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Abstract

The strong interaction of nucleons at short distances leads to a high-momentum
component to the nuclear wave function, associated with short-range correla-
tions between nucleons. These short-range, high-momentum structures in nu-
clei are one of the least well understood aspects of nuclear matter, relating to
strength outside of the typical mean-field approaches to calculating the struc-
ture of nuclei. While it is difficult to study these short-range components,
significant progress has been made over the last decade in determining how to
cleanly isolate short-range correlations in nuclei. We have moved from asking
if such structures exist, to mapping out their strength in nuclei and studying
their microscopic structure. A combination of several different measurements,
made possible by high-luminosity and high-energy accelerators, coupled with an
improved understanding of the reaction mechanism issues involved in studying
these structures, has led to significant progress, and provided significant new
information on the nature of these small, highly-excited structures in nuclei.
We review the general issues related to short-range correlations, survey recent
experiments aimed at probing these short-range structures, and lay out future
possibilities to further these studies.
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1. Introduction

Despite a significant understanding of the rich structure of the nucleon-
nucleon strong interaction, its implication for the dynamics of the atomic nuclei
is rather elusive. Bulk properties of medium to large nuclei follow from the
rather general characteristics of nuclear forces such as nucleons being fermions
and nuclear forces being short range and having a repulsive core. Because of
these characteristics, the medium to heavy nuclei demonstrate degeneracy of
the Fermi system with clear identification of the Fermi momentum, kFermi, for
quantities such as momentum or kinetic energy distributions of bound nucle-
ons [1]. Refinements of such approximations within the framework of Bethe-
Goldston [2] or Nuclear Shell [3] models require, but are not very sensitive to,
the short-range properties of the nucleon–nucleon (NN) interaction. Therefore,
these models provide very limited ability to investigate the structure of nuclear
matter beyond saturation density up to the expected transition from nucle-
onic to quark-gluon degrees of freedom. As such, the experimental evidence for
short-range correlations within the context of these models is rather indirect.

Simple shell model calculations made predictions for how many nucleons
should occupy each nuclear shell. While such mean-field calculations can pro-
vide extremely successful descriptions of the energy and momentum distribution
of nucleons in these shells, they do not correctly predict the occupancy of the
shells. Measurements of the proton knock-out reaction [4, 5] show that the spec-
troscopic factor, basically the ratio of the observed strength within a given shell
to the expected strength, is less than one; the observed strength is typically
∼30% below the shell-model expectation for measurements in many nuclei and
looking at several nuclear shells. Even the most advanced Hartree Fock cal-
culations, which include long-range correlations, significantly overestimate the
strength observed in the nuclear shells. A very plausible explanation for this
discrepancy is the presence of strong NN interactions, due to the repulsive core
and tensor components, which yield hard interactions that excite nucleons out-
side of the low-lying shells. Thus, the nucleons are removed from the relatively
low excitations associated with the nuclear shells and moved to higher energies
and momenta, where there is little or no strength in the mean-field calculations.

To understand why the independent particle shell model can yield detailed
and precise predictions for the nucleon distributions yet fail to predict the abso-
lute strengths, one needs only to consider modern nucleon momentum distribu-
tions. Looking at the momentum distributions [6] shown in Fig. 1, it is straight-
forward to see that they consist of two distinct regions. At lower momenta, the
distribution clearly shows the characteristics of degenerate Fermi system with
broad momentum distribution, falling off rapidly at momenta k ≤ kFermi. The
Fermi momentum kFermi ∼ 250 MeV/c increases slowly with the nuclear mass
density (scaling roughly as ρ1/3).

The high momentum tail of the momentum distribution has a much less rapid
falloff, and the distribution is roughly similar for all nuclei from deuterium to
nuclear matter. Such a universality of the high momentum tails strongly argues
against the role of the collective or mean-field effects. Indeed, the mean-field cal-
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Figure 1: Nucleon momentum distributions n(k) (solid lines) along with the momentum
distribution for nucleons in an average potential no(k) (dotted lines) for various nuclei are
shown. The deuteron distribution was calculated in [7] using a Paris potential [8]. Also shown
are distributions for 3He [9], 4He [10] 12C [11], 16O [12], 40Ca [11], 56Fe [13], 208Pb [14],
and infinite nuclear matter [15]. The open squares represent the results obtained within the
y-scaling analysis of inclusive data from Ref. [16], and the full triangles are the results for n(k)
in 4He extracted from the exclusive reaction 4He(e, e′p) [17]. The open triangles represent the
values obtained from the exclusive experiments on 2H [18, 19], 3He [20, 21, 22], 4He [23] and
12C [24]. Figure reprinted with permission from Ref. [7]
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culations dramatically underestimate the strength at k > kFermi, falling short
by several orders of magnitude at high momenta, as shown in Fig. 1. This
universality of the high momentum tails can be easily understood if they are
generated via the short-range part of the two-nucleon potential, and are thus
independent of the shell model component of the nuclear momentum distribu-
tion.

If the two-body NN interaction is responsible for the high-momentum tail
of the nuclear momentum distribution, then one expects the shape of the dis-
tribution beyond the Fermi momentum to be essentially identical for all nuclei.

nA(k) = a2(A,Z) · n2(k) for k > kFermi , (1)

where n2(k) represents the momentum distribution generated by the two-body
interaction and a2(A,Z) is related to the probability of finding these high-
momentum two-nucleon configurations, or two-nucleon short-range correlations
(2N SRCs) in the nucleus relative to the two-nucleon system. The short-range
NN interaction is dominated by the tensor interaction, except at extremely short
distances, which yields high momentum iso-singlet (np)I=0 pairs but does not
contribute to the iso-triplet channel (pp, nn, np)I=1. Thus, one expects that the
two-body distribution is identical to the deuteron distribution: n2(k) = nD(k),
and the ratio of scattering cross sections between a heavy nucleus A and the
deuteron should be proportional to a2(A,Z), which is related to the probability
of finding NN SRCs in the nucleus A relative to the deuteron.

In this scenario, the NN SRC represents a pair of nucleons where each nucleon
has a large momentum (exceeding kFermi) but the total momentum of the pair
is very small, i.e. a pair of nucleons with large, back-to-back momenta. For the
case where the iso-singlet pair dominates, one expects the high-momentum part
of the distribution to look much like the high-momentum tails in the deuteron
momentum distribution, as the dueteron is also an iso-singlet nucleon pair with
zero total momentum.

This simple picture should break down at momenta where the central re-
pulsive core of the NN potential dominates. This is expected to occur for
k > kmax ≈ 800 MeV/c; the characteristic momenta at which on expects that
the isospin-independent repulsive core will dominate in the NN interaction. Ad-
ditionally, as one goes extremely far out in the tail of the 2N SRC distribution,
inclusion of three-nucleon configurations may become important. Finally, the
above picture is also expected to break down at the point where the nucleon
kinetic energy is comparable with the excitation energies of nucleon, in which
case non-nucleonic degrees of freedom may need to be taken into account.

To probe the high momentum tail experimentally one needs to deal with
several issues which follow mainly from the fact that the momentum distribution
of the nucleon is not an experimental observable. As a result one needs to
identify an appropriate observable which is most relevant for characterization
of the bound nucleon in the high momentum tail.

The second problem one faces is finding a probe that is able to resolve
genuine j-Nucleon (j = 2, 3...) SRCs from j-body processes involving long range
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interactions. The most efficient solution of this problem is to study the SRC
using a probe with large momentum transfer, q, and energy transfer, q0. Most
of these measurements utilize single nucleon knock-out reactions, so one must
choose kinematics which minimize contributions from more inelastic scattering
processes. The optimal approach depends on the reaction mechanism, and the
kinematic requirements are detailed in Section 3.

Over the last decade, several high energy nucleon knock-out experiments
were performed which provided significant advances in our studies of the short
range nucleon correlations in nuclei. In this work we review these experiments
emphasizing the progress they made in understanding the nuclear dynamics of
short-range correlations.

2. Main Approaches of Probing Short Range Correlations in Nuclei

This section details the requirements for an ideal investigation of SRCs in
nuclei, providing complete and detailed information on their structure and con-
tributions in both light and heavy nuclei.

I. Instantaneous interaction involving a nucleon from the SRC: This means
that one should have a clear way of identifying events in which the high
energy probe interacts with the correlated nucleon and instantaneously re-
moves it from the SRC. The requirement that the process is instantaneous
is a necessary condition for the observables such as spectral functions or
momentum distributions of nucleons to be meaningful from the point of
view of probing SRC structure.

II. Struck and spectator nucleons from SRC are distinguishable: The ability to
distinguish which nucleon is knocked out by the virtual photon and which
one is a spectator from the SRC is essential for mapping out the dynamical
mechanism of pre-existing SRCs in the ground state wave function of the
nucleus. For example, the measurement of the momentum and energy
correlations between two detected nucleons will allow for the extraction of
relative and center of mass momentum distribution of 2N SRCs, provided
that one clearly can identify the spectator and struck nucleons in the
reaction.

III. Separation of two- and three- nucleon SRCs: The methodology of SRC
studies should allow unambiguous separation of signatures for two- and
three- nucleon correlations. This will require an elaboration of specific
kinematic conditions in electroproduction reactions which will enhance
either two-, three- or many-nucleon correlations.

IV. Long range two-nucleon effects are suppressed: Due to the abundance of
low-momentum nucleons in the ground state wave function of the nucleus,
long-range two-step processes such as meson exchange currents (MECs)
and intermediate state resonance contributions will significantly alter the
SRC picture unless they are suppressed by kinematics or other dynamical
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conditions. Typically, this means operating at higher Q2 values, to sup-
press final state interactions and meson exchange contributions, and at
relatively low energy transfer, to suppress inelastic or intermediate state
resonance contributions.

V. Final state interaction effects are small or understood: The major problem
in SRC studies is the final state interaction (FSI) effects between particles
in the final state. Hadronic FSIs do not diminish with an increase of the
transferred momentum and energy of the reaction, but do enter into the
Eikonal regime. The eikonal regime (or “regime of geometrical optics”)
has several important characteristics which follow from the high energy
and small angle scattering nature of the FSIs. One key consequence is
the approximate conservation of the p− = E− pz components of the four-
momenta of scattered particles [25]. Because of this, one still can extract
information about the high momentum component of the nuclear wave
function, even in the presence of large FSI.

Another important property of the eikonal regime of the FSI comes from
the fact that rescattering is localized in the direction almost transverse
to the direction of the fast moving particle and that the distance the fast
particle travels before rescattering decreases with increasing virtuality of
the particle. As a result, deeply bound nucleons knocked out from the SRC
propagate a short distance, comparable to the size of the SRC, before
rescattering. This implies that the bulk of the rescattering takes place
with the nucleon in the SRC [26], and thus a very large component of the
FSI is also dependent only on the structure of the two-body system, and
therefore independent of the nucleus in which the SRC appears. This plays
an critical role in preserving important kinematical correlations between
struck and spectator nucleons, even when FSI effects are sizable.

VI. Improved understanding of relativistic and bound-nucleon effects: Nucle-
ons in SRCs are characterized by large momenta and binding energies.
This increases significantly the effects due to the relativistic motion of the
nucleon as well as possible modification of the nucleon structure due to
the large binding effects. The comprehensive exploration of the dynamics
of SRCs requires an understanding of the reaction dynamics and nucleon
modification effects of deeply bound nucleon in the short range correla-
tions. Thus the program of SRC studies should go parallel with studies of
reaction dynamics and nuclear medium modification effects.

VII. Detailed studies of few-body nuclei: Due to a certain degree of factorization
between the short and long range interactions in nuclei (similar to Eq. (1)),
the above discussed reaction dynamics, relativistic and binding effects can
be studied using only few nucleons systems such as deuteron, 3He or 3H
nuclei. Therefore the systematic studies of lightest nuclei should be the
integral part of the SRC studies program.

VIII. Comparisons of different SRC observables and reactions: SRCs can be
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studied in electroproduction reactions with different degrees of complexity,
including inclusive (e, e′), semi-inclusive (e, e′N), and triple-coincidence
(e, e′NN) reactions for both polarized and unpolarized processes. In each
case, one deals with specific type of observation relevant to the SRC dy-
namics. The universality of the short-range interaction assumes that there
should be clear consistency and relationship among the all observables
measured in these reactions. This helps to demonstrate a reliable sepa-
ration of initial-state SRC structure and reaction-dependent corrections
related to meson exchange and resonance contributions in the scattering
or final state interactions.

3. SRC Kinematics

3.1. General kinematical considerations for SRC Studies

The above conditions will drive the restrictions on momentum and energy
transfers in reactions aimed at probing SRCs. While the exact kinematic re-
quirements will depend on the reaction, one can make some general estimates
of the requirements for such measurements. Condition (I), the desire to have
a nucleon from the SRC removed instantaneously can be achieved if the en-
ergy and momentum transfer scales are much larger than the excitation energy
scale characteristic to the nuclei in general and SRC in particular. This can be
achieved by the condition [26, 27]:

q0 ≫ VNN , q ≫ mN/c, (2)

where VNN is the characteristic potential of the NN scattering. In this case the
residual system after the nucleon is removed from the SRC can be considered
intact at the time of the interaction and therefore the spectral function can be
introduced for the reaction which will reflect the direct properties of SRCs.

Condition (IV) is generally addressed through the choice of kinematics for
the measurements:

Q2 ≫ m2
meson. (3)

While for some reactions, such as reactions close to the deuteron threshold
or in elastic scattering [28], exchange currents are expected to be important
even at large Q2 values. In principle, they are important also for hard break-up
reactions, although due to large masses produced in the intermediate states these
reactions more naturally are described by the quark-exchange diagrams [29].
However, it is rather well established that for the reactions we will discuss in
the context of SRC studies, meson exchange currents significantly diminish for
Q2 ≫ m2

meson and already at Q2 ≥ 1 GeV2 they are small correction in the
wide range of kinematics relevant to SRC studies [25, 30]. Above Q2 = 1 GeV2,
long-range meson exchange current contributions are suppressed with respect
to the direct production from SRC by an additional factor of Q−4 [25, 30].

Contribution from the intermediate state resonances are still important at
these Q2 values, especially contributions from ∆-isobars which, due to large
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magnetic transition form-factors, have sizable contribution in electroproduction
reaction close to the pion-threshold for Q2 ≤ 4 GeV2 [31, 32]. For moderate
momentum transfers (1 GeV2 ≤ Q2 ≤ 4 GeV2), where the γN → ∆ transition
is comparable with the γN → N , a suppression of these contributions can
be achieved by working at low energy transfer, thus keeping away from the
inelastic threshold. A convenient parameter for identifying the closeness to

the threshold is the Bjorken variable x = Q2

2mNq0
, where we use the nucleon

mass in the denominator, even though we are scattering from a heavier target.
This leads to a kinematically allowed region of 0 < x < MA/MN , rather than
0 < xA < 1, where xA is defined using the nucleon mass. Defined this way,
quasi-elastic scattering from low-momentum nucleons corresponds to x ≈ 1 for
all nuclei, while inelastic processes (with larger values of q0) occur at smaller
values of x. Choosing to probe high-momentum nucleons on the x > 1 part
of the quasi-elastic peak yields a significant suppression of IC contributions.
Figure 2 demonstrates how requiring x > 1 and Q2 above 1–2 GeV2 allows one
to probe the large internal momenta of the two-nucleon correlations.
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Figure 2: The minimum relative momentum between the nucleons in an at-rest 2N SRC as a
function of x for quasi-elastic q + 2N → N +N scattering for Q2 values of 0.5, 1.0, 1.5, 3, 5,
8, and 10 GeV2. Figure reprinted with permission from Ref. [26]

These requirements, together with Eq.(2), set the necessary kinematic re-
quirements. Thus, it is desirable to have an energy transfer of at least 0.5 GeV,
and momentum transfer of 1–2 GeV2 or higher, while working at x >∼ 1 to
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minimize intermediate resonance contributions.
Condition (III) requires the ability to separate two-nucleon and three-nucleon

SRCs. A simple way to do this is through the use of kinematic thresholds. For
scattering from a free nucleon, the kinematic threshold is x = 1, and thus any
scattering at x > 1 must involve at least two nucleons. For x slightly above
unity, the “multi-nucleon” contributions are dominantly quasi-elastic scattering
from a single nucleon which has a non-zero momentum k < kFermi, due to
its interaction with the other nucleons in the nucleus. If one goes significantly
above x = 1, then the contribution from k < kFermi dies off rapidly, and one
is mainly sensitive to the very high momentum nucleons associated with 2N
SRCs. Similarly, for x > mD/mN ≈ 2, at least three nucleons must be involved
in the reaction, with high-momentum configurations becoming dominant some-
what above x = 2. In general, scattering at j − 1 < x < j must involve at least
j nucleons, and as x approaches j, one is mainly observing scattering from a
j-nucleon correlation.

This can be defined in a more rigorous way by defining the parameter αi:

αi = A
Ei − pi,z
EA − pA,z

= A
Elab

i − plabi,z

mA
(4)

where pA is the four-momentum of the nucleus A and pi ≡ (Ei, ~pi) is the initial
four-momentum of the struck-nucleon. Note that m2

i ≡ p2i = E2
i − ~p2i 6= m2

N

reflects the off-shellness of the nucleon. The parameter αi is Lorentz boost
invariant quantity [33, 34] and in the infinite momentum frame it describes the
momentum fraction of the nucleus carried by the interacting nucleon. As with
Bjorken-x, the kinematic limits can be used to separate scattering from different
SRCs, such that

j − 1 < αi < j , (5)

allows one to distinguish interactions with j = 2, 3... nucleons. However, the use
of αi to separate 2N, 3N, and multi-nucleon configurations has some important
advantages over the equivalent separation using Bjorken-x. While the kinematic
limits are independent of Q2, i.e. x > 1 always requires at least two nucleons
to be involved. The threshold in x for which one is sensitive only to nucleons
with k > kFermi depends on Q2, while the threshold in αi is essentially Q2-
independent (see Fig. 2). Another important property of αi is that in the eikonal
regime, discussed as part of condition (V), this quantity is not modified by
final state interaction. Therefore, the experimentally extracted αi distribution
function reflects the pre-existing distribution in the SRCs, even in the presence
of large FSIs.

The above considerations are largely independent of the specific reaction
being used to probe SRCs. We now discuss in more detail the requirements,
separating the further discussion of the ideal conditions for sensitivity to SRCs
according to the complexity of the electro-nuclear reactions used to probe the
SRCs. We discuss three main types of the reactions: inclusive A(e,e’)X, semi-
inclusive A(e,e’N)X and triple coincidence A(e,e’,NN)X reactions. For all three
cases we consider only the quasi-elastic scattering in which case one nucleon
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is knocked-out from the SRC in the elastic γ∗N interaction and the residual
nuclear system consists only of nucleons.

3.2. Kinematics of Inclusive Reactions

In using quasi-elastic scattering to probe SRCs, we measure scattering from
high-momentum nucleons and are thus sensitive to the high-momentum compo-
nent of the nuclear wave function. The cross section is limited by the require-
ment that one work at relatively high Q2 values as well as the probability of
finding a nucleon in the high-momentum tail which falls off very rapidly at high
momentum. For large nucleon momenta, one is therefore dealing with very small
cross sections, and so the first approach to isolating SRC contributions, and the
only attempts to isolate 3N SRCs to date, involved inclusive measurements,
where only the scattered electron is detected. This maximizes the cross section,
while still allowing for isolation of the SRC contributions through selection of
appropriate kinematics.

Applying energy-momentum conservation for the nucleon knocked-out from
the nucleus, one obtains (pi + q)2 =W 2

N , where WN is the produced final mass
in γ∗N interaction, yielding:

αi = x

(

1 +
2p2i,z
q0 + |q|

)

+
W 2

N −m2
i

2mNq0
, (6)

where pi,z is the longitudinal momentum of the initial nucleon along the direc-
tion of the transferred momentum q and for quasi-elastic kinematicsWN = mN .

Note that αi depends on the initial nucleon momentum, pi,z, which cannot
be fully reconstructed in inclusive scattering. However, in the limit where q0
and |q| are much larger than |pi,z| and WN , αi ≈ x. Since x is defined only by
the kinematics of the initial and scattered electron, one can use x in place of αi

to isolate scattering from high-momentum nucleons. Because of the kinematic
condition that scattering at that x > j requires that at least j + 1 nucleons
be involved, one can attempt to isolate 2N correlations by requiring x to be
sufficiently larger than one, and 3N SRCs when sufficiently above x = 2.

Thus we can conclude that inclusive A(e, e′)X reactions measured at Q2 ≫
m2

N and x > 1 allow us to probe the nucleon in 2N and higher order correla-
tions. At lower Q2 values, where the above approximations are not as good, the
mapping between αi and x will be somewhat Q2-dependent, and so the value
of x where 2N SRCs will be dominant will depend on Q2. This effect can also
be seen in Fig. 2, where the x value at which one maintains a minimum nucleon
momentum larger than kFermi decreases with increasing Q2.

While pi,z is not reconstructed, and therefore one cannot extract αi from
inclusive scattering, one can estimate pi,z from the inclusive kinematics under
the assumption that one is interacting with one of the nucleons in an at-rest
2N SRC. Under this assumption, one can reconstruct α2N (or αtn), which is
equal to αi to the extent that the two-body approximation is valid and the
transverse momentum of the initial nucleon can be neglected. This allows for a
comparison of the the onset of 2N SRC dominance as a function of x and αi.
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For multi-nucleon SRCs, there is no longer a unique prescription for determining
pi,z, as it depends on the distribution of relative momentum (and momentum
direction) of the nucleons in the SRC. For example, a 3N SRC in a symmetric
configuration where all three nucleons have similar momentum will provide a
different spectator system than a linear configuration where the momentum of
one nucleon is balanced by two nucleons splitting the momentum in the opposite
direction. Thus, examination of the onset of scaling for x > 2 using different
models of the microscopic structure of the 3N SRCs may allow for an evaluation
of these configurations.

3.3. Kinematics of semi-inclusive A(e, e′N)X reactions

We next examine the semi-inclusive A(e, e′N)X reaction with kinematics
chosen such that one outgoing nucleon, initially in the SRC, is detected in co-
incidence with the scattered electron. The goal is to study the single nucleon
knock-out channel, such that the undetected particles are only the (A-1) specta-
tor nucleons in the reaction. The kinematics are typically chosen in such a way
that the momentum of the detected nucleon, ~pN ≈ ~q ≫ kFermi. Under these
conditions, one hopes to identify the nucleon N as the one which was knocked-
out by virtual photon interaction. For this reaction we also define the missing
momentum and missing energy:

~pm = ~q − ~pN , Em = ER − TA−1 , (7)

where

ER = q0 − (
√

m2
N + p2N −mN ) , (8)

is the total excitation energy of the recoil (A-1) nucleus, which can be divided
up into the internal excitation energy of the (A-1) system, Em, and its kinematic
energy, TA−1 = EA−1−Em−mA−1, wheremA−1 is the mass of the hypothetical
unexcited (A-1) state, i.e. if one were to remove a nucleon with Em = pm = 0.

In the plane wave impulse approximation (PWIA), it is straightforward to
relate the four momentum of the initial nucleon pi ≡ (Ei, ~pi) to missing mo-
mentum and residual nuclear energy as follows:

~pi = −~pm and Ei = mN − ER (9)

If we assume two-body break-up in the PWIA, then the spectator system will be
the (A-1) nucleus, with momentum pm = −pi that balances the initial nucleon
of the struck momentum. The excitation of the (A-1) nucleus will simply be its
kinetic energy, TA−1 = p2m/(2mA−1).

From this, we define the necessary condition for probing SRCs as

|pm| = |q − pN | > kFermi , (10)

as this corresponds to scattering from a nucleon with pi > kFermi in the PWIA.
This condition is not sufficient, since it is derived within PWIA and final state
interactions could significantly alter the actual relation between pm and pi.
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Another observation that can be drawn from the PWIA picture is the relation
between pm and ER/Em

1. If one assumes that the interaction took place with
2N SRCs which are well factorized from the mean field of (A-2) nucleus one
obtains for the quasi-elastic kinematics the relation

ER ≈
√

m2
N + p2m −mN ≈

p2m
2mN

. (11)

Thus pm and ER/Em will be correlated quantities if the SRC is probed in the
interaction. Note, however, that this correlation arises from a purely kinematical
condition, so any two-body current (such as meson exchange currents, ∆-isobar
contribution) may induce similar correlations. To enhance the role of the 2N
SRCs in the observation of pm − ER correlations, the additional conditions on
Q2 and x discussed in Sec. 3.1 should be imposed.

3.4. Kinematics of triple coincidence A(e, e′NN)X reactions

Triple coincidence measurements, while adding additional complexity, also
have the potential to provide more comprehensive information about the dy-
namical structure of SRCs. In such experiments, one couples the semi-inclusive
single-nucleon knock-out measurement of a high-momentum nucleon with de-
tection of the spectator nucleon in the initial state 2N SRC. The kinematics are
chosen such that one nucleon in the SRC (initial momentum pi, final momen-
tum pp) can be clearly identified as being knocked out by the virtual photon,
while the other (final momentum pr) is identified with the recoil nucleon from
the SRC. To achieve this, the following conditions on the two outgoing nucleons
are imposed:

kFermi < |pr| ≪ |q| and ~pp ≈ ~q , (12)

where the latter condition simply comes from the fact that we are looking for
correlations where |pi| ≈ |pr|, combined with the requirement that q >> pr.
This is convenient experimentally, because one is potentially interested in a
large region of initial nucleon momenta, but these should all be found in a
relatively narrow cone around the momentum transfer for sufficiently large |q|.
Once these kinematic conditions are satisfied, several signatures can be explored
to study SRCs.

The first step is to identify events consistent with pre-existing SRCs. In the
PWIA, there should be a strong correlation between initial momentum of the
struck nucleon (pi) and recoil momentum (initial and final momentum pr in the
PWIA) if both were in the SRC prior to the scattering:

~pi ≈ −~pr with ~pi ≈ −~pm. (13)

Similarly, the SRC picture predicts a correlation between missing energy of
the reaction and the kinetic energy of the recoil nucleon. This correlation is a

1The missing momentum pm and energy ER/Em are in general independent kinematical
variables for (e, e′p) reactions.
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generalization of Eq. (11) which yields:

ER ≡ q0 − Tp ≈ Tr (14)

where Tp, Tr are the kinetic energies of struck and recoil nucleons.
The above two correlations also yield a relation between light-cone momen-

tum fractions of initial struck nucleon αi and recoil nucleon αr of the following
form:

αi + αr ≈ 2 (15)

which is a statement of the condition that 2N SRC carries 2/A fraction of the
light cone momentum of the nucleus A, as expected for a two-nucleon system
whose total momentum is small. One important advantage of Eq. (15) as com-
pared to Eqs.(13,14) is that while latter relations strictly speaking are correct
within PWIA, the former survives the FSI in the eikonal regime.

Finally, another very important advantage of triple coincidence experiments
is that by detecting different outgoing nucleons (pp, pn, nn) one can study the
isospin dependence of the SRCs. Generalizing these reactions to the case in
which the recoiling system represents a baryonic resonance, such as ∆-isobar,
one can use these reactions to gain access to the non-nucleonic components of
SRCs [35, 36].

4. Deuteron

The deuteron plays a special role in SRC studies. First, the measurement
of the momentum distribution is necessary for identification of the iso-singlet
component of 2N SRCs in nuclei, which is expected to be a universal feature in
the high-momentum tail of all nuclei (eq. (1)). Second, as the simplest nucleus,
the deuteron provides a testing ground for issues related to reaction mechanism:
meson exchange contributions (MECs), isobar contributions (ICs), final state
interactions (FSIs), as well as modification of the properties of nucleons due to
their off-shellness.

Extensive measurements of single nucleon knockout, both inclusive and co-
incidence, have been made to probe both the low-momentum region and high-
momentum tails of the deuteron momentum distribution. For nucleon momenta
above ∼250 MeV/c, calculations of the cross sections showed growing sensitiv-
ity to the choice of nucleon-nucleon potential in exactly the region where cor-
relations are expected to dominate the momentum distribution. It was thus
expected that measurements at large values of missing momentum would allow
one to study the details of the short-range part of the nucleon–nucleon potential.

In 1981, Saclay measured the D(e,e’p)n reaction with a 500 MeV electron
beam up to missing momentums of ≈340 MeV/c [18] and were able to extract a
momentum distribution from the data. The sub-GeV beam energies that were
available meant that subsequent experiments at higher pm were forced to make
measurements in the xB < 1 region, near the ∆ resonance. So while these
experiments were able to measure missing momentum out to 950 MeV/c, the
cross section above 400 MeV/c was dominated by meson exchange and isobar
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Figure 3: The pm dependence of the d(e, e′p)n differential cross section [37] at Q2 = 0.13 −

0.33 GeV2. Dashed line is PWIA contribution, solid line is PWIA+MEC+IC [38]. Figure
reprinted with permission from Ref. [37]

currents [37] and it was not possible to exact information about the underlying
distribution (see Fig. 3).

The situation is somewhat improved when exploring polarization observables
in the deuteron electrodisintegration reaction. For example, the NIKHEF po-
larized D(e,e’p)n measurements [39] show the importance of including both the
S and D wave components of the deuteron structure, with reduced sensitivity to
the contributions of FSI. The measurement clearly shows a change of sign in the
asymmetry for missing momenta greater than the Fermi momentum (Fig. 4).
However, the theoretical agreement with the data still require contributions due
to isobar and meson exchange currents.

The first high energy studies involving the deuteron were the studies of inclu-
sive high-Q2 reactions at SLAC in late 1970s, 1980s and early 90s [42, 43, 44, 45].
These experiments for the first time probed x > 1 kinematics. The most compre-
hensive high Q2 inclusive electron-deuteron scattering measurements for x > 1
were performed in Hall C at Jefferson Lab, with measurements performed with
a 4 GeV electron beam in 1996 [46, 47, 48], while the analysis of new Jefferson
Lab measurements at 6 GeV is nearly complete [49, 50, 51]. These inclusive
measurements studied the deuteron momentum distribution by means of y-
scaling [52, 53, 54, 6]. The extraction of the deuteron momentum distribution
is based on the analysis of the inclusive d(e, e′)X reaction within the framework
of the quasi-elastic scattering according to which y, which represents the longi-
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tudinal component of the initial nucleon momentum pi,z in the direction of the
transferred momentum q, is defined from the energy conservation relation for
two-body break-up:

q0 +md =
√

m2
N + (q + y)2 +

√

m2
N + y2 . (16)

The experimental y-scaling function, F (y,Q2), is extracted as

F exp(y,Q2) =

dσ
dE′

e
,dΩ

σep + σen
, (17)

where σeN is the elastic scattering cross section off the bound nucleon. In
the scaling limit, F (y,Q2) → F (y) if the assumptions of the y-scaling analysis
are valid. The observation of scaling in the data supports the assumptions of
the y-scaling analysis. However, there is still a concern that FSI contributions
may be important for large initial momenta. For inclusive scattering, the FSI
contributions are less of a concern than in exclusive reactions, due to the closure
approximation which is increasingly well satisfied as Q2 increases, leading to FSI
contributions that largely cancel. However, when the struck nucleon is extremely
close to another nucleon, as in the case of scattering from one nucleon in an
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SRC, the remaining FSI is confined within the correlated nucleons. Thus, while
the observation of a Q2-independent scaling function supports the y-scaling
picture in general, the high momentum tails of the distribution may still have
contributions from a nearlyQ2-independent FSI contribution due to rescattering
of the struck nucleon from the correlated nucleon in the SRC.

In the PWIA picture of quasi-elastic scattering, the above extracted scaling
function can be compared related to the nucleon momentum distribution,

F (y) = 2π

∞
∫

|y|

n(p)pdp , (18)

and so the cross section is simply a convolution of the e-N elastic cross section
and the momentum distribution of the nucleons in the nucleus.

Figure 5: Scaling function F (y) for deuteron from Ref. [46] for scattering angles between
15 and 55 degrees. The solid line represents the expected F (y) based on the calculation of
the deuteron momentum distribution using the Av14 NN potential. Note that the inelastic
contribution for y ≥ 0 has been subtracted out using a model.

Figure 5 shows that F exp(y,Q2) converges to F (y) as the scattering angle
increases, which corresponds to increasing values of Q2. This gives one of the
clearest indication that with increase of Q2, quasi-elastic scattering from nucle-
ons distributed according to a simple nucleon momentum distribution dominates
the reaction. While the agreement with the deuteron momentum distribution
calculated from the NN potential suggests that final state interactions are not
too large in this region, it is difficult to set precise limits, as other modern
NN potential yield predictions that vary by 10–20% for these nucleon momenta
above 400 MeV/c.

Exclusive D(e, e′p)n measurements can provide additional information, as
the initial kinematics of the struck proton can be fully reconstructed in the
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Figure 6: Impulse approximation (a), diagonal (b) and change-exchange (c) final state interac-
tions and intermediate resonance contributions (d) to the d(e, e′p)n reaction. Figure reprinted
with permission from Ref. [63]

PWIA. However, while these reactions have the potential to provide a more
complete understanding of the high momentum components of the nucleon dis-
tribution, they are more sensitive to the details of the reaction mechanism. The
deuteron, then, provides the best testing ground for both the high momentum
wave function and the competing effects including final state interactions, iso-
bar contributions, and reaction dynamics. This is one of the main reasons why
these reactions have been so intensively studied by several groups [55, 56, 57,
58, 57, 59, 60, 61, 62, 63].

One important aspect of exclusive d(e, e′N)N reactions is that they pro-
vide the possibility to map out the role of intermediate inelastic transitions
such as IC contributions and to study the onset of the eikonal regime in the
final state interaction of two outgoing nucleons. This is an extremely impor-
tant issue because, unlike MEC contributions, IC and FSI contributions do not
decrease rapidly with increasing Q2 values2. As a result, the most relevant pro-
cesses contributing to the exclusive d(e, e′p)n reactions for Q2 ≥ m2

N region are
the PWIA single nucleon knock-out, final state interactions, and intermediate
resonance contributions (mainly the ∆-isobar) of Fig. 6.

The first experiments on d(e, e′p)n with the momentum transfer close to the
GeV/c region were performed at SLAC [66] and Jefferson Lab [67]. The SLAC
measurement covered 1.2 < Q2 < 6.8 GeV2, but only measured near the top
of the quasielastic peak, and was limited to pm values below 300 MeV/c. But

2ForQ2 ≈ 4 GeV2 γ∗N → ∆ transition amplitude is comparable with the elastic γ∗N → N
form factor and the FSI contribution is essentially Q2 independent, at least up to Q2 ≈

8 (GeV/c)2 [64, 30].
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Figure 7: Missing momentum dependence of the reduced cross section. The data are from
Ref. [65]. Dashed line – PWIA calculation; dotted line – PWIA + pole term of forward FSI;
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even so, the cross section, and in particular the asymmetry between positive
and negative pm values showed the importance of having detailed relativistic
calculations [68, 69].

The Jefferson Lab measurement was performed at Q2 ≈ 0.7 (GeV/c)2, where
data were taken for x ≈ 1 (on top of the quasi-elastic peak) [67]. Here again,
the extracted momentum distribution follows the closely the early Saclay re-
sults up to ≈ 300 MeV/c, but above this, final state interactions dominate the
results [65]. Theoretical studies of this experiment [58, 63] demonstrated that
FSIs, calculated within the eikonal approximation, can reasonably well describe
the absolute cross section of the reaction (see Fig. 7), even when FSI yield 80%
of the total cross section. This provides a significant test of the validity of the
eikonal approximation, suggesting that the corrections can be reliably applied
in kinematics where the contributions can be further suppressed. Another result
of these measurements is that kinematical suppression of IC for the low energy
transfer region (x ≥ 1) is effective at these kinematics, with no substantial IC
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contribution observed in these measurements.
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Figure 8: The recoil neutron momentum distribution for (a) Q2 = 4 ± 0.5 GeV2 and (b)
Q2 = 5 ± 0.5 GeV2. The dashed, dash-dotted and solid curves are calculated [57] using
the Paris potential [8] and averaged over the CLAS acceptance for PWIA, PWIA+FSI and
PWIA+FSI+MEC+N∆, respectively. The red dotted curves are calculated using Av18 po-
tential [70]. Figure reprinted with permission from Ref. [71]

These measurements were followed by an experiment [71] where for the first
time the momentum and energy transfer in the reactions exceeded the nucleon
mass with 0.8 < Q2 < 5 (GeV/c)2. The momentum distribution shows a sub-
stantial contribution from FSI at large missing momenta (pm > 300 MeV/c)
when integrated over all recoil neutron angles (see Fig. 4). However, the advan-
tage of this experiment was that it provided access the recoil nucleon angular
dependence of the cross section at large pm. This is critical for distinguishing
the onset of the Eikonal regime of FSI which is characterized by a very specific
angular distribution, with nuclear screening minima and incoherent rescattering
maxima [61, 62].

Figures 9 and 10 show the comparison of the generalized eikonal approx-
imation calculations [63] and the data from Ref. [71]. The calculation in the
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comparison is evaluated over identical kinematic integrations as the experiment.
Despite these integrations, which lessen the sensitivity of the cross section to
various dynamical details of the process, several important observations can be
made:

• First, the angular distribution clearly exhibits eikonal features, with a
clear minimum (Fig. 9) or maximum (Fig. 10) at nearly transverse kine-
matics due to the final state interaction. The most important result is
that the maximum of FSI is at recoil angles of 70◦, in agreement with the
generalized eikonal approximation prediction of Refs. [61, 62]. Note that
conventional Glauber theory calculations (not shown) predict 90◦ for the
FSI maximum.

• The calculation disagrees with the data for θr > 70◦, which corresponds
to the x < 1 kinematic range close to the inelastic threshold. This could
be due to isobar contributions to the intermediate state of the reaction.
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The comparisons also suggest that the relative strength of the ∆-isobar
contribution may diminish with increasing Q2 and for neutron production
angles θr → 180◦. If this is confirmed in more precise measurements it
will have an important implication for SRCs in deep-inelastic reactions,
since in this case fast backward recoil nucleons will not be affected by the
final state interaction with the products of DIS scattering.

• The forward direction of the recoil nucleon momentum, being far from the
∆-isobar threshold, exhibits a relatively small contribution due from FSI.
This indicates that the forward recoil angle region is best suited for studies
of PWIA properties of the reaction such as the deuteron wave function
and off-shell electromagnetic current.

The results of another related experiment [72] are currently in the final stages
of analysis [73]. In this experiment, the reaction is measured at forward recoil
angles and for Q2 up to 3.5 GeV2, with extremely high precision. Therefore,
we expect that it will allow for further checks on the different aspects of high

21



energy electrodisintegration as well as the structure of the deuteron at large
missing momenta.

These first high-Q2 experiments on deuteron electrodisintegration already
showed the great potential of these reactions to resolve several issues related
to the exploration of nucleon with high initial momentum and missing energy.
This will allow for a clean extraction of the high-momentum components of
the deuteron momentum distribution in regions where FSI, MEC, and IC are
suppressed, as well as providing additional data where these effects are large in
order to provide a more quantitative validation of calculations of these effects
in a well understood nucleus. This will be critical in moving to similar detailed
studies for heavier nuclei.

5. Inclusive Reactions Beyond the Deuteron

The first high-Q2 experiments that probed the high-momentum component
of the ground state wave functions of more complex nuclei were inclusive mea-
surements performed at SLAC in the 80s [74, 75] and 90s [76, 77, 78, 79, 45],
followed by series of measurements at Jefferson Lab [46, 47, 80, 81, 49, 50]. A
compilation of the data from the many of these experiments can be found in
Ref. [6].

To probe SRCs in these experiments, kinematic conditions similar to those
discussed for inclusive scattering from the deuteron should be considered. Thus,
they requireQ2 > 1 GeV2 measurements at x > 1, such that the scattering is far
from the inelastic threshold of pion production and dominated by quasi-elastic
scattering from the bound nucleon.

One of the first approaches in probing the momentum distribution of nucle-
ons in heavy nuclei was the framework of y scaling [54] where the y parameter
was defined as a solution of the following equation:

q0 +mA =
√

m2
N + (q + y)2 +

√

m2
A−1 + y2 . (19)

This is a generalization of the case for the deuteron (Eq. (16)), with the assump-
tion that the final state is a two-body system consisting of the struck nucleon
and a spectator (A-1) nucleus, corresponding to to panel a) of Fig. 11.

The requirement that measurements be made for x > 1 corresponds to
negative values of y. While scattering at large negative y is sensitive to the
tails of the momentum distribution, there is an additional complication that
arise in applying the y-scaling approach for complex nuclei. The extraction
of y from Eq. (19) assumes an unexcited (A-1) spectator nucleus in the final
state. This is a reasonable approximation for low values of y, where one is
removing a nucleon from one of the nuclear shells, but not for high momentum
nucleons which are assumed to be part of an SRC. In this case, one expects that
in addition to the struck nucleon, there will be one high momentum spectator
nucleon (the spectator nucleon from the SRC) along with an unexcited (A-
2) spectator, as shown in panel b) of Fig. 11. For large values of y, there
is a significant difference in the kinetic energy of the spectator system if one
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Figure 11: Shown are the dominate diagrams of the A(e, e′) reaction for x>1 and Q2 >
1(GeV/c)2 . Figure a) shows single nucleon scattering while figure b) shows scattering from a
correlated initial-state pair.

assumes the recoil momentum y is carried by a single nucleon rather than the
(A-1) spectator nucleus. This is not an issue for the deuteron, where the two-
body final state is well justified if one avoids resonance excitations, but can
be very important for heavier nuclei. Figure 12 shows F (y) extracted from
the Hall C measurements on Fe [47] at the same kinematics as the deuterium
measurement from Fig. 5, and the definition of y from Eq. (19). The result
shows two unexpected features. First, the peak does not show the expected
symmetry about y = 0. While there is a model-dependent subtraction of the
inelastic contributions that is important for y > 0, the agreement of the low
Q2 data sets, which have the smallest inelastic contributions, suggesting that
the subtraction is being done reasonably well near y = 0. Second, the tail
of the distribution falls off significantly more rapidly for Fe than it does for
deuterium, suggesting that Fe has fewer very high momentum nucleons, which
is not expected for either the mean-field strength or the SRC contributions.
Both of these appear to be consequences of treating the spectator system as an
unexcited (A-1) nucleus.

This issue can be addressed in several ways, either by adjusting the assump-
tions that go into defining Eq. (19), or by explicitly calculating corrections to
F (y) to account for the modified final state. The first approach was to replace
y with y2 [13, 83]:

q0 +mA =
√

m2
N + (q + y2)2 +

√

m2
N + y22 +mA−2, (20)

which follows from the assumption that scattering from high momentum nucleon
in nuclei follows the scenario of Fig. 11 in which 2N SRC is factorized from the
low momentum residual (A-2) nucleus, assumed to be at rest. This resolves
the problem in the high-momentum tail, but significantly alters the extracted
scaling function F (y) near y = 0, where the standard definition of y gives a
reasonable approximation.

Later approaches attempted to improve the definition of y by incorporating
the impact of SRCs at large values of |y| while maintaining appropriate behavior
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Figure 12: Extracted y-scaling function F (y) for Fe [82], compared to a fit to the deuterium
data (solid line). Note that a model of the inelastic contributions which are significant for
y > 0 has been subtracted to try and isolate the quasielastic contributions.

at small |y| values. One such attempt was the introduction of yCW by Ciofi degli
Atti and West [84]:

q0 +mA =
√

m2
N + (q + yCW )2 + E∗

A−1 , (21)

where E∗
A−1, the average energy of the residual (A-1) system is taken from

a model where the two-nucleon SRC dominates for large values of |y|. The
model also includes a contribution for the average center-of-mass motion of the
SRC and corrections such that at low |y|, the excitation energy of the residual
nucleus is close to the expected case for the (A-1) spectator nucleus. Note
that the calculation of E∗

A−1 was refined over time (most recently in Ref. [85])
yielding somewhat different definitions of yCW in different works.

Another approach uses a simple convolution of the SRC distribution (taken
to be identical to the deuteron momentum distribution) with an estimated
center-of-mass motion of the SRC. From this, one can determine the average
contribution from both the C.M. motion of the pair and the relative momentum
of the nucleons in the SRC to determine the excitation energy of the residual
system, allowing for the extraction of the initial nucleon momentum, y∗ [86]:

q0+mA =
√

m2
N + (q + y∗)2+

√

m2
N + (KCM/2− krel)2+

√

(mA−2 +KCM )2 ,

(22)
where the initial nucleon momentum, y∗, is broken down into the contributions
from the C.M. motion of the SRC and the relative motion within the pair:
y∗ = KCM/2 + krel. The underlying picture is the same as the yCW approach,
but rather than calculating the expected excitation, the motion of the SRC
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Figure 13: Extracted y∗-scaling function F (y∗) for Fe [82], compared to a fit to the high-Q2

deuterium data (solid) from Fig. 5 and a scaled up version of the high-momentum tail of the
deuterium fit (dashed). Note that a model of the inelastic contributions which are significant
for y > 0 has been subtracted to try and isolate the quasielastic contributions.

is adjusted so that the convolution reproduces the observed distribution, thus
yielding an estimate of average contribution from the C.M. motion as a function
of y∗. Figure 13 shows the result of the analysis [86, 82] using the modified y∗

scaling variable. The shape of the F (y∗) distribution for heavy nuclei at large
negative y∗ values is nearly identical to that of the deuteron in the scaling (large
Q2) limit, and also provides a more symmetric peak about y∗ = 0. This situation
confirms the expectation that high momentum tail of the nuclear momentum
distribution generated predominantly by NN short range correlations. Note that
use of the yCW variable yields very similar results, and that for the deuteron,
both y∗ and yCW reduce to the standard definition of y.

While these modified scaling variables produce results that are consistent
with the SRC expectation, they require a model of the excitation of the residual
(A-1) system. This is determined in a picture that is consistent with the initial
state assumed in the SRC picture, but in both cases the correction is model
dependent. So while it provides support for the underlying picture, it is difficult
to use this approach to make precise, quantitative extractions. Similarly, there
have been attempts to apply corrections to the scaling function, rather the
scaling variable, i.e. F (y,Q2) = f(y,Q2) − B(y,Q2), where F (y,Q2) is the
measured scaling function, B(y,Q2) are the calculated “binding corrections”
for the target, and f(y,Q2) is the “corrected” scaling function which can be
related to the nucleon momentum distribution in the nucleus [16, 84]. Note
that for the deuteron, B(y,Q2) = 0 and F (y,Q2) = f(y,Q2).

However, while these issues limit the quantitative information that can be
extracted from such scaling analyses, they support the idea that the high-

25



momentum components have a universal behavior, in agreement with Eq. (1).
If this behavior is universal, then the ratio of cross sections in the region domi-
nated by 2N SRCs should allow for an extraction of the relative strength of SRCs
in heavy nuclei and the deuteron [27, 87, 85]. For a perfectly defined y-scaling
variable, the ratio FA(y)/F d(y) for |y| > kFermi should be constant and yield
a measure of the strength of SRCs in nucleus A relative to deuterium, a2(A,Z)
of Eq. (1). However, because of the model dependence in the definition of y for
heavy nuclei, the result is sensitive to the model used to define and extract y,
which may modify the extracted ratio or introduce an artificial y dependence.
Thus, it is better to examine the ratios in terms of a well defined kinematic
quantity that allows for isolation of the high-momentum contributions.

From the point of view of being able to resolve the number of nucleons
being in SRC it is useful to discuss the nuclear ratios as a function of αi or,
for inclusive scattering, Bjorken x, as αi → x in the limit of high Q2 (Eq. (6)).
To isolate two-nucleon SRCs, one wants to be well above x = 1, where single
nucleons with k ≤ kFermi can contribute, but below x = 2, above which 3N
SRCs can contribute. In this region, if the underlying SRC distributions are
identical, one expects to see the same x dependence in the cross section, with
the ratio providing an indication of the relative contribution related to SRCs.
In this case one can define the following ratio:

r(A, 2H) =
σeA
σed

(σep + σen)

(Zσep +Nσen)
, (23)

where the second term accounts for the different number of nucleons in the two
targets as well as the difference in the e− p and e− n scattering cross sections.
The simple SRC model predicts that this ratio will be independent of x and
Q2 for Q2 & 1.5 GeV2 and 1.5 < x < 2. The lower limit of x depends on Q2,
and follows from the kinematic relation of Fig. 2, while the upper limit on x is
to ensure the dominance of the 2N SRCs, which would be zero for x > 2 for
stationary SRCs, and die out rapidly above x = 2 after accounting for motion
of the pair. In the region where scaling is observed, that is to say the ratio is
independent of x and Q2, Eq. (1) allows us to relate the magnitude of r(A,2H)
to the relative (to the deuteron) probability, a2(A), of finding 2N SRCs in the
nucleus A.

Examination of the ratio of high-x scattering between two nuclei has an
additional advantage. As discussed in Sec. 4, if the scattering occurs from one
of a pair of nucleons that is very close together, then the argument that the final
state interactions disappear with increasing Q2 is no longer valid, and the cross
section may be sensitive to final state interactions between the two nucleons in
the SRC. This could lead to a modification of the cross section for both the
deuteron and heavier nuclei. However, because these FSIs occur within the
two-nucleon correlation, it is expected that they will be identical for all nuclei
when scattering from 2N SRCs (and negligible when scattering from an isolated
nucleon), and thus should cancel in the target ratio.

More detailed evaluations of the space-time properties of final state interac-
tion [88, 26] demonstrated that the distance which struck nucleon propagates
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before rescattering shrinks with the increase of Q2 and x > 1. The numerical
estimates show that already at Q2 > 1 GeV2 and x > 1.5 the distances are
comparable with the size of NN correlations. As a result the bulk of the final
state interaction takes place within the SRC thereby canceling out in the above
considered ratios.

In the PWIA, the number of SRCs is a2 = nA(k)/n2(k) = σA/σ2 for large
enough x, assuming that the SRCs are at rest. As discussed in the Sec. 1, this
is equal to σA/σ2H if only np pairs contribute, as one would expect if the tensor
interaction dominates. However, r(A,2H) for x > 1.5 is only equal to a2 for
isoscalar nuclei. Because previous extractions did not assume dominance of the
tensor interaction, they took a2 to be equal to r(A,2H) in extracting the relative
contribution from SRCs. So it is important to be aware of this, as recent two-
nucleon knock-out measurements (discussed in Sec. 7), suggest that np SRCs
dominate the high-momentum tail, and thus it is not appropriate to extract
equate a2 and r(A,2H). This will be discussed more at the end of this section
where we present results from these extractions.

Figure 14: The x dependence of the ratio r(A,2H) for Fe nucleus for different values of
Q2 = 1.2–2.9 GeV2.

One of the first extractions of r(A,2H) [88] combined cross sections from
multiple SLAC data sets to construct the ratios of Eq. (23). For these measure-
ments, the statistics were rather limited and the deuteron data were measured
at different kinematics, so comparisons to the other nuclei required nontrivial
extrapolations. The result of these analysis and comparison with the theoret-
ical prediction based on the 2N SRC model is given in Fig. 14. In addition,
by making the assumption that αi could be estimated by assuming interaction
with a 2N SRC, as discussed in Sec. 3.2, it was possible to compare the ratio
as a function of x and αtn, as shown in Fig. 15. Because much of these data
are somewhat low in Q2 and limited in precision at high x, there is a clear Q2

dependence to the behavior when taken as a function of x as opposed to α.
At the time, this comparison provided the strongest indication of the exis-
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Figure 15: Ratio of Fe to 2H for different Q2 values, plotted as a function of x (left panel)
and α (right panel) [88].

tence of the scaling for the ratios of r(A,2H). Experiments at Jefferson Lab [47,
46, 49] provided data for deuterium and nuclei taken together, extending to
higher Q2 with high statistics, and confirmed the observation of scaling in the
target ratios. The high quality, higher Q2 data also allowed for an examination
of the correlation (Fig. 2) between Q2 and the xmin value at which scaling of
the ratio is observed.

Because the structure in the 2N SRC scaling region is expected to be uni-
versal, one can make similar comparisons between any two nuclei. Extensive
measurements using the CEBAF Large Acceptance Spectrometer (CLAS) in
Hall B at Jefferson Lab [80] looked at the ratio r(A,3He) for 1 < x < 2. The
main advantage of these data is related to the extensive x and Q2 kinematic
coverage which made it possible to see the onset of scaling as a function of Q2,
with a plateau for x > 1.4 observed for Q2 values above 1.4 GeV2 [80].

Examining the ratios of heavy nuclei to 3He also allows for an extension of
these measurements out beyond x = 2, allowing one to attempt to isolate the
contributions of three-nucleon SRCs. While data for 3He had been taken for
the previous SLAC measurements, the rapid fall of the cross sections for x > 1
meant that the statistics for x > 2 were insufficient to provide a clear extraction
of such ratios. However, an early extraction based on these preliminary cross
section results, was shown in Ref. [87] (Figure 8.3).

Jefferson Lab provided higher statistics data for 3He and was able to look
for a scaling region due to the dominance of three-nucleon correlations at x >
2. The data were taken with the CEBAF Large Acceptance Spectrometer
(CLAS) [81] and is shown in Fig. 16. The new data not only verified the scaling
in the 1 < x < 2 region; but also gave the first indication of scaling in the
xB > 2 region. This scaling has been interpreted as being due to three-nucleon
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correlations and further strengthens the argument that the first scaling region is
due to short-range two-nucleon correlations [89]. However, the statistics in this
region were limited, and it was not possible to examine the Q2 dependence well
enough to see the onset of scaling. It was therefore assumed that the threshold
observed for 2N SRCs, Q2 > 1.4 GeV2, would suffice for these 3N SRC studies,
although because of the larger x values this involved going to energy transfers of
300–400 MeV/c or below. Preliminary results from a more recent Hall C mea-
surement [90, 49] at higher Q2 values yield a higher value for r(A,3He) above
x = 2.4, suggesting that the Q2 value of the CLAS measurement may have been
insufficient to cleanly isolate the signature of 3N SRCs. Final results from the
new measurement should be available soon [90, 49, 51], but unfortunately, the
new measurement also has limited statistics and does provide data at lower Q2

which could be used to observe a clear onset of scaling. There is a measurement
scheduled to run this year that is focused on the x > 2 regime and will map
out the x and Q2 dependence with sufficient precision to confirm the onset of
scaling and determine the scaling threshold in the 3N SRC regime [91].

Figure 16: Weighted cross section ratios of (a) 4He, (b) 12C and (c) Fe to 3He as a function of
xB forQ2 > 1.4 GeV2. The horizontal dashed lines indicate the two-nucleon and three-nucleon
scaling regions used to calculate the per-nucleon probabilities for two- and three-nucleon short-
range correlations in nucleus A relative to 3He.

As mentioned above, one can try to determine the probabilities of two-
nucleon correlations in complex nuclei by using the relatively well understood
deuteron. In Ref. [81], the probability of a nucleon-nucleon correlation in the
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deuteron was taken to be the fraction of the deuteron momentum distribution
above k = 275 MeV/c. These are momenta that have been shown in ~D(~e, e′p)
asymmetry measurements to be dominated highly correlated nucleons [39]. This
led to the result that (4.1 ± 0.8)% of the time, the nucleons in deuterium had
k > 275 MeV/c, and were thus assumed to be in a short-range, high-momentum
configuration. Taking this as a measure of the strength of 2N SRCs in deuterium,
and using the cross section ratios in the plateau region as a measure of the
relative contribution of 2N SRCs in heavier nuclei, one can extract the absolute
contribution for the nuclei where r(A,2H) measurements exist, or where one can
combine the CLAS r(A,3He) measurements with a value for r(3He,2H). The
latter was taken to be r(3He,2H)=1.97±0.1 based on the average of the SLAC
extraction [88] (1.7±0.3), and a calculated value [92] (2.0±0.1).

To obtain the absolute probability of three-nucleon short-range correlations,
a calculation of the Bochum group [93] was used to evaluate used and gave
a3N (3He) = 0.18 ± 0.06%, with the uncertainty related to the variation of the
result for different NN potentials. From this it was concluded that the 3N short-
range correlations must be less then 1% [81]. These results for the relative and
absolute SRC contributions from [81] are summarized in Table 1.

Table 1: Shown are the average ratios, r(A/3He) for the scaling regions 1.5 < xB < 2 and
2.2 < xB < 2.7 along with the extracted absolute probabilities a2N (A) and a3N (A) that in a
nucleus A a two- or three-nucleon short-range correlation is taking place at a given instant as
extracted in Ref. [81]. aT=0

2N
is the value of a2N obtained if one assumed isoscalar dominance,

i.e. that only np SRCs contribute to the distribution of high-momentum nucleons.

r(A/3He) a2N (A) aT=0
2N (A) r(A/3He) a3N (A)

1.5 < xB < 2 [%] [%] 2.2 < xB < 2.7 [%]
3He 1 8.0±1.6 8.0±1.6 1 0.18±0.06
4He 1.93±0.03 15.4±3.2 13.5±2.8 2.33±0.13 0.42±0.14
12C 2.49±0.15 19.8±4.4 17.4±3.9 3.18±0.27 0.56±0.21
Fe 2.98±0.18 23.9±5.3 20.3±4.5 4.63±0.33 0.83±0.27

At this point, we note that this extraction is based on the simple SRC
model, where the scattering is assumed to have occurred from one nucleon in
a stationary 2N or 3N SRC, and reiterate some of the issues that may require
further examination. One of the most important assumptions is that final state
interaction does not contribute in the extracted ratios. This is expected to be
valid for sufficiently high Q2, as interactions between the struck nucleon and
spectators at large distance scales will fall rapidly with Q2, and interactions
with nucleons that are very close (i.e. the other nucleons in the SRC) should be
identical for SRCs in light or heavy nuclei, and thus cancel in the ratio. While
we expect that FSI contributions should not impact these extractions, a more
quantitative evaluation, especially for the data at modest Q2 values, would be
worthwhile.

There are two other effects that will modify the results for the extracted a2N
and a3N values which are not accounted for in Ref. [81]. First, these values were
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obtained from measurements of r(A,3He), as defined in Eq. (23), which assumes
that the contribution of high-momentum protons and neutrons scales with Z
andN . For the case of isoscalar dominance, the tensor interaction is the primary
source of high momentum nucleons, and so only np SRCs are formed and this
correction should not be applied. Table 1 includes values for aT=0

2N , which is the
extracted contribution from 2N SRCs if one assume isoscalar dominance. Note
that if the conversion from A/3He ratios to A/2H ratios had been done using
the measured 3He/2H ratio from SLAC, which applied the same correction,
then only the small factor applied to the non-isoscalar Fe target would yield a
modified results for a2N . However, in the analysis of Ref. [81], the value used is
3He/2H=1.97, which is mainly based on a calculated ratio [92] which does not
include the isoscalar correction factor applied in the A/3He measurements, and
thus this must be removed from r(A,3He) when extracting aT=0

2N .
The question of the isospin structure of the 2N SRCs has been examined

in recent triple-coincidence reactions, discussed in Sec. 7, and will be further
studied in inclusive scattering from nuclei of similar mass but with different
N/Z ratios, e.g. comparisons of 40Ca and 48Ca at Jefferson Lab [91]. It is
less clear what impact this would have in the x > 2 regime, where one is
attempting to isolate 3N SRCs, and so we do not make any correction for the
isospin structure of the 3N SRCs. However, as discussed later in this section,
recent measurements at higher Q2 [51] suggest that the CLAS measurements
for x > 2 not not sufficiently high in Q2 to extract information on the strength
of 3N SRCs.

Second, connecting the ratio of cross sections in the SRC region to the num-
ber of SRCs assumes that the SRCs are at rest. If the SRCs have some center
of mass motion in the nucleus, then the smearing of the at-rest pair distribu-
tion will yield an increase in the high-momentum contribution coming from the
SRCs, estimated to be approximately 20% for heavy nuclei [7]. This is discussed
in Ref. [81], but no correction is made and no systematic uncertainty is applied
to account for this effect. As this is an A-dependent correction, one would ex-
pect that neglecting this correction would lead to a modification of the observed
A dependence. So accounting for this, the final 3He and 4He values for a2N or
aT=0
2N should be somewhat smaller than quoted in Table 1, while the C and Fe

values should be something like 15-20% below the quoted results.
From the inclusive data, we can demonstrate kinematic isolation of the SRC-

dominated regions, and have begun to map out the strength of 2N SRCs for
medium and heavy nuclei. We have begun to extend this program to three-
nucleon correlations, and will soon study the isospin configuration of 2N SRCs.
But while we have learned a great deal from these inclusive measurements, more
complex reactions, in which one or more nucleons from the SRC are detected,
are important for providing more detail on the structure of the hadrons and ad-
ditional information on questions such as the center-of-mass motion and isospin
structure of the SRCs. These issues will be discussed in the next sections.
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6. Semi-Inclusive (e,e’N) Knock-out Reactions beyond the Deuteron

Semi-inclusive A(e, e′N) reactions on nuclei, in which the struck nucleon is
detected in coincidence with the scattered electron, provides the next highest
level of complexity along with new details of the SRC structure. The conditions
required for isolation of the structure of SRCs is discussed in Sec. 3.3. While
inclusive reactions within the PWIA framework can provide information about
momentum distribution of the nucleon, the semi-inclusive reactions probe the
nuclear spectral function. In the PWIA. the spectral function is related to the
measured cross section as follows:

dσ

dΩe′dEe′d3pNdEm
=
FN

FA
σeN · SA(pm, Em) (24)

where FA is the nuclear flux factor and FN is the flux factor calculated for
moving bound nucleon with momentum with momentum ~pi = −~pm, and σeN is
the cross section for scattering from the bound nucleon. The nuclear spectral
function, S(pm, Em), within the PWIA can be related to the ground state (ψA)
and residual (φA−1) nuclear wave functions as follows:

SA(pm, Em) =| 〈ψA−1|δ(HA−1 − Em)a(pi)|ψA〉 |
2 (25)

where a(k) is an annihilation operator for the nucleon with momentum k. Sev-
eral remarkable properties of the spectral function define the specific utility of
the semi-inclusive reactions:

• It is sensitive to the composition of the (A-1) residual state through the
reconstruction of the missing energy, Em. This allows us to determine
whether the residual state represents coherent (A-1) nucleus or its excita-
tions, and provides a measure of the excitation of the residual system.

• For the case of the coherent (A-1) state, the parameter Em represents the
nucleon removal energy of the particular nuclear shell

• At a fixed value of Em associated with a specific nuclear shell, the pm de-
pendence of the spectral function is related to the momentum distribution
of the nuclear on the given nuclear shell.

• The occupation number of the given shell (labeled α) can be extracted:

nα =

∫

∆Em

∫

S(pm, Em)d3pmdEm , (26)

where integration over the Em covers the missing energy width of the
given nuclear shell.

Historically the measurements of the occupation number in Eq. (26) [4, 5]
gave the first glimpse of the role that correlations play in the redistribution of
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probabilities in the ground state nuclear wave functions. Namely the experimen-
tal measurements revealed a substantial missing strength in the values of nα for
all shells over a range of nuclei, which was attributed in part to the short-range
interaction of the nucleon at the given shell.

Probing SRCs directly in high-Q2 A(e, e′N)X reactions requires of taking
the spectral function to large values of missing momentum (pm > kFermi) and
energy (Em > 100 MeV). In this case, Em will characterize the nucleon re-
moval energy in the continuum (rather than particular nuclear shell). From the
practical point of view, the more relevant quantity will be the nuclear recoil en-
ergy ER defined in Sec. 3.3. The advantage of considering ER is that the most
prominent and new signature of SRCs in coincidence reactions (as compared
to the inclusive scattering) is the correlation relation between ER and missing
momentum pm according to Eq. (11):

ER ≈
√

m2
N + p2m −mN . (27)

Note however that this is merely a kinematical correlation and its observation
only indicates the dominance of the two-body currents, but not necessarily 2N
SRCs. Such a correlation was observed for example in 4He(e, e′p)X data at
NIKHEF [94, 95] at Q2 = 0.34 GeV2. However, the theoretical analysis demon-
strated that the strength of the cross section was dominated by the long range
two-body currents such as MEC and IC.

To go beyond the correlation relation of Eq. (27) and probe the part of the
spectral function dominated by SRC one needs satisfactory knowledge of σeN
of Eq. (24), which in turn assumes that the factorized relation between the
electron-nucleon cross section and the spectral function is valid. For (e, e′p)
scattering, this factorization was studied in Ref. [96, 97] and it was demon-
strated that in the limit of Q2 ≫ p2i , Eq. (24) is valid, even when including final
state interactions within the eikonal approximation. In this case the spectral
function is defined within the distorted wave impulse approximation (DWIA)
(SDWIA

A (pm, Em, q)) and depends strongly on the relative angle of ~pm and ~q
(see e.g. Ref. [96]). The advantage of the DWIA is that if its application is
justified, then one can use the knowledge of σeN obtained from the studies of
exclusive d(e, e′N)N reaction (Sec. 4) at given virtuality of the bound nucleon
to extract SDWIA

A (pm, Em, q) from Eq. (24).
The first measurement of high-Q2 semi-inclusive reactions was performed

at Jefferson Lab using a 3He target. Measurements of the 3He(e, e′p)d and
3He(e, e′p)pn reactions were taken in Hall A with a beam energy of 4.8 GeV, for
Q2 = 1.5 (GeV/c)2 and xB ≈ 1. When this experiment was proposed, it was
expected that these kinematics would cleanly isolate short-range correlations at
missing momenta greater then 300 MeV/c. What was observed was a much
greater strength in the high missing momentum region then expected [98, 99]
as shown in Fig. 17. In this figure, the three-body break-up (3bbu) has been
integrated over missing energy so that it could be plotted together with the two-
body break-up (2bbu) and the strengths of the two reactions compared. The
measurements clearly demonstrated the dominance of the three-body break-up
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Figure 17: Proton effective momentum density distributions extracted from 3He(e, e′p)pn
three-body break-up (3bbu - open black circles) and the 3He(e, e′p)d two-body break-up (2bbu
- open black triangles). The 3bbu integration covers EM from threshold to 140 MeV. The
curves are calculations from J.-M. Laget [57] which show dominance of the continuum cross
section at large missing momentum, along with strong FSI contributions. Figure reprinted
with permission from Ref. [98]
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channel over the two-body break-up, as expected in the high missing momentum
region.

One of the important results of these measurements was that it demonstrated
the validity of eikonal approximation in calculating the final state interaction,
which provides the dominant contribution at high pm. The enhanced cross sec-
tion was explained as an interference between correlations in the initial state
and final-state interaction [57], where neither effect alone could explain the ob-
served cross section. Subsequently, calculations within the generalized eikonal
approximation (GEA) [100, 101, 102, 103] which used the realistic spectral func-
tion of Ref. [70], in which correlations are included in a self-consistent fashion,
achieved a parameter-free description of the data.

Figure 18: The dependence of the differential cross section on the missing energy for 3He
three-body break-up reactions at different values of initial nucleon momenta. Dotted, dashed
and solid curves corresponds to PWIA, PWIA + single rescattering and PWIA + single +
double rescatterings [97, 96]. Data are from Ref. [98]. Arrows define the correlation according
to Eq. (27). Similar description of the data is achieved in Refs. [101, 57]. Figure reprinted
with permission from Ref. [26]

Another important result of the above mentioned measurements is that in
the three-body break-up channel, the clear correlation between ER and pm
of Eq. (27) is observed (Fig. 18). The comparison of theoretical calculations
based on generalized eikonal approximation within DWIA [97, 96] with the
data of Ref. [98] demonstrated that a substantial contribution from final state
re-interaction not only preserves the pattern of the correlation of Eq. (27) but
also reinforces it. This indicates a rather new phenomenon, that in high energy
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kinematics sensitive to SRC, FSI is dominated by single rescattering of the struck
nucleon with a spectator nucleon from the SRC. As a result, this rescattering
does not destroy the correlation property of the spectral function. The validity
of this assertion is crucial for understanding the role of the FSI in the x-scaling
of the inclusive cross section ratios at x > 1 (Sec. 5). If FSI is confined within
the SRC, then it will cancel out in the ratios of Eq. (23) without distorting the
factorization property of 2N SRC from the A-2 residual nuclear system.

The fact that the eikonal approximations provides a satisfactory description
of the data for Q2 as low as 1.5 GeV2 demonstrates the feasibility of working
in a well understood kinematic region with experimentally feasible kinematic
restrictions. To suppress the absolute magnitude of FSI in the semi-inclusive
cross section, one requires similar kinematic restrictions to those discussed in
Sec. 3.3 (see also Refs. [104, 105]). The study of the issue of the suppression
in the final state interaction at x > 1 kinematics within generalized eikonal
approximation [62, 25] demonstrated that an additional restriction needs to be
imposed on measured magnitudes of missing momentum and recoil energy ER

such that:
|pm| −

q0
|q|
ER > kFermi. (28)

Thus it will be very important to extend the 3He(e, e′p)X experiments to the
x > 1 domain, which will allow us to verify the prediction of FSI suppression.
Equation (28) is a consequence of the eikonol regime of FSI, and no such condi-
tion exists for low energy FSI. In the high-Q2 region where the eikonal regime
is established, (e, e′p) experiments will be able to verify that this condition is
sufficient.

In Jefferson Lab’s Hall C, A(e,e’p) measurements were done in parallel kine-
matics determined the strength of the high momentum region instead of simply
inferring it from the absence of the strength seen in the low missing momentum
region. This was the first proton knock-out measurement aimed at extract-
ing the high-momentum component at kinematics where the corrections to the
PWIA appear to be small” However, because of the x < 1 kinematics probed
in this reaction, the large missing energy range was restricted due to inelastic
contributions (as seen in Fig. 3 of Ref. [106]).

Comprehensive studies of semi-inclusive reactions on light nuclei at x > 1
kinematics are crucial for extending such measurements reliably to medium
to heavy nuclei. At present, there are two approaches being used to further
these measurements. Some experiments have been performed in kinematics
which minimize the reaction mechanism effects in order to focus on probing the
structure of the SRCs, while others are aimed at better understanding the FSI,
MEC, and IC, so that models of these contributions can be constrained well
enough to reliably correct for such effects in kinematics optimized to reduce
their impact.
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7. Triple Coincidence Reactions

A new approach to resolving the detailed structure of short-range correla-
tions involves making nucleon-knockout measurements in which two outgoing
nucleons where detected, either in the photo-nuclear reactions [107] or in co-
incidence with the scattered electron in electroproduction reactions [108, 109,
110, 111]. For most of these initial measurements, two protons were detected
so as to minimize meson exchange effects (since only neutral mesons can be
exchanged between two protons). However, since the energy and momentum
transfer were only few hundred MeV, it was practically impossible to distin-
guish between struck and recoil nucleons. Theoretical studies of these reactions
demonstrated that in fact the dominant contribution comes from two-step pro-
cesses where there is an electromagtnetic interaction with one proton, with the
second proton knock-out coming from IC or FSI effects [112, 113, 114]. Even
though these reaction demonstrated sensitivity to high momentum component
of the nuclear wave function [115], the SRC evidence was indirect and the dom-
inant mechanisms were final state interactions and long-range nucleon correla-
tions [116]. It is interesting to note that two-nucleon knock-out reactions in
which the outgoing nucleons carry approximately same momenta are produced
mainly due to the final state interactions, even in the large momentum transfer
region [117, 118, 119].

Thus, the kinematics which can maximize the contributions from SRC should
correspond to the “asymmetric” situation in which one nucleon (final momentum
pn) can be identified as a struck nucleon with momentum close to the large (few
GeV/c) momentum transfer and the another (final momentum pr) identified as
the recoil (spectator) nucleon from within the SRC, with momentum exceeding
characteristic Fermi momentum of the nucleus, but well below the scale of the
momentum transfer, as discussed in Sec. 3.4.

In this case, one can characterize the A(e, e′NNNr)X cross section in the
PWIA as follows:

dσ

dΩe′dEe′d3pNdd3pr
=
FN

FA
σeN ·DA(pi, pr, Er), (29)

where the decay function DA(pi, pr, Er) [87, 96, 26] :

DA(pi, pr, ER) =| 〈ψA−1a
†(pr)|δ(HA−1 − (ER − TA−1)a(pi)|ψA〉 |

2, (30)

describes the probability that after a nucleon with momentum pi is instanta-
neously removed from the nucleus, the residual (A−1) nucleon system will have
excitation energy Em = ER − TA−1 and contains a nucleon with momentum
pr. The integration of this function by d3pr represents the part of the nuclear
spectral function (Eq. (25)) corresponding to the case of the break-up of (A−1)
residual nucleus with at least one nucleon in the continuum. Note that, as in
the case of (e, e′, N) reactions, if factorization of the nucleon electromagnetic
current is justified then the decay function can be generalized within the DWIA
to account for the final state interaction effects.
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If a 2N SRC is probed, one of the prominent signatures will be that the
decay function will exhibit strong correlation between pi and pr, peaking at

~pi ≈ −~pr, (31)

as discussed in Sec. 3.4. The first time such a correlation was probed was in
the p +12 C → p + p + n + X measurement of E850 at Brookhaven National
Lab [120, 121]. The experiment looked for recoil neutrons produced in coin-
cidence with single proton knockout, and the results are shown in Figure 7.
Neutrons with momenta pn below the Fermi momentum were uniformly dis-
tributed in cos γ, where γ is the angle between the neutron momentum and the
reconstructed initial momentum of the struck proton, pi. Neutrons above the
Fermi momentum were almost exclusively observed for cos γ < 0, i.e. opposite to
the direction of ~pi. This is consistent with the assumption that high-momentum
nucleons are the results of SRCs, in which the two nucleons have large relative
momenta but a small total momentum, and thus have initial momenta that are
large and back-to-back. Using just the data from Ref. [121], they extracted
the probability that a neutron with pn > kFermi = 220 MeV/c was found in
association with a proton with pi > kFermi, after correcting for acceptance and
efficiency. They determined that (49 ± 13)% of events with a fast proton had
an associated backwards-going fast neutron.

This is essentially the probability that the fast neutron is observed in coin-
cidence with the fast proton. However, a pn pair with large relative momenta
may not yield a high-momentum neutron in the final state; the neutron could
be reabsorbed as it passes through the nucleus or the pn pair might be moving
in the mean field of the (A-2) nucleus such that the final neutron momentum in
the rest frame of the nucleus is below kFermi. A more detailed analysis of the
above experiment was made in Ref. [122], which was based on the modeling of
the spectral and decay functions of the reaction within the light-cone approx-
imation [123]. This analysis allowed for an extraction of the quantity Ppn/pX ,
which represents the underlying probability of finding a pn correlation in the
”pX” configuration that is defined by the presence of at least one proton with
pi > kF . The analysis was similar to that of Ref [121], except that only events
with nucleons above 275 MeV/c were examined, to be more clearly in the region
where SRC are expected to dominate, and corrections were applied to account
for the possibility that the high-momentum nucleons might not be observed in
the final state.

Ppn/pX = 0.92+0.08
−0.18, (32)

applying the above corrections and requiring ki, kn > 275 MeV/c, rather than
the 220 MeV/c used in the BNL analysis. This indicates that the removal of
a proton from the nucleus with initial momentum 275− 550 MeV/c is 92+8

−18%
of the time is accompanied by the emission of a correlated neutron that carries
momentum roughly equal and opposite to the initial proton momentum.

Even though no recoil protons were measured in the experiments of Ref. [120,
121], it was possible to estimate the upper limit for the ratio of probabilities of pp
and pn SRCs [122], using the relationship 2Ppp + Ppn ≤ PpX , where Ppp has an
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Figure 19: The correlation between the magnitude of the recoil neutron momentum pn and its
direction γ relative to ~pi. Data labeled by 94 and 98 are from Refs. [120] and [121] respectively.
The momenta on the labels are the beam momenta. The dotted vertical line corresponds to
kFermi = 220 MeV/c.

additional factor of two in the weight as it will yield a “pX” configuration with
a high momentum proton if either of the protons is initially at the appropriate
kinematics to be detected when struck by the beam proton. This leads to:

Ppp/pX ≤
1

2
(1− Ppn/pX) = 0.04+0.09

−0.04. (33)

where the upper limit occurs if all configurations with a detected high-momentum
proton are associated with a high-momentum spectator nucleon. Note that in
Ref. [122], this expression was assigned to Ppp/Ppn rather than Ppp/pX , but
these quantities differs by a factor of Ppn/pX , which is close to unity. Assuming
that pp and nn pairs are identical, this result indicates that probabilities for pp
or nn SRCs to appear in carbon are at least a factor of six smaller than for pn
SRCs.

One of unique properties of triple coincidence experiments is that by choosing
different compositions of struck and recoil nucleons (i.e. pp or pn) one can
directly probe isospin content of SRCs. Such measurements were carried out for
the first time in at Jefferson Lab [124, 125] in an experiment where scattered
electrons and knocked-out protons were detected in coincidence, with a large
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acceptance detector used to look for an associated recoil proton or neutron in
12C(e, e′, pN)X reactions.

The Hall A triple coincidence experiment used an incident electron beam
of 4.627 GeV and the two Hall A high-resolution spectrometers (HRS) [126] to
identify the 12C(e, e′p) reaction. The (e, e′p) kinematics were chosen such that
the measurement was at Q2 ≈ 2 GeV2 and x ≈ 1.2, with missing momenta
from 300–600 MeV/c. The BigBite [127] large-acceptance spectrometer was
used to detect recoil protons with ~pr ≈ −~pm from 12C(e, e′pp) events, while a
neutron detector placed behind BigBite was simultaneously used to detect recoil
neutrons from 12C(e, e′pn) reactions.

Reaching sufficiently large values of Q2 and Bjorken-x was required to reduce
MEC and IC contributions as well as moderating the effect of the FSI (see
discussion in Sec. 6), while the pm range was chosen to map out the region of
2N SRC dominance. A cut was applied to the missing energy reconstructed from
the (e, e′p) kinematics which significantly suppressed the contribution associated
with the excitation of an intermediate ∆ resonance.

The first signature of SRCs was the correlation between strength of the
cross section and the relative angle (γ) between initial momentum of the struck
nucleon pi and momentum of the recoil nucleon pr. Figure 20 shows the distri-
bution of events in cos γ for the highest pm setting of 550 MeV/c [124], which
is strongly peaked near cos γ = −1, corresponding to the back-to-back initial
momenta of the struck and recoil protons. The solid curve is the simulated
distribution for scattering from a moving pair, with the pair center-of-mass mo-
mentum taken to be a gaussian distribution with a width of 0.136 GeV/c. That
width was varied to best reproduce the data, but is also consistent with the
width deduced from the (p, ppn) experiment at Brookhaven National Lab [121]
as well as a theoretical calculation based on the convolution of two independent
single particle momentum distributions [7]. Also shown in Fig. 20 is the angular
correlation for the random background as defined by a time window offset from
the coincidence peak, which shows the effect of the acceptance of the spectator
proton detector.

The other main quantity of interest for the two-proton knockout case is the
ratio fraction of high-pm events in which there is a high-momentum, backward-
angle correlated proton, i.e. the ratio of 12C(e, e′pp) to 12C(e, e′p) events. This
must be corrected to account for the finite acceptance of BigBite. This is done
using a PWIA simulation of events for scattering from a pp SRC with a total
pair momentum distribution obtained from the measured angular correlation.
The raw and acceptance-corrected 12C(e, e′pp) / 12C(e, e′p) ratios are shown in
Fig. 21. It was observed that for 300 < pm < 600 MeV/c, approximately 9%
of the 12C(e, e′p) events had a high-momentum recoil proton with ~pr ≈ −~pm,
independent of the value of pm within this region. The shaded region indi-
cates the range of results obtained by varying the width of the pair momentum
distribution within the ±2σ range on the extracted width.

Finally, the experiment extracted the ratio of (e, e′pn) to (e, e′p) yields using
a similar procedure [125]. Taking into account the finite acceptance of the
neutron detector and the 40% neutron detection efficiency, it was found that
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reprinted with permission from Ref. [124]

96 ± 22% of the (e, e′p) events with a missing momentum above 300 MeV/c
had a recoiling neutron. This result agrees very well with the extraction of
the (p, 2pn)/(p, 2p) ratio [122] (Eq. (32)) extracted from the Brookhaven proton
beam measurement [121].

The largest advantage of the Jefferson Lab triple coincidence experiment was
that the rate of pp pairs was directly measured, whereas for the Brookhaven re-
sult, only an upper limit on the rate of pp correlations could be deduced. Since
the 12C(e, e′pp) and 12C(e, e′pn) data were collected simultaneously with de-
tectors covering nearly identical solid angles, the 12C(e, e′pn)/12C(e, e′pp) ratio
could be determined with reduced systematic and theoretical uncertainties. Cor-
recting only for detector efficiencies, a ratio of 8.1±2.2 was obtained. The atten-
uation of the recoiling protons and neutrons was assumed to be almost equal,
and so the only correction related to final-state interactions of the measured
12C(e, e′pn) to 12C(e, e′pp) ratio is due to single charge exchange interactions.
Because the (e, e′pn) cross section is much larger than the (e, e′pp) cross sec-
tion, the main impact of the charge exchange FSI will be the leakage of (e, e′pn)
events into the observed (e, e′pp) sample. A Glauber approximation calcula-
tion [128] estimated this yields an 11% decrease in the 12C(e, e′pn)/12C(e, e′pp)
ratio, thus implying an initial pn/pp ratio of 9.0± 2.5.

To deduce the ratio of pn to pp correlated pairs in the ground state of 12C,
the measured 12C(e, e′pn) to 12C(e, e′pp) ratio was used. Since the experiment
triggered only on forward (e, e′p) events, the probability of detecting pp pairs
was twice that of pn pairs; thus, we conclude that the ratio of pn/pp pairs in
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the 12C ground state is 18± 5 as shown in Figure 22. This result translates to
the following ratio of the pp to pn two-nucleons SRCs:

Ppp

Ppn
= 0.056± 0.018 (34)

in agreement with Eq. (33). Since in these two experiments both the probe and
the kinematics were very different, it furthers the interpretation of the process
as being due to scattering off a correlated pair of nucleons [129].

In both the BNL and Jefferson Lab experiments, SRCs are identified kine-
matically, by looking for two nucleons which, in the PWIA, reconstruct to a
pair of nucleons with a large relative momentum but a small total momentum.
However, one can obtain the same final state in a two-step process where one
low-momentum nucleon is struck and a secondary interaction leads to a second
high-momentum nucleon in the final state. Thus, one must consider the pos-
sibility of FSI in both cases. In the BNL measurement, the elastic pp → pp
cross section falls as s−10. Therefore, there is a strong enhancement in the cross
section for events at lower s, i.e. where the struck proton has a large momentum
in the direction of the proton beam, which amplifies the signal from pre-existing
SRCs relative to scattering from a low-momentum nucleon with a subsequent
reinteraction. [123, 130]. For the Jefferson Lab experiment, the electron kine-
matics are chosen to suppress the contribution of FSI by taking data at x = 1.2
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and Q2 = 2 GeV2 which, in the PWIA, corresponds to a minimal longitudinal
momentum of ∼ 200 MeV/c. The hadron rescattering cross section does not
go away at high Q2, but a rescattering of the struck proton will not modify x,
reconstructed from only the electron kinematics, unless the rescattering takes
place within a short distance of the initial interaction, ∼1 fm for this experi-
ment. Thus, while a two-step process could yield scattering which looks like the
two-nucleon knockout reaction in the PWIA, it would only happen in the case
where the struck nucleon was very close to a second nucleon, and would thus
also be sensitive to pre-existing short-range configurations.

The startlingly small ratio of proton-proton to neutron-proton SRCs was
explained by several groups [96, 131, 132] to be a consequence of the domi-
nance of the tensor interaction in this pm range. In Ref. [96], the triple coin-
cidence reaction was studied for 3He(e, e′NN)N reactions at high Q2. These
reactions are the most simple from the point of view of triple-coincidence mea-
surements and allow the calculation of the above defined decay function through
the realistic wave function of 3He nucleus. The decay function was calculated
within distorted wave impulse approximation in which FSI were implemented
within the generalized eikonal approximation. The result of the calculations for
3He(ee′pp)n and 3He(e, e′pn)p reactions in the kinematics that maximize the
contribution from 2N SRCs are presented in Fig.(23). One can see that for
recoil momenta of 300–600 MeV/c, the (pp) correlations are suppressed by an
order of magnitude or more compared to (pn) correlations.

Very similar results are obtained also for other nuclei [131] in calculations
of the two-nucleon relative momentum distributions (shown in Fig. 24) for the
ground states of light nuclei (A<8) using variational-Monte-Carlo wave func-
tions derived from a realistic Hamiltonian with two- and three-nucleon poten-
tials. Their calculation for the relative nucleon momentum for at-rest nucleon
pairs shows the same large proton-neutron to proton-proton ratio in the relative
momentum range of 300–600 MeV/c. Note that within PWIA, the two-nucleon
relative momentum distribution with the pair at rest in the center-of-mass is re-
lated to the decay functions that enter into the cross section of triple-coincidence
reactions.

The universality of the above two results is based on the fact that in the
momentum range of 300–600 GeV/c, the NN interaction is dominated by the
tensor force whose contribution is strongly suppressed in the iso-triplet pp chan-
nel. These theoretical conclusions are in agreement with earlier studies of nu-
clear spectral functions for large momenta that also indicated the dominance of
tensor correlations [133, 7].

Finally, studies of two-nucleon knockout in 3He are a special case, as the
measurement of the scattered electron in coincidence with two of the nucleons
provides for a complete kinematic reconstruction of the final three-body system,
provided that particle production can be suppressed. In particular, this affords
the possibility to study a two-nucleon SRC in a unique way, namely by interact-
ing with the third nucleon which is not part of the SRC. After the fast removal
of the spectator nucleon, one expects the residual A-1 nucleus, i.e. the 2N SRC,
to decay into two nucleons, allowing one to directly measure the momenta of
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both correlated nucleons in the absence of FSI.
Such a strategy was realized in the Jefferson Lab experiment of Ref. [137]

in which the 3He(e, e′pp)n reaction was studied using 2.2 and 4.4 GeV electron
beams and detecting the scattered electron and ejected protons in CLAS over a
wide kinematic range. In the PWIA, interacting with a nucleon inside of an SRC
would yield a high-momentum struck nucleon, a recoil nucleon from the SRC
with k > kFermi, and a low momentum spectator with k < kFermi. However,
if the nucleon that is not in the SRC is struck, it will have momentum close to
q0, while the two nucleons in the SRC will come out with large, back-to-back
momentum of k > kFermi. The experiment observed that when all three final
state nucleons have momenta greater than 250 MeV/c, the reaction is dominated
by events where two nucleons each have less than 20% of the transferred energy
and the third ‘leading’ nucleon has the remainder. Final state interactions
of the leading nucleon are suppressed by requiring that it has perpendicular
momentum with respect to ~q of less than 300 MeV/c. In these cases the two
other nucleons (the pn or pp pair) are predominantly back-to-back and have
very little total momentum in the momentum transfer direction. The relative
pair momentum is then almost isotropic. This suggests that the nucleon-nucleon
pair is correlated and is a spectator to the virtual photon absorption. In this
case, the measured relative and total pair momenta, ~prel = (~p1 − ~p2)/2 and
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~ptot = ~p1 + ~p2 are closely related to the initial momenta of the correlated pair.
As shown in 25, the pair relative momentum peaks at about 300–400MeV/c and
the pair total momentum peaks at about 300 MeV/c. The pp and pnmomentum
distributions are very similar. The advantage of this approach is that there is
no contribution from meson exchange currents or isobar configurations since
the virtual photon does not interact with the correlated pair. However, because
the continuum interaction of the correlated pair is very strong and reduces the
calculated cross section by a factor of about ten, this reaction is very difficult to
calculate precisely. Diagrammatic calculations [134, 135, 136], are in qualitative
agreement with the measured momentum distributions, but only after including
the effects of the continuum interaction.

The measurements was also able examine the contribution from pn and pp
pairs as a function of the total pair momentum [138]. They observed a smaller
difference in the fraction of high-momentum pn to pp pairs, which were observed
in a ratio of approximately 4:1. However, when taken as a function of the total
momentum of the pair, the ratio becomes much larger at total momentum, in
agreement with the observation of strong np dominance in the triple-coincidence
measurement on 12C. They observe a much smaller difference for the case where
there is a large total momentum of the pair, which for 3He corresponds to the
case where all three nucleons appear to have large momenta in the final state.
This is taken as further indication of tensor dominance, as T=1 pairs are most
likely to be in a spin-0 state, which yields a minimum in the distribution for
large relative momentum and small total pair momentum. With increasing pair
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momentum, this minimum is filled in, increasing the pn/pp ratio [138].

8. Summary and Outlook

We have reviewed the historical interest and initial measurements relating to
the presence of short-range, high-momentum nucleon configurations in nuclei.
We then presented in some detail the necessary experimental requirements for
measurements that can provide reliable information on these SRCs, and pre-
sented the main results of a new generation of high energy and high momentum
transfer measurements aimed at verifying the presence and probing the nature
of these correlations. These experiments, while few in number, demonstrate the
incredible power of probing nuclear structure at small separations of nucleons
in the nuclei.

We demonstrated how the high Q2 studies of the deuteron has a special role
in advancing all the field of the short-range nucleon correlations, by means of
studying reaction mechanisms, off-shell nucleon effects and relativistic dynamics
of strongly bound nucleon systems. Going beyond the deuteron, we categorized
the experimental program by the reaction mechanism, discussing programs of
inclusive, semi-inclusive and triple-coincidence measurements. We reviewed the
first high Q2 experiments in these categories and demonstrated how these exper-
iments advanced our understanding the structure of the short range correlations
in the nuclei. Further experimental details on the Jefferson Lab program can be
found in Ref. [139], with future plans, including some which go beyond hadronic
degrees of freedom to look at non-hadronic components or medium modification
within SRCs, presented in [30].

We can summarize the kinematic domain probed and the knowledge obtained
by these experiments as follows:

• The deuteron momentum distribution has been probed up to 500 MeV/c
internal momenta and Q2 for about 3.5 GeV2. The observation is that
MEC and IC contributions can be well controlled by large Q2 and probing
Bjorken x > 1 region. In this region, FSI can be relatively well calculated
within the eikonal approximation, reproducing data taken in kinematic
regimes where FSI contributions dominate. This allows for further studies
in regions where A(e, e′p) measurements are most sensitive to the reac-
tion mechanism, in particular off-shell effects and relativistic dynamics,
to provide the last data needed to fully validate our understanding of the
reaction in the deuteron, thus allowing us to extend detailed and quanti-
tative studies to heavier nuclei.

• For inclusive scattering from light-to-heavy nuclei, measurements at high
Q2 and x > 1 probe the momentum distribution of the nucleons in nuclei.
A clear signature of scaling associated with interaction from 2N SRCs
is observed in the σeA/σed ratios. These ratios allow us to estimate the
contribution of 2N SRCs in heavy nuclei relative to the contributions in
the deuteron. Moving to similar studies for x > 2, initial measurements
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have seen some indication of the dominance of 3N correlations in these
kinematics, although more quantitative studies are required to verify this.

• Semi-inclusive knock-out (e, e′N) reactions established the clear correla-
tion signature between missing-momentum and missing-energy. For the
first time the evidence is acquired that in the SRC domain the final state
interaction is localized between boundaries of correlation.

• Triple coincidence experiments gave new insight into the dynamics of 2N
SRCs. They probed relative internal momenta up to 600 MeV/c and gave
unambiguous evidence that the dynamics of 2N SRC in this domain are
dominantly controlled by the tensor component of the NN force.

• Theoretical analysis of all these experiments allow us to conclude that
for up to 600 MeV/c relative momenta, nucleons represent the relevant
degrees of freedom in the dynamics of two nucleon short range correlations.

The knowledge of SRCs obtained so far sets up the main directions which in
our opinion the new generation of high Q2 experiments should follow:

• Extension of the deuteron studies beyond 500 MeV/c. One may expect
especially interesting new physics beyond 750 MeV/c region when the
threshold of inelastic excitation in the iso-singlet NN system is passed
and the role of the non-nucleonic degrees of freedom may be increasingly
important. These region also will be defined by the core of the NN interac-
tion - practically unknown part of the nuclear forces. Such an experiment
is currently approved with the 11 GeV energy of the Jefferson Lab [140].

• The next generation of inclusive measurements will persue several impor-
tant issues. One is the detailed studies of x > 2 region in probing the onset
of 3N correlations and the other the establishing of the onset of DIS scaling
at x > 1 which will give unprecedented window for studying the dynam-
ics of “super-fast” quarks, which carry a larger longitudinal momentum
fraction, x, than entire nucleon at rest. The approved experiment E08-
014 [91] at Jefferson Lab will have the best chance of probing the domain
of x > 2 for quasi-elastic kinematics. This experiment will also compare
scattering from 40Ca and 48Ca to provide another test of the dominance
of iso-singlet (np) pairs in SRCs, free from reaction mechanism questions
associated with the triple-coincidence measurements.

• Recent measurements of the EMC effect in light nuclei [141] yield a non-
trivial A dependence in the modification of the nuclear structure function
in deep-inelastic scattering. These data suggest that the nuclear structure
function depends on the local, microscopic structure of the nucleus. As
the question of local, high-density structure is the primary focus of SRC
measurements, it was natural to compare the two measurements, and a
quantitative relation between the size of the EMC effect and the strength
of SRCs in nuclei has been observed [142]. Extensions of both SRC [143]
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and EMC effect [144] measurements after the Jefferson Lab 12 GeV up-
grade, including several light nuclei, some of which have significant cluster
structure, will help extend these comparisons which may relate both the
structure functions and the SRCs to the microscopic nuclear structure.

• Finally, moving to the realm of scattering from quarks in nuclei provides
access to short-range structure in a region where non-hadronic degrees of
freedom may become important [30]. Recent measurements suggest that
already with 6 GeV beam energies, we may be able to reliably extract
the distribution of “super-fast” quarks at x > 1. The distribution of
these super-fast quarks is sensitive to the short-range structure of the
nucleus which drives the high-momentum components of the nuclear wave
function. While the present data [50] suggest that the contributions of
SRCs may generate enough high-momentum to explain the most recent
data. However, the present data is extremely limited, and measurements
planned for 11 GeV will move into a region with dramatically increased
sensitivity to non-hadronic components in nuclei [143, 30].

• A d(e, e′p) measurement is planned for Jefferson Lab [145] with the goal
of precisely mapping out the high-momentum tail up to 1 GeV/c in the
deuteron by making measurements at x > 1 and Q2 = 4.25 GeV2.

• For knock-out and triple coincidence experiments the challenge will be to
go beyond 600 MeV/c (beyond the domain of the tensor-forces). It is clear
from Figs. 23 and 24 that for larger nuclear momenta, > 600 MeV/c, the
ratio of neutron-proton to proton-proton pairs should become smaller as
the reaction become dominated by the short-range repulsive core of the
nucleon-nucleon interaction. The new triple-coincidence experiment E07-
006 [146] will extend the previous measurements well beyond 600 MeV/c,
and should be able to test this prediction.

Overall the task of the new generation of SRC experiments will be probing
the higher order correlations and reaching the inter-nucleon distances governed
by the dynamics of the NN repulsive core.
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