line).
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sible strength. In Sec. IV B, this will need to be extended by
including the distribution of nucleons in the SRC correlated
region.

In the following, the rescattering yield computed from Eq.
(1) has been converted to a reduced spectral function by
dividing it by upfEfuTseN

cc1, evaluated for the kinematics of the
direct process[according to Eq.(4)]. This gives the straight-
forward correction to the model spectral function that is due
only to single rescattering effects.

A. Application to 208Pb

The studies of Ref.[12] employed two different parallel
kinematics 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 outgo-
ing proton was kept constant at 161 MeVspf =570 MeV/cd
in both cases. The two kinematics differ only for the energy
of the electron beam, which was taken to beEo

H=674 MeV
for the first case andEo

L=461 MeV for the other. These
choices correspond to a virtualityQ2 ranging between 0.08
and 0.22 GeV2.

In applying the model of Secs. II and III tose,e8pd reac-
tions one has to impose the further constraint that both nucle-
ons are emitted in the continuum. This is trivially satisfied
for high-energy nucleons, for which the interaction with the
medium can be neglected. When the dispersion effects are
included from Eq.(11) one has to require thatElsld.0 in the
integrand of Eq.(8). Processes in which the undetected
nucleon remains bound are beyond the scope of the present
work and would require a proper quantum mechanical treat-
ment to include its reabsorption vertex. At low energies this
should be analyzed in terms of a proper optical potential
model.

The results of Eq.(1) for the rescattering contributions
leading to two nucleons in the continuum are plotted in Fig.
4. The yield resulting from rescattering is between one and
two orders of magnitude smaller than the direct signal, ex-
cept for low missing momenta and missing energies above
60 MeV, where it gives a correction of about 20%. The res-
cattering effects are also found to be independent on which
of the above kinematics is chosen. For comparison we also
show the results obtained by including only Pauli blocking
and Fermi spreading and the ones obtained when the in-
medium effects are included without requiring that the unde-
tected nucleon is in the continuum[i.e., allowingElsld,0 in
Eq. (8)]. Although the latter result has no direct physical
relevance, it shows that only a part of the suppression of the
rescattering effects is due to the corrections for effective
mass in the medium(“mD” curves of Fig. 4). The remaining
reduction is a consequence of the energy required to reach
the two-nucleon emission threshold.

B. Proton knock out from the SRC region

This section considers the results for the kinematics of
Ref. [17], where the aim is to directly probe SRC. In this
case it is convenient to write the spectral function as the sum
of a mean field and a correlated part,

Shspm,Emd = SMF
h spm,Emd + Scorr

h spm,Emd, s16d

whereScorr
h spm,Emd describes the short-range correlated tail

at very high missing energies and momenta[3,7]. In the
present work this was parametrized as

FIG. 4. (Color online) Theoretical results for the rescattering
contribution to the reduced spectral strength of208Pb for the kine-
matics of Ref.[12]. The full (dashed) lines refer to the kinematics
with lower sEo

Ld and highersEo
Hd energy beams. The black lines

shows the input spectral function, Eq.(13). The results obtained for
rescattering with two nucleons emitted in the continuum are given
by the green curves. For the kinematicsEo

L, the plots show the
effects due only to Pauli blocking and Fermi spreading(dot-dashed
lines). If the in medium dispersion was accounted for but no two-
nucleon emission was imposed, Eq.(8) would give to the dot-dot-
dashed curves.
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Scorr
h spm,Emd =

C e−apm

fEm − espmdg2 + fGspmd/2g2 , s17d

whereespmd andGspmd are smooth functions of the missing
momentum that were chosen to give an appropriate fit to the
available 12Cse,e8pd data in parallel kinematics[8]. The
solid line in Fig. 5 shows the model spectral function, Eq.
(16), employed in the present calculations for that part of the
pm-Em plane whereScorr

h dominates. The calculation with a
197Au target employed the sameScorr

h of Eq. (17) multiplied
by 79/6 or 118/6 to account for the correct number of pro-
tons and neutrons, respectively. This is shown for protons in
Fig. 6. At energies close to the Fermi level the hole spectral
function is dominated by its mean field component. For12C
these are orbitals in thes and p shells, which are known
experimentally and represent about 60% of the total strength.
The spectroscopic factors and wave functions used in Eqs.
(13)–(15) are the ones extracted from the world data in Ref.
[38]. Since no direct data are available for gold we choose to
employ the spectral function discussed above for the neigh-
bor nucleus208Pb [12] but modifying the occupation of the
last orbitals to account for the different number of nucleons
in those shells.

We have performed calculations of the rescattering con-
tributions by employing same sets of three parallel and two
perpendicular kinematics used in Ref.[16]. In the parallel
case, the initial momentum of the protons−pmd was centered
at different angles with respect to the momentum transfered
by the electron,qqpi,25, 21, and 36 deg, while the corre-
sponding energies of the final proton were centered atEf

,1.6, 1.8, and 1.9 GeV. This implied anglesqqf,0.5, 1.5,
and 10 deg, respectively, between the final proton and the
momentum transfered. For the two perpendicular kinematics,
the same angleqqpi,90 deg was used, whileEf ,1.25 and
1.35 GeV andqqf,25 and 29 deg. The four-momentum
transfered by the electron was always in the rangeQ2,0.3
−0.4 GeV2. More details on these kinematics are discussed
in Ref. [16].

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 the
results for both12C and197Au, which are shown in Figs. 5
and 6(the sum of direct plus rescattering signals is plotted).
The contribution to parallel kinematics is negligible at miss-
ing energies below the peak of the correlated tail but it tends
to become more important forEm.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[15]. The same behavior is seen in perpen-
dicular kinematics, where, however, rescattering effects are
already relevant at small missing energies. In this situation

FIG. 5. (Color online) Theoretical results for the totalsdirect
+rescatteredd reduced spectral strength in the correlated region. The
results are given for parallel(dashed line) and perpendicular kine-
matics (dot-dashed line). The full lines show the model spectral
function, Eq.(16), employed in the calculations. All panels refer to
a 12C target and employ the same line convention. Note that the
results for different sets of parallel kinematics do not always over-
lap exactly. This is mostly due to the dependence of the off-shell
cross sectionseN

cc1 on the kinematics[16].

FIG. 6. (Color online) Theoretical results for the total reduced
spectral strength in the correlated region. The results are given for
parallel (dashed line) and perpendicular kinematics(dot-dashed
line). The full lines show the model spectral function, Eq.(16),
employed in the calculations. All panels refer to a197Au target and
employ the same line convention. Note that the results for different
sets of kinematics do not always overlap exactly. This is mostly due
to the dependence of the off-shell cross sectionseN

cc1 on the kine-
matics[16].
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the direct process accounts for only 30-50 % of the total
yield obtained at the top of the correlated peak. At higher
energies, the rescattering can overwhelm the PWIA signal by
more than an order of magnitude. It should be noted that for
both parallel and perpendicular kinematics the FSI become
more important as the mass number increases. In general,

this is due to the average distance that the outgoing nucleon
has to travel inside the nucleus. Thus it carries a dependence
on the nuclear radius. Figure 7 compares the results for both
target nuclei in parallel kinematics. For comparison the yield
for 197Au has been normalized to the same number of protons
of 12C. The reduced spectral function of gold is indeed al-
ways larger. The same consideration applies for perpendicu-
lar kinematics in Fig. 8.

To study the origin of the rescattered strength, the calcu-
lations were repeated for gold by neglecting the mean field
orbitals, SMF

h , in Eq. (16). For this nucleus the mean field
strength extends to large missing energies, up to,100 MeV.
Thus rescattering effects can easily spread it into the corre-
lated region. Figure 9 compares the theoretical reduced spec-
tral strength of Au in perpendicular kinematics with the
analogous result obtained whenSMF

h is included. As one can
see, relevant contributions from the mean field appear for
momenta up to about 500 MeV/c. The results at higher
missing momenta are completely dominated by the rescatter-
ing from the correlated tailScorr

h into the correlated region
itself. The situation is instead different in parallel kinematics
where the present results for two-step rescattering do not
shift any strength from the mean field region, even for a large
nucleus like Au. Such a large shift appears to be energetically
forbidden due to the large energy of the scattered proton
adopted in these kinematics.

FIG. 7. (Color online) Theoretical results for the total reduced
spectral strength of12C obtained in parallel kinematics(dashed line)
compared to the analogous results for197Au (dot-dashed line), nor-
malized to the number of protons of carbon. The full line shows the
input spectral function of Eq.(16) employed in the calculations. All
panels employ the same line convention.

FIG. 8. (Color online) Theoretical results for the total reduced
spectral strength of12C obtained in perpendicular kinematics
(dashed line) compared to the analogous results for197Au (dot-
dashed line), normalized to the number of protons of carbon. The
full line shows the input spectral function of Eq.(16) employed in
the calculations. All panels employ the same line convention.

FIG. 9. (Color online) Reduced spectral strength of197Au com-
puted in perpendicular kinematics as generated by the full spectral
function of Eq.(16) (dashed line) or by the sole correlated partScorr

h

(dot-dashed line). The full line shows the model spectral function of
Eq. (16). Its mean field component,SMF

h , is not visible in this plot
except for small missing momenta. Note that the dashed and dot-
dashed lines overlap in the bottom panel. All panels employ the
same line convention.
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V. CONCLUSIONS

A proper understanding of the relevance of FSI and their
dependence on the kinematics is important in modern
se,e8pd experiments that attempt to observe the correlated
strength at medium and high missing energies. The present
work suggests a semiclassical approach to compute the ef-
fects of two-step rescattering, which is one of the leading
contributions at high proton energies, and applies it to inves-
tigate its consequences for the kinematics of two different
experiments.

The model assumes a PWIA for the electromagnetic ver-
tex, in which the struck nucleon is described by the full hole
spectral distribution of the target nucleus. This gives the pos-
sibility of investigating how FSI shift the original strength
from the direct process within the missing energy and mo-
mentum plane. The absorption effects of the medium were
accounted for by means of transparency factors. The rescat-
tering is described in terms of the differential nucleon-
nucleon cross section modified in order to account for Pauli
blocking and Fermi spreading effects. The dispersion effects
due to the nuclear medium have been included from DBHF
results at the energies where they are relevant.

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 chan-
nels that lead to two-nucleon emission. In the reaction
208Pbse,e8pd the overall effects were seen to be more than an
order of magnitude smaller than the direct signal, slightly
increasing for small missing momenta and missing energies
above 60 MeV. This supports an analysis of the experimental
data based on usual distorted wave calculations.

The same model was applied for the kinematics of the
E97-006 experiment at Jefferson Laboratory that focused on
the SRC distributions at high momenta. Calculations were

performed for12C and 197Au targets, which have different
radii. In general, rescattering was found to be much smaller
in parallel kinematics than in perpendicular ones. In the latter
case a large amount of strength is shifted from regions where
the spectral function is big to regions where it is smaller, thus
overwhelming the experimental yield from the direct pro-
cess. This confirms the studies of Ref.[15]. The contribution
from rescattering effects is also seen to increase with the
nuclear radius. The rescattering of nucleons originally emit-
ted form the mean field orbitals was found to be important in
perpendicular kinematics and for missing momenta lower
than ,500 MeV/c. No such large shift of strength was
found in the parallel case. The remaining effects of rescatter-
ing are due to a rearrangement of the spectral strength within
the correlated tail itself.

The present results provide a good first insight in the re-
distribution of strength due to FSI inse,e8pd reactions. How-
ever, it is clear that in order to properly explain the real
experimental yield observed at high missing energies and for
heavy nuclei other effects beyond the two-step rescattering
need to be addressed[20,21]. Relevant extensions of the
present formalism would include corrections from meson ex-
change and nucleon excitation processes, as well as an inves-
tigation of the importance of multiple rescattering for heavy
nuclei in parallel kinematics. Work in this direction is in
progress.
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