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Abstract. Experiment E97-006 was performed at JLab in Hall C to measure the spectral function
S(Em, Pm) via (e, e

′p) for the nuclei C, Al, Fe, Au in the region of high missing energy Em and miss-
ing momentum Pm. To study short-range correlations as well as the reaction mechanism beyond PWIA
data were taken in parallel and perpendicular kinematics covering a Pm range of up to 800 MeV/c. Assum-
ing PWIA the spectral function can be extracted from the data. Preliminary results of the spectral function
are compared to the Correlated Basis Function theory of Benhar and the Green’s function approach of
Müther et al.. The spectral functions obtained for different targets are compared as well.

PACS. 21.10.-k Properties of nuclei; nuclear energy levels – 25.30.-c Lepton-induced reactions

1 Introduction

The spectral function S(E, k) describes the probability
to find a proton with energy E and initial momentum
k in the nucleus. Experimentally it can be accessed via
(e, e′p) scattering on nuclei, e.g., 12C(e, e′p)11B. In the
Plane-Wave Impulse Approximation (PWIA) the virtual
photon knocks out one of the protons of carbon, which,
according to the shell model, are located in the single-
particle shells 1s1/2 and 1p3/2. The residual nucleus 11B
can be left in an excited state. The initial energy E of
the proton is defined as the difference between the ener-
gies of the initial and final nucleus, which is equal to the
binding energy of the shell εB (≤ 0) plus εF (≤ 0) minus
the excitation energy ε of the residual nucleus. The energy
εF corresponds to the separation energy. Experimentally
one cannot measure the excitation energy of the residual
nucleus directly, but reconstruct the so-called missing en-
ergy Em. The missing energy equals the difference of the
initial and final energy of the electron minus the kinetic
energies of the knocked-out proton and the residual nu-
cleus. Further, one obtains the missing momentum Pm as
the difference of the momentum transfer q and the final
proton momentum. In PWIA one identifies the missing
energy Em with the absolute value of the initial energy E
and the missing momentum Pm with the initial momen-
tum −k of the proton inside the nucleus.

The simplest theoretical description of the momentum
distribution is provided by the Independent Particle Shell
Model (IPSM). It makes the assumption, that the nucle-
ons move independently in an averaged potential. This
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potential is obtained either by a Hartree-Fock calculation
using an empirical effective nucleon-nucleon interaction,
or taken as an optical potential usually in a Wood-Saxon
shape, the parameters of which are fixed by elastic proton
scattering on the specific nucleus. The energy distribution
of the nucleons in the nucleus is typically described by
a sum of Lorentzians centered at the energy eigenvalue
of the various shells. The width Γ accounts for the ex-
perimentally determined energy broadening of the shell,
which is related to the lifetime τ of the single-particle
state by Γ = 1/τ . This simple model explains the magic
numbers of closed shells of nuclei as well as the charge
and matter distribution of the nucleus. Further, it repro-
duces the shape of the momentum distributions reason-
ably well, provided the calculated distributions are mul-
tiplied with a factor less than one. This factor is called
spectroscopic factor Zα and can be obtained by integrat-
ing the experimental momentum distribution of a shell α
over its missing-momentum distribution.

The spectroscopic factor Zα gives the number of nu-
cleons which reside in the shell α. Experimentally, one ob-
serves a depletion of the occupation number in the shell
of about 30%. Depletion occurs also in other systems such
as atoms, where it amounts only to about 0.2% for, e.g.,
Ar, whereas in liquid 3He the depletion reaches 50–60%.
This indicates that the depletion increases with increas-
ing strength of the interaction between the particles in the
system. Indeed, the observed depletion lies in the repul-
sive core of the nucleon-nucleon interaction, which leads
to scattering between particles at short distances. These
Short-Range and tensor Correlations (SRC) lead to large
missing energies and momenta. If the proton, which is
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strongly correlated with another proton is knocked out,
the second proton leaves the nucleus with the opposite
initial momentum due to momentum conservation. In this
simple picture the missing energy would be equal to Em=
Pm

2/(2M). Therefore, the maximum of the spectral func-
tion in the region of large Em and Pm is expected at this
position.

One of the consequences of SRC is the depletion of the
single-particle region, since a fraction of the protons has
energies and momenta far above the ones calculated in the
IPSM. The experiment E97-006 took data in this region
of large Em and Pm.

2 Recent theoretical calculations

The spectral function for 12C extracted from the data will
be compared to two recent theories, the Correlated Basis
Function (CBF) theory of Benhar et al. [1] and the Green’s
function approach of Müther et al. [2].

In the CBF theory the spectral function is separated
into two parts, the single-particle and the correlated spec-
tral function. The single-particle spectral function dom-
inates at small initial momentum k and energy E and
describes mainly the shell structure of the specified nu-
cleus. This part is taken from the IPSM model with a
normalization of 0.78 given by the strength of the corre-
lated part calculated in the CBF theory. The latter one
is dominant at large initial momentum and is calculated
from basis states which already take SRC and tensor cor-
relation into account. The correlated spectral function is
calculated for different densities of nuclear matter first.
The strength at large k increases with incresing nuclear
density. The spectral function for finite nuclei is obtained
by using the Local Density Approximation (LDA).

The Green’s function approach starts from a nucleon-
nucleon interaction, which leads via the Bethe-Goldstone
equation to the G-matrix of nuclear matter. From this the
self-energy Σ can be derived. The hole states are repre-
sented by oscillator functions and the particle states by
plane waves. In addition to the Hartree-Fock term the
2p1h and the 2h1p contributions are taken into account as
corrections ∆Σ to the self-energy. The Green’s function is
obtained by inserting ∆Σ into the Dyson equation, which
is solved in a momentum limited spherical model space.
This leads to two solutions. For small momenta (≤ kF) the
single-particle states are described including SRC, Long-
Range Correlations (LRC) as well as the shell structure.
The continuum part at large momenta (k > kF) is mainly
caused by SRC. The spectral function is obtained by the
imaginary part of the Green’s function.

3 Setup and kinematics of the experiment

The experiment was performed in Hall C at JLab. The
incident electron energy was 3.2 GeV. The scattered elec-
trons were detected in the HMS spectrometer and the

knocked-out protons in the SOS spectrometer. Both spec-
trometers are equipped with two drift chambers as well as
four scintillator planes and a Čerenkov detector.

Data for H2 and 12C on top of the quasi-elastic peak
were taken for calibration and check. Angle and momen-
tum offsets were determined for both spectrometers from
the redundance in the hydrogen kinematics. The transmis-
sion of the proton from the target through the different
materials in the spectrometer was determined (95.5±1)%,
which is in agreement with the value obtained from the in-
teraction length of the various materials. The cross-section
of the reaction H(e, e′p) in the range of 0.6 to 2.3 (GeV/c)2
is in good agreement with previous data and the fit of
Mergell et al. [3]. The statistical error is negligible, the
systematic uncertainty amounts to 3.5% due to the un-
certainty in beam energy (±5 ·10−4), in the electron angle
(±1 mrad) as well as uncertainties in current measure-
ment, detector efficiencies, etc.

The data taken for 12C(e, e′p) in the single-particle
region were compared to the prediction using the IPSM
model. The shell structure of 12C, clearly visible in
the missing-energy distribution, is well reproduced by
the IPSM model. To compare the yield of the data
to the IPSM prediction cuts in Em (≤ 50 MeV) and
Pm (≤ 200 MeV/c) were applied. This leads to a ratio of
data to IPSM yield of 0.84 at Q2 = 1.9 (GeV/c)2 us-
ing a transparency factor for carbon T (C) of 0.6. This
result must not be compared with the spectroscopic fac-
tor of 0.65, because the cuts used for this analysis already
include part of the strength due to the contribution of
SRC. The applied cuts correspond to the ones usually
used in transparency measurements. A recent measure-
ment of the transparency factor of Garrow et al. [4] leads
to T (C) ≈ 0.55 using a spectroscopic factor of 0.9 in agree-
ment with previous transparency measurements.

Production data were taken for C, Al, Fe, and Au cov-
ering a wide range of Em and Pm (up to 800 MeV/c).
For each target three settings were measured in paral-
lel kinematics and two in perpendicular kinematics. The
purpose of performing the experiment in perpendicular
as well as in parallel kinematics is to study contributions
to the reaction mechanism beyond PWIA. Rescattering
can occur after the (e, e′p) process due to an additional
proton-nucleon scattering inside the nucleus. This leads to
the wrong values for the reconstructed Em and Pm.

Another process is the excitation and the decay of
the ∆-resonance, which leads to an additional undetected
pion. Due to the mass and the energy of the pion, the re-
constructed Em is larger than the initial one. This process
can only occur for Em > 150 MeV. In parallel kinemat-
ics it is expected that rescattering is suppressed because
of the smaller phase space. Further, the influence of the
∆-resonance should be less than in perpendicular kine-
matics because of its transversal character.

4 Extraction of the spectral function

Despite these complications, for the time being we assume
PWIA to extract the spectral function from the data and
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treat the mentioned processes as corrections at a later
time. Then, the experimental cross-section is proportional
to the e-p off-shell cross-section, the spectral function and
the nuclear transparency T . As e-p off-shell cross-section
the cc1 version of de Forest is used [5]. The nuclear trans-
parency factor accounts for the absorption of the proton
inside the nucleus. These factors were measured in vari-
ous experiments (e.g., [4]), but will lead to a systematic
error of ≈ 10%. The values used in the analysis are 0.6,
0.5, 0.4, 0.3 for C, Al, Fe and Au, respectively. The data
are binned in Em and Pm. The bin size of Em varies be-
tween 10 and 50 MeV depending on the statistics, whereas
the bin size for Pm is fixed at 40 MeV/c. Background sub-
traction is performed using the coincidence time spectrum
(FWHM = 0.5 ns), which was corrected for start time dif-
ferences of the trigger signal generated by various scintil-
lator paddles as well as path length differences of the par-
ticles in the spectrometers. The events in each (Em, Pm)
bin are corrected for the efficiency of the detectors and the
tracking algorithms. The beam current was measured by
beam cavity monitors tuned to match the beam bunch fre-
quency. These monitors were frequently calibrated against
the UNSER monitor, which is based on magnetic induc-
tion by the electron beam. The phase space was taken from
the Hall C Monte Carlo simulation. The so-obtained spec-
tral function has to be corrected for radiative processes,
which shifts events from one (Em, Pm) bin to another. For
the radiative processes the formalism of [6] is used, which
accounts both for radiative corrections of electron and the
proton. The spectral function is corrected by multiplying
the ratio of events obtained in a Monte Carlo simulation1

without and with radiative processes. For this a spectral
function is needed. It is taken from a fit to the spectral
function extracted from the data combined with the IPSM
contribution for low Em, Pm. Convergence between model
and experimental spectral function is reached in an itera-
tive process.

5 Comparison to theories

The preliminary result for the spectral function in parallel
kinematics will be compared to the CBF theory [1] and the
Green’s function approach [2] in the following. Because the
theories do not describe the ∆-resonance, the correlated
region in the experimental spectral function has to be sep-
arated from the ∆-region. To some extent this can be with
a cut in the 2-dimensional plot of Pm and θkq, which is the
angle between the initial momentum k and the momen-
tum transfer q. As can be seen in the left panel of fig. 1
the correlated strength in the parallel kinematics occurs
at smaller angles and larger Pm than the ∆-resonance.
This procedure can only work for data measured in par-
allel kinematics, not for the perpendicular kinematics. To
demonstrate its effect the histogram of the Em distribu-
tion of Kin3 is shown without and with the cut applied.

1 Monte Carlo simulation of the Hall C Collaboration at Jef-
ferson Lab.
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Fig. 1. Left: cut used to separate the ∆-resonance from the
correlated region. Right: after applying this cut to the data
the small bump representing the correlated region remains.
Subtraction of the correlated region from the data leads to the
region indicated by ∆.
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Fig. 2. Distorted spectral function in parallel kinematics
(solid lines) compared to the theory of Benhar [1] (dashed
lines) and to the Green’s function approach of [2,4] (dotted
lines) for selected missing momenta (see legend). The arrows
indicate the position at which one would expect the maximum
of the spectral function according to the simple picture de-
scribed in the text.

The curve for the ∆-resonance is obtained by subtracting
the cut spectrum from the raw one. From a comparison of
the curves one concludes that the correlated region seems
to be well separated from the ∆-resonance. It should be
mentioned that the chosen kinematics Kin3, which covers
the highest Pm in parallel kinematics, contains the largest
contribution of the ∆-resonance. For the Pm distribution
similar results are obtained.

In fig. 2 a selection of various Pm-bins for the spectral
function measured for carbon in parallel kinematics (solid
lines) is shown together with the predictions from the CBF
theory (dashed lines) and the Green’s function approach
(dotted lines). Both theories are in remarkable agreement
at Pm = 250 MeV/c. With increasing Pm the agreement
gets worse. The strength of both theoretical spectral func-
tions is located at too large Em. The maximum of the the-
oretical spectral functions is close to Em = Pm

2/(2M),
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Fig. 3. Distorted spectral function extracted from the data
in perpendicular kinematics for different Pm-bins.

where it is expected according to the simple picture of
SRC mentioned above. This is not supported by the ex-
perimental result. The missing strength of the theories at
low missing energy might indicate that LRC are much
more important, even though LRC are included in the
Green’s function approach. In addition, the CBF theory
is about a factor 2 larger than the experimental result
in the high Pm-region. On the other hand, the integrated
strength of the CBF prediction is in good agreement with
the experiment (see sect. 7).

6 Results in perpendicular kinematics

The results for the spectral function extracted from the
data in perpendicular kinematics are quite different from
the one in parallel kinematics. The ∆-resonance cannot be
separated as was done in the parallel kinematics. There-
fore a cut was applied to select a region, where the contri-
bution of the ∆-resonance is less important. The ratio of
the data to the Monte Carlo simulation based on the spec-
tral function from the CBF theory amounts to a factor of
≈ 3. This is probably due to rescattering processes, which
are currently calculated by C. Barbieri. We also note that
radiative corrections are much more important at large
Em. This can be clearly seen by comparing the results of
a Monte Carlo simulation with and without inclusion of
radiative processes.

The experimental spectral function in perpendicular
kinematics is shown in fig. 3 for various Pm-bins. Surpris-
ingly the maximum of the spectral function in the corre-
lated region follows the position expected from the simple
picture of SRC mentioned above. This position is indic-
tated by the arrows. But this obviously cannot be taken
as a signature of SRC, because the origin of much of the
strength lies in rescattering processes and the contribution
of the ∆-resonance.

7 Momentum distribution

To make a better comparison between the spectral func-
tions obtained in parallel and perpendicular kinematics
and the ones provided by theory, the momentum distribu-
tion is calculated:

n(Pm) =

∞∫

εF

dEmS(Em, Pm) . (1)

Because we are interested in the correlated region, the
lower limit is set to 40 MeV. This insures that most of the
single-particle strength is excluded. The upper integration
limit is chosen such that it excludes as well as possible the
region of the∆-resonance and depends on the Pm-bin. The
comparison of the experimental nexp(Pm) momentum dis-
tribution in parallel kinematics to the theoretical one from
the CBF and Green’s function approach (nCBF(Pm) or
nGF(Pm), respectively) shows, that for Pm ≤ 450 MeV/c
nexp(Pm) agrees within ± 20% with nCBF(Pm), but is a
factor of 1.5 higher than nGF(Pm). For Pm ≥ 500 MeV/c
nCBF(Pm) exceeds the experimental one by a factor of ≈ 2,
whereas nGF(Pm) is approaching nexp(Pm) from above.
The momentum distribution measured in perpendicular
kinematics exceeds both theories by more than a factor
of 2. One should keep in mind, that these results are de-
pendent on the lower limit of the integral eq. (1). Similarly,
one also can compare the missing energy averaged over
each Pm-bin. The averaged missing energy Em is larger
for both theories, which yield very similar results. The de-
viation to the experiment increases with increasing Pm.
By integrating the momentum distribution over Pm in
the range of 230 to 630 MeV/c one obtains the averaged
number of protons ZC detected in the correlated region
(= “correlated strength”). Within 20% there is agreement
between experiment and both theories in parallel kine-
matics, whereas in perpendicular kinematics the data are
a factor of 3 too high.

8 Comparing the spectral function of
different nuclei

So far only the results for the spectral function for car-
bon were discussed. In this section the spectral function
extracted from the data for Al, Fe and Au in both parallel
and perpendicular kinematics will be compared to the one
of carbon. To make a reasonable comparison the spectral
function of different nuclei is normalized to the number of
protons in each nucleus. In fig. 4 the so-normalized spec-
tral function in parallel kinematics is shown for selected
Pm-bins. In the correlated region the spectral functions
extracted for C, Al, Fe are in fair agreement, whereas for
increasing Em they start to deviate, especially in the dip
region between the correlated region and the ∆-resonance.
The gold data lead to a spectral function far above the
ones corresponding to the lighter nuclei. To perform a
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more quantitative analysis the normalized spectral func-
tion of Al, Fe and Au is divided by the one of C. The result
is averaged over the correlated region and plotted in fig. 5
against the mass number of C, Al, Fe and Au. These re-
sults do depend on the transparency factor used, which,
however, is known to be better than 10%. Systematic er-
rors will cancel to first order in the ratio of the spectral
functions. The statistical uncertainty is small. The various
uncertainties cannot explain the large enhancement of the
spectral function of gold by a factor of 2 relative to the
one of carbon. For Al (Fe) the enhancement is only 5%
(20%). It is remarkable, that these values are nearly iden-
tical for parallel and perpendicular kinematics, except for
the Au/C ratio.

It is likely that part of the enhancement of the spectral
function for heavy nuclei is caused by the excess of neu-
trons in these nuclei. This leads to a larger number of n-p
pairs involving a neutron and proton in a 3S1 state, which
results in additional SRC. Calculations of Ryckebusch [7]
for 16O(e, e′p) confirm that the contribution of tensor cor-
relations exceeds the one from central correlations by up
to a factor of 5.

9 Summary

The purpose of experiment E97-006 is to study SRC and
the reaction mechanism beyond PWIA. For that, data
were taken on different targets C, Al, Fe, Au in parallel
as well as in perpendicular kinematics. Rescattering pro-
cesses should be pronounced in the perpendicular kine-
matics. In addition the contribution of the ∆-resonance
should be enhanced. The distorted spectral functions were
extracted under the assumption of PWIA from all data
sets. A large difference in shape and magnitude between
the spectral functions from the data in parallel and per-
pendicular kinematics is observed. The preliminary results
were compared to the Correlated Basis Function theory [1]
and the Green’s function approach [2]. So far, none of the
theories can describe the data. The agreement with the
spectral function extracted from the parallel kinematics
is always better than a factor of 2, while the integrated
strength in the correlated region is well predicted. Both
theories have the strength of the spectral function shifted
to larger Em, with the maximum of the calculated spec-
tral function approximately fulfilling the relation Em=
Pm

2/(2M). In fact the spectral function from perpendicu-
lar kinematics roughly obeys this relation, but this cannot
be taken as a signature of SRC. Rescattering processes and
the ∆-excitation are largely responsible for this strength.
The calculation of the rescattering processes by Barbieri
should help to understand the different behavior of the
distorted spectral function obtained in parallel and per-
pendicular kinematics.

The distorted spectral functions of Al, Fe, Au were
compared to the one of C. The ratios of the spectral func-
tions of heavier nuclei to the one of C were obtained and
averaged over the correlated region. For this comparison
the spectral functions were normalized to the number of
protons in the nucleus. This ratio increases with the mass
number and may largely result from the fact that for heavy
N �= Z nucleus the short-range correlations mainly result
from the interaction of n-p pairs, which increase with Z
more rapidly than the number of protons.
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