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Is there a comprehensive picture of nuclear SRC?
(quest to learn about stylized facts of nuclear SRC)
How to forge links between nuclear-dynamics theory and
A(e,e′pX) observables sensitive to nuclear SRC?
(forging bridges between “nuclear structure theory” and
“nuclear reaction theory”)

(Ghent University) N to Z dependence of SRC MIT, March 2019 1 / 16



OUTLINE

1 Low-order correlation operator approximation (LCA) to
compute effect of SRC—structure (this talk) & reactions (Wim
Cosyn’s talk)

2 Apply LCA to the computation of nuclear momentum
distributions (NMDs) for selection of 14 nuclei
A(N, Z) : 4 ≤ A ≤ 208 and 1 ≤ N

Z ≤ 1.54
CHECK: Compare LCA results to ab-initio ones

3 Compute aggegrated effect of SRC in LCA
CHECK: a2 data from A(e,e′)

4 Compute isospin composition (pp&nn&pn) of SRC
CHECK: A(e,e′pp),A(e,e′pn),A(e,e′p) data for 12C, 27Al,
56Fe, 208Pb in “SRC” kinematics

5 Compute N/Z asymmetry dependence of SRC
CHECK: A(e,e′pp),A(e,e′pn),A(e,e′p),A(e,e′n) data for
12C, 27Al, 56Fe, 208Pb in “SRC” kinematics
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Single-nucleon momentum distributions in LCA

Single-nucleon momentum
distribution n[1](p)

n[1](p) =
A

(2π)3

∫
d2Ωp

∫
d3~r1 d3~r ′1 d3(A−1){~r2−A}

× e−i~p·(~r ′1 −~r1)
Ψ∗(~r1,~r2−A)Ψ(~r ′1 ,~r2−A)

Universal correlation operators

|Ψ〉 = Ĝ |Φ〉 /
√
〈Φ| Ĝ†Ĝ |Φ〉 ,

Central gc(r), spin-isospin fστ (r),
tensor ftτ (r) correlations
SRC = two-body contributions!
Quantify the pp, nn, pn and np
contribution to n[1](p)
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n[1](p) in LCA: from light to heavy nuclei

LCA: JPG42 (2015)055104 & PLB 792 (2019)21

1 Distinct momentum regimes!
2 Momentum dependence of fat tail of n[1] is “universal”
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n[1](p) in LCA: from light to heavy nuclei

1 Distinct momentum regimes!
2 Momentum dependence of fat tail of n[1] is “universal”
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Probability distribution P(p) ∼ p2n[1](p)
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Probability distribution P(p) ∼ p2n[1](p)
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a2(A/2H) from A(e,e′) at xB & 1.5 and LCA
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a2(A/2H) from A(e,e′) at xB & 1.5 and LCA
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Nuclear momentum distribution: pair composition

Pair composition: n[1](p) ≡ n[1]
pp(p) + n[1]

pn(p)︸ ︷︷ ︸
n[1]

p (p) (proton part)

+ n[1]
nn(p) + n[1]

np(p)︸ ︷︷ ︸
n[1]

n (p) (neutron part)

-The pp and pn
SRC pair
fractions are
momentum
dependent
-Semi-exclusive
A(e,e′pN)
mainly probe
the low p part
of the SRC
region:
rnp ∼ 90% and
rnn + rpp ∼ 10%
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Pair composition of SRC: LCA versus experiment

Reports 

/ http://www.sciencemag.org/content/early/recent / 16 October 2014 / Page 1 / 10.1126/science.1256785 

Many-body systems composed of interacting fermions are common in 

nature, ranging from high-temperature superconductors and Fermi liq-

uids to atomic nuclei, quark matter and 

neutron-stars. Particularly intriguing are 

systems that include a short-range in-

teraction that is strong between unlike 

fermions and weak between fermions of 

the same kind. Recent theoretical ad-

vances show that even though the un-

derlying interaction can be very 

different, these systems share several 

universal features (1–4). In all these 

systems, this interaction creates short-

range correlated (SRC) pairs of unlike 

fermions with a large relative momen-

tum (krel > kF) and a small center of 

mass (CM) momentum (ktot < kF), 

where kF is the Fermi momentum of the 

system. This pushes fermions from low 

momenta (k < kF where k is the fermion 

momentum) to high momenta (k > kF), 

creating a “high momentum tail.”

SRC pairs in atomic nuclei have 

been studied using many different reac-

tions, including pickup, stripping and 

electron and proton scattering. The 

results of these studies highlighted the 

importance of correlations in nuclei, 

which lead to a high momentum tail 

and decreased occupancy of low-lying 

nuclear states (5–13).

Recent experimental studies of bal-

anced (symmetric) interacting Fermi 

systems, with an equal number of fer-

mions of the two kinds, confirmed these 

predictions of a high momentum tail 

populated almost exclusively by pairs 

of unlike fermions (8–11, 14–16). 

These experiments were done using 

very different Fermi systems: protons 

and neutrons in atomic nuclei and two-

spin state ultra-cold atomic gasses. 

These systems span more than 15 or-

ders of magnitude in Fermi energy from 

106 to 10−9 eV and exhibit different 

short-range interactions [predominantly 

a strong tensor interaction in the nucle-

ar systems (8, 9, 17, 18), and a tunable 

Feshbach resonance in the atomic sys-

tem (14, 15)]. For cold atoms Ref. (1–

3) showed that the momentum density 

decreases as C/k4 for large k. The scale 

factor, C, is known as Tan’s contact and 

describes many properties of the system 

(4). Similar pairing of nucleons in nu-

clei with k > kF was also predicted in (19).

Here, we extend these previous studies to imbalanced (asymmetric) 
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The atomic nucleus is composed of two different kinds of fermions, protons and neutrons. If the 

protons and neutrons did not interact, the Pauli exclusion principle would force the majority 

fermions (usually neutrons) to have a higher average momentum. Our high-energy electron 

scattering measurements using 
12

C, 
27

Al, 
56

Fe, and 
208

Pb targets show that, even in heavy neutron-

rich nuclei, short-range interactions between the fermions form correlated high-momentum neutron-

proton pairs. Thus, in neutron-rich nuclei, protons have a greater probability than neutrons to have 

momentum greater than the Fermi momentum. This finding has implications ranging from nuclear 

few body systems to neutron stars and may also be observable experimentally in two-spin state, 

ultra-cold atomic gas systems.
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Fig. 3. The extracted fractions of np (top) and pp 
(bottom) SRC pairs from the sum of pp and np pairs in 
nuclei. The green and yellow bands reflect 68% and 95% 
confidence levels, respectively (9). np-SRC pairs dominate 
over pp-SRC pairs in all measured nuclei. 

Fig. 2. Illustration of the CLAS detector with a reconstructed two-proton knockout event. For clarity, not all CLAS 
detectors and sectors are shown. The inset shows the reaction in which an incident electron scatters from a proton-proton pair 
via the exchange of a virtual photon. The human figure is shown for scale. 

LCA predicts that
≈90% of correlated
pairs is “pn”, and
≈5% is “pp”
(UNIVERSAL: A
independent)
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Pair composition of SRC: LCA versus experiment
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4

FIG. 1: (color online) Extracted ratios of pp- to np-SRC
pairs in nuclei. The open symbols show the measured reduced
cross-section ratios R = [A(e, e′pp)/2σep]/[A(e, e′np)/σen].
The filled symbols show the extracted ratios of pp- to np-SRC
pairs obtained from the measured cross-section ratios after
SCX corrections using Eq. 1. The magenta square shows the
data of [14], which were also corrected for SCX. The shaded
regions mark the 68% and 95% confidence limits on the ex-
traction due to uncertainties in the measured cross-section
ratios and SCX correction factors (see Appendix for details).

A(e, e′np) cross-section ratio from the measured event
yields required minimal corrections. The accumulated
luminosity and detector live time was the same for both
reactions and therefore canceled in the ratio. The kine-
matics of all measured particles was the same for the two
reactions. Therefore, their acceptance and detection effi-
ciency should also cancel in the ratio. While this was true
for the scattered electron and recoil proton, this is not
necessarily the case for the leading proton and neutron.
Even if they were both emitted from the nucleus with
the same momenta and angles, they would have been
detected with different detectors in different regions of
CLAS as the proton trajectories were bent due to the
CLAS magnetic field. This was accounted for by our
event selection cuts that only considered leading nucle-
ons emitted into the phase-space region with good accep-
tance for both protons and neutrons. Therefore, the only
corrections applied were for the detection efficiencies of
protons and neutrons.

We scaled the A(e, e′pp) /A(e, e′np) cross section ra-
tio by the ratio of the elementary electron-proton and
electron-neutron cross sections σep and σen, σp/n =
σep/σen ≈ 2.5, and by the number of scattered protons
(1 or 2). This scaling was applied event-by-event using
σep and σen from Ref. [35]. The resulting reduced cross-
section ratio [R= A(e, e′pp) / 2 · σep] / [A(e, e′np) / σen]
for all measured nuclei is shown in Fig. 1 (see Table II in
the Appendix). The inner error bars show the statistical

uncertainties while the outer ones include systematic un-
certainties added in quadrature. The latter include sen-
sitivity of the extracted cross-section ratio to the event
selection cuts detailed in Table I, uncertainties in the
neutron and proton detection efficiency and a small dif-
ference for the leading proton and neutron transparency
in lead [23, 36] (see table III in the appendix).
As can be seen, the extracted reduced cross-section ra-

tio R is largely A-independent and equals ∼ 6%. This
is consistent with np-SRC pairs being ∼ 20 times more
abundant than pp-SRC pairs. However, the complete ex-
traction of the relative abundance of pp- to np-SRC pairs
from the measured exclusive two-nucleon knockout cross-
section ratios require correcting for reaction mechanism
effects. As mentioned above, these include the attenua-
tion of nucleons as they exit the nucleus and single-charge
exchange, SCX, interactions (e.g., (n, p) and (p, n) reac-
tions) that change neutrons to protons and vice versa.
At the measured outgoing nucleon momenta, the pp

and nn elastic scattering cross-sections are similar and
therefore the nucleon attenuation is similar, i.e., the
probability for a pn pair to exit the nucleus in an
A(e, e′np) reaction is approximately the same as that
of a pp pair in the A(e, e′pp) reaction, see [23] for de-
tails. Therefore, the SCX correction is the most sig-
nificant one. Because np-SRC pairs are dominant, np
pair knockout, followed by an (n, p) charge-exchange re-
action, could comprise a large fraction of the measured
A(e, e′pp) events. This will make the extracted ratio of
pp- to np-SRC pairs smaller than the measured reduced
cross-section ratio R, making the latter an upper limit
on the pp- to np-SRC pairs ratio.

Calculation of SCX effects are model and kinematics
dependent. In the current analysis, we used the Glauber
calculations of Ref [23] that were done for the kinemat-
ics of our measurement. We applied these SCX correc-
tions by assuming that the measured two-nucleon knock-
out reactions predominantly probe SRC pairs. Under
this approximation, the relative abundance of pp- to np-
SRC pairs can be expressed as (see derivation in the Ap-
pendix):

#pp− SRC

#np− SRC
=

1

2
· 2 ·R · Pnp

A − P
[n]p
A − P

p[n]
A /σp/n

P pp
A − 2 · σp/n ·R · P [p]p

A − 2 ·R · ηA · Pn[n]
A

,

(1)
where ηA = #nn−SRC

#pp−SRC , PNN
A is the probability for scat-

tering off an NN pair without subsequent SCX, and

P
[N ]N
A and P

N [N ]
A are the probabilities for scattering off

an NN pair and having either the leading or recoil nu-
cleon undergo SCX, respectively. The values and uncer-
tainties of the parameters used in Eq. 1 are listed in the
Appendix. While the current analysis uses the SCX cal-
culations of Ref. [23], the formalism detailed in the Ap-
pendix, along with the measured reduced cross-section
ratios shown in Fig. 1, other calculations for these cor-
rections can be applied in the future.

M. Duer et al., arXiv:1810.05343:
Ratios from measured

σen

2σep

A(e,e′pp)

A(e,e′pn)

for 12C, 27Al, 56Fe, 208Pb
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Second moment of n[1](p) from LCA

Second moment of n[1](p): 〈Tp〉 = 1
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SRC induce inversion of kinetic energy sharing in
neutron-rich nuclei

Ratio
〈
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〉
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depends on N/Z)
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Weight of neutrons relative to protons in n[1](p)
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Weight of neutrons relative to protons in n[1](p)

IPM:
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0 dpp2n[1]
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Relative weight of
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different in “IPM”
and “SRC” regions!
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N/Z asymmetry dependence of the SRC?

Superratio of A(e,e′N) for A=Al, Fe, Pb relative to C(e,e′N)

RSRC/IPM
N (A) ≡

∫ 1. GeV
0.4 GeV dpp2n[1]

N (p)
∫ pF

0 dpp2n[1]
N (p)

(N ≡ p,n)

1.0 1.1 1.2 1.3 1.4 1.5 1.6

Neutron Excess N/Z

0.8

1.0

1.2

1.4

1.6

1.8

SR
C

F
ra

ct
io

n
(r

el
at

iv
e

to
1
2
C

)

Al/C
Fe/C

Pb/C

LCA: neutrons SRC/IPM
EXP: A(e, e′n) on C, Al, Fe, Pb

DATA: Nature 560
(2018) 617

(Ghent University) N to Z dependence of SRC MIT, March 2019 13 / 16



N/Z asymmetry dependence of the SRC?

Superratio of A(e,e′N) for A=Al, Fe, Pb relative to C(e,e′N)
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SUMMARY

LCA: suited for systematic studies of SRC
contributions to n[1](p) and SRC sensitive
reactions (Wim Cosyn’s talk)

1 Reasonable predictions for a2 factors
2 A ≤ 40: LCA predictions for fat tails in

line with QMC ones
3 Natural explanation for the “universal”

behavior of the NMD tails

Distinct isospin and N/Z SRC effects: in
line with A(e,e′pN) findings
Neutron rich nuclei in SRC regime:
protons are punching above their weight
(≈ 35% in Pb)
SRC induced spatio-temporal
fluctuations in nuclei are measurable,
are significant and are quantifiable
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