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PREAMBLE

? An accurate description of the 2p2h sector, providing
∼ 20% of the nuclear cross section is only relevant to
the extent to which the remaining ∼ 80%, arising from
processes involving 1p1h final states, is fully
understood

? (e, e′p) experiments, in which the scattered electron
and the outgoing proton are detected in coincidence,
have provided ample evidence of the coupling
between the 1p1h and 2p2h sectors

? The wealth of available (e, e′p) data—mainly collected
at Saclay, NIKHEF-K and Jefferson Lab data—must be
exploited to test the theoretical approaches employed
to study neutrino-nucleus interaction, and assess their
predictive power
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THE (e, e′p) REACTION
I Consider the process

e+A→ e′ + p+ (A− 1)

in which both the outgoing electron
and the proton, carrying momentum
p′, are detected in coincidence, and
the recoiling nucleus can be left in a
any (bound or continuum) state |n〉
with energy En

e e′

p′

q,ω

I In the absence of final state interactions (FSI)—which can be
taken into acount as corrections—the the measured missing
momentum and missing energy can be identified with the
momentum of the knocked out nucleon and the excitation
energy of the recoiling nucleus, En − E0

pm = p′ − q , Em = ω − Tp′ − TA−1 ≈ ω − Tp′
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THE (e, e′p) CROSS SECTION
? The (e, e′p) cross section is determined by the nuclear spectral

function, yielding the probability of removing a nucleon of
momentum pm leaving the residual system with excitation
energy Em

dσA ∝ dσNP (pm, Em)

P (k, E) =
∑
h∈F

Zh|Mh(k)|2Fh(E − eh) + PB(k, E)

? Interaction effects described by the spectroscopic factors Zh < 1,
the finite lifetime τh, and the continuum contribution PB(k, E)

? Within the Independent Particle Model (IPM)
I PB(k, E) = 0

I Zh = 1

I |Mh(k)|2 = |〈h|ak|0〉|2 → |φh(k)|2

I Fh(E − eh) = 1
π

τh
(E−eh)2+(τ−1

h
)2
→ δ(E − eh)
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THE 1P1H SECTOR

I At moderate missing energy—typically Em
<∼ 50 MeV—the

recoiling nucleus is left in a bound state

I The final state is a 1p1h state of the A-nucleon system

I The missing energy spectrum exhibits spectroscopic lines,
corresponding to knock out from the shell model states

I Consider 12C(e, e′p)11B, as an example. The expected 1p1h final
states are

|11B(1/2−), p〉 , |11B(3/2−), p〉 , . . .
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(e, e′p) AT MODERATE MISSING ENERGY

I Missing energy spectrum of
12C (U. Amaldi, Jr, et al, 1964;
G. van der Steenhoven et al,
1988)
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Figure 57: The process A(e, e′p)X from its birth to present days is illustrated in the Figures from top to bottom. Top
panel: the first experimental data at low energy resolution obtained in 1966 at the National Frascati Laboratory of
INFN, demonstrating the basic shell-model structure of 12C [181]. In the figure the counting rate is plotted vs. the
energy of the beam ε ≡ E0 and the removal energy E ≡ Binding energy. (Figure reprinted from [181]. Copyright (1996)
by the American Physical Society). Middle panel: the NIKHEF high resolution data obtained in 1988 in the range of
excitation energy of 11B equal to 0 ≤ EX ≡ E∗

11B ≤ 8 MeV , providing evidence of the spin-orbit single particle potential
and the presence of long-range correlations which redistribute the p-shell nucleons within the p3/2−p1/2 sub-shells ([182]).
( Figure reprinted from [182]. Copyright (1988) by Elsevier.). Bottom panel: the recent data obtained in 2006 at Jlab
[247] in the missing energy range 0 < Em ! 200 MeV demonstrating the presence of 2p − 2h virtual excitations in the
ground state of 12C originating from SRCs.(Figure reprinted from [247]. Copyright (2006) by the American Physical
Society)
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I Missing energy spectra of
28Si, 40Ca, and 56Ni measured
at Saclay (J. Mougey et al,
1976)

484 J. MOUGEY et al. 

where the “distorted momentum density” is given by eq. (5.4). 
For the four nuclei we have extracted the energy distributions 9JE) by fitting 

the expansion (6.5), limited to the normally occupied orbits (except for 28Si where 
a 2s contribution was necessary). For Ga we used the distorted momentum distribu- 
tions computed from theoretical single particle wave functions. The quality of the 
data in the outer shells allowed a comparison with the model predictions of the shape 
of the momentum distribution; we find good agreement with the momentum 
distributions used, whereas less realistic distributions, like harmonic oscillator wave 
functions, can definitely be excluded 19) when fitting the lp, shell in 12C, for instance. 
The shape of the measured momentum distribution is generally well reproduced as 
shown in figs. 10, 12, 14 and 16. 

In the case of “C, the lp and 1s shells are almost completly separated experi- 
mentally, the only region where both shells contribute is between 22 and 30 MeV. 
It is worth noting that, above 30 MeV, the best fits to the momentum distribution, 
in energy bins of 5 MeV, all correspond to a pure 1 s momentum distribution, showing 
that all parts of the broad bump in the energy spectrum have the same momentum 
dependence. This justifies the assumption which was tacitly made in eq. (6.2), i.e. 
the use of a unique momentum distribution even if the state was spread over several 
ten MeV. 

Fig. 17 shows the strength distributions of the various shells in 28Si, 40Ca and 
58Ni. The most striking feature is the large spread of the 1 s hole strength, more than 
40 MeV, showing the difficulty of using the notion of shells for nucleons bound so 
strongly. The non-uanishing lp hole strength at high excitation energy (see for 
example the second maximum in 4oCa) is probably meaningless. It could result from 
the contribution of multiple scattering events of the outgoing proton, which we have 
neglected in the analysis. One also may note the splitting of lp hole strength in 28Si 
already deduced from (d, z) reactions 24): trying to fit the energy range 15-17.5 MeV 
with a mixture of 2s and Id subshells only, one definitely obtains a bad fit. That 
splitting has been explained 25) by a strong difference between the average Id,-lp, 
and Id,-lp, interactions. 

40 a EPkV) 20 40 KIE(MeV) 20 40 60 8OECMeV) 

Fig. 17. Hole strength distribution from (e, e’p) reaction on ‘*Si, 40Ca, 58Ni. 

I Spectroscopic lines of valence states clearly seen
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MOMENTUM DISTRIBUTIONS (FSI INCLUDED)
I Knock out of a p-shell proton

from carbon (van der
Steenhoven, et al, 1988)
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Figure 58: (LEFT) The angular distributions of the three negative parity levels of the process 12C(e, e′p)11B measured
at NIKHEF and shown in Fig. 57. The continuous curves represent a best fit to the experimental data obtained by
changing the nucleon occupation number of the p-shell and the radial strength of the optical potential used in the
Distorted Wave Born Approximation. (RIGHT): the model values of the spectroscopy factors (occupation numbers) of
the process 12C(e, e′p)11B obtained in Ref. [182] by fitting the experimental angular distributions (a). In the Table the
results of two shell-model calculations including configuration mixing in the p-shell are also shown, namely: (c) [183]
and (d) [184] are compared with the experimental results listed in (a), whereas (b) denotes the the values predicted by
the simple independent particle shell model. (Table reprinted from [182]. Copyright (1988) by Elsevier).

strength shifted to higher values of removal energies. This work has stimulated, during the following
years, extensive experimental studies through the Periodic Table, that provided very important and
systematic information on the properties of single particle states in nuclei [185, 186], without however
furnishing information on the cross section at high values of the removal energy and momenta. Other
twenty years had to pass, and eventually the two-nucleon correlation peak, located at E ! k2

1/2mN

with k1 ! 2 − 3 fm−1 was captured (See Fig. 57)(bottom panel) and the investigation of SRCs
could start on more solid grounds. Being the correlation contribution a small part of the strength
(! 20%), a very careful evaluation of FSI is necessary before quantitative information on SRCs can be
extracted from the experimental data. Therefore a consideration of FSI effects in A(e, e′p)X processes
is a prerequisite in order to ascribe quantitative values to the strengths at high value of the removal
energy, even if the observation of the momentum-energy correlation implied by SRCs represents a
convincing evidence of the latter.

6.5.1. The Final state Interaction in A(e, e′p)X.

The treatment of FSI is usually based upon model approaches whose validity sensibly depends upon
the kinetic energy of the struck nucleon TN or, equivalently, upon the value of the four-momentum
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I Knock out of a s-shell proton
from lead (Quint et al, 1987)

N-N interaction are correlated in the spectral function
with large values of E . Absorption of a virtual photon
on such a correlated pair leads to a broad structure in
the cross section with a maximum at E5k

2/2m . The
measurements of the spectral function for values up to
k5600 MeV/c and E5100 MeV demonstrate the exis-
tence of such a structure with the predicted kinematic
behavior and constitute a direct proof of correlations in
4He. See Fig. 10.

The shell structure of oxygen is of particular interest
because the spin-orbit partners 1p1/2 and 1p3/2 are well
separated in energy (6 MeV) and the knockout spec-
trum shows the spectroscopic strength concentrated in
the 15N ground state and the excited state J53/2 at 6
MeV. Angular momentum analysis of the spectral func-
tion up to 20 MeV shows less than 10% additional
l51 strength (Leuschner, 1994). For the p1/2 state, which
is not fragmented, z=0.63.

For the doubly magic nucleus 208Pb the (e ,e8p) data
(Quint, 1987a, 1987b; Lapikás, 1993) have been analyzed

with a full phase-shift treatment of the distortion in-
duced both by the Coulomb interaction acting on the
electron and the strong interaction experienced by the
knocked-out proton (McDermott, 1990; Jin et al., 1994).
The result for the transition to the ground state of
207Tl is shown in Fig. 11.

The shape appears to be well reproduced in the k

range up to 100 MeV/c . The slight deviations at large
values of k from the theoretical shape are quite interest-
ing, since they signal a deviation of the overlap wave
function from the mean-field shape in the interior of
208Pb. This region of the momentum was therefore not
included in the procedure to extract z .

The spectral function for l50 quantum states is large
at low values of the momentum where the spectral func-
tion of l fi 0 states is small. This provides a powerful tool
to detect l50 strength at larger excitation energies. All
of the low-energy l50 spectroscopic strength in 208Pb is
found to be located in the ground state; up to 20 MeV,
no additional strength is found.

The ground-state spectroscopic strength gives
z50.6860.06 for the 3s orbital. This is the key result for
this prototype quasihole orbital in the heavy doubly
magic nucleus 208Pb. The value is remarkably low con-
sidering that for several decades values near one were
assumed.

A relativistic mean-field approximation has also been
developed for closed-shell nuclei like 16O and 208Pb,
which contain many nucleons (Serot, 1992). Both bound

FIG. 9. Cross sections for 4He (Leeuwe, 1995), compared to
calculation (Laget, 1994) using variational Monte Carlo wave
function with z=0.8.

FIG. 10. Cross section for 4He(e ,e8p) [roughly proportional
to S(k ,E)] as function of E , for several values of k . Both data
and calculation ( Leeuwe, 1995) show the peak expected to
occur at E.k

2/2m

N

.

FIG. 11. Distorted momentum distribution of the 3s state in
208Pb, experiment (Quint, 1987a) and calculation (McDermott,
1990) using a shell-model momentum distribution with ad-
justed z .

988 Pandharipande et al.: Independent particle motion and correlations . . .

Rev. Mod. Phys., Vol. 69, No. 3, July 1997

I Strength limited to the region |pm| <∼ 250 MeV
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QUENCHING OF THE 1P1H STRENGTH
? Nucleon-nucleon correlations move strength from the 1p1h

sector to the 2p2h sector

I Spectroscopic factors of
valence states (Lapikas, 1993)

Nuclear Structure: a wide angle view 8

Removal probability forRemoval probability for
valence protonsvalence protons

fromfrom
NIKHEF dataNIKHEF data

L. L. LapikLapikááss, , NuclNucl. Phys. A553,297c (1993). Phys. A553,297c (1993)

Note:

We have seen mostly

data for removal of

valence protons

S ≈ 0.65 for valence protons
Reduction ⇒ both SRC and LRC

I Spectroscopic factors of the
shell model states of 208Pb
(OB et al, 1991)
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NIKHEF results: 208Pb(e,e"p)207Tl 

for nucleons at surface:
binding energy ≈ excitation energy for nuclear vibrations
            fragmentation  especially at Fermi edge (surface)

nucleons in the interior: deep hole states
larger binding energies             more difficult to excite
           zα  approaches occupation number n of nuclear matter

theoretical curves:
nuclear matter calculation: Correlated Basis Function Theory
Benhar, Fabrocini, Fantoni: NPA 505 (1985) 267
modified for finite nuclei:PRC 41(1990) R24
Modification of Im Σ to reproduce exp. width of the hole states

n  = Σ zα + nc
α

If fragmentation occurs spectroscopic factors 
of different states have to be summed up:

SRC

LRC

? Short range correlations account for more than ∼ 70% of the
observed quenching
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|pm|-EVOLUTION OF THE Em SPECTRUM
? JLab data, oxygen target (Lyianage et al, 2001)

VOLUME 86, NUMBER 25 P H Y S I C A L R E V I E W L E T T E R S 18 JUNE 2001

The systematic uncertainty in cross section measurements
is about 5%. This uncertainty is dominated by the uncer-
tainty in the 1H!e, e" cross section to which the data were
normalized [28].

Figure 1 shows the measured cross section as a func-
tion of missing energy at Ebeam ! 2.4 GeV for various
proton angles, 2.5± # upq # 20±. The average missing
momentum increases with upq from 50 to 340 MeV#c.
The prominent peaks at 12 and 18 MeV are due to
1p-shell proton knockout and are described in [21],
where it was shown that they can be explained up to
Pm ! 340 MeV#c by relativistic distorted wave impulse
approximation (DWIA) calculations. However, the spectra
for Em . 20 MeV exhibit very different behavior. At the
lowest missing momentum, Pm $ 50 MeV#c, the wide
peak centered at Em $ 40 MeV is due predominantly to
knockout of 1s1#2-state protons. This peak is less promi-
nent at Pm $ 145 MeV#c and has vanished beneath a flat
background for Pm $ 200 MeV#c. At Em . 60 MeV or
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FIG. 1. Average cross sections measured at different outgoing
proton angles as a function of missing energy. The cross section
shown at each angle is the average between the cross sections
measured at either side of "q at that angle. The curves show the
s-shell single-particle strength calculated by Kelly folded with
the Lorentzian parametrization of Mahaux. The dashed line
shows the Ryckebusch et al. calculations of the !e, e0pn" and
!e, e0pp" contributions to !e, e0p" including meson-exchange
currents (MEC), intermediate D creation (IC), and central
correlations, while the dot-dashed line also includes tensor
correlations.

Pm . 200 MeV#c, the cross section does not depend on
Em and decreases only weakly with Pm.

We compared our Em . 25 MeV results to single-
particle knockout calculations by Kelly [29] to determine
how much of the observed cross section can be explained
by 1s1#2-state knockout. Kelly performed DWIA calcu-
lations using a relativized Schrödinger equation in which
the dynamical enhancement of lower components of Dirac
spinors is represented by an effective current operator
[30]. For the 1s1#2 state, Kelly used a normalization factor
of 0.73 with respect to the single-particle strength and
spread the cross section and the response functions over
missing energy using the Lorentzian parametrization of
Jeukenne and Mahaux [31].

At small Pm, where there is a clear peak at 40 MeV,
this model describes the cross section (see Fig. 1) and the
separated RL and RT responses well [24]. The extracted
magnitude of !ST 2 SL" [24] is consistent with the de-
crease in !ST 2 SL" with Q2 seen in the measurements
of Ulmer et al. [7] at Q2 ! 0.14 !GeV#c"2 and by Dutta
[16] at Q2 ! 0.6 and 1.8 !GeV#c"2. This suggests that, in
parallel kinematics, transverse non-single-nucleon knock-
out processes decrease with Q2. At larger Pm, where there
is no peak at 40 MeV, the DWIA cross section is much
smaller than the data (see Fig. 1). Relativistic DWIA cal-
culations by other authors [32,33] show similar results.
This confirms the attribution of the large missing momen-
tum cross section to non-single-nucleon knockout.

Figure 1 also shows !e, e0pn" and !e, e0pp" contribu-
tions to the !e, e0p" cross section calculated by Ryckebusch
et al. [34] in a Hartree-Fock (HF) framework. The cross
section for the two particle knockout has been calculated
in the “spectator approximation” assuming that the two nu-
cleons escape from the residual A 2 2 system without be-
ing subject to inelastic collisions with other nucleons. This
calculation includes pion exchange currents, intermediate
D creation, and central and tensor short-range correlations.
According to this calculation, in our kinematics, two-body
currents (pion-exchange and D) account for approximately
85% of the calculated !e, e0pn" and !e, e0pp" strength.
Short-range tensor correlations contribute approximately
13% while short-range central correlations contribute only
about 2%. Since the two-body currents are predominantly
transverse, the calculated !e, e0pn" and !e, e0pp" cross sec-
tion is mainly transverse. The flat cross section predicted
by this calculation for Em . 50 MeV is consistent with
the data, but it accounts for only about half the measured
cross section. Hence, additional contributions to the cross
section such as heavier meson exchange and processes in-
volving more than two hadrons must be considered.

Figures 2 and 3 present the separated response func-
tions for various proton angles. Because of kinematic
constraints, we were able to separate only the responses
for Em , 60 MeV. The separated response functions can
be used to check the reaction mechanism. If the excess
continuum strength at high Pm is dominated by two-body

5672
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WHERE IS THE MISSING 1P1H STRENGTH?

? The correlation strength in the 2p2h sector arises from processes
involving high momentum nucleons, with |pm| >∼ 400 MeV. The
relevant missing energy scale can be easily understood
considering that momentum conservation requires

Em = Ethr +
√
|pm|2 +m2 −m

? Scattering off a nucleon belonging to a correlated pair entails a
strong energy-momentum correlation
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MEASURED CORRELATION STRENGTH
? The correlation strength in the 2p2h sector has been investigated

by the JLAB E97-006 Collaboration using a carbon target
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? Measured correlation strength (Rohe et al, 2005)
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Figure 6. Momentum distribution of the data
(circles) compared to the theory of refs. [3] (dots),
[4] (solid) and [24] (dashed). The lower integra-
tion limit is chosen as 40 MeV, the upper one to
exclude the ∆ resonance.

Experiment 0.61 ±0.06
Greens function theory [3] 0.46
CBF theory [2] 0.64
SCGF theory [4] 0.61

Table 1
Correlated strength (quoted in terms of the num-
ber of protons in 12C.)

shape of the spectral function for C, Al, and Fe
ist quite similar. For Au a larger contribution
from the broader resonance region is obvious and
the maximum of the spectral function is shifted
to higher Em. The correlated strength for Al, Fe
and Au is 1.05, 1.12 and 1.7 times the strength
for C normalized to the same number of pro-
tons. This increase cannot be solely explained
by rescattering but MEC’s have probably taken
into account. Another contribution may be com-
ing from the stronger tensor correlations in asym-
metric nuclear matter [26,27].
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SUMMARY

? Studies of the (e, e′p) cross section, giving access to the nuclear
spectral function, have greatly contributed to identify processes
involving 1p1h and 2p2h final states

? The availability of (e, e′p) data must be exploited to resolve the
degeneracy between model of neutrino nucleus-interactions
based on different—or even conflicting—assumptions on both
nuclear dynamics and the relevant reaction mechanisms

? In view of the use of neutrino detectors based on the liquid
argon TPC technology, a dedicated (e, e′p) experiment (JLab
Experiment E12-14-012) will also provide new, much needed,
information on the argon spectral function
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