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Comparison of the 12C(e,e′p) cross section at low momentum transfer with a relativistic calculation
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The (e,e′p0) cross section of 12C has been measured at an energy transfer of 60 MeV and a momentum
transfer of 104.4 MeV/c using a 197.5 MeV continuous electron beam. The cross section at missing momenta
between 181.5 and 304.8 MeV/c obtained from the experiment is compared with theoretical calculations based
on the relativistic distorted-wave impulse approximation with and without meson-exchange currents (MEC).
The contribution of MEC due to the seagull current is large in the high-missing-momentum region, in particular
for the longitudinal component. The cross sections calculated using three different current-conserving operators
(cc1, cc2, and cc3) are similar, in contrast to the (γ,p) reaction, where the operators give very different results.
The shape of the measured cross section is well described by the calculations, whereas its magnitude is slightly
smaller than that described by the calculations.

DOI: 10.1103/PhysRevC.80.064601 PACS number(s): 24.10.Jv, 24.50.+g, 25.30.Rw, 27.20.+n

I. INTRODUCTION

Electromagnetic one-nucleon emission reactions have pro-
vided a wealth of information concerning various aspects
of the reaction mechanism. The (e,e′p) reaction in the
quasielastic region is well described within the framework
of the direct knockout (DKO) model. This model is based
on the assumption that a virtual photon couples to a single
proton in the target nucleus. A theoretical approach based
on the nonrelativistic distorted-wave impulse approximation
(DWIA) can provide an excellent description of the shape
of the experimental recoil-momentum distributions for states
corresponding to specific peaks in the excitation-energy
spectrum of the residual nucleus, in a wide range of nuclei
and in different kinematics, at four-momentum transfer below
500 MeV/c [1–3]. The spectroscopic factor is determined by
scaling the theoretical prediction to the experimental data.
In such analyses, a 30%–40% quenching of the spectro-
scopic factors compared with mean-field values has been
observed.
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Recently, the (e,e′p) reaction has been studied extensively
in a fully relativistic DWIA (RDWIA) framework [4–11]. In
addition, RDWIA calculations can provide a good description
of the experimental results at medium momentum transfer. The
spectroscopic factors extracted from the RDWIA approach are
10%–20% larger than those from the nonrelativistic DWIA
analysis. Moreover, the relativistic approach is recognized as
being necessary for the analysis of data at high momentum
transfer [4–13].

The reaction mechanism of the (γ,p) reaction above the
giant resonance region has been the subject of longstanding
discussion. In the nonrelativistic approach [14–21], only a
fraction of the measured (γ,p) cross section is given by the
DKO process, and a meaningful contribution is produced by
meson-exchange currents (MEC), which, in contrast, do not
seriously affect the quasielastic (e,e′p) cross sections [21–24].
The effects of MEC and � excitations in (e,e′p) reactions
have recently been studied within a semirelativistic model in
Ref. [25], where a moderate dependence on MEC was
predicted only at a high missing momentum.

Substantially different results are obtained from the rela-
tivistic approaches for the (γ,p) reaction [6,26–29]. RDWIA
calculations are close to the measured cross sections in light
nuclei at photon energies below 100 MeV. This means that
the contribution of MEC may not be large in the relativistic
framework. Actually, it has been shown [21,29] that the con-
tribution of the two-body current corresponding to the seagull
term affects the (γ,p) cross section less than in the nonrela-
tivistic calculations, although the MEC contribution becomes
more important with increasing photon energy and missing
momentum [29].
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The choice of the electromagnetic operator for the one-body
current has also been a longstanding problem [8,12,28–31].
No unambiguous approach is available at present to deal
with off-shell nucleons. Current-conserving operators (cc1,
cc2, and cc3) [30], which are usually used in relativistic
calculations, are equivalent to each other for on-shell particles
owing to the Gordon identity, but give different results
when applied to off-shell nucleons. Although the differences
are small in the kinematics for the quasielastic (e,e′p)
reaction, large differences are found for the (γ,p) reaction
[28].

When discussing the role of components such as the
current operator and MEC in (e,e′p) and (γ,p) reactions, we
must consider that these experiments are usually carried out
under different kinematical conditions. In the (γ,p) reaction,
the energy transfer ω and three-momentum transfer q are
constrained by the condition ω = |q| = Eγ , and the mismatch
between the momentum transfer and the momentum of the
outgoing nucleon p′ is quite large. Thus, only high values of the
missing momentum pm = | pm| = |q − p′|, which is the recoil
momentum of the residual nucleus, can be explored by measur-
ing the cross section for different values of the scattering angle
of the outgoing proton. In the (e,e′p) reaction, ω and q can be
varied independently, and all possible values of the missing
momentum can be explored using suitable kinematics. The
(e,e′p) data of Refs. [32,33] were obtained in parallel kinemat-
ics, where the momentum of the outgoing proton (and thus also
its kinetic energy) is fixed and is taken parallel or antiparallel
to the momentum transfer. Different values of the missing
momentum are obtained by varying the electron scattering
angle and, therefore, the momentum transfer. The energies
and momentum transfers for those (e,e′p) data are higher than
for the (γ,p) data of Refs. [15–19,34–36]. Also, the energy of
the outgoing proton is higher. Thus, the cross sections might
show a different sensitivity to final-state interactions, which
are usually treated in the DWIA and RDWIA approaches
by means of phenomenological energy-dependent optical
potentials.

A new (e, e′p) experiment at low momentum transfer
kinematically designed to be similar to the (γ,p) reaction
will bridge the photon point and high-momentum-transfer
experiments. It will provide us with information regarding the
momentum transfer dependence of relativistic effects, MEC,
and the choice of the current operator, by filling the gap
between experiments at high momentum transfer and ones at
the photon point. The similarity of the kinematics to the (γ,p)
reaction is very important in this approach for removing am-
biguities caused by, to some extent, final-state interactions. As
the present (e, e′p) reaction is dominated by the longitudinal
component, in contrast to the (γ,p) reaction, which is purely
transverse, it will be useful to disentangle the contribution
of MEC. In the present 12C(e,e′p) experiment, we chose an
energy transfer of ω = 60 MeV, that is, the same energy as for
the 12C(γ,p) data of Refs. [15–17,35,36]. Thus, the energy of
the outgoing proton is also the same and, as a consequence, the
final-state interactions are expected to be similar to the (γ,p)
reaction. The momentum transfer of the present experiment is
104.4 ± 1.3 MeV/c. The azimuthal angle between the electron
scattering plane and the reaction plane is taken to be φp = 90◦,

to eliminate the longitudinal-transverse (LT) interference term
in the cross section. Although the LT term includes interesting
physics, it complicates the discussion when we compare
the present result with the (γ,p) reaction. The transverse-
transverse term RT T is smaller than RL and RT , as shown in
Sec. IV.

The experimental procedure is presented in Sec. II. In
Sec. III, the experimental data are shown and compared with
relativistic calculations with and without MEC. A summary
and conclusions are given in Sec. IV.

II. EXPERIMENT

The experiment was performed using a continuous electron
beam from a stretcher-booster ring (STB) [37] at Tohoku
University. The beam is extracted from the ring using
monochromatic extraction [37,38]. In this method, the energy
spread of the injected beam is chosen to be equal to the
energy loss that occurs between two successive injections,
and electrons are extracted at the lowest energy after losing
energy from synchrotron radiation. In the present experiment,
a beam of 198.0 ± 0.5 MeV was injected into the ring after
being momentum-analyzed in a nondispersive achromatic
magnetic analyzing system consisting of a quadrupole mag-
net between two bending magnets, whose magnetic field
was monitored using a nuclear magnetic resonance (NMR)
method. The energy of the electron beam supplied to the
experiment was tuned at 197.5 MeV, and scattered electrons
of 137.5 ± 4 MeV were measured at 30◦. The corresponding
energy and momentum transfer are ω = 60 ± 4 MeV and
|q| = 104.4 ± 1.3 MeV/c, respectively. The beam intensity
was in the range of 500–700 nA, which was monitored using a
secondary-electron monitor (SEM) downstream of the target.
The experimental setup is similar to the one described in
previous papers [39,40]. Electrons scattered with a 9.2 mg/cm2

thick natural carbon foil were momentum-analyzed using a
double-focusing magnetic spectrometer having a solid angle
of 2.9 msr and detected by means of a vertical drift chamber
(VDC) in the focal plane and two layers of plastic scintillators.
The magnetic field of the spectrometer was monitored using
NMR.

Ejected protons were measured using counter telescopes
composed of four surface-barrier-type silicon solid-state de-
tectors (one 50-µm- and three 1-mm-thick detectors) at eight
angles ϑp with respect to the momentum transfer direction out
of the plane, φp = 90◦, in order to explore different values of
the missing momentum. Charged particles reaching at least
the second layer of the telescope were used for analysis.
Particle identification and absolute energy calibration for each
detector were achieved using the �E − E technique [40].
The energy of charged particles was reduced from energies
dissipated in the detectors, using the Bethe-Bloch formula.
The values of sensitive depth in quality assurance data were
used in the calculation. In the present experiment, energies of
measured protons were in the range of 40–48 MeV, which are
too high to be stopped by three layers of detectors. In such
a case, a good energy resolution cannot be achieved because
only a fraction of the energy is dissipated in the detectors.
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FIG. 1. An example of the missing energy spectrum, which was
measured at the momentum transfer direction. Events between 13
and 19 MeV were separated into (e,e′p0) and (e,e′p1) components
by fitting the data with two Gaussians using a maximum-likelihood
method. The dashed and dotted curves represent the (e,e′p0) and
(e,e′p1) components, respectively, and the solid curve gives their
sum.

A 3-mm-thick aluminum disk was installed in front of each
telescope to improve the energy resolution by degrading the
proton energy. The thickness was optimized so that the highest
resolution was obtained for measurement of the proton energy.
A Monte Carlo calculation showed that the fraction of protons
lost due to multiple scattering is negligible and the energy
broadening is ultimately 300 keV. The energy dissipated in
the degrader was calculated using the Bethe-Bloch formula
and summed to achieve initial proton energies. The solid angle
of each telescope was defined using an iron collimator to be
4.93 msr.

Because of problems in obtaining data concerning the
VDC, we used information describing the time difference of
signals at both ends of the backup scintillation counters to fix
the momentum of scattered electrons. The resulting energy
resolution in missing energy spectra, approximately 3 MeV
at full width half maximum (FWHM), is not sufficient to
completely separate events for the transition to the ground
state, (e, e′p0), of the residual state and those to the first
excited state, (e, e′p1), as shown in Fig. 1. Events between
Em = 13 and 19 MeV of each spectrum were separated into
the two states using a maximum-likelihood method, where the
amplitudes of two Gaussians and their width were treated as
parameters. The uncertainties of the fitting were also calculated
using the same method.

A combination of the solid angle of the spectrometer, the
target thickness, and efficiencies of the SEM and electron
detectors was deduced from the normalization of elastic
scattering data to existing ones. The elastic scattering cross
section measured at 65◦ using an electron beam of 197.5 MeV
was used for the normalization, after radiative corrections
corresponding to the Schwinger, bremsstrahlung, and collision
corrections were applied to the data in the same way as in
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FIG. 2. Cross section of the 12C(e,e′p0) reaction as a function
of the angle ϑp between the outgoing proton and the momentum
transfer.

Refs. [41,42]. The form factor at |q| = 211.1 MeV/c was
calculated from a three-parameter Gaussian charge distribution
[43], which gives a very close fit to the form factor below
300 MeV/c deduced from the cross sections in Refs. [44,45].
The cross section was also calculated using the phase-shift
analysis code DREPHA 11 [46] employing the parameter sets
described in Refs. [44,45]. The values obtained from fitting
and phase-shift calculations agree within 3%, and the value
obtained by the fitting, 3.50 µb/sr, is used for normalization.
The radiative correction to the (e, e′p0) reaction was carried
out using a Monte Carlo simulation program AEEXB [47]. The
resultant (e, e′p0) cross section as a function of the angle ϑp

(between the outgoing proton and the momentum transfer)
is shown in Fig. 2 and listed in Table I. The errors were
obtained by combining in quadrature the statistical error, the
fitting error of the missing-energy spectrum, and the error
of the normalization of the elastic scattering cross section.
The angular distribution shows a strong forward peak, and
the cross sections at backward angles (ϑp > 70◦) are much
smaller.

TABLE I. Double differential cross section and reduced cross
section of the (e, e′p0) reaction.

(θp, φp) pm Differential cross Reduced cross section
(MeV/c) section (nb/MeV/sr2) ρ(pm) (MeV/c)−3

(0◦,–) 181.5 12.58 +1.42
−1.41 (3.78 +0.43

−0.42) × 10−9

(12◦, 90◦) 184.8 11.36 +1.27
−1.26 (3.41 +0.38

−0.38) × 10−9

(24◦, 90◦) 194.4 9.05 +0.90
−0.96 (2.69 +0.27

−0.29) × 10−9

(36◦, 90◦) 208.8 4.91 +0.72
−0.74 (1.44 +0.21

−0.22) × 10−9

(48◦, 90◦) 226.6 3.72 +0.81
−0.83 (1.08 +0.24

−0.24) × 10−9

(72◦, 90◦) 266.4 0.45 +0.16
−0.18 (1.28 +0.46

−0.51) × 10−10

(84◦, 90◦) 286.1 0.30 +0.14
−0.16 (0.86 +0.40

−0.46) × 10−10

(96◦, 90◦) 304.8 0.49 +0.20
−0.24 (1.41 +0.58

−0.69) × 10−10
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III. DISCUSSION

The unpolarized (e,e′p) cross section in the first Born
approximation can be expressed in terms of four response
functions Rλλ′ as [3,7]

σe,e′p ≡ d3σ

dωd
ed
p

= K

(2π )3
σM [vLRL + vT RT

+ vLT RLT cos(φp) + vT T RT T cos(2φp)], (1)

where σM is the Mott cross section, K = | p′|E′
p is a kinemat-

ical factor, and φp is the azimuthal angle between the electron
scattering plane and the (q, p′) plane. The coefficients vλλ′

are obtained from the lepton tensor components and depend
only upon the electron kinematics [3]. The response functions
Rλλ′ represent the response of the nucleus to the longitudinal
(L) and transverse (T) components of the electromagnetic
interaction. They are obtained from suitable combinations
of the components of the hadron tensor [3] and are given
by bilinear combinations of the transition matrix elements of
the nuclear charge-current operator between initial and final
nuclear states.

In the plane-wave impulse approximation (PWIA), the
(e,e′p) cross section can be factorized in the form [30]

σe,e′p = Kσe,pS(Em, pm), (2)

where σe,p is the off-shell electron-proton scattering cross
section, and S(Em, pm) is the diagonal spectral function [3],
which gives the joint probability of removing a nucleon with
initial momentum pm and separation energy Em from the target
nucleus. At each value of Em, the momentum dependence
of the spectral functions corresponds to the momentum
distribution of the quasihole state produced in the target at
that energy. Data for the (e,e′p) reaction are usually presented
in terms of the reduced cross section for specific values of Em,
as defined by

ρe,e′p(Em, pm) = σe,e′p

Kσe,p

, (3)

which gives the momentum distribution of the proton in
the nucleus in the PWIA. Although the factorization of
Eq. (2) is valid only for the nonrelativistic PWIA [31], the
definition of Eq. (3) is useful to compare experimental results
measured in different kinematics. The experimental reduced
cross section, in fact, also contains the effects of final-state
interactions, which are included in the DWIA by means of
phenomenological optical potentials, as well as other possible
contributions beyond the DWIA.

The (e,e′p0) differential cross section measured in the
present experiment is listed in Table I, together with the
reduced cross section obtained from Eq. (3), using the cc2
prescription [30] for σe,p. In the present kinematics, the results
using cc1 and cc2 prescriptions given in Ref. [30] differ by no
more than 2%. In Fig. 3, our reduced cross section (closed
circles) is compared with the results of the (e,e′p0) experiment
at NIKHEF-K [32] (open triangles) measured in parallel
kinematics at higher momentum transfers, ranging from 155
to 519 MeV/c, and with those of the (γ,p) experiments [16]
(open circles). The present data cover a missing-momentum
range higher than the region covered in Ref. [32] and the
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FIG. 3. (Color online) Reduced cross section of 12C(e,e′p0) and

(γ, p0) reactions as a function of the missing momentum. Closed
circles show the results of the present (e,e′p0) experiment at |q| =
104.4 MeV/c. Open triangles and open circles represent the results
of the 12C(e,e′p0) [32] at higher momentum transfers, ranging from
155 to 519 MeV/c, and (γ,p0) [16] reactions, respectively. Curves
show the RDWIA calculations corresponding to them. Solid (black),
dashed (red), and dotted (green) curves are calculations for cc1, cc2,
and cc3 current operators, respectively.

whole range of the (γ,p) experiment. The reduced cross
section obtained from the present experiment is approximately
one-half of the (e,e′p) data at higher momentum transfers. It
is also smaller than the (γ,p) data.

The present data are compared with the RDWIA cal-
culations. The theoretical approach is the same as that
described in Refs. [7,28,29]. The relativistic bound-state wave
functions have been obtained using NL2 parameters [48]. The
scattering state is calculated by means of the energy-dependent
and A-dependent EDAD1 complex phenomenological optical
potential reported in Ref. [49], which is fitted to proton elastic
scattering data from several nuclei in the energy range of
20–1040 MeV. For the one-body current operator, since there is
no unambiguous prescription for involving off-shell nucleons,
the results given by the three current-conserving prescriptions
(cc1, cc2, and cc3) [30] are compared. The spectroscopic
factors are obtained by fitting the calculations with the
12C(e, e′p0) data at higher momentum transfer measured
at NIKHEF-K [32]; they are Scc1 = 1.90, Scc2 = 2.02, and
Scc3 = 2.09 for the three current-conserving prescriptions
(cc1, cc2, cc3), respectively. Although the data can be well
fitted by the calculations at pm � 120 MeV/c, they overesti-
mate the experimental values in the higher missing-momentum
region, as shown in Fig. 3; the enhancement is 31%, 22%, and
16% around 180 MeV/c for cc1, cc2, and cc3, respectively.
The use of NL-SH parameters for calculation of the bound-
state wave function, which were used in Ref. [28], gives more
enhancement there. The reduced cross sections of the (γ,p)
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FIG. 4. The 12C(e,e′p0) cross section of the present experiment as
a function of the missing momentum. Solid, dashed, and dotted lines
are the RDWIA results using the cc1, cc2, and cc3 one-body current
operators, respectively. The corresponding spectroscopic factors have
been applied to the calculations.

reaction calculated in the RDWIA calculation using the same
potential parameters and the same spectroscopic factors are
also shown in Fig. 3. Large and even huge current ambiguities
are found for cc1, cc2, and cc3 operators; the cc3 current gives a
satisfactory agreement, whereas the cc2 current overestimates
the data by a factor of 2, and the cc1 current gives a result of
almost an order of magnitude larger than the data. It should
be noted that the results are slightly different from those in
Ref. [28] owing to the use of a different parametrization for
the bound-state wave function.

Figure 4 shows a comparison of the present data with
the RDWIA calculations, where the previously obtained
spectroscopic factors have been applied to the calculations.
The measured cross section decreases with increasing missing
momentum, but the decrease is slower than in the theoretical
results. The differences in the calculations involving the three
different current operators are sizable and increase with the
missing momentum, although they are much smaller than
those in the (γ,p) reaction. The cross section obtained using
the cc1 current is enhanced with respect to that using cc2,
whereas the results obtained using cc2 and cc3 are closer
to each other. Although it is difficult to discuss the choice
of the current operator at pm � 250 MeV/c due to large
errors of the data, all the calculations overestimate the data
by a factor of about 1.5 at the lowest value of the missing
momentum.

Figure 5 shows a comparison of our data with the relativistic
calculations where the two-body seagull current is also
included [29,50]. The cross sections calculated using the cc1,
cc2, and cc3 prescriptions for the one-body current operator
are displayed. The result obtained using only the one-body
cc2 current is also shown in the figure for comparison. All the
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FIG. 5. The 12C(e,e′p0) cross section of the present experiment
as a function of the missing momentum, in comparison with the
relativistic calculations involving the one-body + seagull current.
Solid, dashed, and dotted lines are obtained using the cc1, cc2, and
cc3 one-body current operators, respectively. The dot-dashed line
is calculated using the one-body cc2 current without the seagull
term. Corrections described in the text have been applied to all
the theoretical calculations. A further factor of 0.75 is applied to
normalize them to the present experimental value at the lowest
missing momentum.

theoretical results have been multiplied by the corresponding
spectroscopic factors. As shown in Fig. 3, the RDWIA
calculations overestimate NIKHEF data around 180 MeV/c;
to remove the overestimation, theoretical values have been
decreased by 31%, 22%, and 16% for cc1, cc2, and cc3
prescriptions, respectively. After these corrections, resultant
theoretical values overestimate the present experimental one
at 180 MeV/c by about 30%; in Fig. 5, the theoretical values
are multiplied by a further factor of 0.75 to normalize the
calculated cross sections to the present data at the lowest values
of the missing momentum. When the seagull term is added in
the nuclear current and the overestimation of the calculations
at 180 MeV/c is corrected, the differences among the three cal-
culations are reduced. The seagull contribution enhances the
cross section, and this enhancement is larger at higher values of
the missing momentum. Thus, the shapes of all three calcula-
tions turn out to be in closer agreement with the data, although
their absolute values slightly overestimate the data over the
whole momentum range explored in the present experiment.

The contribution of the seagull current in the relativistic
calculation is important in the present situation of low
momentum transfer for the (e, e′p0) reaction and is larger than
that at higher momentum transfer in both the nonrelativistic
[21] and relativistic [29] approaches. It is also larger than
that for the 12C(γ,p) reaction at Eγ = 60 MeV in the same
relativistic approach [29]. We must consider, however, that,
owing to current conservation, only the transverse components
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of the two-body current are included in the nonrelativistic
approach [21]. Their effect on the transverse components
of the nuclear response in the nonrelativistic approach is in
general larger than that in the relativistic approach. Thus,
for the (γ,p) reaction, where only the transverse current
contributes, MEC effects are found to be smaller in the
relativistic calculations than in the nonrelativistic calculations
[29]. In the relativistic framework, the two-body current is
included both in the longitudinal and transverse components,
and it affects all the response functions. The effect of the
seagull current on the separated response functions for the
present 12C(e, e′p0) reaction is shown in Fig. 6 for the cc2
one-body current operator. Similar results are obtained with
cc1 and cc3. The seagull term produces a strong enhancement
of the longitudinal response at large missing momenta, which
is mainly responsible for the change of shape given by MEC in
the calculated cross sections shown in Fig. 4. This effect occurs
only in the relativistic calculation and can thus be considered
as a relativistic effect.

Only the contribution of MEC due to the seagull diagrams
was included in the present relativistic calculations. Although
these terms should represent the main contribution of MEC
in the considered kinematics, other diagrams involving one-
pion exchange should also be included in the model. In the
nonrelativistic calculations, the pion-in-flight terms reduce
the effect of the seagull current, while the �-isobar current
is not important in the present kinematics. Although similar
effects can also be expected in the relativistic approach, only an
explicit calculation would give a clear and quantitative answer
concerning the role of two-body currents.
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FIG. 6. (Color online) Separated response functions calculated in
RDWIA for the cc2 current operator. Thick (black) lines represent
the results obtained including the seagull contribution, and thin (red)
lines show those without it. Solid, dashed, and dash-dotted lines show
the longitudinal, transverse, and transverse-transverse components of
the response function, respectively. The spectroscopic factor is not
applied in the calculation.

IV. SUMMARY AND CONCLUSION

The cross section of the 12C(e,e′p0) reaction has been
measured at low energy and low momentum transfer, ω =
60 MeV and |q| = 104.4 MeV/c, respectively, in the missing-
momentum range between 181.5 and 304.8 MeV/c. The
reduced cross section is one-half that of the 12C(e,e′p) reaction
at higher momentum transfers [32] and one-half that of the
12C(γ,p) reaction at Eγ = 60 MeV [16].

The experimental cross section has been compared with
RDWIA calculations with and without MEC, where the
spectroscopic factors have been obtained from the (e, e′p0)
cross section measured at higher momentum transfers. The
theoretical results without MEC overestimate the cross section
of the present experiment by a factor of about 1.5 at around
pm = 180 MeV/c, and those including MEC do the same
throughout the missing-momentum region covered by this
experiment. As shown in Fig. 3, the RDWIA calculations
overestimate the NIKHEF data by 15%–30% in the region
of pm = 180–220 MeV/c. This suggests that some part of the
discrepancy in the present experiment may be attributed to the
overestimation of the momentum distribution calculated with
the RDWIA using the NL2 parameters. The correction for this
discrepancy also improves the agreement between the present
experiment and the RDWIA calculations. After inclusion of
MEC and the aforementioned correction, the shape of the
12C(e, e′p0) cross section measured at ω = 60 MeV and |q| =
104.4 MeV/c is well described with the RDWIA calculations,
although there remains a small difference in the absolute
values.

Only the MEC contribution due to the seagull current is
included in the calculations. Its effect is large at high missing
momenta, where it produces an enhancement that improves the
agreement in terms of the shape of the cross section. This effect
is due to the combined increase of both the longitudinal and
transverse components of the nuclear response. In particular,
the longitudinal response is increased up to approximately
one order of magnitude by the seagull current at the highest
considered values of the missing momentum. Although the
seagull term should give the main contribution of MEC
in the kinematics of the present experiment, the inclusion
of other terms, in particular of the pion-in-flight current,
would allow a more reliable quantitative comparison with
data.

In the case of the 12C(γ,p) reaction, the RDWIA calcu-
lations using the three different current operators (cc1, cc2,
and cc3) produce huge differences, as shown in Fig. 3. The
result using the cc3 operator was close to the experimental
data, whereas a large or huge overestimation was obtained
using the cc2 and cc1 currents [28]. The discrepancy between
the present (e, e′p0) reaction is much smaller than that for the
(γ,p) reaction. In contrast to the (e, e′p0) and (γ,p) reactions,
the RDWIA calculation underestimates the 12C(γ, n) cross
section at 60 MeV by one order of magnitude, even after
the MEC effect (seagull term) is added to the DKO process
[29]. These results suggest that more complicated effects
such as a rescattering process and/or correlations are needed
to describe the data in this energy region. It was shown
recently [51] that reduced cross sections for the transverse
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part of the 12C(e,e′p) reaction, which were obtained from
a Rosenbluth separation at higher energies, and the (γ,p)
data smoothly connect by employing the effective missing
momentum. Longitudinal-dominant and transverse-dominant
data at low and high domains of the missing momentum
are now available. Data obtained at various kinematics may
contribute to upgrading theoretical ingredients.
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