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Effects of rescattering in(e,e’p) reactions within a semiclassical model
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The contribution of rescattering to final state interactiongei®’p) 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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[. INTRODUCTION at NIKHEF[12]. In this region the single-particle orbitals are
. . ) sensibly fragmented and it is required to probe missing en-

Nuclear correlations strongly influence the dynamics ofgrgies up to 100 Me\[12] or more. Further detailed infor-
nuclear systems1,2]. In particular, the repulsive core at mation on SRC could be obtained frdm,e’p) experiments
small internucleon distances has the effect of depleting theyat directly search for the missing strength at very high
shell model orbitals and inducing high momentum compomissing momenta and energies. This is particularly appealing
nents in the nuclear wave functiof&4]. The main effects of since the details of its distribution strongly influence the
short-range correlation§SRO consist of shifting a sizable binding energy of finite nuclei and nuclear matféi. Be-
amount of spectral strength, about 10-133f to very high  sides, it could shed more light on how much the interior of
missing energies and momenta, together with increasing thgrge nuclei is sensitive to the effects of finite size and
binding energy[6]. The resulting reduction of the occupation proton-neutron asymmetry.
numbers of the deeply bound orbitals appears to be fairly Unfortunately, past measurements of the short-range cor-
independent of the given subshell and of the size of theelated tail by means dfe,e’p) reactions have been limited
nucleus, except for a slight increase with the central densitye to the enormous background that is generated by final
of the system. Theoretical studies of the distribution of shortxtate interactiong=S|) (see, for example, Ref§13,14). The
range correlated nucleons for finite nuclei have been carrieisye of how to minimize the ESI has been recently ad-
out using a local density approximatiohDA) by Benharet  gressed in Ref[15]. There, it was suggested that FSI in
al. [7] and with many-body Green’s functions by Mthelr  exclusive(e,e’p) cross sections are dominated by two-step
al. [3]. These calculations suggest that most of the missingescattering processes like the one depicted in Fig. 1. This
strength is found along a ridge in the momentum-energyecomes particularly relevant when regions of small spectral
plane(py-Ey), which spans several hundreds of M&M&nd  strength are probed in perpendicular kinematissstudy of
MeV). Such behavior is confirmed by recent experimentakeveral kinematic conditions shows that the rescattered
data[8]_. ) ~nucleons can move spectral strength in fgE,, plane,

It is important to note that the depletion of spectroscopicfrom the top of the ridge toward regions where the correlated
factors for closed shell orbitals observed near the Fermi enstrength is small, therefore submerging the direct signal in a
ergy is more substantial than the 15% reduction discusse@rge background noise. Other possible contributions that in-
above[9] due to long-range effects such as the coupling toolve the excitation of aA resonance are expected to be
collective modeg2]. We note that this reduction also tends more sensitive to transverse degrees of freedom. Parallel ki-
to be weaker for loosely bound orbitals such as halo statesematics tend to be more clean due to the high momentum
[10,11. As a consequence, it becomes particularly interestthat is required for the detected proton. In R@f5], it was
ing to study the spectral distribution in heavy nuclei wheresyggested that the contribution of rescattering can be dimin-
the mean field single-particle orbitals extend to regions fafshed by choosing parallel kinematics and taking advantage
from the Fermi level and tend to decouple from surface efvf modern electron beam facilities. New data were subse-
fects. A measurement of the spectral function for the com-

lete mean field region 6f%Pb has been undertaken recently —————
P 9 y YN this work we refer to “parallel” and “perpendicular” kinemat-

ics in terms of the angle between the momentum of the virtual
photong and the missing momentupy, (as opposed to the outgo-
*Electronic address: barbieri@triumf.ca ing protonpy).
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a) B b) [16,17 experiments to evaluate the importance of two-step
. : processes for the different kinematics employed.

Direct Rescattering . . . .

process process o The model for computing the contribution of rescattering

is depicted in Sec. Il, 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. Il by extending the approach of R¢R3]. 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.

Il. MODEL
FIG. 1. (Color onling Schematic representation of the direct

knockout of a protorga), given by the plane wave impulse approxi- ~ This work considers contributions to the experimental
mation, and the contribution from a two-step rescatte(bgin the  Yyield that come from two-step mechanisms in which a reac-
latter a proton or neutron is emitted with momentpgiand differ-  tion (e,e’a) is followed by a scattering process from a
ent missing energy and momentuts,,,p,,). Due to a successive nucleon in the medium\’(a,p)N”, eventually leading to the
collision, a proton is eventually detected with the same momentungmission of the detected proton. In geneeainay represent
pr seen in the direct process. a nucleon or another possible intermediate particle. In this
work we will only consider the channels in whiehis either
quently taken in these conditions by the E97-006 collaboraa proton(with N’=p or n) or a neutron. In the following we
tion at Jefferson Laboratory8,16,17 for a set of nuclei will also use the lettea to label the possible open channels.
ranging from carbon to gold. Clearly, FSI could still play a  Following the semiclassical approach of Rgfi2,23, the
role even in parallel kinematics and need to be properly adeontribution to the cross section coming from rescattering
dressed before the relevant physical information is extractethrough the above channels is written as
from the experiment. We note that a similar dependency of

the FSI on the kinematics is also predicted in Hé&B] for d°Grescat
(e,e'NN) reactions in superparallel kinematics. dEon&OdEfde)f
The issue of computing the effects of rescattering has ®
_been considered recently b_y means of the multistep dynam- => fdrlf dfzf dT.on(r 1)
ics approach19] and by using Glauber theof20-22. All a 0
these calculations suggest that multiple rescattering contribu-
. . o K S;( ’ Er,n) ccl
tions (more than two stepsare relatively small in light nu- ng wl(lra=ra)
clei like 12C but can become relevant for large systems. In- M(r—rp? =2
terference effects between FSI and SRC correlations can also 3
play a role[21]. However, all these effects were seen to be X Pr(Pair 1, ) a1 N (Prirp), (1)
. . ’ . T P 2JPNIAT 2 T L2y ’
reduced in parallel kinematics. In RgfL2], the scattered : dEqdQp,

proton was detected at energies at which a full distorted h E K d(E tthe f ta of th
wave calculation, in terms of an optical potential, is requiredV ere(E,, ko) and(Ey, py) represent the four-momenta of the

However, rescattering processes leading to the emission §etected electron and proton, respectively. Equatigras-
two nucleonsione of which is not detectgdtan lead to the SUMeS that the intermediate partieigs generated in plane
reappearance of a part of the experimental strength absorb&fVe impulse approximatioPWIA) by the electromagnetic
by inelastic processes. This effect was investigated in termSUTent at a point, inside the nucleus. Herk=[p,|E, is a
of a semiclassical model inspired by the work of Rg3].  Phase space faCt‘ﬂ(pn]’Em)/M is the spectral function of
Even if very different kinematical situations were consid-the hit particlea normallzeld to ongi.e., M=N (2) if ais a
ered, the reaction mechanism included in the latter approachgutron (proton], and og; the off shell electron-nucleon
is the same as pointed out in R¢L5] and Fig. 1. Some Cross section, forwhlc_h we havg useddm;t prescription of
partial simplifications occur for high-energy protons, sincede Fores{24]. The pair distribution functiongay (Ir1—r2|)
the relevant effects of the medium are limited to Pauli block-account for the joint probability of finding a nucledt inr,
ing. Therefore this approach offers a valid starting point toafter the particlea has been struck at [25]. The integration
investigate the FSI effects needed in the analysis of data &ver the kinetic energyl, of the intermediate particle
large missing energy and momenta. Other effects such d@@nges from O to the energytransfered by the electron. The
meson exchange currents and the excitation of resonanc@giclear transparency fact®(p;ry,r,) gives the transmis-
also need to be investigated. However, these are beyond tison probability that the struck partickepropagates, without
scope of the present paper and will be considered in futur@ny interactions, to a second point where it scatters from
work. In this paper, we consider the approach of R&g] the nucleorN’ with cross sectiom®c,,. The whole process
and extend it to high missing energies. We then apply it tds depicted in Fig. (b). The point nucleon densitigg(r) are
the kinematics of both the NIKHEIF12] and the E97-006 normalized to either the number of neutrons or protons.
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These were derived from experimental charge distributionshe rescattering event was substituted with the limit pfo
by unfolding the proton sizf26]. We employed equal distri- infinity.
butions for neutrons and protons, which is a sufficiently ac-
curate approximation since evendiPb neutron and proton
radii differ by less than 4%. I1l. EVALUATION OF THE IN-MEDIUM

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

The last ingredient required in E¢L) is the in-medium
cross section for the rescattering process, in which the par-
ticle a (either a proton or a neutrprhits against a bound

2, nucleon on its way out, eventually leading to the emission of
Pr(p;rq,rop) =ex —f dz[gpp(|r1— r|)'&pp(p,p(r))pp(r) the detected proton. This can be evaluated by extending the
7 approach of Ref[23] to describe the angular dependence of

the ejected proton. We start from thNN differential elastic
+ o[ 1 = ) Tpn(P.p(r))pa()] ¢, (2)  cross section in free space,
M(s,t,u)[2
where thez axis is chosen along the direction of propagation dopy = |pr(0059)|2: M (5)
P, an impact parametds is defined so that =b+zp, and dQp, 64m’s

z,(z,) refers to the initialfinal) position. Eq_uat|or§2) differs ‘wheres, t, andu are the Mandelstam invarian{sg being
from the standard Glauber theory by the inclusion of the pair ; — 5
distribution functionsgyy(|r=r|). In principle, thegyy func-  €Nergy in the center of mags.m,) systen and| M(s,t,u)|
tions should depend on the density and on the direction ofePresents the square of the Lorentz invariant amplifadg
the interparticle distance. However, these effects have beefyeragedsummed over the initial(final) spins. For nucleon
shown to be negligible in Ref23)]. In the present applica- momenta above 1 Ge¢/and for small angles, the scattering

tion we find that a simple two-Gaussian parametrization offMPlitude in Eq(5) is well approximated by its central part
the g,y can adequately fit the curves reported there for2nd can be written as

nuclear matter at saturation density. The in-medium total protol
cross sectionspy(p, p) andopy(p, p) used in this work have fon= T'J—N(ep,\ﬁ i)exp{— ,BEN(pi -pn?2}, (6)
a

been computed according to R¢23] and account for the

effects of Pauli blocking, Fermi spreading, and the effectiveyhere p; and p; are the initial and final momenta of the
mass generated by the nuclear mean field. For energies aboggattered nucleone,y is the ratio of the real to imaginary
300 MeV they have been extended to incorporate the effecigart of the scattering amplitude, ant??,{, is the total scatter-

of pion emission27]. ing cross section. At low energy the values .bi(s,t,u)

The nuclear transparency is defined as the average ov@fhere extracted from the SAID phase shift data analysis
the nucleus of the probability that the struck proton emerge$3o]. For thepp case, we chose to keep the differential cross
from the nucleus without any collision. This is related®®  section constant for angles smaller than 5° and larger than
by 175°, in order to avoid the Coulomb peak in the forward and

backward directions. However, the results of the present
T= % f dr pp(r)P(p;r,=). (3y  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
It should be mentioned that the practical experimental defigay for pp scattering and 1.2 GeV for then case, which
nition of nuclear transparency depends on the specific kinesre well contained within the range of validity of this data-
matics employed and that Eq®) and (3) rigorously apply  pase At higher energies E¢F) was used with parameters
only to th_e parallel pgs@8]. Fo_r the present appr_oach, these Uto;=44_0 mb,o™®=41.1 mb, andspp.= €pn=-0.48. The slope
are the right quantities to be included in K@) since they  .qefficients were chosen by requiring that E8). yields the

describe theoloss of flux in the direction of propagation. INggecy valueS(r,‘j'N for the total elastic cross section. This
the case of%Pb and an outgoing proton with energy implies

~1.1 GeV (kinetic energy of~161 MeV), Eqg. (3) gives T
=0.37. WithE;~1.8 GeV, which is of interest for the calcu- , 1+ GZN)(,tO'f
lations of Sec. IV B,T=0.63 for*?C andT=0.29 for'*Au. Bon=" (7

el
The PWIA contribution of the direct process, Figaj also 16mopn
needs to be corrected for the nuclear transparency effects,\/\/heregg'p and gg'n were extracted from experimefi1]. A
6 direct comparison for energies above 1 GeV showed that Eq.
d°opwiam _ Ko_cclg;(p ET 4) (6) appropriately approximates the data from the SAID data-
dEed(Y; dE(dQy ep prrm ' base; thus there exists an overlap region where these ap-
proaches are both accurate and join smoothly.
with T given by Eq.(3). Equation(4) is consistent with the In deriving the rescattering rate we assume that the inter-
assumptions of Eq.1), from which it would be obtained if action between the two nucleons is localized enough so that
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the amplitudeM (s, t,u) is not altered by the presence of the approach allows us to maintain the relativistic framework
surrounding nucleons. However, the medium can sensiblpdopted in Eq(8). The values oUgandUy, in nuclear mat-
modify the cross section due to the spectral distribution oter were computed in Ref33] by solving the DBHF equa-
the momentum of the hit nucleon and due to the effects ofions. The results were found to be consistent with the value
Pauli blocking. In the spirit of the LDA, which underlies Eg. of the nonrelativistic effective mass extracted from nucleon-
(1), the momentum of the hit nucleoiN’, is taken to be nucleus scattering. At the energies considered by the DBHF
locally distributed as in infinite nuclear matter. The densitycalculations,Us and Uy, are predicted to be essentially mo-
of the latter being the one of poimt, where the collision mentum independent. Thus, the energy of a nucleon moving
occurs,pym=pn (I2). The effects of the nuclear surface are with momentump is given by

eventually included by integrating oveg,(r,)dr, in Eq. (1). -

For the present purposes it is appropriate to further approxi- Mo(prw) =My + Us(prw), (10
mate the symmetric nuclear matter with a free Fermi‘gas. N S S

The assumption of a completely filled Fermi sea is also con- En(p. pnm) = VP~ + M5 (pam) + Uv(pm) (11)
sistent with the Dirac-Brueckner-Hartree-FO@BHF) em-  wheremy, is the Dirac effective mass. It should be noted that
ployed below. Initially, the hit nucleoN’ is in the Fermi sea UgandU, have large and opposite values. The success of the
and therefore must have a momentimsmaller thank:  DBHF approach relies on a subtle cancellation of their ef-
=(3m?pym/2)*3. At the same time the Pauli principle re- fects and require a self-consistent calculation of the interac-
quires that the particles in the final state will have momentaion with the mediuni33]. As a consequence, the use of Egs.
pr and |, both larger thark.. Among all the nucleons in- (10) and(11) to compute the in-medium cross section at low
volved in the process; refers to the detected proton while energy does not guarantaepriori accurate predictions. In a
the others can be either neutrons or protons depending on thelativistic model, this would require a more elaborate calcu-
channela. The probability per unit time of an event leading lation of the scattering amplitud#&! (see, for example, Refs.

to the emission of a proton with momentynis obtained by  [34,35). In the present work, we are simply interested in
imposing the Pauli constraints and integrating over the ungiving an approximate treatment of the dispersion effects on

observed momenta andl, the rescattering of protons for the kinematics that will be
3 considered in Sec. IV A. The kinematics relevant for study-
d*Pan =2 6(p; - kF)LBJ J dh dL B(ke — ) 6(1 — ke)W, in_g the short-range correlated tail involye much higher ener-
dpfdQ,A,f (2m) gies, where the nuclear cross section is known to approach

dh the free one. Above 1 GeYs andU,, are not known except
-2 2 —k Oke — a1 = k that they are no longer momentum mdependent gnd that they
i 0P F)f (2m)3 (ke =Ml = ke) should decrease to zero. In this case, Pauli blocking gives the

— 5 only relevant contribution of the medium and the dispersion
1 IM(s,t,u) effects are negligible. Therefordg and U,, will be set to
6472 Eo(pa) En (N Ef(pr) Ene(1) 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-
(8)  lated to its energfE(p) by Eq.(11). In general M(s,t,u) is

1=pa*h=py 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 vacyohin
cross section, Eq5). In vacuum, this depends on only two
invariants that were chosen to Ise(p~+h*)? and t=(p%
S—p{f)2 and computed accounting for the dispersion relation

X 5(Ea + EN/ - Ef - EN”)

whereL? is the volume of a normalization box and, for a free
nucleon Ey(p) = (p?+m)¥2 In Eq.(8), W, is the probability
per unit time for the evenp4+h*— pf+I#, which can be
expressed in terms of1(s,t,u). The inverse lifetime of the
nucleona for energies below the pion production threshold i

related to Eq(8) by (11). The energy denominators appearing in E8). were
also taken to be equal to the total energy of the nucleon, Eq.
1 AP (11). We note that this differs from the normalization of a
== 2 dQﬁff dpfm- (9)  Dirac spinor in the mediuni32]. However, this prescription
Ta N'=pn Prd%2p, is consistent with the choice of using the free scattering am-

At low energies, a nucleon traveling through the mediumplitude/\/l(s,t,u) since it provides the right normalization in

acquires an effective mass due to dispersion effects. For i€ nonrelativistic limit. Finally, the in-medium scattering
finite matter, this can be described by a scalar flalgand ~ rate is given by
the time component of a vector fieldl, [32]. This particular o _ 1 dp AP

dEdQ;  pvgdE dpdQp, |

(12)

Note that in correlated nuclear matter a sizable number of pro- ) ) )
tons (~15%) have momentum larger thdg. However, the error Where py is the M}’ of the hit nucleon and,
on the spreading effects generated by considering all of them insidg Ea(Pa)/dpa=pa/ pa+m, is the group velocity of the in-
the Fermi sea did not appear to be relevant in RE?]. This dis- coming one. Note that the dispersion effects modify the res-
crepancy also tends to reduce further for large nucleon energies. cattering rate, Eq.12), in three different ways. First, both
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S0r T T T T T T " ] FIG. 3. (Color onling In medium elasti@N cross sections com-
r T, ;= 250 MeV — gg‘tg::g::t‘r’:n ] puted for normal nuclear matter density as a function of the nucleon
a0l . energy. The curves show the vacuum cross secfighline), the
N - results obtained by including Pauli blocking and Fermi spreading
2ok M ey, R (dashed lingand also the dispersion effecidot-dashed ling
g r M e 1
T i 1 nuclear matter densityy,=0.16 fni3 for energies up to 3
| B " e ] GeV. As it can be seen, the effects of Pauli blocking remain
oo I i relevant at large energies where they produce a constant re-
10f ] duction of the cross section. The further reduction due to the
I ] effective mass affects the results at low energies and tends to
05 et become less important at 1 GeV even for constant values of

-3 Us and U,. However, it is meaningless to extend the calcu-
p [fm’] d ; ) )
lation of the effective mass effects above this energy since
FIG. 2. (Color online In-medium elastipN cross sections as a the values olUs andU,, are unknown in this region.
function of density for laboratory energies of 161 Médp panel

and 250 MeV(bottom panel The curves show the vacuum cross IV. RESULTS

section (full line), the results obtained by accounting for Fermi ] ) )
spreading and Pauli blockinglashed lingand by adding the inter- Equation (1) requires the knowledge of the undistorted
action with the medium through E¢l1) (dot-dashed ling spectral functionS'(py, E,) of the target nucleus. For the

present purposes, the strength in the mean field region can be
and the Jacobianlp/dE; depend onUg and U,. Second, described as a sum over the nuclear orbitals
the density of final states for the scattered nucleons is
modified by using Eq(11) in the energy delta function %F(Dm,Em)=Ezifi(Em)|q’i(pm)|2, (13
S(Ea(pa) +Enr(h)—Ef(ps) —Ene(1)). Third, the energies of '
nucleons just abovie- are lowered by Eq.11), which allows  where ®;(p,,) are the single-particle wave functiors, are
scattering at energies that would otherwise be Pauli forbidtheir occupation numbers, and each orbital is spread in en-
den. ergy according to a Lorentzian distribution with a variable

Figure 2 shows the in-medium effective cross section as width [37],

function of density obtained by integrating E¢L2) over
angle and energy. Two values of the energy of the incoming fi(E,) = 1 I'(En) ' (14)
nucleon are considered. The solid line gives the vacuum ' 27 (Em~ &)+ [[(E)/2]?
cross section while the dashed line includes the effects of
Pauli blocking and Fermi spreading. A further reduction is a(Ey - Ep)?
produced by accounting for the dispersion effects. While the I'(Eq) = m (15
calculation of the Pauli blocking effects is equivalent to the mooF
work of Ref.[23], the full cross section obtained here is where the Fermi energy was taken to Bg=6 MeV, a
somewhat smaller than the one obtained in the correspondirg24 MeV, andb=500 Me\2. The neutron spectral function
nonrelativistic result. A difference between the two ap-was also obtained from E¢L3) by including all the neutron
proaches should be expected since the present calculationagbits occupied in the shell structure. For Pb and Au no ex-
based on the Dirac effective mass, given by @@). Thisis  perimental data are available for neutrons, thus the occupa-
different form the nonrelativistic definition of effective mass, tion numbersz; were assigned by extrapolating the trend
which is instead related to the vector potentig) [36]. The  measured for protons ¥%Pb[12]. For kinematics chosen to
effects of Pauli blocking at higher energies can be seen iprobe medium and low missing energies, as those discussed
Fig. 3 where the elastic cross section is computed at normaih Sec. IV A, SQ,]F(pm,Em) covers all experimentally acces-
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sible strength. In Sec. IV B, this will need to be extended by W T T T T I 3
including the distribution of nucleons in the SRC correlated § p,=50 MeV/c —— E, =461 MeV
region. ——= B =674MeV
In the following, the rescattering yield computed from Eg. ]
(1) has been converted to a reduced spectral function by
dividing it by |p;E¢|ToSS, evaluated for the kinematics of the
direct proces$according to Eq(4)]. This gives the straight-
forward correction to the model spectral function that is due

only to single rescattering effects.

-1
sr ]
S,

T

-4

Pauli blocked

h
s . (@E,) MeV

A. Application to 2%pb l

The studies of Ref[12] employed two different parallel
kinematics in which the outgoing proton was emitted in the i
same direction as the momentum transfitus q and p, 107E
were also parallgl The central kinetic energy of the outgo- i
ing proton was kept constant at 161 Mép;=570 MeV/c)
in both cases. The two kinematics differ only for the energy
of the electron beam, which was taken to Eg=674 MeV
for the first case andE;=461 MeV for the other. These
choices correspond to a virtualit9? ranging between 0.08
and 0.22 GeV.

In applying the model of Secs. Il and Il {@,€e’'p) reac-
tions one has to impose the further constraint that both nucle- 10°F
ons are emitted in the continuum. This is trivially satisfied
for high-energy nucleons, for which the interaction with the e B S e — 3
medium can be neglected. When the dispersion effects are J[  p,=240 MeV/c —— E, =461 MeV
included from Eq(11) one has to require th&(l) >0 in the ——- E'=674MeV ]

p, =150 MeV/c —— E, =461 MeV
——= B, =674 MeV

h 4 -1
S re‘L(p ,Em) [MeV “sr ]

-1
sr]

integrand of EQ.(8). Processes in which the undetected < :

. > 8| __
nucleon remains bound are beyond the scope of the present 2 107 E
work and would require a proper quantum mechanical treat- & r
ment to include its reabsorption vertex. At low energies this ;E 10'95- E
should be analyzed in terms of a proper optical potential oF ;
model. \{g 10'10g ,' ’4\111]) S -

The results of Eq(1) for the rescattering contributions < E : TS i

leading to two nucleons in the continuum are plotted in Fig. 10-11;_ f . e i

4. The yield resulting from rescattering is between one and 0 20 20
two orders of magnitude smaller than the direct signal, ex- E_[MeV]
cept for low missing momenta and missing energies above
60 MeV, where it gives a correction of about 20%. The res- FIG. 4. (Color online Theoretical results for the rescattering
cattering effects are also found to be independent on whichontribution to the reduced spectral strengch(@Pb for the kine-
of the above kinematics is chosen. For comparison we alsgnatics of Ref.[12]. The full (dashedl lines refer to the kinematics
show the results obtained by including only Pauli blockingWith lower (Eg) and higher(Eg) energy beams. The black lines
and Fermi spreading and the ones obtained when the irghows th_e |an_Jt spectral function, I;'(O,S)._The resultg obtained fqr
medium effects are included without requiring that the undelescattering with two nucleons e_mltted in the continuum are given
tected nucleon is in the continuuiice., allowingE (1) <0 in by the green curves. F_or thg klnematlEg, 'the plots show the
Eq. (8)]. Although the latter result has no direct physical e.ﬁECtS due qnly 0 I?auh k.”OCk'rw and Fermi spreadiaig-dashed

. ; lines). If the in medium dispersion was accounted for but no two-
relevance, it shows that only a part of the suppression of thﬁucleon emission was imposed, E8) would give to the dot-dot-
rescattering effects is due to the corrections for ef'fectivedalshed curves. '
mass in the mediuntt'my” curves of Fig. 4. The remaining
reduction is a consequence of the energy required to reach

the two-nucleon emission threshold.

S" (P Em) = Sue(Pm Em) + Sor(PmEm),  (16)

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 where S} ,.(pm, E) describes the short-range correlated tail
case it is convenient to write the spectral function as the sumat very high missing energies and momefp8a7]. In the
of a mean field and a correlated part, present work this was parametrized as
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FIG. 5. (Color online Theoretical results for the totdtirect E
+rescatteredreduced spectral strength in the correlated region. The -
results are given for parall€dashed ling and perpendicular kine- lo'ﬁ =1 : L : L : L : : : =
matics (dot-dashed ling The full lines show the model spectral 10 F T T T e _ 3
function, Eq.(16), employed in the calculations. All panels refer to F ;;%‘~\\\ ]
a °C target and employ the same line convention. Note that the 2l o ~— ]
results for different sets of parallel kinematics do not always over- 0-F P, =610 MeVie
lap exactly. This is mostly due to the dependence of the off-shell T T L]
cross sectiowSS on the kinematic§16]. 0 0.1 0.2 0.3 04 0.5
E_[GeV]
C e_apm . .
g; (PmEr) = , (17) FIG. 6. (Color onling Theoretical results for the total red_uced
or [Em—e(pm1?+[T(pm)/2]? spectral strength in the correlated region. The results are given for

parallel (dashed ling and perpendicular kinematic&lot-dashed

. - line). The full lines show the model spectral function, E46),
wheree(py) andI'(py,) are smooth functions of the missing employed in the calculations. All panels refer t6%Au target and

momenturln that Yvere Chos'en to give ar_w apprqpriate fit to th@mploy the same line convention. Note that the results for different
available *’C(e,e'p) data in parallel kinematic$8]. The  sets of kinematics do not always overlap exactly. This is mostly due

solid line in Fig. 5 shows the model spectral function, Eq.to the dependence of the off-shell cross sectdff on the kine-
(16), employed in the present calculations for that part of thematics[16].

Pu-Em plane wheresS) .~ dominates. The calculation with a
'9'Au target employed the san®,,, of Eq.(17) multiplied ~ ~1.6, 1.8, and 1.9 GeV. This implied anglég;~ 0.5, 1.5,
by 79/6 or 118/6 to account for the correct number of pro-and 10 deg, respectively, between the final proton and the
tons and neutrons, respectively. This is shown for protons imomentum transfered. For the two perpendicular kinematics,
Fig. 6. At energies close to the Fermi level the hole spectrathe same angléd,,i~ 90 deg was used, whilg¢~ 1.25 and
function is dominated by its mean field component. BE&  1.35 GeV andidy;~25 and 29 deg. The four-momentum
these are orbitals in the and p shells, which are known transfered by the electron was always in the ra@ge- 0.3
experimentally and represent about 60% of the total strength-0.4 Ge\f. More details on these kinematics are discussed
The spectroscopic factors and wave functions used in Eq$n Ref. [16].
(13)«15) are the ones extracted from the world data in Ref. Due to the loss of energy of the ejected nucleon at the
[38]. Since no direct data are available for gold we choose teescattering vertex, the spectral strength is always shifted
employ the spectral function discussed above for the neightoward higher missing energies. This is clearly visible in the
bor nucleus’®Pb [12] but modifying the occupation of the results for both'?C and!®’Au, which are shown in Figs. 5
last orbitals to account for the different number of nucleonsand 6(the sum of direct plus rescattering signals is plotted
in those shells. The contribution to parallel kinematics is negligible at miss-
We have performed calculations of the rescattering coning energies below the peak of the correlated tail but it tends
tributions by employing same sets of three parallel and twao become more important foE,,>150-200 MeV. This
perpendicular kinematics used in R¢L6]. In the parallel  confirms the expected trend that a part of the strength seen in
case, the initial momentum of the prot6rp,,,) was centered this region is dragged from places where the hole spectral
at different angles with respect to the momentum transfere€unction is largef{15]. The same behavior is seen in perpen-
by the electrond,,~ 25, 21, and 36 deg, while the corre- dicular kinematics, where, however, rescattering effects are
sponding energies of the final proton were centeredtat already relevant at small missing energies. In this situation
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yield obtained at the top of the correlated peak. At highemuted in perpendicular kinematics as generated by the full spectral
energies, the rescattering can overwhelm the PWIA signal b§unction of Eq.(16) (dashed lingor by the sole correlated pz,,
more than an order of magnitude. It should be noted that fotdot-dashed ling The full line shows the model spectral function of
both parallel and perpendicular kinematics the FSI becom&d- (16). Its mean field componen, is not visible in this plot
more important as the mass number increases. In gener&xcept for small missing momenta. Note that the dashed and dot-
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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 2’Au 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, S, in Eq. (16). For this nucleus the mean field
strength extends to large missing energies, up 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 wh&). is included. As one can
see, relevant contributions from the mean field appear for
momenta up to about 500 Me¥./ The results at higher
missing momenta are completely dominated by the rescatter-
ing from the correlated taif,, 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

dashed ling normalized to the number of protons of carbon. The nucleus like Au. Such a large shift appears to be energetically

full line shows the input spectral function of E@.6) employed in
the calculations. All panels employ the same line convention.

forbidden due to the large energy of the scattered proton
adopted in these kinematics.
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V. CONCLUSIONS performed for*?C and**’Au targets, which have different

A derstandi f the rel fESl and th .radii. In general, rescattering was found to be much smaller
Proper understanding of e relevance of =5l and thetg, parallel kinematics than in perpendicular ones. In the latter
dependence on the kinematics is important in moder

- , ase a large amount of strength is shifted from regions where
(e,e'p) experiments that attempt to observe the correlateghe spectral function is big to regions where it is smaller, thus

strength at medium and high missing energies. The presegl,erwhelming the experimental yield from the direct pro-
work suggests a semiclassical approach to compute the efess. This confirms the studies of Rgf5]. The contribution
fects of two-step rescattering, which is one of the leadingrom rescattering effects is also seen to increase with the
contributions at high proton energies, and applies it to invesnuclear radius. The rescattering of nucleons originally emit-
tigate its consequences for the kinematics of two differented form the mean field orbitals was found to be important in
experiments. perpendicular kinematics and for missing momenta lower
The model assumes a PWIA for the electromagnetic verthan ~500 MeV/c. No such large shift of strength was
tex, in which the struck nucleon is described by the full holefound in the parallel case. The remaining effects of rescatter-
spectral distribution of the target nucleus. This gives the posing are due to a rearrangement of the spectral strength within
sibility of investigating how FSI shift the original strength the correlated tail itself. S
from the direct process within the missing energy and mo- The present results provide a good first insight in the re-
mentum plane. The absorption effects of the medium werdlistribution of strength due to FSI i, e’p) reactions. How-
accounted for by means of transparency factors. The rescefVer. it is clear that in order to properly explain the real
tering is described in terms of the differential nuC|eon_exper|menta_l yield observed at high missing energies and _for
nucleon cross section modified in order to account for Paulfl€@Vy nuclei other effects beyond the two-step rescattering
blocking and Fermi spreading effects. The dispersion effect§€€d t0 be addressg@0,2]). Relevant extensions of the

e o the uclear medum nave been inludd fom DBHITZZEM! IS Lt el arectons o meson o
results at the energies where they are relevant. 9 P X

For kinematics involving outgoing protons of the order of tigation of the importance of multiple rescattering for heavy

few hundreds of MeV, the present model was employed tntjé:éer:aslr; parallel kinematics. Work in this direction is in
estimate the reappearance of strength through inelastic chan-
goels that lead to two-nucleon emission. In the reaction ACKNOWLEDGMENTS
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