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M OTIVATION & O UTLINE
? 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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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 authors 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 electrons from nuclei, at energies ranging from a few hundred MeV to several CzeV. The observed transparencies of nuclei to protons ejected in inclusive e, e'p reactions are also compared with their theoretical estireactions, indicative of the overall
mates. Finally, the quenching of exclusive single-quasiparticle-type
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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D EFINING C ORRELATIONS
? 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
RF G (x − y) = 1 −

1 2
` (kF |x − y|)
d

where d is the degeneracy of the momentum eigenstates and
`(z) =


3 
sin z − z cos z , lim `(z) = 0
3
z→∞
z
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? In momentum space, however
R(k − k0 ) =

n(k, k0 )
1
=1+O
n(k)n(k0 )
N

? In the non interacting Fermi gas,


1 %
(2π)3 δ(k − k0 ) ,
RF G (k, k0 ) = θ(kF − k)θ(kF − k0 ) 1 −
Nd
? A better and model independent characterisation of correlations can be
obtained from the analysis of the two-point Green’s function
G(k, E) =

X
n

X
|hn|a†k |0i|2
|hn|ak |0i|2
+
ω − (E0 − En ) − iη
ω − (En − E0 ) + iη
n

= Gh (k, E) + Gp (k, E)

4 / 15

T HE L EPTON -N UCLEUS X -S ECTION
? Consider the x-section of the inclusive process ` + A → `0 + X at fixed
beam energy
dσA ∝ Lµν WAµν
I
I

Lµν is fully specified by the lepton kinematical variables
The determination of the nuclear response
X
µ†
ν
WAµν =
h0|JA
|XihX|JA
|0iδ (4) (P0 + k − PX − k0 )
X

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

X
i

jiµ +

X

µ
jij
+ ...

j>i

<
? 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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B REAKDOWN OF THE N ON R ELATIVISTIC A PPROXIMATION
? 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
 dNN ,
|q|

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)

2

2

q,ω

q,ω

Σ

x
i

i
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I MPULSE A PPROXIMATION 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 → `0 + X can be written in the simple form
Z
d2 σ`N
d2 σ`A
= d3 k dE P (k, E)
,
dΩ`0 dE`0
dΩ`0 dE`0
I

I

I

I

the elementary cross section d2 σ`N can—at least in principle—be
obtained from proton and deuteron data
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
factorization allows for a consistent treatment of all relevant
reaction channels
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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S PECTRAL F UNCTION OF H OLE S TATES
? 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)
X
=
Zh |Mh (k)|2 Fh (E − eh ) + Pcorr (k, E)

(1)

h∈{F }

. Zh Mh (k) = hh|ak |0i , 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) = hh|ak |0i → 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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S PECTRAL F UNCTION OF N UCLEAR M ATTER
? Isospin-symmetric matter at equilibrium density
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E ARLY E LECTRON S CATTERING S TUDIES OF C ORRELATIONS
? The (e, e0 p) cross section at large missing energy gives access to
the correlation strength
I 3 He

target
J. Mougey / Coincidence experiments at CEBAF

e + A → e0 + p + (A − 1)

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 feasibility of the experiment although a longitudinal/transverse separation would be very difficult to achieve.
Moreover, the use of three spectrometers would put
constraints on kinematics. A broad survey of twonucleon emission processes
using the LAS
e
e! (see section
4) may be an appropriate way of starting this program.
3.3. (e, e’K ‘) reactions and the formation

q, ω

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 m
comes from hadronic
mainly the
p0 reactions,
A−1
strangeness exchange (K-, n-) one, over which electromagnetic 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

E

E, (MeVl
Fig. 5. Missing energy spectra form 3He(e, e’p), showing evidence for an interaction on a two-nucleon
(from ref. [7]).

correlated

pair

of hypernuclei

=ω−T

−T

p!

≈ ω − Tp0
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HI GH M ISSING E NERGY AND H IGH M ISSING M OMENTUM
? 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) = Zk θ(kF − k) + nc (k)

I

The smooth correlation
contribution extends across the
Fermi surface
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A C LOSER L OOK
? 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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I MPACT ON νA I NTERACTIONS

? 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, e0 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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F IRST R ESULTS FROM JL AB E12-14-012
I

(e, e0 ) 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.
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The results recently
reported in
arXiv:1907:01122v1
suggest that replacing the
neutron spectral spectral
function of 40
18 Ar with the
proton spectral function
of 48
22 Ti is quite a
reasonable
approximation
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Thank you!
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