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• Short range Correlations Exist!
• Old Subject
• Studied via knock-out reactions

• Inclusive
•  Ratios

•  Exclusive
• Isospin dependence

• Source is the Nuclear Potential
• Some details

• Future Prospects
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The force that holds protons and neutrons together is extremely strong. It has to be
strong to overcome the electric repulsion between the positively charged protons. It
is also of very short range, acting only when two particles are within 1 or 2 fm of
each other.

1 fm (femto meter) = 10^{-15} m = 10-15 m = 0.000000000000001 meters.

The qualitative features of the nucleon-nucleon force are shown below.

This picture shows a rough sketch
of the force between two nucleons.

There is an extremely strong short-range repulsion that pushes protons and
neutrons apart before they can get close enough to touch. (This is shown in orange.)
This repulsion can be understood to arise because the quarks in individual nucleons
are forbidden to be in the same area by the Pauli exclusion principle.

There is a medium-range attraction (pulling the neutrons and protons together) that
is strongest for separations of about 1 fm. (This is shown in gray.) This attraction
can be understood to arise from the exchange of quarks between the nucleons,
something that looks a lot like the exchange of a pion when the separation is large.

The density of nuclei is limited by the short range repulsion. The maximum size of
nuclei is limited by the fact that the attractive force dies away extremely quickly
(exponentially) when nucleons are more than a few fm apart.

Elements beyond uranium (which has 92 protons), particularly the trans-fermium
elements (with more than 100 protons), tend to be unstable to fission or alpha decay
because the Coulomb repulsion between protons falls off much more slowly than the
nuclear attraction. This means that each proton sees a repulsion from every other
proton but only feels an attractive force from the few neutrons and protons that are
nearby -- even if there is a large excess of neutrons.

~1 fm�� ��� = 0.16 GeV/fm3

�� ��⇢0 = 5⇢0

1.7 fm

2N-SRC

3N-SRC

∼ 1fm

Structure of the nucleus

• nucleons are bound
• energy (E) 
distribution
• shell structure

• nucleons are not static
• momentum (k) 
distribution

Determined by N-N potential
Densely packed - 
at small distances 
multiples of NM

Correlations - when 2N are at 
small r12. How is this manifested?
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J.H. Smith, Phys Rev 95, 271, 1954 “Nuclear Scattering of High-Energy Electrons”

“The differential cross section for inelastic scattering summed over nuclear energy levels, is found 
to depend on the relative location of pairs of particles. Information on possible regularities in the 
internal "construction" of nuclei might be obtained from this quantity.”

The author related a quantity, ϕ, which
“ integrated over all of the coordinates save two to give a "two-particle density" which 

characterizes the correlation in location of  pairs of protons”  --- spatial correlations

Correlations - Old Topic

The determination of the nuclear pair correlation 
function and momentum distribution 
Kurt Gottfried 
Annals of Physics 21, 29 (1963).

Shaded domain where 
scattering is restricted solely 
to correlations 
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Inelastic electron scattering from fluctuations in 
the nuclear charge distribution 
Wieslaw Czyż and Kurt Gottfried 
Annals of Physics 21, 47 (1963)

x > 1, low ω side of qep 

x < 1
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926 Negele: Mean-field theory of nuclear structure and dynamics

measured cross sections and their experimental uncertain-
ties. Details of the analysis are described in a review arti-
cle (Friar and Negele, 1975) and error envelopes obtained
in this way for a variety of spherical nuclei (Sick, 1974;
Sick et al. , 1975; Friar and Negele, 1977, Sick et al. ,
1979) are compared with DME calculations in Fig. 11.
Whereas the overall agreement appears quite satisfactory,
individual discrepancies between the mean-field theory
and experiment are latent with interesting nuclear struc-
ture information. For example, whereas Ca and Pb con-
stitute good shell closures, Zr is known to have a signifi-
cant depopulation of the lpi~2 and Of&~2 orbitals and cor-
responding occupation of the Og9/2 level. A simple
schematic calculation based on the pairing theory (Negele,
1971) shows that in Zr the correlation correction de-
creases the interior density in the region of 2 fm by
roughly 8%, significantly improving the agreement with
experiment. (Analogous pairing calculations in Ca and
Pb yield no change in the density. ) The Ni nucleus is

another special case. When one calculates its energy as a
function of deformation, one finds it to be exceedingly

IO

IO-(—

soft with respect to quadrupole deformations. Thus the
simple static mean-field approximation is inadequate, and
one must allow for large amplitude collective motion in
the quadrupole degree of freedom. Although the general
formalism for large-amplitude collective motion in Sec. V
has not yet been applied to this nucleus, one observed that
the shapes of the prolate and oblate admixtures in the
wave function are sufficiently different that one expects
the large-interior density fluctuation to be somewhat di-
minished (Negele and Rinker, 1977). In all these cases,
then, one is led to the conclusion that the mean-field ap-
proximation not only describes the systematic behavior of
spherical nuclei throughout the Periodic Table, but also
serves as a valid starting point for systematic examination
of specific structure effects which go beyond the mean
field. Thus the phenomenological component of the ef-
fective interaction is small enough that it is sensible to
evaluate leading corrections to the mean field as if the ef-
fective interaction were actually derived from an underly-
ing two-body potential.
The discussion of the spatial distribution of matter thus

far has dealt essentially with protons, since we have only
considered the charge scattering of electrons. From a
theoretical point of view, given the strong interplay be-
tween neutron and proton distributions in the self-
consistent mean-field theory, it is difficult to imagine how
one could systematically obtain the correct proton distri-
butions throughout the Periodic Table while making sig-
nificant errors in neutron distributions. Nevertheless, al-
though neutron distributions are much more difficult to
measure experimentally and are subject to greater ambi-
guities of interpretations than protons, it is worthwhile to
briefly survey the present status of measurements of neu-
tron distributions.
The least ambiguous probe of neutron distributions is
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FIG. 10. Cross sections for elastic electron scattering from
Pb at 502 MeV compared with DME mean-field theory pre-

diction (solid line).
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FIG. 11. Comparison of DME mean-field theory charge dis-
tributions in spherical nuclei (dashed lines) with empirical
charge densities. The solid curves and shaded regions
represent the error envelope of densities consistent with the
measured cross sections and their experimental uncertainties.

Rev. Mod. Phys. , Vol. 54, No. 4, October 1982

We know short range correlations exist.
Central density is saturated - nucleons can be packed 
only so close together:  pch * (A/Z) = constant 

J.W. Negele RMP 54 (913) 1982

O. Benhar, AIP Conf.Proc. 1189 (2009) 43-50 
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Nuclear Force from Lattice QCD

N. Ishii1,2, S. Aoki3,4 and T. Hatsuda2
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Nucleon-nucleon (NN) potential is studied by lattice QCD simulations in the quenched approx-
imation, using the plaquette gauge action and the Wilson quark action on a 324 (! (4.4 fm)4)
lattice. A NN potential VNN(r) is defined from the equal-time Bethe-Salpeter amplitude with a
local interpolating operator for the nucleon. By studying the NN interaction in the 1S0 and 3S1

channels, we show that the central part of VNN(r) has a strong repulsive core of a few hundred MeV
at short distances (r ! 0.5 fm) surrounded by an attractive well at medium and long distances.
These features are consistent with the known phenomenological features of the nuclear force.

PACS numbers: 12.38.Gc, 13.75.Cs, 21.30-Cb

More than 70 years ago, Yukawa introduced the pion
to account for the strong interaction between the nucle-
ons (the nuclear force) [1]. Since then, enormous efforts
have been devoted to understand the nucleon-nucleon
(NN) interaction at low energies both from theoretical
and experimental points of view. As shown in Fig.1,
phenomenological NN potentials are thought to be char-
acterized by three distinct regions [2, 3]: The long range
part (r " 2 fm) is well understood and is dominated
by the one pion exchange. The medium range part
(1 fm ! r ! 2 fm) receives significant contributions from
the exchange of multi-pions and heavy mesons (ρ, ω, and
σ). The short range part (r ! 1 fm) is empirically known
to have strong repulsive core [7], which is essential not
only for describing the NN scattering data, but also
for the stability and saturation of atomic nuclei, for de-
termining the maximum mass of neutron stars, and for

repulsive
core
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FIG. 1: Three examples of the modern NN potential in the
1S0 (spin singlet and s-wave) channel: CD-Bonn [4], Reid93
[5] and AV18 [6] from the top at r = 0.8 fm.

igniting the Type II supernova explosions [8]. Although
the origin of the repulsive core must be closely related to
the quark-gluon structure of the nucleon, it has been a
long-standing open questions in QCD [9].

In this Letter, we report our first serious attempt to
attack the problem of nuclear force from lattice QCD
simulations [10]. The essential idea is to define a NN
potential from the equal-time Bethe-Salpeter (BS) ampli-
tude of the two local interpolating operators separated by
distance r [11]. This type of BS amplitude has been em-
ployed by CP-PACS collaboration to study the ππ scat-
tering on the lattice [12]. As we shall see below, our
NN potential shows a strong repulsive core of about a
few hundred MeV at short distances surrounded by an
attraction at medium and long distances in the s-wave
channel.

Let us start with an effective Schrödinger equation ob-
tained from the BS amplitude for two nucleons at low
energies [12, 13]:

−
1

2µ
∇2φ(&r) +

∫

d3r′ U(&r,&r′)φ(&r′) = Eφ(&r), (1)

where µ ≡ mN/2 and E is the reduced mass of the nu-
cleon and the non-relativistic energy, respectively. For
the NN scattering at low energies, the non-local poten-
tial U is represented as U(&r,&r′) = VNN(&r,∇)δ(&r−&r′) with
the derivative expansion [2]: VNN = VC(r) + VT(r)S12 +
VLS(r)&L · &S + O(∇2). Here S12 = 3(&σ1 · r̂)(&σ2 · r̂)− &σ1 · &σ2

is the tensor operator with r̂ ≡ |&r|/r, &S the total spin
operator, and &L ≡ −i&r × &∇ the relative angular mo-
mentum operator. The central NN potential VC(r), the
tensor potential VT(r) and the spin-orbit potential VLS(r)
can be further decomposed into various spin-isospin chan-
nels, e.g. VC(r) = V 1

C(r) + V σ
C (r)&σ1 · &σ2 + V τ

C (r)&τ1 · &τ2 +
V στ

C (r)(&σ1 · &σ2)(&τ1 · &τ2). In the phenomenological analy-
sis of the NN scattering phase shift [3], the Schrödinger
equation with a certain parametrization of VNN is solved
and compared with the data. On the other hand, if we

1.00 
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FIGURE 2. Spin-isospin averaged NN radial correlation function in isospin symmetric nuclear matter at uniform density 
po = 0.16 fm^ (see Eq.(l)). The solid line shows the result of the calculation of Ref. [4], based on a realistic model of nuclear 
dynamics, while the dashed line has been obtained including statistical correlations only. 

NUCLEAR MANY-BODY THEORY 

Nuclear models taking into account the effects of dynamical correlations are based on the paradigm of nuclear many-
body theory (NMBT), stating that the nucleus can be viewed as a collection of A point-like protons and neutrons, 
whose dynamics are described by the non relativistic hamihonian 

S^; ijk : (5) 
;>' k>j>i 

Pi and m being the momentum of the /-th nucleon and its mass, respectively. 
The phenomenological NN potential, Vy, is determined by fitting the observed properties of the two-nucleon system 

in both bound and scattering states, i.e. deuteron properties, low energy scattering parameters and ^^ 4000 precisely 
measured proton-proton and proton-neutron scattering phase shifts corresponding to energies up to pion production 
threshold [7]. It turns out to be strongly spin-isospin dependent and non central, and reduces to the one-pion-exchange 
potential predicted by Yukawa's theory at large separation distance. 

The inclusion of the three-nucleon potential, providing a small contribution to the ground state expectation values 
of the hamihonian, is required to account for the measured binding energy of the three-nucleon systems [8]. 

The many body Schrodinger equation associated with the hamihonian of Eq.(5) can be solved exactly, using 
stochastic methods, for nuclei with mass number^ < 12. The resulting energies of the ground and low-lying excited 
states are in excellent agreement with experimental data [9]. 

It has to be emphasized that the dynamics of NMBT are fully determined by the observed properties of exactly 
solvable system. As a consequence, they do not suffer from the uncertainties involved in many-body calculations, 
unavoidably requiring approximations. Once the nuclear hamihonian is determined, calculations of the properties of 
a variety of nuclear systems, ranging from deuteron to neutron stars, can be carried out without making use of any 
adjustable parameters. 

The main difficulty associated with the use of the hamihonian of Eq.(5) in a many-body calculation lies in the strong 
repulsive core of the NN force, which cannot be handled within standard perturbation theory. In the shell model this 
problem is circumvented replacing the interaction terms in Eq.(5) with a well behaved mean field, according to 

S Vijk^Y^Ui (6) 
}>i k>j>i 

45 
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What else? Occupation Numbers

mentum space—is quite close to the one predicted by a
single-particle calculation. The most telling information
on deviations from the shell model is found in the occu-
pation numbers. These quantities therefore assume a
particular place in our discussion.

III. THEORY

We next discuss the various concepts of orbitals in
correlated systems and the calculated occupation prob-
abilities. We first address the case of an infinite Fermi
liquid of constant density, which is easier to discuss than
finite systems. This allows us to introduce the concepts
of the spectral function and the renormalization function
z(k). We then discuss the various types of orbitals that
are relevant for finite systems. For both types of systems
we shall use theoretical results for both nuclear and
atomic systems to illustrate the concepts.

A. Nuclear matter

We begin the theoretical discussion with idealized in-
finite nuclear matter representing the ground state of
matter in the absence of the Coulomb force, which puts
a limit on the size of nuclei. Gross properties of large
nuclei, such as binding energies, size, etc., can be easily
understood by regarding them as charged drops of
nuclear matter. At low temperatures nuclear matter is
expected to be a superfluid; however, the shell gaps in
single-particle energies are larger than the pairing gap in
nuclei, and hence pairing is believed to be unimportant
in the closed-shell nuclei considered here. Therefore we
shall regard nuclear matter as a normal Fermi liquid and
ignore its superfluid properties.

The single-particle orbitals in nuclear matter are
plane-wave eigenstates of the momentum, due to trans-

lational invariance, which simplifies the theory consider-
ably. The one-body density matrix is diagonal in these
states, whose occupation numbers give the momentum
distribution n(k) of nucleons in nuclear matter. The
momentum distribution n(k) has been calculated for re-
alistic nuclear forces with the correlated basis-functions
(CBF) method (Fantoni and Pandharipande, 1984) as
well as with the Brueckner-Bethe-Goldstone (BBG)
method (Dickhoff and Muther, 1992). The results for
n(k) obtained with the CBF method and the Urbana
model of the nucleon-nucleon force are shown in Fig. 4
using the single-particle spectrum �(k).

Due to correlations, the occupation number
n(k⇥kF) for momenta below the Fermi momentum
kF is reduced to 0.7–0.8, and the states with k�kF have
small but finite occupations. Atomic liquid 3He, another
Fermi liquid, has been extensively studied. Its predicted
n(k) (Fabrocini et al., 1992) is shown in Fig. 5 for com-
parison. Because of the large repulsive core in the inter-
atomic potential, the n(k⇥kF) in liquid 3He is expect-

FIG. 3. Density difference between 206Pb and 205Tl. The ex-
perimental result of Cavendon et al. (1982) is given by the er-
ror bars; the prediction obtained using Hartree-Fock orbitals
with adjusted occupation numbers is given by the curve. The
systematic shift of 0.0008 fm ⇤3 at r⇥4 fm is due to deficiencies
of the calculation in predicting the core polarization effect.

FIG. 4. Occupation of states of nuclear matter as a function of
� , with �F referring to the Fermi energy. The dashed curve
gives the quasihole strength z .

FIG. 5. Momentum distribution of atomic 3He liquid at the
experimental equilibrium density.

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

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

Density difference between 206Pb and 205Tl.

Experiment - Cavedon et al (1982)
Theory: Hartree-Fock orbitals with adjusted 
occupation numbers is given by the curve.  

V. R. Pandharipande, I. Sick and P. K. 
A. deWitt Huberts, Rev. Mod. Phys. 
69 (1997) 981.

The shape of the 3s1/2 orbit is very well given by 
the mean field calculation. 
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Short Range Correlations reveal themselves in momentum distributions

Similar shapes for k > kf
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The force that holds protons and neutrons together is extremely strong. It has to be
strong to overcome the electric repulsion between the positively charged protons. It
is also of very short range, acting only when two particles are within 1 or 2 fm of
each other.

1 fm (femto meter) = 10^{-15} m = 10-15 m = 0.000000000000001 meters.

The qualitative features of the nucleon-nucleon force are shown below.

This picture shows a rough sketch
of the force between two nucleons.

There is an extremely strong short-range repulsion that pushes protons and
neutrons apart before they can get close enough to touch. (This is shown in orange.)
This repulsion can be understood to arise because the quarks in individual nucleons
are forbidden to be in the same area by the Pauli exclusion principle.

There is a medium-range attraction (pulling the neutrons and protons together) that
is strongest for separations of about 1 fm. (This is shown in gray.) This attraction
can be understood to arise from the exchange of quarks between the nucleons,
something that looks a lot like the exchange of a pion when the separation is large.

The density of nuclei is limited by the short range repulsion. The maximum size of
nuclei is limited by the fact that the attractive force dies away extremely quickly
(exponentially) when nucleons are more than a few fm apart.

Elements beyond uranium (which has 92 protons), particularly the trans-fermium
elements (with more than 100 protons), tend to be unstable to fission or alpha decay
because the Coulomb repulsion between protons falls off much more slowly than the
nuclear attraction. This means that each proton sees a repulsion from every other
proton but only feels an attractive force from the few neutrons and protons that are
nearby -- even if there is a large excess of neutrons.

~1 fm

Mean field contributions: k < kF  Well understood, SF Factors ≈ 0.65

High momentum tails: k > kF

• Calculable for few-body nuclei, 
nuclear matter

• Dominated by two-nucleon short 
range correlations

• Poorly understood part of nuclear 
structure

• Sign. fraction have k > kF

n(
k)

k (MeV/c)
Quasi free Knockout Reactions

(ko,Eo)
MA

Initial State Final State

MA-1

m

m

m

(k2,E2)

(k1,E1)(kA-1,EA-1)

θ2

θ1

proton, pions, electrons
inclusive, exclusive



k < kF: single-particle contribution dominates
k ≈ kF: SRC already dominates for E > 50 MeV
k > kF: single-particle negligible

IPSM

≈ kF

CBF

Benhar via Rohe 12C

Realistic many body calculations  of the spectral function 
contain correlated strength and it is significant



3He

Spectral Function

n(k) =

∫
S(Es, k) dEs

probability to remove a nucleon leaving the residual 
system with energy ER = MA - m + E = (k2 +  MR2)1/2

Strength is spread out in E, all of 
which must be integrated over to 
get n(k)

A ridge at approx E = k2/2/m reflects the 
correlation in the gs
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4He(e,e’) inclusive
Marchand et al. Phys. Rev. Lett. 60, 1703–1706 (1988)

How to gain access to short range correlations?

CdA, Day, Liuti, PRC 46 (1045) 1992

ω (GeV)

Ciofi degli Atti, PRC 53 (1996) 1689

3He(e,e’p)d , 3He(e,e’p)np Exclusive reactions



One problem with cross section - FSI 

658 H. Meyer-Hajduk et al. / Inclusive electron scairering 
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Fig. 11. Differential cross section of inclusive electron scattering from ‘He as function of the energy loss 

0 of the electron. Results of fig. 7 are repeated. Compared are theoretical predictions based on the two 

different models of sect. 3.2.1 and 3.2.2 for nucleonic structure functions in the region of pion production. 

The solid curve refers to the meson-theoretic model of sect. 3.2.2, the dashed curve to the phenomenologi- 

cal model of sect. 3.2.1. In contrast to the results of fig. 7 the nucleonic form factors are taken from ref. ‘“I. 
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D. Contribution of inelastic processes

The approach described in the previous sections is not
limited to quasielastic processes. The tensor defined in
Eqs. (18) and (19) describes electromagnetic transitions
of the struck nucleon to any hadronic final state.

To take into account the possible production of
hadrons other than protons and neutrons one has to re-
place wN

1 and wN
2 given by Eqs. (23) and (24) with the

inelastic nucleon structure functions extracted from the
analysis of electron-proton and electron-deuteron scat-
tering data (Bodek and Ritchie, 1981). The resulting IA
cross section can be written as in Eq. (6), the two nuclear
structure functions W1 and W2 being given by (Benhar
et al., 1997)

W1(|q|, ω) =
∫

d3k dE

{
ZSp(k, E)

(
m

Ek

)

×
[
wp

1(|q|, ω̃) +
1
2

wp
2(|q|, ω̃)

m2

|k × q|2

|q|2

]
+ . . .

}
(35)

and

W2(|q|, ω) =
∫

d3k dE

{
ZSp(k, E)

(
m

Ek

)

×
[
wp

1(|q|, ω̃)
q2

|q|2

(
q2

q̃2
− 1

)

+
wp

2(|q|, ω̃)
m2

(
q4

|q|4

(
Ek − ω̃

Ekω̃ − k · q
q̃2

)2

− 1
2

q2

|q|2
|k × q|2

|q|2

)]
+ . . .

}
, (36)

where the dots denote the neutron contributions.
Eqs. (35) and (36) are obtained using the prescription
of Eq. (26) (de Forest, 1983) to preserve gauge invari-
ance. Note that the standard expression (Atwood and
West, 1973), widely used in studies of nuclear effects in
deep inelastic scattering, can be recovered from the above
equations replacing ω̃ → ω and Ek → MA − ER.

As an example, Fig. 5 shows the quasi-elastic (dashed
line) and total (solid line) inclusive cross sections of uni-
form nuclear matter, at beam energy Ee = 3.595 GeV
and scattering angle θ = 30◦, evaluated using a phe-
nomenological fit of the nucleon structure functions wN

1
and wN

2 (Bodek and Ritchie, 1981) and the above men-
tioned spectral function (Benhar et al., 1989).

The data show that the transition from the quasi elas-
tic to the inelastic regime, including resonant and nonres-
onant pion production as well as deep inelastic processes,
is a smooth one, thus suggesting the possibility of a uni-
fied representation.

The approach based on NMBT and the IA yields a
good description of the measured cross section at energy
loss ω >∼ 1 GeV, corresponding to x <∼ 1.3 (note that in
the kinematics of Fig. 5 the top od the quasi free bump
corresponds to ω = ωQE ∼ 1.4 GeV). On the other hand,
the data at lower energy loss are largely underestimated.

FIG. 5 Inclusive electron scattering cross section at Ee =
3.595GeV and θ = 30◦. The data points represent the extrap-
olated nuclear matter cross section (Day et al., 1989) while
the solid and dashed lines show the results of IA calculations
carried out with and without inclusion of the inelastic contri-
butions, respectively (Benhar et al., 1991).

The failure of IA calculations to explain the measured
cross sections at ω % ωQE has long been recognized, and
confirmed by a number of theoretical studies, carried out
using highly realistic spectral functions (Benhar et al.,
1989; Ciofi degli Atti et al., 1992; Meier-Hajduk et al.,
1983), see e.g. fig.6. It has to be ascribed to FSI between
the struck nucleon and the spectator particles, that move
strength from the region of the quasi free bump to the
low ω tail. This mechanism will be analyzed in the next
Section.

FIG. 6 Inclusive electron scattering cross section at Ee =
7.26GeV and θ = 8◦ for 3He. The data points are from (Day
et al., 1979), the solid line shows the IA calculation based on
the 3He spectral function (Meier-Hajduk et al., 1983). Ap-
proximate values for the scaling variable x are indicated on
top.

In conclusion, NMBT and the IA provide a consistent
and computationally viable approach, yielding a quanti-
tative description of the data in both the quasi elastic
and inelastic regime, with the only exception of the re-
gion of very low energy loss. Theoretical studies in which

In (e,e’) the failure of IA calculations to explain dσ at small energy loss

Meier-Hadjuk NPA 395, 332 1983

In (e,e’p) flux of outgoing protons strongly suppressed: 20-40% in C, 50-70% in Au

Some of this could be resolved by a 
rearrangement of strength in SE 

Old problem: real/complex optical potential. Real part generates a shift, imaginary part a 
folding of cs, reduction of qep.
Role of SRC on Lorentzian tail?? Off-shell effects on NN interaction??
Can they ever be neglected?



Inclusive scattering at large x
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Virtually no experimental d(e,ep)n data 
exist for pm > 0.5 GeV/c without large 
contributions of FSI, MEC and IC

Deuteron momentum distribution

E02019: Fomin et al. PRL 108, 092502 (2012)

scattering from high-momentum nucleons. We present
new measurements in this kinematic region for a range
of light and heavy nuclei which expose the high-
momentum, short-distance structure in nuclei.

Experiment E02-019 was performed in Hall C at
Jefferson Lab (JLab). A continuous wave electron beam
of 5.766 GeV at currents of up to 80 !A impinged on
targets of 2H, 3He, 4He, Be, C, Cu, and Au. Scattered
electrons were detected using the High Momentum
Spectrometer (HMS) for electron scattering angles "e ¼
18", 22", 26", 32", 40", and 50". A detailed description of
the measurement and the analysis is available in
Refs. [6,7].

Most of the significant uncertainties are discussed in
Ref. [6], but for the very large x data used in this analysis,
some corrections become more significant. For the cryo-
genic targets, contributions from scattering in the alumi-
num endcaps of the target can be large, up to#50% for the
3He target. This is subtracted using measurements from an
aluminum ‘‘dummy’’ target, after corrections are made for
the difference in radiation lengths between the real and
dummy targets. A systematic uncertainty equal to 3% of
the subtraction is included to account for uncertainties in
the knowledge of the relative thickness of the targets. The
cross sections were also corrected for Coulomb effects (up
to 10% for gold) using the effective momentum approxi-
mation (EMA) calculation of Ref. [8]. We apply a con-
servative 20% systematic uncertainty to this correction to
account for uncertainty in the EMA. The uncertainty due to
possible offsets in the beam energy or spectrometer kine-
matics is& 5% in the cross sections for x < 2, but& 2% in
the target ratios.

Inclusive cross sections at x > 1 are often analyzed
using y-scaling [4,5,9,10]. For high-Q2 quasielastic scat-
tering with no final-state interactions (FSIs), the inclusive
cross section reduces to a product of the electron-nucleon
elastic cross sections, #eN , and a scaling function,
Fðy;Q2Þ. We determine y from energy conservation:

$þMA ' %s ¼ ½M2
N þ ðqþ yÞ2)1=2 þ ðM2

A'1 þ y2Þ1=2;
(1)

where MA and MA'1 are the masses of the target and
spectator (A' 1) nuclei and %s is the minimum separation
energy. This corresponds to the minimum initial momen-
tum of the struck nucleon. The scaling function Fðy;Q2Þ is
extracted from the cross section,

Fðy;Q2Þ¼ d2#

d!d$
½Z#pþN#n)'1 q

½M2
NþðyþqÞ2)1=2

; (2)

and it has be shown thatFðy;Q2Þ depends only on y at large
Q2 values for a wide range of nuclei and momenta [10,11].
Further, if the assumption of scattering with an unexcited
(A' 1) spectator is correct, then FðyÞ is related to the

nucleon momentum distribution, nðkÞ: dFðkÞ
dk * '2&knðkÞ.

Figure 1 shows the momentum distribution determined
from the new E02-019 data on the deuteron where we have
taken #p and #n to be the off-shell (cc1) cross sections as
developed in Ref. [12] using parameterizations of the
neutron [13] and proton [14] form factors. Because the
inelastic contribution can become significant for small k
and large Q2, we exclude the two largest Q2 settings and
limit the remaining data to regions where the estimated
inelastic contribution & 5%. We find that the extracted
momentum distribution is Q2 independent, although our
direct limits on theQ2 dependence are roughly 20–30% for
k + 300 MeV=c, increasing to #40% at 400 MeV=c and
#80% at 600 MeV=c. The limits on the Q2 dependence at
our higher Q2 values, as well as the agreement with cal-
culations up to k * 600 MeV=c, support the idea that the
FSI contributions are much smaller than at low Q2 values,
where they can increase the PWIA cross section by a factor
of 2–3 or more [11,15–17]. The excess in the extracted
momentum distribution at k * 0:3 GeV=c is present in
several previous extractions from both inclusive and
Dðe; e0pÞ measurements [4,18].
While the y-scaling criteria appear to be satisfied for the

deuteron, the assumption of an unexcited spectator in
Eq. (1) breaks down for heavier nuclei. In the deuteron,
the spectator is a single nucleon while for heavier nuclei,
the final state can involve breakup or excitations of the
spectator (A' 1) system, especially in the case of scatter-
ing from a preexisting SRC which should yield a high-
momentum spectator in the final state. There have been
many attempts to correct for this effect via a modification
of the scaling variable [5,19–24] or by calculation of an
explicit correction to the scaling function using a spectral
function to account for the excitation of the residual system
[24,25] which provide improved but model-dependent

10-4

10-3

10-2

10-1

100

101

102

103

 0  0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9

n(
k)

 [1
/G

eV
-3

]

k [GeV/c]

Paris
Nijmegen

Argonne V14
θ=18°,  <Q2> ≈ 2.7
θ=22°,  <Q2> ≈ 3.8
θ=26°,  <Q2> ≈ 4.8
θ=32°,  <Q2> ≈ 6.4

FIG. 1 (color online). Extracted deuteron momentum distribu-
tion (points) and calculations (curves) using three different N-N
potentials [39–41]. Note that the Paris and Av14 calculations are
nearly indistinguishable on this scale.

PRL 108, 092502 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending

2 MARCH 2012

092502-2

SRC

Inclusive D(e,e’) via y-scaling provides 
n(k) well into the SRC region
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large k dominated by D-state
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FIG. 4: Cross section (A/3He) ratios at large x as measured in CLAS.

state interactions, due to the different mix of nn, np, and pp correlations in non-isoscalar nuclei.
However, there are calculations indicating that there are significant final state interactions that do
not vanish rapidly as Q2 increases, and which do not cancel in the target ratios [19] (i.e. do not come
from short range configurations that are identical in all nuclei). This calculation indicates that the
FSI (when including inelastic channels) has a very weak Q2 dependence and will persist, challenging
our interpretation of the impulse approximation analysis. In addition, it predicts that the FSI effects
will increase the x > 1.5 cross section in iron by approximately a factor of ten, and that even in the
ratio of iron to deuterium, there is a factor of five effect from these FSIs. An important portion of
the proposed measurement is the ability to test these precisions of FSIs by extracting absolute cross
sections for x > 1.5 on a variety of few-body (and heavy) nuclei over a range of Q2.

For the deuteron, which is dominated by the simple two-body breakup assumed in an impulse
approximation analysis, we can extract the nucleon momentum distribution from the inclusive data
without the complications caused by neglecting the separation energy of the full spectral function.
The momentum distribution for the deuteron as extracted from experiment E89-008 is shown in
Fig. 5 [3]. The normalization of the extracted momentum distribution is consistent with unity,
and the high momentum components are in good agreement with calculations based on modern
two-body nucleon–nucleon potentials. This sets limits on the impact of FSI, even in the region
dominated by short range correlations, indicating that the scattering is consistent with the impulse
approximation and that final state interactions much smaller than those observed in coincidence
A(e,e’p) measurements, or those predicted in some calculations. In the proposed measurements, we
will extract absolute cross sections for 2H, 3He, and 4He, not available for the CLAS results, which
will allow us to set limits on the size (and A dependence) of final state interactions.

The extension of these ratio measurements to higher Q2 will allow us to better test the x and Q2

CLAS data
Egiyan et al., PRL 96, 
082501, 2006

α2N ≈20%
α3N ≈1%

Ratios, SRC’s and Q2 scaling 2
A
�A
�D

= a2(A); (1.4 < x < 2.0)
FSDS, Phys.Rev.C48:2451-2461,1993

aj(A) is probability of finding a j-
nucleon correlation
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entirely from quasielastic scattering from a nucleon in an
n-p SRC at rest, then this ratio represents the contribution
of 2N-SRCs to the nuclear wave function, relative to the
deuteron, R2NðA;DÞ. However, the distribution of the high-
momentum nucleons in the SRC will be modified by the
motion of the pair in the nucleus. We use the convolution
calculation and realistic parameterizations for the c.m.
motion and for SRC distributions from Ref. [33] to calcu-
late this smearing and find that it generates an enhance-
ment of the high-momentum tail of approximately 20% for
Iron and roughly scales with the size of the total pair
momentum. To obtain R2NðA;DÞ, we use the inelastic-
subtracted cross section ratios and remove the smearing
effect of the center-of-mass (c.m.) motion of the 2N-SRC
pairs. The 20% correction for iron is scaled to the other
nuclei based on the A dependence of the pair motion.
To first order, the c.m. motion ‘‘smears out’’ the high-
momentum tail (which falls off roughly exponentially),
producing an overall enhancement of the ratio in the pla-
teau region. In a complete calculation, the correction can
also have some small x dependence in this region which
can potentially distort the shape of the ratio. However, both
the data and recent calculations [19,34,35] suggest that any
x dependence of the ratio in this region is relatively small.
When removing the effect of the c.m. motion, we apply an
uncertainty equal to 30% of the calculated correction (50%
for 3He) to account for the overall uncertainty in calculat-
ing the smearing effect, the uncertainty in our assumed A
dependence of the effect, and the impact of the neglected x
dependence on the extracted ratio.

After correcting the measured ratios for the enhance-
ment due to motion of the pair, we obtain R2N , given in
Table II, which represents the relative likelihood of a
nucleon in nucleus A to be in a high relative momentum
pair compared to a nucleon in the deuteron. It also
provides updated results from previous experiments after
applying c.m. motion corrections and removing the#15%

‘‘isoscalar’’ correction applied in the previous works. This
correction was based on the assumption that the high-
momentum tails would have greater neutron contributions
for N > Z nuclei, but the dominance of isosinglet pairs
[2,36] implies that the tail will have equal proton and
neutron contributions. The CLAS ratios are somewhat
low compared to the other extractions, which could be a
result of the lower !min values. If !2n is not high enough to
fully isolate 2N-SRCs, one expects the extracted ratio will
be somewhat smaller. Note that the previous data do not
include corrections or uncertainties associated with inelas-
tic contributions or Coulomb distortion, which is estimated
to be up to 6% for the CLAS iron data and similar for the
lower Q2 SLAC data.
Previous extractions of the strength of 2N-SRCs found a

slow increase of R2N with A in light nuclei, with little
apparent A dependence for A $ 12. The additional correc-
tions applied in our extraction of 2N-SRC contributions do
not modify these basic conclusions, but these corrections,
along with the improved precision in our extraction, fur-
nishes a more detailed picture of the A dependence. In a
mean-field model, one would expect the frequency for two
nucleons to be close enough together to form an 2N-SRC
to be proportional to the average density of the nucleus [3].
However, while the density of 9Be is similar to 3He, yet its
value of R2N is much closer to that of the denser nuclei 4He
and 12C, demonstrating that the SRC contributions do not
simply scale with density. This is very much like the
recently observed A dependence of the EMC effect [37],
where 9Bewas found to behave like a denser nucleus due to
its significant cluster structure. It seems natural that cluster
structure would be important in the short-range structure
and contribution of SRCs in nuclei, but this is the first such
experimental observation.
For A=3He ratios above x ¼ 2, one expects the 2N-SRC

contributions to become small enough that 3N-SRCs may
eventually dominate. 2N-SRCs are isolated by choosing x
and Q2 such that the minimum initial momentum of the
struck nucleon is larger than kF [26], but it is not clear what
kinematics are required to sufficiently suppress 2N-SRC
contributions [5], and larger Q2 values may be required to
isolate 3N-SRCs. Figure 3 shows the 4He=3He ratio at
"e ¼ 18&, along with the CLAS ratios [28] (leaving out
their isoscalar correction). The ratios in the 2N-SRC region
are in good agreement. Even with the large uncertainties, it
is clear that our ratio at x > 2:25 is significantly higher than
in the CLAS measurement. On the other hand, a similar
analysis using preliminary results from SLAC (Fig. 8.3
from Ref. [31]) found a 4He=3He cross section ratio that
is independent ofQ2 between 1.0 and 2:4 GeV2 and falls in
between our result and the CLAS data. A recently com-
pleted experiment [38] will map out the x and Q2 depen-
dence in the 3N-SRC region with high precision.
In summary, we have presented new, high-Q2 measure-

ments of inclusive scattering from nuclei at x > 1. We

TABLE II. Extracted values of R2NðAÞ from this work and the
SLAC [26] and CLAS [28] data, along with the c.m. motion
correction factor FCM we apply: R2NðAÞ ¼ rðA;DÞ=FCM. The
SLAC and CLAS results have been updated to be consistent with
the new extraction except for the lack of Coulomb correction and
inelastic subtraction (see text for details).

A R2N (E02-019) SLAC CLAS FCM

3He 1:93' 0:10 1:8' 0:3 ( ( ( 1:10' 0:05
4He 3:02' 0:17 2:8' 0:4 2:80' 0:28 1:19' 0:06
Be 3:37' 0:17 ( ( ( ( ( ( 1:16' 0:05
C 4:00' 0:24 4:2' 0:5 3:50' 0:35 1:19' 0:06
Cu(Fe) 4:33' 0:28 (4:3' 0:8) (3:90' 0:37) 1:20' 0:06
Au 4:26' 0:29 4:0' 0:6 ( ( ( 1:21' 0:06
hQ2i #2:7 GeV2 #1:2 GeV2 #2 GeV2

xmin 1.5 ( ( ( 1.5
!min 1.275 1.25 1.22–1.26
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 Good agreement in 
the 2N-SRC region

examined the high-momentum tail of the deuteron momen-
tum distribution and used target ratios at x > 1 to examine
the A and Q2 dependence of the contribution of 2N-SRCs.
The SRC contributions are extracted with improved statis-
tical and systematic uncertainties and with new corrections
that account for isoscalar dominance and the motion of the
pair in the nucleus. The 9Be data show a significant devia-
tion from predictions that the 2N-SRC contribution should
scale with density, presumably due to strong clustering
effects. At x > 2, where 3N-SRCs are expected to domi-
nate, our A=3He ratios are significantly higher than the
CLAS data and suggest that contributions from 3N-SRCs
in heavy nuclei are larger than previously believed.
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FIG. 3 (color online). The 4He=3He ratios from E02-019
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FIG. 1. (Color online) The experimental 2H(e, e′p)n cross section
as a function of missing momentum measured at MAMI for Q2 =
0.33 (GeV/c)2 [4] compared to calculations [7] with (solid curve) and
without (dashed curve) meson exchange currents (MEC) and isobar
currents (IC). Both calculations used the Paris potential and include
FSI (N) and leading order relativistic corrections (R). The low pm

data have been re-analyzed and used in this work to determine fLT .

At higher pm there are significant discrepancies between
experiment and the FSI calculation. If additionally MEC
and IC are included the agreement improves considerably
but significant discrepancies remain. The largest deviations
occur at energy transfers where large virtual delta excitation
contributions are expected.

When these additional contributions are taken into account
the cross section cannot be factorized in this simple way
anymore and one has to use the full one photon exchange
approximation. Within this limit, the (e, e′p) cross section can
be written as follows:

d5σ

dωlabd#lab
e d#lab

p

= σMott(vLRL + vT RT + vLT RLT cos φ

+ vT T RT T cos 2φ). (2)

The functions Rx (x ∈ {L, T ,LT , T T }) are response func-
tions and the factors vx (x ∈ {L, T ,LT , T T }) are kinematic
factors depending on the electron kinematics only. For a
detailed discussion see Refs. [8–10]. The response functions
consist of combinations of transition matrix elements of
the components of the electromagnetic current operator and
contain the structure information; the incident and the scattered
electrons are described as plane waves. The angle φ is the
angle between the electron scattering plane and the reaction

plane, defined by the momentum of the ejected nucleon and
the momentum transfer.

For the following discussion, θ c.m.
np represents the angle

between the proton momentum vector and the momentum
transfer vector in the center of mass of the np-system, and
θe is the electron scattering angle in the laboratory frame.

In view of the fact that the theoretical calculation [7] is based
on an evaluation of the responses in the final np-c.m. system
using the following form of the differential cross section (note
that φ = φc.m.

np )

d5σ

dωlabd#lab
e d#c.m.

np

= C
(
ρLfL

(
θ c.m.
np

)
+ ρT fT

(
θ c.m.
np

)

+ ρLT fLT

(
θ c.m.
np

)
cos φc.m.

np

+ ρT T fT T

(
θ c.m.
np

)
cos 2φc.m.

np

)
, (3)

we now switch to the response functions fx with x ∈
{L, T ,LT , T T }. Using the relations

C = η

6π2αQ2
σMott, (4)

where α denotes the fine structure constant and η = tan2(θe/2),
and

ρL = β̃2 Q2

2η
vL, ρT = Q2

2η
vT ,

(5)

ρLT = β̃
Q2

2η
vLT , ρT T = Q2

2η
vT T ,

where β̃ = qlab
qc.m.

expresses the boost from the laboratory to the
c.m. system, one obtains the relations between the response
functions Rx and the fx as follows:

β̃2J
12π2α

fL = RL,
β̃J

12π2α
fLT = RLT ,

(6)
J

12π2α
fT = RT ,

J
12π2α

fT T = RT T ,

with J = |∂#c.m.
np /∂#lab

p | as Jacobian.
A full separation of all four response functions requires

at least one cross section to be measured with the proton
detected out of the electron scattering plane. This has been
achieved at MIT-Bates using the Out-Of-Plane spectrometer
(OOPS) system [11] and at NIKHEF [12] using the HADRON
detectors. For an overview of results see [13].

Simpler in-plane measurements allow one to separate,
fL, fT , and fLT . The response function which is easiest to
determine is fLT since in this case the electron momentum
can remain constant, and one only has to scan the proton
momentum such that the (e, e′p) cross sections can be
measured at φ = 0◦ and at φ = 180◦.

In-plane separations have been carried out at missing
momenta between 0 and 220 MeV/c and at lower Q2 values
at several laboratories and the published results can be found
in references [14–17]. The momentum transfer dependence
of fL, fT , and fLT has been measured at Saclay for missing
momenta between 0 and 150 MeV/c [18]. At SLAC, cross
sections and fLT have been determined at large momentum
transfers for missing momenta up to 200 MeV/c [19].

054001-2

E = .855
θ = 45
E’ = .657
Q2 = 0.33
x = .88

Boeglin et al, Phys.  Rev. C 78, 054001 (2008)
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Measured far into high momentum tail: Cross section is ~5-10x expectation
High momentum pair can come from SRC (initial state)
    OR
Final State Interactions (FSI) and Meson Exchange 

Contributions (MEC), ∆’s

within the flat acceptance region of the spectrometers [9].
The use of R functions allowed us to double the accepted
phase space compared to the commonly used rectangular
cuts on target variables.

The 3He!e; e0p"2H cross section was extracted using the
simulation program MCEEP (Monte Carlo for Electro-
Nuclear Coincidence Experiments) [10], taking into ac-
count the effects of internal and external radiation, particle
energy loss, deviations from monochromaticity of the
beam, and spectrometer resolutions. For each pm bin, the
simulated yields were varied by modifying the spectral
function used in MCEEP to achieve calculated cross sections
that agreed with the measured ones in both the
3He!e; e0p"2H Em bin and the adjacent 3He!e; e0p"!pn"
Em bin [9]. Cross sections were extracted from the re-
weighted 3He!e; e0p"2H yield, corrected for radiation,
and for contributions from 3He!e; e0p"!pn" to each
3He!e; e0p"2H kinematic bin. On average, these contribu-
tions were about 3%. Within each bin, the simulated
3He!e; e0p" cross section was assumed to depend on the
!cc1 prescription of de Forest [11] for the off-shell
electron-proton cross section. This technique allows one
to separate the pm dependence of the reaction from the
rapid dependence on the electron kinematics [9]. In addi-
tion to the overall normalization uncertainty (2.9%, see
above), the overall systematic uncertainty was 3.4% domi-
nated by uncertainties in the solid angle (2.0%), the selec-

tion (Em cut) of the two-body breakup reaction channel
(1.5%), and the knowledge of the effective target length via
a cut on the interaction vertex location (1.4%).

The extracted 3He!e; e0p"2H cross section is plotted in
Fig. 1 as a function of pm. We note that the range of pm
measured (resulting in measured cross-section values vary-
ing over 6 orders of magnitude) is significantly larger than
in any other previous measurement. Moreover, contrary to
previous experiments [12–14], our measurements over this
entire range were performed at fixed electron kinematics.

Also displayed in Fig. 1 are four theoretical curves. The
plane-wave impulse approximation (PWIA) and full
Hannover calculations use the Hannover bound-nucleon
wave function [15] corresponding to the solution to the
three-body Faddeev equation with the Paris NN potential
and no three-body forces. The AV18# UIX curves are the
same PWIA and full calculations, respectively, but with a
bound-state nuclear wave function derived by a variational
technique using the Argonne V18 NN potential and the
Urbana IX three-body force [16]. All calculations use a
diagrammatic approach. The kinematics as well as the
nucleon and meson propagators are relativistic, and no
restricted angular (Glauber-type) approximation has been
made in the various loop integrals. Details of the model can
be found in [17]. The PWIA curves include only one-body
interactions, while the full calculations include FSI, meson
(" and #) exchange, and intermediate ! formation cur-
rents, as well as three-body (three-nucleon " double scat-
tering) amplitudes. The FSI in these calculations follow a
global parametrization of the NN scattering amplitude,
obtained from experiments in LANL, SATURNE, and
COSY [18]. On the scale of Fig. 1, the differences between
the calculations using the two ground-state wave functions
are very small. By far, FSI constitute the major difference
between the full and PWIA calculations. Meson exchange
and intermediate ! current contributions are generally
small (up to 21%–25%), and the three-body contributions
are negligible [18].

Three regions of pm can be discerned in Fig. 1. For j ~pmj
below $150 MeV=c, roughly within the Fermi momen-
tum, the deuteron can be viewed as only marginally in-
volved in the interaction [19]. Hence, the data are expected
to be dominated by the single-proton characteristics of the
3He wave function. As can be observed, both the PWIA
and full curves describe the data quite well, and the differ-
ence between them is rather small (see also Fig. 2 for
details). For j ~pmj between 150 and 750 MeV=c, well
above the Fermi momentum, the cross section is expected
to be dominated by the dynamics of the reaction. Indeed,
very large contributions from dynamical effects are ob-
served. While the full calculations describe the data very
well, the PWIA curves overpredict the data by up to a
factor of 2 for 150 % j ~pmj % 300 MeV=c and underpre-
dict them by up to an order of magnitude for 400 % j ~pmj %
750 MeV=c. The differences between the two PWIA and

FIG. 1 (color online). Measured 3He!e; e0p"2H cross section as
a function of the missing momentum, pm. Also displayed are
PWIA and full calculations in the diagrammatic approach for
two different ground-state wave functions.
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elastic scattering data to world data [10]. We measured the
3He!e; e0p"X cross section at three beam energies, keeping
j ~qj and ! fixed in order to separate response functions and
understand systematic uncertainties. The data reported in
this Letter were all obtained at a beam energy of
4806 MeV.

The missing energy resolution, about 1 MeV (!), is less
than the 2.23 MeV separation between the 3He!e; e0p"d
peak and the threshold for the 3He!e; e0p"pn breakup
channels. The radiative corrections to the measured cross
sections were performed by using the code MCEEP [11].
The radiative tail is simulated and folded into the (Em; pm)
space based on the prescription of Borie and Drechsel [12].
The radiative corrections in the continuum amount to
10%–20% of the cross section. In particular, the radiative
corrections remove the tail of the 2bbu process from the
3bbu data, allowing a clear separation of the channels. An
exception is for low missing momentum, below
100 MeV=c, where the 3bbu strength is less than the
strength of the radiative tail of the much stronger 2bbu
peak.

Table I shows the central proton spectrometer settings
for the experimental kinematics presented in this Letter.
The data taken at these settings are grouped into numerous
(Em; pm) bins for presentation; Fig. 2 shows the cross
sections corrected for radiative processes as a function of
missing energy for several selected bins. The energy scale
in the horizontal axis has been shifted in these plots so that
the 3bbu channel starts at zero. As pm increases, we can see
that the broad peak in the cross section moves to higher
missing energies. The arrow in the figure indicates where
one would expect the peak in the cross section due to
disintegration processes involving two active nucleons
plus a spectator; the expected peak position for pm #
820 MeV=c is just off scale, at Em $ 145 MeV. The large
peak in the data roughly aligned with the arrow suggests
that two-nucleon disintegration processes are dominant.

Several calculations are presented in Fig. 2. The simplest
calculation is a plane-wave impulse approximation
(PWIA) calculation using Salme’s spectral function [13]
and the !cc1 electron-proton off-shell cross section [14].
Also shown in Fig. 2 are the results of microscopic calcu-
lations of the continuum cross section by J. M. Laget [15],
including a PWIA calculation with correlations but no FSI,

and successive implementation of various interaction ef-
fects. The calculation is based on a diagrammatic expan-
sion of the reaction amplitude, up to and including two
loops [16]. Both single and double NN scattering, as well
as meson exchange (" and #) and ! formation are in-
cluded. The bound-state wave function is a solution of the
Faddeev equation used by the Hannover group [17] for the
Paris potential [18]. Nucleon and meson propagators are

TABLE I. Proton spectrometer kinematic settings.

pm Pp $p
(MeV=c) (MeV=c) (%)

150 1493 54.04
300 1472 59.83
425 1444 64.76
550 1406 69.80
750 1327 78.28
1000 1171 89.95

FIG. 2 (color online). Cross-section results for the
3He!e; e0p"pn reaction versus missing energy Em. The vertical
arrow gives the peak position expected for disintegration of
correlated pairs. The dotted curve presents a PWIA calculation
using Salme’s spectral function and !cc1 electron-proton off-
shell cross section. Other curves are recent theoretical predic-
tions of Laget [19] from the PWIA (dash dotted line) to
PWIA & FSI (long dashed line) to full calculation (solid line),
including meson-exchange current and final-state interactions. In
the 620 MeV=c panel, the additional short dashed curve is a
calculation with PWIA & FSI only within the correlated pair.
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3bbu channel=0

relativistic and no angular approximations (Glauber) have
been made in the various loop integrals. The FSI in these
calculations use a global parameterization of the NN scat-
tering amplitude, obtained from experiments at LANL,
SATURNE, and COSY [19]. Further details of the model
can be found in [20].

Figure 2 shows that the calculated cross sections exhibit
a correlation peak that is dominant at low pm, but that FSI
strongly enhance the cross section at large pm. The calcu-
lations indicate the FSI are mainly between the two active
nucleons—Fig. 1(b). The additional calculation included
in the 620 MeV=c panel of Fig. 2 has FSI with the specta-
tor nucleon—Fig. 1(c)—turned off. Neither the shape nor
magnitude of the peak is much affected. This result indi-
cates that triple rescattering is negligible. MEC effects are
also small.

To obtain the total 3bbu strength, and to facilitate com-
parison to the 2bbu, we divided the cross section by the
elementary off-shell electron-proton cross section !ep

[14], multiplied by a kinematic factor K, and integrated
over missing energy to obtain the effective momentum
density distribution

"!pm" #
Z

! d6!
dEedEpd!ed!p

=K!ep"dEm: (2)

Figure 3 shows the distribution obtained. Uncertainties
from missing tails of the 3bbu peak, within this integration
range, due to limited experimental acceptance are negli-

gible on the scale of Fig. 3. The 3bbu distribution tends to
have a much larger relative strength for high missing
momentum than does the 2bbu distribution—the ratio of
3bbu to 2bbu strength increases with pm by about 3 orders
of magnitude, from about 100 to 800 MeV=c. An increase
of the relative strength with pm is consistent with what is
expected from correlations, as described in the simple
picture in the introduction, but we already know from the
discussion of Fig. 2 that FSI are important.

The PWIA curves in Fig. 3 show an order of magnitude
enhancement of the 3bbu over the 2bbu at high missing
momentum. The two-body correlations are more clearly
seen in 3bbu than in the 2bbu since the available phase
space is reduced when two nucleons are forced to form the
deuteron. The differences between the PWIA calculations
and full calculations further indicate the greater impor-
tance of final-state interactions in the 3bbu. Thus, the larger
FSI in the 3bbu mask the larger role of correlations. The
generally good agreement of the full calculations and the
data shown in Figs. 2 and 3 relies mainly on the interplay of
correlations and final-state interactions, and indicates no
need for physics beyond that already present in a modern
conventional nuclear physics model. The conclusions pre-
sented here have been confirmed by subsequent, indepen-
dent calculations [21].

The conclusions described above might appear to be no
longer valid for pm $ 1 GeV=c as the magnitude of the
3bbu appears to fall towards that of the 2bbu. However, the
center of the 3bbu correlation peak moves outside of the
integration range at pm $ 800 MeV=c, as shown in Fig. 2.
Thus, the experimental integration only includes a fraction
of the 3bbu strength at large pm. A crude correction to
account for the missing strength, using the fraction of
strength of the full calculation of Laget in the region Em <
140 MeV, causes the 3bbu distribution to roughly flatten
out, starting near 750 MeV=c, at a level nearly 2 orders of
magnitude greater than that of the 2bbu. The large correc-
tion also leads to our stopping the calculation at 1 GeV=c;
the comparison between data and theory is no longer
meaningful when only a small fraction of the tail of the
distribution is considered. Given these data along with the
theoretical calculations, it remains fair to conclude that the
correlations in the wave function preferentially lead to the
3bbu channel, and that the reaction mechanism is reason-
ably well understood in a modern, conventional nuclear
physics model.

The comparison of the data of this experiment with the
existing calculation suggests that the region near
300 MeV=c might prove to be the most enlightening
with respect to the role of correlations. Here the full and
PWIA curves are very similar to each other and to the data,
and in the theory the correlation peak dominates the cross
section. Separated response functions, which are possible
with data from the other kinematics of this experiment, can
provide us with more complete tests of the theory.

FIG. 3 (color online). Proton effective momentum density
distributions in 3He extracted from 3He!e; e0p"pn (open black
circles) and 3He!e; e0p"d (open black triangles), compared to
calculations from Laget [19]. The 3bbu integration covers EM
from threshold to 140 MeV.

PRL 94, 082305 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
4 MARCH 2005

082305-4

3He(e,e’p)pn  E89-044, Hall A

x = 1

Exclusive A(e,e’p)



5th Workshop of the APS Topical Group on Hadronic Physics April 11, 2013

E97-006 Correlated Spectral Function and (e,e'p) Reaction Mechanism

e

e′
p′

SOS and HMS in Hall C

D. Rohe, et al. Phys. Rev Lett. 93 182501

limit was experimental and varied: it was set by the
demand that one must be able to still observe and identify
the IP strength. At the same time, these and other [7,8]
experiments showed that, apart from the overall normal-
ization, the wave functions (in k or r space) have shapes
quite similar to the ones predicted by IP models.

From the experimental information available up to
now, the depopulation of IP strength at low k; E is un-
ambiguous. Determining the total correlated strength is
not so direct, however. The total correlated strength is a
factor of 4 or so (see below) smaller than the IP strength,
and the determination of this strength by taking the
difference of the experimental IP strength with unity
suffers from the unfavorable propagation of uncertainties
in the experimental measurement and theoretical inter-
pretation of the !e; e0p" data. A direct measurement of the
correlated strength is needed.

Correlated strength from !e; e0p".— According to cal-
culations that solve the Schrödinger equation for a real-
istic N-N interaction, the correlated strength is expected
to be identifiable at high nucleon momenta k and high
removal energies E; there, the values of the nuclear spec-
tral function S!k; E", the probability to find in the nucleus
nucleons of given k and E, is increased by orders of
magnitude relative to IP descriptions. The correlated
strength also contributes to the region dominated by the
IP strength, but there it cannot be isolated via !e; e0p".
While initial searches for high-k components [9,10] were
restricted to low-lying states, it has been understood for
some time that the SRC produce strength at high k and E
simultaneously [3,11].

Locating this strength at large k and E is difficult. The
correlated strength (perhaps 20%) is spread over a very
large range in E (one to several hundred MeV), so the
density of S!k; E" is very low. Processes other than the
single-step proton knockout —the basis of the PlaneWave
Impulse Approximation (PWIA) interpretation of
!e; e0p"— can contribute. Strength can be moved to large
E (appearing as large ‘‘missing energy’’ Em) by processes
such as multinucleon knockout or ! production, where
the additional particle is not observed. Unless, by the
choice of kinematics, this contribution can be reduced
to a size where it can be corrected for by a calculation,
identification of the correlated strength is not possible.

A systematic study [12] of !e; e0p" data [13–19] has
shown that the best chance for an identification of the
correlated strength occurs for data taken in parallel kine-
matics, i.e., with the initial nucleon momentum ~k parallel
to the momentum transfer ~q (most available data have
been taken in (nearly) perpendicular kinematics). This
study has also shown that multistep processes have a
small impact at large momentum transfer. Similar obser-
vations could be drawn from a recently published !e; e0p"
experiment performed at 4He [20]. This Letter describes
the results of the first experiment designed explicitly to

study SRC via a measurement of the strength at large k
and E under optimal kinematics.

Experiment.— The experiment was performed in Hall
C at Jefferson Lab employing three quasiparallel and two
perpendicular kinematics at a q * 1 !GeV=c" (for a de-
tailed discussion, see, e.g., [21]). Electrons of 3.3 GeV
energy and beam currents up to 60 "A were incident
upon 12C, 27Al, 56Fe, and 197Au targets (in the present
Letter we limit the discussion to 12C). The scattered
electrons were detected in the High Momentum
Spectrometer (HMS) spectrometer (central momenta
2–2:8 GeV=c); the protons were detected in the Short
Orbit Spectrometer (SOS) spectrometer (central mo-
menta 0:8–1:7 GeV=c). Figure 1 gives the kinematical
coverage for the parallel kinematics.

Data on hydrogen were taken as check to determine the
various kinematical offsets and to verify the reconstruc-
tion of particle trajectories and the normalizations. Data
for the IP region were also taken. The resulting proton
transparency agrees with previous determinations [22]
and modern calculations [23,24]. The overall accuracy
of the resulting cross sections is #6%.

The spectra of all important observables have been
compared to the results of the Monte Carlo simulation
package SIMC of the Hall C collaboration; excellent
agreement is found. The comparison also shows that the
resolution in Em (pm) is 5 MeV (10 MeV=c).

The raw data were analyzed using two different pro-
cedures, both based on an iterative approach and a model
spectral function. In one, the phase space is taken from a
Monte Carlo simulation of the experiment, and the spec-
tral function is determined from the acceptance-
corrected cross sections. Radiative corrections are taken

FIG. 1 (color). Coverage of the Em, pm plane by the runs
taken in parallel kinematics shown in a cross section times
phase space plot. (Because of the large momentum acceptance
of the spectrometers, part of the data (green) are for #kq >
45 $).
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is much weaker than the one obtained in the calculations
accounting for the particle-particle hole-hole ladders to all
orders. This is a clear indication that the nonperturbative
determination of the correlations is required to obtain a reli-
able information about the imaginary part of the self-energy
or the spectral function at large momenta. Note that the scale
in the right panel of Fig. 2 is reduced as compared to the left
one.
The measured spectral function in the left panel of Fig. 3

provides direct evidence for the partial occupation of single
particle states above the Fermi level by off-shell particles.
The nuclear matter spectral function derived in the theory of
SCGF is compared to the experimental spectral functions for
different momenta above kF=209 MeV/c. The prediction
derived from the calculation in nuclear matter should not be
reliable at low missing energies. At these energies the spec-
tral function should be influenced by long-range correlations,
which are different in infinite matter as compared to finite
nuclei. The agreement is rather good up to 2kF. For even
higher momenta, the energy dependence is not well repro-
duced and the theoretical result tends to overshoot at high
missing energies whereas for smaller energies strength is
missing.

The right panel of Fig. 3 shows different theoretical cal-
culations for a specific nucleon momentum of k
=410 MeV/c. Compared to the data, the spectral function
from the Correlated Basis Function (CBF) theory has the
same tendency as the SCGF approach described above.
However, the SCGF approach seems to be closer to the ex-
perimental results at high missing energies.
Further, one can compare the correlated strength from the

SCGF approach to the experimental result as it was done for
the CBF theory [18]. For this purpose we integrate the spec-
tral function over momentum and energy in the correlated
region above the Fermi level covered by the experiment. The
lower limit of the energy in the integral has been taken as
40 MeV to avoid the contribution of the single-particle lev-
els. The correlated strength from the SCGF theory in the
integration region specified in Ref. [18] is 0.61. The experi-
mental value is 0.61±0.06, which contains a contribution
from rescattering of 4%. Good agreement is achieved.

IV. CONCLUSIONS

The study of the spectral function for nucleon knock-out
experiments at high momenta and large missing energies
seems to be an appropriate tool to explore the effect of cor-
relations on the nuclear many-body wave function. Our study
demonstrate that nonperturbative calculations are required to
predict the spectral strength at high momenta. Furthermore,
one has to account for the admixture of configurations be-
yond two-hole–one-particle to obtain a reliable prediction for
the energy tail of the spectral functions towards large missing
energies. These ingredients are taken into account in the
SCGF approach. The comparison of the spectral function
derived from experimental data with the results obtained
from nuclear matter calculation using SCGF indicates that
the effects of short-range correlations are insensitive to the
bulk structure of the nuclear system. The study of the spec-
tral function at low missing energies will require a more
detailed investigation of long-range correlation and should
be performed for the finite system.
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FIG. 3. (Color online) Spectral function in the 12C nucleus. Left
panel: Experimental result for several momenta above the Fermi
momentum (solid lines with error bars). The data are similar to
those presented in Ref. [7], but the choice cc was used for !ep
instead of cc1. The dashed lines represent the SCGF nuclear matter
spectral function at a density of "=0.08 fm!3. To compare the
nuclear matter spectral function with the experimental result, it
must be multiplied by a normalization factor of 4Z!2#"!4"!1. Right
panel: A comparison among the experimental result at k
=410 MeV (solid lines with error bars), the theoretical spectral
functions for a finite system by Benhar et al. [17] (dashed line), and
the SCGF result (solid line).
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exp.      CBF theory        G.F. 2.order        self-consistent G.F.

0.61       0.64 ≈ 10 %          0.46             0.61

contribution from FSI: -4 %

• ≈ 10% of the protons in 12C at high pm, Em  found
•  first time directly measured

Rohe et al.,
Phys. Rev. Lett. 93, 182501 (2004)

experimental 
area
in total

(correlated part)    22 %           12%            ≈20% 

12C

comparing to theory leads to conclusion that
≈ 20% of the protons in Carbon are beyond the IPSM region

into account according to [25]. The approach has been
verified on special sets of data where radiative corrections
are large. The other is based on a bin-by-bin comparison
of experimental and Monte Carlo yield, where the Monte
Carlo program simulates the known radiative processes,
multiple scattering, and energy loss of the particles, spec-
trometer transfer matrices, focal plane detector efficien-
cies, the software cuts applied, etc. The parameters of the
model spectral function then are iterated to get agreement
between data and simulation. We have found good agree-
ment between the two procedures.

The resulting S!k; E" at low k; E shows the familiar
features known from low-q !e; e0p" experiments [26]. At
large k; E, we observe the tail resulting from SRC. At very
large missing energy Em, the peak due to multistep inter-
actions involving pion emission from the various nucleon
resonances, appears. The data taken in perpendicular
kinematics lead to a 3 times larger strength compared to
the parallel kinematics, which makes it clear that the
cross sections measured in perpendicular kinematics re-
ceive dominant contributions from multistep reactions
(the most important ones being knockout of another
nucleon by the outgoing proton, and processes involving
meson production); such data then are hardly usable to
determine the correlated strength, but can serve to check
our ability to predict multistep processes.

The !e; e0p" data at low momentum transfer (leading to
knockout protons with low momenta k0) have generally
been analyzed using a distorted-wave Born approxima-
tion (DWBA) description for the outgoing proton. At very
large k0, the effect of the real part of the optical potential
is small, particularly for the continuum strength, where a
small shift in k0 is of little concern due to energy/mo-
mentum dependences which are weak as compared to the
ones in the IP region. The main final state interaction
effect is the absorption of the outgoing proton, which is

taken into account via the transparency factor [23]. For
the analysis of the carbon data, we use T # 0:60. Also
important at large E is the consideration of recoil protons,
which result from two-step processes (see below).

Results.— Here, we concentrate on the overall strength
in the correlated region. Figure 2 gives, for Correlated
Basis Function theory (CBF), a schematical breakdown of
the various regions of interest in the missing energy Em
and the missing momentum pm plane, the quantities that
are experimentally defined and identifiable —in PWIA—
with k; E. The strength corresponding to the IP motion at
low k; E amounts to $80% for the CBF calculation [3]. In
some of the regions, IP and SRC strength overlap and
cannot be separated. In the shaded region, the strength
from SRC is measurable with the kinematics employed in
the present experiment. The shaded region at large Em is
bounded by a cut that excludes unwanted contributions
from ! excitation and ! production. These processes have
been modeled using MAID [27] to study possible contri-
butions in our region of interest.

In this shaded region, we find the strength listed in
Table I. It is compared to the strength predicted by theory
and integrated over the same region of k; E. This com-
parison is slightly dependent on the limits of the shaded
area as the k and E dependence of experimental and
theoretical S!k; E" are not the same (Fig. 3); for the
present comparison, we will ignore this minor effect.

The result shown in Table I has been obtained using the
off-shell e-p cross section "CC [21]; for this treatment,
the best agreement of the resulting S!k; E" from different
kinematics (kin3, kin4, kin5) is found. The uncertainty
quoted includes an estimate for the uncertainty due to the
off-shell cross section (judging from difference of
strength obtained using the cross sections "CC1 and
"CC2 of [29]). The error does not contain an uncertainty
for the transparency factor used to correct for final-state
interactions (FSI) because this value is commonly ac-
cepted and in agreement with the Glauber calculations
of several authors. The statistical error is negligible.

For the kinematics of Fig. 1, the dominant multistep
process is rescattering of the knocked out nucleon by
another nucleon. Barbieri [30,31] has calculated this pro-
cess using Glauber theory and an in-medium N-N cross
section accounting for Pauli blocking. He finds, in agree-
ment with our data, that the multistep contribution is
much smaller for parallel kinematics. For the experimen-
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TABLE I. Correlated strength, integrated over shaded area of
Fig. 2 (quoted in terms of the number of protons in 12C.)

Experiment 0:61% 0:06

Greens Function Theory [28] 0.46
CBF Theory [3] 0.64
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“correlated strength” in the chosen Em-pm region:

Integrated strength in the covered Em-pm region:

Zc = 4�
Z670

130
dp p2m

Z
dEmS(Em, pm)

In terms of # of protons in 12C
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pn < 0.22 GeV/c

pn > 0.22 GeV/c

Triple Coincidence SRC Measurements

A. Tang, J. W. Watson et al. Phys. Rev. Lett. 90, 042301 (2003)

n-p Short-Range Correlations from (p,2p + n) 

quasielastic reactions with low s for the p-p collisions.
Protons in the nucleus with longitudinal momentum in
the same direction as the beam are thus more likely to be
knocked out. We therefore weighted each event by a cor-
rection factor equal to !s=s0"9 to obtain the nuclear dis-
tributions without the reaction bias, where s0 is the total
c.m. energy for pp ! pp at each beam momentum, and s
is calculated for each event from pf for that event.

In Fig. 3 we show plots of !p, !n, and !p # !n (all
with s-weighting) for events with pn > kF. We note for
Fig. 3 that !p is generally <1 and !n > 1. Of course, our
placement of the neutron detectors primarily in the back-
ward hemisphere forces !n to be largely > 1. In Fig. 3, the
spread of !n # !p about 2 should be due to the c.m.
motion of the pair. Ciofi degli Atti et al. [10] emphasized
the importance of the c.m. motion of correlated pairs for
explaining nucleon spectral functions at large momenta
and removal energies.

In the longitudinal direction,
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The longitudinal momentum of the particles in their c.m.
frame can be extracted from the difference of the !
variables. Approximating Ep % En % m, we obtain
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Figures 4(a) and 4(b) are plots of pcm
z and prel

z . For pcm
z

in Fig. 4(a), the centroid is &0:013' 0:027 GeV=c. The
spread in the distribution is " $ 0:143' 0:017 GeV=c.
For prel

z in Fig. 4(b), the centroid is 0:289' 0:017 GeV=c,
and " $ 0:097' 0:007 GeV=c.

An interesting number which can be extracted from our
data is the fraction of 12C!p; 2p" events which have cor-
related neutrons with pn % &pf when pn; pf ( kF. To
extract this number, we need to correct the measured
neutron flux for neutron detection efficiency and flux
attenuation, and for solid-angle coverage. Our neutron
detectors were placed almost entirely in the backward
hemisphere, so we calculate the fraction of 2# sr for the
backward hemisphere covered by our detectors.

What we then calculated was

F $ corrected No. of!p; 2p# n" events
No. of!p; 2p" events

$ A
B

(8)

for the same data sample. B was obtained by applying
cuts (i), (ii), (iii), and (v) to events with pf ( kF for our
5.9 GeV runs excluding the data reported in [2]. The
quantity B $ 2205 then was all events satisfying the
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quasielastic reactions with low s for the p-p collisions.
Protons in the nucleus with longitudinal momentum in
the same direction as the beam are thus more likely to be
knocked out. We therefore weighted each event by a cor-
rection factor equal to !s=s0"9 to obtain the nuclear dis-
tributions without the reaction bias, where s0 is the total
c.m. energy for pp ! pp at each beam momentum, and s
is calculated for each event from pf for that event.

In Fig. 3 we show plots of !p, !n, and !p # !n (all
with s-weighting) for events with pn > kF. We note for
Fig. 3 that !p is generally <1 and !n > 1. Of course, our
placement of the neutron detectors primarily in the back-
ward hemisphere forces !n to be largely > 1. In Fig. 3, the
spread of !n # !p about 2 should be due to the c.m.
motion of the pair. Ciofi degli Atti et al. [10] emphasized
the importance of the c.m. motion of correlated pairs for
explaining nucleon spectral functions at large momenta
and removal energies.
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pcm
z $ pnz # pfz: (3)

By approximating Ep % En % m, we obtain

!p # !n $
!
1& pfz

m

"
#
!
1& pnz

m

"
; (4)

which leads to

pcm
z $ 2m

!
1& !p # !n

2

"
: (5)

The longitudinal momentum of the particles in their c.m.
frame can be extracted from the difference of the !
variables. Approximating Ep % En % m, we obtain

!p & !n $
!
1& pfz

m

"
&
!
1& pnz

m

"
$

!
pnz & pfz

m

"
; (6)

which leads to

prel
z $ mj!p & !nj: (7)

Figures 4(a) and 4(b) are plots of pcm
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in Fig. 4(a), the centroid is &0:013' 0:027 GeV=c. The
spread in the distribution is " $ 0:143' 0:017 GeV=c.
For prel

z in Fig. 4(b), the centroid is 0:289' 0:017 GeV=c,
and " $ 0:097' 0:007 GeV=c.

An interesting number which can be extracted from our
data is the fraction of 12C!p; 2p" events which have cor-
related neutrons with pn % &pf when pn; pf ( kF. To
extract this number, we need to correct the measured
neutron flux for neutron detection efficiency and flux
attenuation, and for solid-angle coverage. Our neutron
detectors were placed almost entirely in the backward
hemisphere, so we calculate the fraction of 2# sr for the
backward hemisphere covered by our detectors.

What we then calculated was

F $ corrected No. of!p; 2p# n" events
No. of!p; 2p" events

$ A
B

(8)

for the same data sample. B was obtained by applying
cuts (i), (ii), (iii), and (v) to events with pf ( kF for our
5.9 GeV runs excluding the data reported in [2]. The
quantity B $ 2205 then was all events satisfying the
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49 ± 13% of events with |pf| > kF had 
directionally correlated neutrons with |pn| > 
kF

�pf = �p1 +�p2 ��po

 Reconstruct the struck proton before scattering

Detect 2 protons along with emerging neutron

Correlated pair have equal and opposite momenta

Isospin dependence unstated but SRCs must be 
the source of high-k 

“That neutrons emitted into the backward 
hemisphere with pn > kF come from n-p SRC, since 
SRC is a natural mechanism to explain such 
momentum-correlated pairs”

Also measured, for first time, the CM motion of 
2N pair

cos � =
~pf ·~pn
|~pfk~pn|

cos � =
~pf ·~pn
|~pfk~pn|
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• Modeling of the spectral and decay functions of the reaction in light cone 
approximation
• Extraction of the quantity Ppn/px  

Ppn/px: the probability of finding a pn correlation in the ‘‘pX’’ configuration that is 
defined by the presence of at least one proton with p > kFermi.

• Results: removal of a proton from the nucleus with initial 275<p>550 MeV/c                 
is associated by the emission of a correlated neutron with equal and opposite 
momentum of the proton 92 (+8/-18)% of the time.

•Proton recoils (eg A(p,pp)n) were not detected but an estimate could be made
 Probabilities of pp or nn SRCs in the nucleus are at least a factor of 6 smaller 
than that of pn SRCs.

But what of neutron absorption as it moves through the (A-2) system?

Analysis E. Piasetzky, M. Sargsian, L. Frankfurt, M. Strikman, and J. W. Watson,
Phys. Rev. Lett. 97, 162504 (2006) 

Isospin dependence of SRC

Significant possibility that the neutron momentum falls below kf 
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JLAB Experiment E01-015

Use 12C(e,e’p) as a tag to measure 12C(e,e’pN)/12C(e,e’p)

Optimized kinematics:
 Q2 ≈2.0 xB ≈ 1.2  “Semi anti-parallel” kinematics

Simultaneous measurements of the (e,e’p), (e,e’pp), 
and  (e,e’pn) reactions

p(n)

R. Shneor, et al., Phys. Rev. Lett. 99 (2007) 072501.
R. Subedi, et al., Science 320 (2008) 1476–1478.

x = 1.2
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JLAB Experiment E01-015

These kinematic settings covered (e,e'p) missing
momenta, which is the momentum of the
undetected particles, in the range from 300 to
600 MeV/c, with overlap between the different
settings. For highly correlated pairs, the missing
momentum of the (e,e'p) reaction is balanced
almost entirely by a single recoiling nucleon,
whereas for a typical uncorrelated (e,e'p) event,
themissingmomentum is balanced by the sum of
many recoiling nucleons. In a partonic picture, xB
is the fraction of the nucleon momentum carried
by the struck quark. Hence, when xB > 1, the
struck quark has more momentum than the entire
nucleon, which points to nucleon correlation. To
detect correlated recoiling protons, a large
acceptance spectrometer (“BigBite”) was placed
at an angle of 99° to the beam direction and 1.1
m from the target. To detect correlated recoiling
neutrons, a neutron array was placed directly
behind the BigBite spectrometer at a distance of 6
m from the target. Details of these custom proton
and neutron detectors can be found in the
supporting online material (16).

The electronics for the experiment were set
up so that for every 12C(e,e'p) event in the HRS
spectrometers, we read out the BigBite and
neutron-detector electronics; thus, we could deter-
mine the 12C(e,e'pp)/12C(e,e'p) and the 12C(e,e'pn)/
12C(e,e'p) ratios. For the 12C(e,e'pp)/12C(e,e'p)
ratio, we found that 9.5 ± 2% of the (e,e'p) events
had an associated recoiling proton, as reported in
(12). Taking into account the finite acceptance of
the neutron detector [using the same procedure
as with the proton detector (12)] and the neutron
detection efficency, we found that 96 ± 22% of
the (e,e'p) events with a missing momentum above
300 MeV/c had a recoiling neutron. This result
agrees with a hadron beam measurement of
(p,2pn)/(p,2p), in which 92 ± 18% of the (p,2p)
events with a missing momentum above the Fermi

momentum of 275 MeV/c were found to have a
single recoilingneutroncarrying themomentum(11).

Because we collected the recoiling proton
12C(e,e'pp) and neutron 12C(e,e'pn) data simulta-
neously with detection systems covering nearly
identical solid angles, we could also directly
determine the ratio of 12C(e,e'pn)/12C(e,e'pp). In
this scheme, many of the systematic factors
needed to compare the rates of the 12C(e,e'pn)
and 12C(e,e'pp) reactions canceled out. Correct-
ing only for detector efficiencies, we determined
that this ratio was 8.1 ± 2.2. To estimate the effect
of final-state interactions (that is, reactions that
happen after the initial scattering), we assumed
that the attenuations of the recoiling protons and
neutrons were almost equal. In this case, the only
correction related to final-state interactions of the
measured 12C(e,e'pn)/12C(e,e'pp) ratio is due to a
single-charge exchange. Because the measured
(e,e'pn) rate is about an order of magnitude larger
than the (e,e'pp) rate, (e,e'pn) reactions followed
by a single-charge exchange [and hence detected
as (e,e'pp)] dominated and reduced the measured
12C(e,e'pn)/12C(e,e'pp) ratio. Using the Glauber
approximation (17), we estimated that this effect
was 11%. Taking this into account, the corrected
experimental ratio for 12C(e,e'pn)/12C(e,e'pp) was
9.0 ± 2.5.

To deduce the ratio of p-n to p-p SRC pairs in
the ground state of 12C, we used the measured
12C(e,e'pn)/12C(e,e'pp) ratio. Because we used
(e,e'p) events to search for SRC nucleon pairs, the
probability of detecting p-p pairs was twice that
of p-n pairs; thus, we conclude that the ratio of
p-n/p-p pairs in the 12C ground state is 18 ± 5
(Fig. 2). To get a comprehensive picture of the
structure of 12C, we combined the pair faction
results with the inclusive 12C(e,e') measurements
(4, 5, 14) and found that approximately 20% of
the nucleons in 12C form SRC pairs, consistent

with the depletion seen in the spectroscopy ex-
periments (1, 2). As shown in Fig. 3, the com-
bined results indicate that 80% of the nucleons in
the 12C nucleus acted independently or as de-
scribed within the shell model, whereas for the
20% of correlated pairs, 90 ± 10% were in the
form of p-n SRC pairs; 5 ± 1.5%were in the form
of p-p SRC pairs; and, by isospin symmetry, we
inferred that 5 ± 1.5% were in the form of SRC
n-n pairs. The dominance of the p-n over p-p
SRC pairs is a clear consequence of the nucleon-
nucleon tensor force. Calculations of this effect
(18,19) indicate that it is robust anddoes not depend
on the exact parameterization of the nucleon-
nucleon force, the type of the nucleus, or the
exact ground-state wave function used to de-
scribe the nucleons.

If neutron stars consisted only of neutrons, the
relatively weak n-n short-range interaction would
mean that they could be reasonably well approxi-
mated as an ideal Fermi gas, with only perturba-
tive corrections. However, theoretical analysis of
neutrino cooling data indicates that neutron stars
contain about 5 to 10% protons and electrons in
the first central layers (20–22). The strong p-n
short-range interaction reported here suggests
that momentum distribution for the protons and
neutrons in neutron stars will be substantially
different from that characteristic of an ideal Fermi
gas. A theoretical calculation that takes into
account the p-n correlation effect at relevant
neutron star densities and realistic proton concen-
tration shows the correlation effect on the mo-
mentum distribution of the protons and the
neutrons (23). We therefore speculate that the
small concentration of protons inside neutron
stars might have a disproportionately large effect
that needs to be addressed in realistic descriptions
of neutron stars.
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These kinematic settings covered (e,e'p) missing
momenta, which is the momentum of the
undetected particles, in the range from 300 to
600 MeV/c, with overlap between the different
settings. For highly correlated pairs, the missing
momentum of the (e,e'p) reaction is balanced
almost entirely by a single recoiling nucleon,
whereas for a typical uncorrelated (e,e'p) event,
themissingmomentum is balanced by the sum of
many recoiling nucleons. In a partonic picture, xB
is the fraction of the nucleon momentum carried
by the struck quark. Hence, when xB > 1, the
struck quark has more momentum than the entire
nucleon, which points to nucleon correlation. To
detect correlated recoiling protons, a large
acceptance spectrometer (“BigBite”) was placed
at an angle of 99° to the beam direction and 1.1
m from the target. To detect correlated recoiling
neutrons, a neutron array was placed directly
behind the BigBite spectrometer at a distance of 6
m from the target. Details of these custom proton
and neutron detectors can be found in the
supporting online material (16).

The electronics for the experiment were set
up so that for every 12C(e,e'p) event in the HRS
spectrometers, we read out the BigBite and
neutron-detector electronics; thus, we could deter-
mine the 12C(e,e'pp)/12C(e,e'p) and the 12C(e,e'pn)/
12C(e,e'p) ratios. For the 12C(e,e'pp)/12C(e,e'p)
ratio, we found that 9.5 ± 2% of the (e,e'p) events
had an associated recoiling proton, as reported in
(12). Taking into account the finite acceptance of
the neutron detector [using the same procedure
as with the proton detector (12)] and the neutron
detection efficency, we found that 96 ± 22% of
the (e,e'p) events with a missing momentum above
300 MeV/c had a recoiling neutron. This result
agrees with a hadron beam measurement of
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momentum of 275 MeV/c were found to have a
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determine the ratio of 12C(e,e'pn)/12C(e,e'pp). In
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ing only for detector efficiencies, we determined
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neutrons were almost equal. In this case, the only
correction related to final-state interactions of the
measured 12C(e,e'pn)/12C(e,e'pp) ratio is due to a
single-charge exchange. Because the measured
(e,e'pn) rate is about an order of magnitude larger
than the (e,e'pp) rate, (e,e'pn) reactions followed
by a single-charge exchange [and hence detected
as (e,e'pp)] dominated and reduced the measured
12C(e,e'pn)/12C(e,e'pp) ratio. Using the Glauber
approximation (17), we estimated that this effect
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12C(e,e'pn)/12C(e,e'pp) ratio. Because we used
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probability of detecting p-p pairs was twice that
of p-n pairs; thus, we conclude that the ratio of
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(Fig. 2). To get a comprehensive picture of the
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the nucleons in 12C form SRC pairs, consistent

with the depletion seen in the spectroscopy ex-
periments (1, 2). As shown in Fig. 3, the com-
bined results indicate that 80% of the nucleons in
the 12C nucleus acted independently or as de-
scribed within the shell model, whereas for the
20% of correlated pairs, 90 ± 10% were in the
form of p-n SRC pairs; 5 ± 1.5%were in the form
of p-p SRC pairs; and, by isospin symmetry, we
inferred that 5 ± 1.5% were in the form of SRC
n-n pairs. The dominance of the p-n over p-p
SRC pairs is a clear consequence of the nucleon-
nucleon tensor force. Calculations of this effect
(18,19) indicate that it is robust anddoes not depend
on the exact parameterization of the nucleon-
nucleon force, the type of the nucleus, or the
exact ground-state wave function used to de-
scribe the nucleons.

If neutron stars consisted only of neutrons, the
relatively weak n-n short-range interaction would
mean that they could be reasonably well approxi-
mated as an ideal Fermi gas, with only perturba-
tive corrections. However, theoretical analysis of
neutrino cooling data indicates that neutron stars
contain about 5 to 10% protons and electrons in
the first central layers (20–22). The strong p-n
short-range interaction reported here suggests
that momentum distribution for the protons and
neutrons in neutron stars will be substantially
different from that characteristic of an ideal Fermi
gas. A theoretical calculation that takes into
account the p-n correlation effect at relevant
neutron star densities and realistic proton concen-
tration shows the correlation effect on the mo-
mentum distribution of the protons and the
neutrons (23). We therefore speculate that the
small concentration of protons inside neutron
stars might have a disproportionately large effect
that needs to be addressed in realistic descriptions
of neutron stars.
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Fig. 2. The fractions of correlated pair combinations in carbon as obtained from the (e,e'pp) and (e,e'pn)
reactions, as well as from previous (p,2pn) data. The results and references are listed in table S1.

Fig. 3. The average fraction of nucleons in the
various initial-state configurations of 12C.
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•Almost all protons with pi > kF in 
12C(e,e’p) have a paired proton or 
neutron with similar momentum in 
opposite direction!
• CM momentum of pair σCM= 
136±20 MeV/c

• (BNL)=143±17
• (Ciofi degli Atti&Simula)=139 
MeV/c

Findings

12C(e,e�pp)
12C(e,e�p) = 9.5 ± 2%

12C(e,e0pn)
12C(e,e0p) = 96+4

�23%

12C(e,e�pn)
12C(e,e�pp) = 9.0 ± 2.5%

�p

p

Data show large 
asymmetry between np, 
pp pairs.
Qualitative agreement 
with calculations; effect 
of tensor force

Isospin dependence of SRC



Schiavilla et al. PRL 98, 132501 
(2007), VMC and AV18/UIX

Tensor force responsible for dominant part of SRC and 
correlations are largely of pn pairs

These kinematic settings covered (e,e'p) missing
momenta, which is the momentum of the
undetected particles, in the range from 300 to
600 MeV/c, with overlap between the different
settings. For highly correlated pairs, the missing
momentum of the (e,e'p) reaction is balanced
almost entirely by a single recoiling nucleon,
whereas for a typical uncorrelated (e,e'p) event,
themissingmomentum is balanced by the sum of
many recoiling nucleons. In a partonic picture, xB
is the fraction of the nucleon momentum carried
by the struck quark. Hence, when xB > 1, the
struck quark has more momentum than the entire
nucleon, which points to nucleon correlation. To
detect correlated recoiling protons, a large
acceptance spectrometer (“BigBite”) was placed
at an angle of 99° to the beam direction and 1.1
m from the target. To detect correlated recoiling
neutrons, a neutron array was placed directly
behind the BigBite spectrometer at a distance of 6
m from the target. Details of these custom proton
and neutron detectors can be found in the
supporting online material (16).

The electronics for the experiment were set
up so that for every 12C(e,e'p) event in the HRS
spectrometers, we read out the BigBite and
neutron-detector electronics; thus, we could deter-
mine the 12C(e,e'pp)/12C(e,e'p) and the 12C(e,e'pn)/
12C(e,e'p) ratios. For the 12C(e,e'pp)/12C(e,e'p)
ratio, we found that 9.5 ± 2% of the (e,e'p) events
had an associated recoiling proton, as reported in
(12). Taking into account the finite acceptance of
the neutron detector [using the same procedure
as with the proton detector (12)] and the neutron
detection efficency, we found that 96 ± 22% of
the (e,e'p) events with a missing momentum above
300 MeV/c had a recoiling neutron. This result
agrees with a hadron beam measurement of
(p,2pn)/(p,2p), in which 92 ± 18% of the (p,2p)
events with a missing momentum above the Fermi

momentum of 275 MeV/c were found to have a
single recoilingneutroncarrying themomentum(11).

Because we collected the recoiling proton
12C(e,e'pp) and neutron 12C(e,e'pn) data simulta-
neously with detection systems covering nearly
identical solid angles, we could also directly
determine the ratio of 12C(e,e'pn)/12C(e,e'pp). In
this scheme, many of the systematic factors
needed to compare the rates of the 12C(e,e'pn)
and 12C(e,e'pp) reactions canceled out. Correct-
ing only for detector efficiencies, we determined
that this ratio was 8.1 ± 2.2. To estimate the effect
of final-state interactions (that is, reactions that
happen after the initial scattering), we assumed
that the attenuations of the recoiling protons and
neutrons were almost equal. In this case, the only
correction related to final-state interactions of the
measured 12C(e,e'pn)/12C(e,e'pp) ratio is due to a
single-charge exchange. Because the measured
(e,e'pn) rate is about an order of magnitude larger
than the (e,e'pp) rate, (e,e'pn) reactions followed
by a single-charge exchange [and hence detected
as (e,e'pp)] dominated and reduced the measured
12C(e,e'pn)/12C(e,e'pp) ratio. Using the Glauber
approximation (17), we estimated that this effect
was 11%. Taking this into account, the corrected
experimental ratio for 12C(e,e'pn)/12C(e,e'pp) was
9.0 ± 2.5.

To deduce the ratio of p-n to p-p SRC pairs in
the ground state of 12C, we used the measured
12C(e,e'pn)/12C(e,e'pp) ratio. Because we used
(e,e'p) events to search for SRC nucleon pairs, the
probability of detecting p-p pairs was twice that
of p-n pairs; thus, we conclude that the ratio of
p-n/p-p pairs in the 12C ground state is 18 ± 5
(Fig. 2). To get a comprehensive picture of the
structure of 12C, we combined the pair faction
results with the inclusive 12C(e,e') measurements
(4, 5, 14) and found that approximately 20% of
the nucleons in 12C form SRC pairs, consistent

with the depletion seen in the spectroscopy ex-
periments (1, 2). As shown in Fig. 3, the com-
bined results indicate that 80% of the nucleons in
the 12C nucleus acted independently or as de-
scribed within the shell model, whereas for the
20% of correlated pairs, 90 ± 10% were in the
form of p-n SRC pairs; 5 ± 1.5%were in the form
of p-p SRC pairs; and, by isospin symmetry, we
inferred that 5 ± 1.5% were in the form of SRC
n-n pairs. The dominance of the p-n over p-p
SRC pairs is a clear consequence of the nucleon-
nucleon tensor force. Calculations of this effect
(18,19) indicate that it is robust anddoes not depend
on the exact parameterization of the nucleon-
nucleon force, the type of the nucleus, or the
exact ground-state wave function used to de-
scribe the nucleons.

If neutron stars consisted only of neutrons, the
relatively weak n-n short-range interaction would
mean that they could be reasonably well approxi-
mated as an ideal Fermi gas, with only perturba-
tive corrections. However, theoretical analysis of
neutrino cooling data indicates that neutron stars
contain about 5 to 10% protons and electrons in
the first central layers (20–22). The strong p-n
short-range interaction reported here suggests
that momentum distribution for the protons and
neutrons in neutron stars will be substantially
different from that characteristic of an ideal Fermi
gas. A theoretical calculation that takes into
account the p-n correlation effect at relevant
neutron star densities and realistic proton concen-
tration shows the correlation effect on the mo-
mentum distribution of the protons and the
neutrons (23). We therefore speculate that the
small concentration of protons inside neutron
stars might have a disproportionately large effect
that needs to be addressed in realistic descriptions
of neutron stars.
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Fig. 2. The fractions of correlated pair combinations in carbon as obtained from the (e,e'pp) and (e,e'pn)
reactions, as well as from previous (p,2pn) data. The results and references are listed in table S1.

Fig. 3. The average fraction of nucleons in the
various initial-state configurations of 12C.
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JLAB A(e,e’NN) data from Hall A
R. Subedi et al.
Science 320, 1476 (2008)
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Nucleon-Nucleon Potential

3/18/08 5:12 PMNuclear Forces

Page 1 of 4http://www.cartage.org.lb/en/themes/sciences/physics/NuclearPhysics/WhatisNuclear/Forces/Forces.htm

Themes > Science > Physics > Nuclear Physics > What is Nuclear Physics? >
Nuclear Forces

The force that holds protons and neutrons together is extremely strong. It has to be
strong to overcome the electric repulsion between the positively charged protons. It
is also of very short range, acting only when two particles are within 1 or 2 fm of
each other.

1 fm (femto meter) = 10^{-15} m = 10-15 m = 0.000000000000001 meters.

The qualitative features of the nucleon-nucleon force are shown below.

This picture shows a rough sketch
of the force between two nucleons.

There is an extremely strong short-range repulsion that pushes protons and
neutrons apart before they can get close enough to touch. (This is shown in orange.)
This repulsion can be understood to arise because the quarks in individual nucleons
are forbidden to be in the same area by the Pauli exclusion principle.

There is a medium-range attraction (pulling the neutrons and protons together) that
is strongest for separations of about 1 fm. (This is shown in gray.) This attraction
can be understood to arise from the exchange of quarks between the nucleons,
something that looks a lot like the exchange of a pion when the separation is large.

The density of nuclei is limited by the short range repulsion. The maximum size of
nuclei is limited by the fact that the attractive force dies away extremely quickly
(exponentially) when nucleons are more than a few fm apart.

Elements beyond uranium (which has 92 protons), particularly the trans-fermium
elements (with more than 100 protons), tend to be unstable to fission or alpha decay
because the Coulomb repulsion between protons falls off much more slowly than the
nuclear attraction. This means that each proton sees a repulsion from every other
proton but only feels an attractive force from the few neutrons and protons that are
nearby -- even if there is a large excess of neutrons.

~1 fm
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The Pauli principle requires that 
two-nucleon states be 
antisymmetric wrt to exchange 
of the nucleons’ space, spin, and 
isospin coordinates

How can two nucleons combine?

Without the tensor 
contribution the 
deuteron would not be 
bound

And it only contributes 
to T=0 2N states

AV18

S1,2 = 3 (~�1 · r̂12) (~�2 · r̂12) � ~�1 · ~�2

L S J � = �1L T(L+S+T odd) 2S+1LJ
0 0 0 + 1 1S0

0 1 1 + 0 3S1

1 0 1 - 0 1P1
1 1 0 - 1 3P0
1 1 1 - 1 3P1
1 1 2 - 1 3P2
2 0 2 + 1 1D2

2 1 1 + 0 3D1

2 1 2 + 0 3D2

2 1 3 + 0 3D3

Two-nucleon states
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L S J � = �1L T(L+S+T odd) 2S+1LJ
0 0 0 + 1 1S0

0 1 1 + 0 3S1

1 0 1 - 0 1P1
1 1 0 - 1 3P0
1 1 1 - 1 3P1
1 1 2 - 1 3P2
2 0 2 + 1 1D2

2 1 1 + 0 3D1

2 1 2 + 0 3D2

2 1 3 + 0 3D3

Two-nucleon states

The SR NN attraction dominated by 
tensor interaction, which yields high-
momentum isosinglet (np) pairs.

Absent in  the isotriplet channel (pp, 
nn, np).

2-body distribution in nucleus should be 
identical to the deuteron and ratio of 
scattering cross sections between a 
heavy nucleus A and the deuteron to 
yield a2 (A, Z )

Symmetric triplet T = 1
3(T )1 = |p1> |p2> proton-proton state
3(T )�1 = |n1> |n2> neutron-neutron state
3(T )0 = 1⇥

2
(|p1> |n2>+|p2> |n1>) neutron-proton state

Antisymmetric singlet T = 0
1(T )0 = 1⇥

2
(|p1> |n2>�|p2> |n1>) neutron-proton state

Possible Two Nucleon states

Explains the (e,e’)SRC ratios, and isospin 
asymmetry?

L=1,S=0,T=0

L=1,S=1,T=1
L=1,S=1,T=1
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spins aligned parallel or 
perpendicular to the relative 
distance vector

strong repulsive core: 
nucleons can not get closer 
than ≈ 0.5 fm
➼ central correlations

Argonne V18 (T=0)

• strong dependence on the 
orientation of the spins due to 
the tensor force
➼ tensor correlations

the nuclear force will induce
strong short-range correlations 
in the nuclear wave function

Nuclear Force



Coming up
6 GeV (completed in Spring 2011)
 [Hall A]
• E-08-014: Three-nucleon short range 

correlations studies in inclusive 
scattering for 0.8 < 2.8 (GeV/c)2

  2H, 3He,4He,12C, 40Ca, 48Ca, isospin dependence

• E07-006: Exclusive X-sctions  4He(e,e’p), 
4He(e,e’pp), 4He(e,e’pn), 4He(e,e’precoil)

• Does pp/pn ratio change?! Are there signs of 
repulsive core?  Can the reactions be 
calculated?

• E12-06-105:  Inclusive Scattering 
from Nuclei at x > 1 in the 
quasielastic and deeply inelastic 
regimes  [Hall C], 1H, 2H, 3He, 4He, 6,7Li, 
9Be, 10,11B, 12C, 40Ca, 48Ca, Cu, Au

nucleon [9] and Urbana-IX three-nucleon [10] interactions
(AV18=UIX). The high accuracy of the VMC wave func-
tions is well documented (see Refs. [11,12] and references
therein), as is the quality of the AV18=UIX Hamiltonian in
quantitatively accounting for a wide variety of light nu-
clei properties, such as elastic and inelastic electromag-
netic form factors [13], and low-energy capture re-
actions [14]. However, it is important to stress that the
large effect of tensor correlations on two-nucleon mo-
mentum distributions and the resulting isospin depen-
dence of the latter remain valid, even if one uses a semi-

realistic Hamiltonian model. This will be shown explicitly
below.

The double Fourier transform in Eq. (1) is computed by
Monte Carlo (MC) integration. A standard Metropolis
walk, guided by j JMJ

!r1; r2; r3; . . . ; rA"j2, is used to sam-
ple configurations [12]. For each configuration a two-
dimensional grid of Gauss-Legendre points, xi and Xj, is
used to compute the Fourier transform. Instead of just
moving the  0 position (r012 and R0

12) away from a fixed
 position (r12 and R12), both positions are moved sym-
metrically away from r12 and R12, so Eq. (1) becomes

 !TMT
!q;Q" # A!A$ 1"

2!2J% 1"
X
MJ

Z
dr1dr2dr3 & & & drAdxdX y

JMJ
!r12 % x=2;R12

%X=2; r3; . . . ; rA"e$iq&xe$iQ&XPTMT
!12" JMJ

!r12 $ x=2;R12 $X=2; r3; . . . ; rA": (3)

Here the polar angles of the x and X grids are also sampled
by MC integration, with one sample per pair. This proce-
dure is similar to that adopted most recently in studies of
the 3He!e; e0p"d and 4He! ~e; e0 ~p"3H reactions [15] and has
the advantage of very substantially reducing the statistical
errors originating from the rapidly oscillating nature of the
integrand for large values of q and Q. Indeed, earlier
calculations of nucleon and cluster momentum distribu-
tions in few-nucleon systems, which were carried out by
direct MC integration over all coordinates, were very noisy
for momenta beyond 2 fm$1, even when the random walk
consisted of a very large number of configurations [2].

The present method is, however, computationally inten-
sive, because complete Gaussian integrations have to be
performed for each of the configurations sampled in the
random walk. The large range of values of x and X required
to obtain converged results, especially for 3He, require
fairly large numbers of points; we used grids of up to 96
and 80 points for x and X, respectively. We also sum over
all pairs instead of just pair 12.

The np and pp momentum distributions in 3He, 4He,
6Li, and 8Be nuclei are shown in Fig. 1 as functions of the
relative momentum q at fixed total pair momentum Q # 0,
corresponding to nucleons moving back to back. The sta-
tistical errors due to the Monte Carlo integration are dis-
played only for the pp pairs; they are negligibly small for
the np pairs. The striking features seen in all cases are
(i) the momentum distribution of np pairs is much larger
than that of pp pairs for relative momenta in the range
1:5–3:0 fm$1, and (ii) for the helium and lithium isotopes
the node in the pp momentum distribution is absent in the
np one, which instead exhibits a change of slope at a
characteristic value of p ’ 1:5 fm$1. The nodal structure
is much less prominent in 8Be. At small values of q the
ratios of np to pp momentum distributions are closer to
those of np to pp pair numbers, which in 3He, 4He, 6Li,
and 8Be are, respectively, 2, 4, 3, and 8=3. Note that the np
momentum distribution is given by the linear combination

!TMT#10 % !TMT#00, while the pp momentum distribution
corresponds to !TMT#11. The wave functions utilized in the
present study are eigenstates of total isospin (1=2 for 3He,
and 0 for 4He, 6Li, and 8Be), so the small effects of isospin-
symmetry-breaking interactions are ignored. As a result, in
4He, 6Li, and 8Be the !TMT

is independent of the isospin
projection and, in particular, the pp and T # 1 np mo-
mentum distributions are the same.

The excess strength in the np momentum distribution is
due to the strong correlations induced by tensor compo-
nents in the underlying NN potential. For Q # 0, the pair
and residual (A$ 2) system are in a relative Swave. In 3He
and 4He with uncorrelated wave functions, 3=4 of the np
pairs are in deuteronlike T; S # 0; 1 states, while the pp,
nn, and remaining 1=4 of np pairs are in T; S # 1; 0
(quasibound) states. When multibody tensor correlations
are taken into account, 10%–15% of the T; S # 1; 0 pairs
are spin flipped to T; S # 1; 1 pairs, but the number of
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FIG. 1 (color online). The np (lines) and pp (symbols) mo-
mentum distributions in various nuclei as functions of the
relative momentum q at vanishing total pair momentum Q.
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quark distribution functions

medium modifications

SRC, n(k), FSI, σ

Arrington, DD, Fomin, Solvignon



E12-11-112 Precision measurement of the isospin dependence in the 2N 
and 3N short range correlation region [Hall A],  3H, 3He   2015?

Physics goals
Isospin-dependence

✓ Improved precision: extract R(T=1/T=0) to 3.8%
✓ FSI much smaller (inclusive) and expected to cancel in ratio

Improved A-dependence in light and heavy nuclei
✓ Average of 3H, 3He --> A=3 “isoscalar” nucleus
✓Determine isospin dependence --> improved correction for N>Z 
nuclei, extrapolation to nuclear matter

Absolute cross sections (and ratios) for 2H, 3H, 3He
 test calculations of FSI for simple, well-understood nuclei

P. Solvignon, J.Arrington, DD, D. Higinbotham



Isospin study from 3He/3H ratio

�3He/3
�3H/3

=
(2�p+1�n)/3
(1�p+2�n)/3

with �p = 3�n) ÅÑ 1.4

�3He/3
�3H/3

= (2pn+��1nn)/3
(2pn+��1pp/3

= 1.0

Simple mean field estimates for 2N-SRC

Isospin independent n-p (T=0) dominance
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Data Mining from CLAS E2

Analysis Goals

1.  pp-SRC universality in large A nuclei
1. Existence
2.Characteristics (cm and rel. momentum distributions)
3. Probabilities

2. Extend |Pmiss| coverage - transition to scalar force
3. Nuclear transparency - FSI in SRC kinematics

a.  O, Hen et al.  Measurement of transparency ratios for protons from 
short-range correlated pairs, arXiv:1212.5343

4. and more….
SRC in Data Mining from CLAS E2 !
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!q  

!q 
!pmiss  

!pmiss

12C(e,e’pp)!
 
!pmiss

Similar data from!

from 12C(e,e’p)!

56Fe(e,e’pp) ! 208Pb(e,e’p)!

Or Hen, Tel Aviv University 



In-Medium Nucleon Structure Functions
E11-107: O. Hen, L.B. Weinstein, S. Gilad, S.A. Wood

• DIS scattering from nucleon in deuterium
• Tag high-momentum struck nucleons by detecting 

backward “spectator” nucleon in Large-Angle 
Detector

• αs related to initial nucleon momentum
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Projected uncertainties



S. Jeschonnek and J.W.  Van Orden, Phys. Rev. C 81, 014008 (2010) and
Phys. Rev. C 78, 014007 (2008); M.M. Sargsian, Phys. Rev. C82, 014612 (2010)

?

• Compare proton knock-out 
from dense and thin nuclei: 
4He(e,e′p)3H and 2H(e,e′p)n

• Modern, rigorous 2H(e,e’p)n 
calculations show reaction-
dynamics effects and FSI will 
change the ratio at most 8%

• QMC model predicts 30% 
deviation from free nucleon at 
large virtuality

In-Medium Nucleon Form Factors
E11-002: E. Brash, G. M. Huber, R. Ransom, S. Strauch



Sensitivity to non-hadronic components

13

out as source of the EMC effect, because they would require very large non-hadronic components
which were often excluded by other measurements. Figure 12 provides a simple example: It shows
the nuclear structure function for deuterium, as calculated from a convolution of neutron and proton
structure functions (red), and compares it to the structure function obtained by assuming that 5%
of the deuteron wave function is described by a 6-quark bag, using the model of Mulders and
Thomas [34] for the quark distribution for the 6-q bag. The difference is at most 2% throughout
the region of large EMC effect (0.3 < x < 0.8), and so one would need an extremely large exotic
component in nuclei to explain the EMC effect in terms of this kind of non-hadronic contribution in
nuclei.

FIG. 12: The left figure shows the Deuteron valence quark distribution from a convolution of proton and neutron quark
distributions (dashed red), and with the inclusions of a 5% 6-quark bag component (blue). The dotted green line shows the
contribution from the 6-quark bag component. The right figure shows the ratio of F2 with the 6-quark bag contribution to F2

with no 6-quark contribution.

Many of these early models attempted to explain the entire EMC effect in terms of exotic expla-
nations, while we now know that much (if not all) of the effect at large x is due to binding. While
there is insufficient data at present to make precise comparisons between calculations of binding
effects and the data, it is clear that non-hadronic degrees of freedom do not need to be large enough
to explain the 10-20% modifications to the quark distributions in nuclei.

One can gain orders of magnitude more sensitivity to such configurations by examining the struc-
ture function at x > 1. A six-quark bag contribution breaks down the individual identities of the
two nucleons, allowing a greater sharing of momentum between the quarks in the two nucleons and
enhancing the distribution of high-momentum quarks. While this has a small impact in the region of
the EMC effect, it has a much larger effect at x > 1, where the quark distributions fall off extremely
rapidly. Figure 13 shows the same models of the quark distributions in deuterium as Fig. 12: A
convolution of proton and neutron quark distributions, and a mix of 95% proton plus neutron, and
5% contribution from a 6-quark bag. In this case, the quark distribution for the simple convolu-
tion model dies off rapidly above x = 1, and so the contribution from the 6-quark bag can lead to
enhancements of 100’s of percent in the structure function, compared to the percent level effects
observed for x < 1. While we show here the example of a 6-quark bag, any configuration in which
there is direct sharing of the momentum between the quarks in the two nucleons will lead to an
enhancement of this kind, with a similar increase in sensitivity in these large x structure functions.
Larger effects might be observed in heavier nuclei, but one needs a quantitative understanding of the
distribution of high momentum nucleons to provide a reliable “baseline” calculation for the purely
hadronic picture. Measurements of quasielastic scattering at large missing momentum, planned for 6
and 12 GeV, combined with the large x ratios proposed here, should provide significant information
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on the short range correlations that provide the high-momentum part of the spectral function, and
allow us to separate the contribution of superfast quarks that come from high-momentum nucleons
and those that come from other configurations in nuclei.

FIG. 13: Same as Fig. 12, but showing the effect of a small 6-quark bag component in the large x region. The blue circles
indicated the projected measurements, with uncertainties smaller than the points shown.

Here we will be DIS dominated at least up to x = 1.3; however, for higher x values, the quality of
scaling at lower Q2 indicates that deviations from the scaling limit should be relatively small even
for x = 1.4 − 1.5 . Our measurements of the Q2-dependence for selected targets will allow us to
investigate this.

We can see from Fig. 6 that for large x and Q2, the scattering is dominated by scattering from
the short range correlations in nuclei. This makes it clear that it will still be important to have
quantitative measurements of the contributions of short range correlations, although any uncertainty
in our knowledge of the strength and detailed structure of these contributions will partially cancel
in the ratio. It also provides another way to view the sensitivity to these non-hadronic components.
The cross section is dominated by scattering from these short range correlations, which represent
two or more nucleons in very close proximity, and therefore represents scattering from a high density
configuration in the nucleus. It is then natural that one would have much greater sensitivity to
modification of the nucleon structure when using the scattering kinematics to isolate scattering from
high density configurations, thus probing the quark structure as a function of local density, rather
than average nuclear density.

V. OTHER TOPICS OF INTEREST

In addition to providing information about short range correlations and parton distributions at
x > 1, these measurements will provide data that can be used to study duality and to make precise
measurements of the nuclear dependence of QCD moments. Current moment analyses are limited
at moderate to high Q2 values by the knowledge of the structure function at x > 1, especially for
the higher moments [35]. Combining this data with lower x measurements from duality studies of
hydrogen and deuterium will allow a more precise determination of the first several moments of the
nuclear structure function. A comparison of the moments of deuterium and hydrogen may allow a
determination of the moments for the neutron without some of the theoretical ambiguities that arise
when attempting to directly extract the neutron structure function from data on nuclei.

This data will also provide new ways to probe the details of duality in nuclei [4, 30, 36, 37]. Studies
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Summary

• Evidence for SRC seen in inclusive and exclusive reactions

• Isospin asymmetry established experimentally -> probably 
should not be a surprise

• New experiments under analysis and approved that should 
illuminate both the gross and fine features

• SRC demand high densities (momenta) and, if these rare 
fluctuations can be captured, they should expose, potentially 
large, medium modifications


