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MOTIVATION & OUTLINE

? The interpretation of the flux-integrated νA cross section
requires the understanding of a variety of reaction mechanism

? Even at the level of 0π events, the occurrence of multi-nucleon
emission poses non trivial problems for neutrino energy
reconstruction

? Correlations are a manifestation of short-range nuclear
dynamics, beyond the shell model, now unanimously
acknowledged as a leading mechanism driving two-nucleon
emission

? Despite many decades of experimental and theoretical efforts,
correlations remain an elusive subject

? In this talk, I will highlight few notions about correlations in
nuclei, that seem to be overlooked in many ongoing studies, and
try to clarify their role in νA interactions
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A LONG-STANDING, AND LARGELY UNRESOLVED, ISSUE

? Reviews of Modern Physics 65, 817 (1993)

RMP Colloquia
This section, offered as an experiment beginning in January 1992, contains short articles intended to
describe recent research of interest to a broad audience of physicsts. It will concentrate on research
at the frontiers of physics, especially on concepts able to link many different subfields of physics.
Responsibility for its contents and readability rests with the Advisory Committee on Colloquia, U.
Fano, chair, Robert Cahn, S. Freedman, P. Parker, C. J. Pethick, and D. L. Stein. Prospective au-
thors are encouraged to communicate with Professor Fano or one of the members of this committee.
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The authors review theoretical estimates of spatial, spin, and isospin correlations among the nucleons in
nuclei. The momentum distribution and spectral function of nucleons in nuclei are also discussed. The
theoretical estimates are compared with the observed correlation efFects in the inclusive scattering of elec-
trons from nuclei, at energies ranging from a few hundred MeV to several CzeV. The observed transparen-
cies of nuclei to protons ejected in inclusive e, e'p reactions are also compared with their theoretical esti-
mates. Finally, the quenching of exclusive single-quasiparticle-type reactions, indicative of the overall
strength of correlations in nuclei, is discussed. There appears to be a qualitative agreement between
theory and experiment, but a firm quantitative understanding is still to be obtained.
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Interparticle forces induce correlations among the con-
stituents of a many-body system. Atomic liquid He,
whose atoms are kept apart by the strong repulsive core
in the interatomic potential, and whose correlations have
been analyzed successfully by neutron scattering, is
viewed here as a prototype. The probability of finding
two atoms simultaneously at r& and r2 is expressed as
p g ( r, 2 ), where p is the density of the liquid, g ( r ) is the
paiv distvibution function, and r,z=r, —rz. The g (r)
equals 1 in the absence of any correlations, but in liquid
He it is essentially zero at small ~, as shown in Fig. l.
The g (r) is determined by the interatomic potential v (r),
also shown in Fig. 1, and by the density of the liquid.
The Fourier transform of g (r) determines the liquid
structure function:

S (q) = 1+pg (q),
which has been measured for liquid He by neutron
(Svensson er al. , 1980) and x-ray (Hallock, 1972) scatter-
ing. The function g(r) has been calculated with the
Green's-function Monte Carlo (GFMC) method by Kalos
et al. (1981) using realistic models of U(r) obtained by
Aziz et al. (1979), yielding close agreement between
theory and experiment. Correlations generate high-
momentum components in the wave functions of liquids,
whose e8'ect on the neutron scattering has been studied.
The g (r) and the momentum distribution of atoms in the
Fermi-liquid He have also been studied experimentally
as well as theoretically. A book edited by Silver and
Sokol (1989) contains recent reviews on the momentum
distribution of atoms in helium liquids and their mea-
surement by neutron-scattering experiments.
This colloquium reviews the more difBcult problem of

studying the correlations among nucleons in atomic nu-
clei, specifically for small nuclei up to ' 0 and for nuclear
matter (NM). The nucleon-nucleon (NN) interaction has
a strong dependence on the spins and charges of the in-
teracting pair. The nucleon charge has only two values,
1 for proton and zero for neutron; it is represented by an
isotopic spin variable ~ similar to the spin operator o.. All
nucleons are considered as identical fermions with four
possible spin-isospin states. Nuclear forces induce both
spatial and spin-isospin correlations, which are
inAuenced by the size of the nucleus. The theoretical
predictions of correlations in nuclei are reviewed in Sec.
II. Sections II.A and II.B describe models of nuclear
forces and the ground states of nuclei, while the pair and
momentum distribution functions of nucleons in, nuclei
are discussed in Sees. II.C and II.D.
The spectral function PI, (k, e) describes the probability

of a nucleon in the nucleus having momentum k and en-
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? Electron-nucleus scattering experiments have long been
recognised as a powerful tool to study correlation effects
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DEFINING CORRELATIONS

? In coordinate space, the deviation from the mean-field approximation is
measured by the ratio

R(x− y) =
%(x, y)

%(x)%(y)

where %(x) and %(x, y) are the one- and two-nucleon probability density

? Note that the above definition also applies to a non interacting Fermi
gas, because the constituent particles are statistically correlated

RFG(x− y) = 1− 1

d
`2(kF |x− y|)

where d is the degeneracy of the momentum eigenstates and

`(z) =
3

z3
[

sin z − z cos z
]
, lim
z→∞

`(z) = 0
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? In momentum space, however

R(k − k′) =
n(k, k′)

n(k)n(k′)
= 1 +O

( 1

N

)
? In the non interacting Fermi gas,

RFG(k, k′) = θ(kF − k)θ(kF − k′)
[
1− 1

N

%

d
(2π)3δ(k − k′)

]
,

? A better and model independent characterisation of correlations can be
obtained from the analysis of the two-point Green’s function

G(k,E) =
∑
n

|〈n|a†k|0〉|
2

ω − (E0 − En)− iη +
∑
n

|〈n|ak|0〉|2

ω − (En − E0) + iη

= Gh(k,E) +Gp(k,E)
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THE LEPTON-NUCLEUS X-SECTION

? Consider the x-section of the inclusive process `+A→ `′ +X at fixed
beam energy

dσA ∝ LµνWµν
A

I Lµν is fully specified by the lepton kinematical variables
I The determination of the nuclear response

Wµν
A =

∑
X

〈0|JµA
†|X〉〈X|JνA|0〉δ(4)(P0 + k − PX − k′)

involves
• the ground state of the target nucleus, |0〉
• all relevant hadronic final states, |X〉
• the nuclear current operator (q ≡ (ω,q) = PX − P0)

JµA(q) =
∑
i

jµi +
∑
j>i

jµij + . . .

? At low to moderate momentum transfer—typically |q| <∼ 500 MeV—the
above quantities can be consistently obttained from a realistic a model
of nuclear dynamics
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BREAKDOWN OF THE NON RELATIVISTIC APPROXIMATION

? the bad news: at large momentum transfer, the initial and final states
and the current operator can no longer be described within a fully
consistent framework

? the good news: in the kinematical regime in which

λ ∼ π

|q| � dNN ,

where dNN is the average NN distance in the target nucleus, nuclear
scattering reduces to the incoherent sum of scattering processes
involving individual nucleons

? Enter the Impulse Approximation (IA)

Σ
i

2 2
q,ω q,ω

i
x
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IMPULSE APPROXIMATION AND FACTORIZATION

? The IA naturally leads to factorization of the nuclear transition
amplitude. As a consequence the double differential cross section of the
process `+A→ `′ +X can be written in the simple form

d2σ`A
dΩ`′dE`′

=

∫
d3k dE P (k, E)

d2σ`N
dΩ`′dE`′

,

I the elementary cross section d2σ`N can—at least in principle—be
obtained from proton and deuteron data

I the spectral function P (k,E) = Im G(k,E)/π, describes the
probability of removing a nucleon of momentum k from the target
ground state, leaving the residual system with excitation energy E

I factorization allows for a consistent treatment of all relevant
reaction channels

I corrections—arising mainly from final-state interactions (FSI) and
two-body currents (MEC)—can be consistently taken into account

? Within this scheme, nuclear dynamics is described by P (k,E)
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SPECTRAL FUNCTION OF HOLE STATES

? The analytic structure of the two-point Green’s function—dictated by
the Källèn-Lehman representations—is reflected by the spectral function

P (k, E) = Ppole(k, E) + Pcorr(k, E)

=
∑
h∈{F}

Zh|Mh(k)|2Fh(E − eh) + Pcorr(k, E) (1)

. ZhMh(k) = 〈h|ak|0〉 , Zh < 1

. Fh(E − eh) sharply peaked around E = eh

. Pcorr(k, E) is a smooth contribution arising from correlations

? In Mean Field Approximation

. Mh(k) = 〈h|ak|0〉 → φh(k), the shell-model wave funtion

. Zh → 1 , Fh(E − eh)→ δ(E − eh) , Pcorr(k, E)→ 0

? The Mean Field Approximation is inherently unable to provide the
correct normalisation of the cross section.
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SPECTRAL FUNCTION OF NUCLEAR MATTER

? Isospin-symmetric matter at equilibrium density
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EARLY ELECTRON SCATTERING STUDIES OF CORRELATIONS

? The (e, e′p) cross section at large missing energy gives access to
the correlation strength

I 3He target
J. Mougey / Coincidence experiments at CEBAF 

E,  (MeVl 
Fig. 5. Missing energy spectra form 3He(e, e’p), showing evi- 
dence for an interaction on a two-nucleon correlated pair 

(from ref. [7]). 

istic and off-shell effects. Complete studies of selected 
cases, in particular of disintegration of few nucleon 
systems, are considered in the CEBAF physics program. 

Thanks to the high energy and duty cycle of the 
CEBAF beam, (e, e’n) reactions can be studied with 
counting rates comparable to those presently achieved 
for (e, e’p). From polarization measurements in quasi- 
free scattering of longitudinally polarized electrons off 
neutrons from a deuteron target - reactions ‘H(Z,e’n)p, 
polarized deuteron target, and 2H(Z, e’ii)p, neutron 
polarization measurement - one should substantially 
improve our knowledge of the neutron electric form 
factor GE. The (e, e’N) reaction on nuclei can also be 
used to study how the electromagnetic properties of 
nucleons, sensitive to quark distributions, are modified 
inside the nuclear medium. 

3.2. (e, e’2N) reactions 

Coincidence studies of two-nucleon emission 
processes provide the most direct access to two-nucleon 
densities and correlation functions in nuclear medium. 
At short distances, they should give insights on two- 
nucleon clustering in nuclei - exchange of heavy me- 
sons ( p, w, . . . ), 6-quark clusters, . . . - and the origin 
of high momentum components in nuclear wave func- 
tions. Especially promising is the (e, e’2p) reaction as 
the absence of dipole moment in the (pp) system strongly 
suppress the contribution of two-body currents in the 

transverse cross section. Counting rate estimates under 
CEBAF conditions (2 to 100 events h-’ for the 
3He(e, e’2p)n reaction at 2 GeV) have shown the feasi- 
bility of the experiment although a longitudinal/trans- 
verse separation would be very difficult to achieve. 
Moreover, the use of three spectrometers would put 
constraints on kinematics. A broad survey of two- 
nucleon emission processes using the LAS (see section 
4) may be an appropriate way of starting this program. 

3.3. (e, e’K ‘) reactions and the formation of hypernuclei 

Photo- or electroproduction of kaons can be used to 
produce hypemuclei [9], i.e. nuclei in which one nucleon 
is replaced by a hyperon, usually a A, of strangeness 
S = - 1. In the nuclear medium, the hyperon can be 
viewed as an impurity living long enough (- 1OW”) to 
interact with its environment, being not restricted by 
the Pauli principle (except maybe at the quark level). At 
present most of our knowledge about the structure of 
hypemuclei comes from hadronic reactions, mainly the 
strangeness exchange (K-, n-) one, over which electro- 
magnetic production has the important advantages of 
cleaner mechanism and minimal distortion. Another 
specific feature of electromagnetic production is that, 
due to the vector spin nature of the photon, non-natural 
parity (spin-flip) states can be excited as well as natural 
parity (non-spin-flip) ones. Finally, the kinematics is 
different: recoiless A-production is not possible in (y, 
K+), in contrast with (K-, T-). Therefore, high 
momentum transfers and high-spin state excitations are 
favored. For example, the electromagnetic interaction 
can directly convert a proton from an outer shell into a 
hyperon in a deep lying state. 

Serious experimental problems have to be solved 
before considering an extensive program on hypernuclei 
at CEBAF: counting rates are low, of the order of 
SO-100 events/day per level in the most favorable 
configuration in which both the kaon and the scattered 
electron are detected at very forward angles ( < 15 o ). 
To clearly separate hypernuclear levels, in particular 
partners within a spin doublet, an energy resolution of 
- 100 keV is required. Several experimental setups are 
under study, including one in which both the K+ and 
the scattered electron are detected near 0 O, and a 
missing mass resolution of 100-200 keV looks achieva- 
ble. Kaon electro- and photoproduction on proton and 
deuteron to study kaon form factor, the KN and AN 
systems and possibly strangeness + 1 baryons and - 1 
dibaryons are part of the LAS physics program. 

4. Experimental equipment for coincidence experiments 

At present, coincidence experiments are planned in 
all three CEBAF experimental halls. 

e+A→ e′ + p+ (A− 1)

e e!

p!

q,!

Em = ω − Tp′ − TA−1 ≈ ω − Tp′
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HIGH MISSING ENERGY AND HIGH MISSING MOMENTUM

? In spite of the observed correlation between high missing energy and
high missing momentum, the widespread prejudice that all correlation
strength resides at high momentum is not justified

I Momentum distribution of
uniform nuclear matter

n(k) = Zkθ(kF − k) + nc(k)

I The smooth correlation
contribution extends across the
Fermi surface
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A CLOSER LOOK

? Momentum dependence of the nuclear matter spectral function
at different values of E

? At energies as large as 100 MeV an appreciable fraction of the
correlation strength is located at k < kF .

? A clear maximum at k > kF is only observed at very large E.
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IMPACT ON νA INTERACTIONS

? The inclusion of correlation effects is needed to describe multinucleon
emission processes

? Pinning down correlations through measurements of the
high-momentum components of the nuclear wave functions—an
approach strongly advocated by the MIT group of Or Hen—does not
appear to be a viable option

? The correlation strength can be unambiguously identified performing
(e, e′p) experiments in the regime of low missing energy, in which single
nucleon knockout is the dominant reaction mechanism.

? The measured spectroscopic factors will provide a constraint to be met
by any models of multinucleon emission

? This is the motivation of JLab experiment E12-14-012, aimed at
measuring the spectral functions of Argon and Titanium
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FIRST RESULTS FROM JLAB E12-14-012

I (e, e′) cross section at E =2.222 GeV and θe =15.541 deg
I Titanium data published in PRC 98, 014617 (2018), Argon data

published in PRC 99, 054608 (2019). A paper reporting Aluminum data
is under review.

Ar
Ti
C

E′ (GeV)

d
2
σ

d
Ω

d
E

′/
[Z

σ
ep
+
(A

−
Z
)σ

en
]

2.22.01.81.61.41.2

8

6

4

2

0

I The results recently
reported in
arXiv:1907:01122v1
suggest that replacing the
neutron spectral spectral
function of 40

18Ar with the
proton spectral function
of 48

22Ti is quite a
reasonable
approximation
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Thank you!
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Backup slides
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