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We propose a phenomenological approach to examine the role of short- and long-range nucleon-
nucleon correlations in the quenching of single-particle strength in atomic nuclei and their evolution
in asymmetric nuclei and neutron matter. These correlations are thought to be the reason for the
quenching of spectroscopic factors observed in (e, e'p), (p,2p) and transfer reactions. We show that the
recently observed increase of the high-momentum component of the protons in neutron-rich nuclei is
consistent with the reduced proton spectroscopic factors. Our approach connects recent results on short-
range correlations from high-energy electron scattering experiments with the quenching of spectroscopic
factors and addresses for the first time quantitatively this intriguing question in nuclear physics, in
Single-particle strength particular regarding its isospin dependence. We also speculate about the nature of a quasi-proton (nuclear
Asymmetric nuclei polaron) in neutron matter and its kinetic energy, an important quantity for the properties of neutron
Neutron matter stars.
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Many-body quantum mechanical systems consisting of interact-
ing particles are encountered in many fields of modern physics,
including condensed matter, atomic and nuclear physics. In gen-
eral, it is not possible to obtain analytical solutions of the equa-
tions governing the dynamics of particles within such quantum
systems, starting explicitly from the individual particle-particle in-
teractions. Quantum Monte-Carlo and other numerical techniques
can be used to obtain solutions, but these methods are computa-
tionally intense and are therefore limited to few interacting parti-
cles [1-3]. To overcome these limitations, many-body systems are
often described in terms of independent particles moving in an ef-
fective mean-field potential that reflects the average influence of
all individual particle-particle interactions. In fermionic systems,
neglecting any residual interactions between the particles (beyond
those captured by the effective mean-field potential), one can de-
fine a Fermi level below which all quantum states are occupied. In
the presence of residual interactions between fermions, important
correlations arise that deplete the occupancy of states below the
Fermi level and populate states above it, thus making the Fermi
surface diffused.
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The atomic nucleus consists of strongly interacting nucle-
ons forming a dense quantum system. It is noteworthy that for
such strongly interacting quantum system the independent-particle
model (IPM) is proven to be a valid approximation and has pro-
vided the framework to explain many nuclear properties. Nev-
ertheless, correlations between nucleons modify the mean-field
approximation and dilute the pure independent-particle picture.!
These nucleon-nucleon (NN) correlations are often distinguished
into long-range correlations (LRC) and short-range correlations
(SRC), referring to their spatial separation and the part of the NN
potential they are most sensitive to [5-7]. Studies show that for
stable nuclei at any given moment, only 60% - 70% of the states
below the Fermi momentum are occupied, with 30% - 40% of
the nucleons participating in LRC and SRC configurations [5,8-15].
Therefore, both LRC and SRC deplete the occupancy of single-
particle states, with LRC primarily mixing states near the nuclear
Fermi-momentum and SRC populating states well above it.

2 2
T Mottelson has given arguments based on the quantality parameter, A = m,

that nuclei should behave like a quantum Fermi fluid [4], with quasi-particles (qu)
taking the role of the particles in the IPM. A is a measure of the ratio of the zero
point motion kinetic energy to the strength of the NN interaction and a is the inter-
constituents distance.
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There are two questions regarding this depletion that require
further study, and have attracted the attention of the Nuclear
Physics community:

e What are the individual contributions of LRC and SRC to the
observed single-particle depletion?

e What is the isospin (neutron-proton asymmetry) dependence
of LRC and SRC, and how do they compete in very asymmetric
nuclei?

Inspired by recent results from Jefferson Lab [16], where the ra-
tio of the fraction of high- to low-momentum protons (where high
and low are relative to the Fermi momentum) was measured, we
propose a phenomenological model that directly connects these
new results with the reduction of single-particle strength in atomic
nuclei. Our approach captures both LRC and SRC ingredients and
allows one to extract their individual contributions as well as their
evolution with mass number and isospin.

Experimentally, the depletion of single-particle states is quan-
tified as quenching of spectroscopic factors (SFs) with respect to
the IPM limit, observed in (e, e’p) [10,11], (p,2p) [14] and trans-
fer reactions [12,13]. This is reflected in the probability to end up
at a given final state after a nucleon is removed from the par-
ent nucleus compared to theoretically calculated cross sections for
the same reaction. At this point it is important to note that the
quenching extracted from (e, e’p) measurements may depend on
the momentum transfer, Q* [17,18]. Although the Q? dependence
of the quenching needs to be better understood, here we ana-
lyze the (well established) low-Q? data, where the scale resolution
should be sensitive to probe the quenching due to both SRC and
LRC [17].

Recently, single-nucleon removal [19,20] and hadron-induced
(p.2p and p,pn) quasi-free scattering (QFS) reactions in inverse
kinematics [21-23] have been employed using radioactive-ion
beams and probed the quenching of SFs across a wider region of
isospin asymmetry, exploring its isospin dependence. These exper-
iments agree on the depletion of the single-particle strength for
nuclei near stability but report significantly different isospin de-
pendency. The reported discrepancy has triggered an active debate
on the validity of the reaction models used in the analysis and
the extent to which this can lead to an overestimation of isospin
effects [12,13,19-21].

In parallel, electron scattering experiments indicate a high-
momentum tail extending far beyond the Fermi momentum [24,
25] attributed to SRC between a pair of strongly interacting nu-
cleons [6,26]. A value of about 20% SRC contribution was indi-
rectly inferred from scaling inclusive measurements of the fraction
of high-momentum nucleons in nuclei relative to deuterium [6,
26-30]. Proton and electron scattering studies of 12C showed that
SRC are predominantly neutron-proton (np) pairs, as opposed to
proton-proton (pp) or neutron-neutron (nn) pairs that are favored
at lower momenta [31-33]. This was interpreted as manifestation
of the tensor part of the NN interaction, which at short distances
(q &~ 2 fm~1) favors the S=1 (T = 0) (quasi-deuteron) channel [6,
26,34-38]. Follow-up works extended these findings to both lighter
and heavier nuclei, see e.g. Refs. [39-41].

Finally, the Jefferson Lab results from Ref. [16] revealed that
in neutron-rich nuclei the ratio of the fraction of high- to low-
momentum protons increases as a linear function of the ratio of
neutron to proton number (N/Z), while the equivalent fraction for
neutrons is rather constant or possibly decreasing slightly. This in-
dicates that the percentage of protons participating in SRC pairs
increases for neutron-rich systems and consequently depletes the
proton strength from the region below the Fermi momentum,
which is probed in measurements of SFs. Hence the SRC depen-

dence with isospin asymmetry should be reflected in the quench-
ing of the proton SFs and furthermore in other low-energy observ-
ables [42].

To study the consistency between SRC experimental results and
SFs, we introduce a phenomenological model to estimate the to-
tal “missing strength” in terms of contributions from LRC (de-
fined here as pairing [43] and particle-vibration coupling) and SRC
components. While generally in low-energy nuclear structure one
refers to pairing correlations as the short-range part of the force,
compared to the quadrupole force which is of longer range, within
the context of this paper pairing is not part of the SRC associ-
ated with high-momentum components. We approximate the wave
function of a “dressed” nucleon (quasi-particle or qp) in the nu-
clear medium in the following form:

|qp) = Ksp|SP) + Kpyc|PVC) + Kpc|PC) + Ksrc|SRC). (1)

The first term represents the pure single-particle (SP) configura-
tion, and the following three terms the particle-vibration coupling
(PVC), pairing correlations (PC) and SRC induced configurations, re-
spectively. Thus, the overlap for the removal of a nucleon from
the ground state of nucleus A to the ground state of A—1 is
(A — 1]alA) = Ksp and the probability to find a nucleon in the pure
single-particle configuration is R = I(%P. For non-interacting nucle-
ons R =1, while in the presence of correlations R < 1 (quenched).
The missing part of the single-particle strength is distributed
to the correlation terms with probabilities given by the square
of the corresponding amplitudes in the wavefunction of eq. (1),
i.e. Rpyc = K3y, Rpc =K2. and Rspc = K%z The quenched single-
particle strength, R, can then be expressed in terms of these three
independent components:

R=1— (Rpvc + Rpc + Rsro). (2)

In this approach, we associate R to the overall quenching of SFs
reported in (e,e’p) and (p,2p) measurements and extract the
weighting of each of the three components entering eq. (2) as fit-
ting parameters.

The linear form of eq. (1), and lack of interference terms in
eqg. (2), both stem from the underlying assumption that the SP,
PVC, PC and SRC states are all orthogonal to each other. SRC induce
mixing to states of very high momentum and energy in the nuclear
spectral function and there should be a small overlap with the SP
and LRC components, thus supporting the orthogonality assump-
tion [9,26,38]. Near doubly magic nuclei, for which both pairing
and deformation manifest themselves as vibrations, the individual
terms in eq. (1) can be justified in first order perturbation as one-
particle-one-hole (1p1h) (PVC) and two-particle-two-hole (2p2h)
(PC) excitations (see later discussions).

The trend of the SRC component as a function of isospin is
derived from Ref. [16]. The measured dependence of the relative
fractions of high- to low-momentum nucleons in nuclei relative
to 12C has been discussed in Ref. [44], where it was shown that
a low-order correlation operator approximation (LCA) can account
for the observed trends in the data. Here we reproduce the Jef-
ferson Lab data in Fig. 1 (after transforming their N/Z axis to
(N —2)/A) and make the assumption that the neutron momen-
tum fraction measured for neutron-rich systems (neutrons being
the majority nucleons) can be used as the proton momentum frac-
tion in a proton-rich system (protons being the majority nucleons).
Using the fitted slopes SLSpRC =2.840.7 and SLg-=0.340.2, see
Fig. 1, we write the following expressions:

) _ p N-Z
N>Z:Rspc =y 1+SLSRC—A , (3)
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Fig. 1. Proton high-momentum fraction relative to that of '2C as a func-
tion of (N—2Z)/A and linear fits that give the slopes SLERC =2.8+0.7 and
SLdgc =0.3£0.2. Note that the values for negative asymmetry correspond to the
fraction measured for neutrons for positive asymmetry. Figure based on data from
Ref. [16].

Table 1

SFs from (e, e’p) experiments [11,45] and their quenching, R = SFex,/SF, with re-
spect to the SM, for ground-state to ground-state transitions. For doubly-magic
nuclei (indicated with an asterisk in the last column), the SM SFs (and thus the
overall quenching R) are almost the same to the ones given by the IPM.

Nucleus (N-Z)/A SFexp R

Li 0.143 0.42 + 0.04 0.63 + 0.06
12c 0 172 + 0.11 0.60 + 0.04
160 0 127 + 013 0.64 + 0.07*
30gj 0.067 221 £ 0.20 0.58 + 0.05
3p 0.032 0.40 + 0.03 0.69 + 0.04
40ca 0 2,58 + 0.19 0.65 + 0.05*
48Ca 0.167 1.07 £ 0.07 0.54 + 0.04*
Sty 0.098 0.37 + 0.03 0.49 + 0.04
0zr 0111 0.72 + 0.07 0.56 + 0.05
208pp 0.212 0.98 + 0.09 0.49 + 0.05*

N—-Z
N<Z:RSRC:V<1+SLSRC A ) (4)

The proton SF data used in this analysis are taken from A(e, €'p)
experiments of Ref. [11] and are summarized in Table 1. The SFs
include only reactions that have populated the ground state of the
daughter nucleus. Also included in Table 1 is the quenching of
SFs (R) with respect to large-scale shell-model (SM) calculations
of Ref. [45]. In SM calculations the reported SFs for doubly-magic
nuclei is almost the same to that expected from an IPM picture
(indicated in Table 1 with an asterisk). In other words, there is
no quenching predicted by SM for these closed-shell systems. This
is inconsistent with the experimentally reported values for the
quenching of SFs for doubly-magic nuclei and reflects the fact that
SM calculations cannot reproduce the full strength lost in LRC due
to the yet limited model space used [9,46], and the lack of the
SRC component. Similarly, the reduced SFs obtained by the SM for
non-doubly magic nuclei can also be regarded as additional LRC
not completely captured by the SM even in a large model-space.

Realizing that the available data are somewhat limited we make
first the simplifying assumption that Rigc =Rpyc +Rpc =4 is a
constant as a function of isospin. We will further discuss this de-
pendence later on. While local deviations are expected, we believe
that the overall constant trend (used in our first fit) is justified,
as seen for example in the Relativistic Mean Field calculations of
Ref. [47]. In Fig. 2, we show the results of the fit for the overall
quenching of single-particle strength R (eq. (2)) together with the
contribution by each of the individual components, as discussed

aata
1 Total R
Rsrc
Rirc

]t

Quenching of SFs (R)

02 -0 0 0.1 0.2 0.3
(N-2)/A

Fig. 2. The quenching of proton SFs R as a function of (N — Z)/A for the (e, e'p) data
shown in Table 1. A fit to the data using egs. (2) to (4) is shown together with the
individual SRC and LRC components.

above. To extract the errors on the individual components and
investigate their statistical correlation, the fitting has been per-
formed in a Monte-Carlo approach by re-sampling the values R
within their probability density distribution (assumed to be Gaus-
sian with standard deviation defined by their errors). The SRC con-
tribution amounts to y = 22% + 8% and the LRC contribution to
8§ = 14% £ 10%. This is in accordance with expectations [6,16,27,32,
40].

While the simplest form introduced above (Rigc = Rpyc +
Rpc = 8) appears to capture the main ingredients of the quenching
mechanism, we now proceed to elaborate in more detail the indi-
vidual contributions from PVC and PC with isospin dependence.

If due to PVC a single particle near a doubly-closed shell core
is removed from its shell by coupling to surface phonons (built up
from a coherent superposition of 1plh excitations of multipolar-
ity A), then the single particle state |j;) becomes dressed and we
write [48,49]:

1) =mlj1) +

(i, n = 1Hclj1)
Y j). (5)
E;, — Ej, +hao

The quenching can be estimated by the amplitude of the coupling
term, Hc. Following Refs. [48,49], this is proportional to the col-
lectivity of the phonon (as measured by the dynamic deformation
parameter &,) and the radial form factor, proportional to dV/ar.
The potential depth (V) for a proton is often parametrized, includ-
ing a term that depends on the neutron excess, as:

N—-Z
V(r) =Vo(r)<1 +h— ) (6)

We thus expect,

2 2
Ex v

Rpyc ox | —— — . 7

PVC <hw0) (8r> (7)
Using the potential given in Ref. [49] (pg. 239, Eq. 2-182), we pro-
pose a parametrization of the form
R 1+ 3BN=2) (8)

PVC = 51 A ;

with o o (&) /hawg)?. For finite nuclei, & can be taken as a constant,
given the average dependence of ¢, and hwp with mass number.
However, for infinite systems it should scale as 1/A!/3 reflecting
the surface nature of the coupling.
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In a similar way, we can estimate the effect of fragmenta-
tion due to pairing (vibration) correlations. The mixing amplitude
should be proportional in lowest order to the ratio of the pairing
gap (A) to a typical shell gap (hwo =41/A'/3 MeV), A/hwg. With
the parametrization of A in Ref. [50] we obtain:

AN N-7\*\°

here, B is also a constant. Note that, specifically for N=2,
we have § =« + 8. Turning again our attention to the doubly
magic nuclei, for which to lowest order pairing vibrations will
introduce 2p2h admixtures in the unperturbed (OpOh) ground-
state configuration, one can make a simple estimate of B as
((7.55/A1/3)/(41/A1/3))2 ~ 0.03, using specifically Ap = 7.55(1 —
6.07(N — Z)2A~2)/Al/3 MeV [50], since we are looking at proton
spectroscopic factors.

With the expressions in egs. (2) to (4), (8) and (9) we attempt
a fit of the experimental data on doubly magic nuclei. The result
of the fit gives a PVC contribution of o =10% %+ 2%. The SRC and
PC contribution have been fixed to y = 22% (from the fit of Fig. 2)
and B = 3%, respectively, based on the above arguments. The to-
tal fit (and the individual components) shown in Fig. 3 is in good
agreement with the full (e, e’p) data set. As discussed earlier, the
agreement seen also for open-shell nuclei indicates a level of miss-
ing strength in the full shell-model results, due to LRC, similar to
that in the IPM for doubly-magic systems. QFS A0(p, 2p) data [21]
are also shown in the same plot. The reported QFS data are inclu-
sive measurements to all bound final states and not only ground-
state to ground-state transitions like the (e, e’p) data. This means
that part of the LRC correlations that distributes the single-particle
strength to low-lying excitations in the final states is integrated
in the experimental cross section. Indeed, repeating the fit for
the A0(p, 2p) data, we obtain a PVC contribution of o = 4% + 2%.
Actually, the AO(p, 2p) measurement has the only data point at
negative asymmetry, which is nicely reproduced with the different
slope of the SRC contribution for removing a proton from a proton-
rich system (see eq. (4)). In this case, the protons are the majority
nucleons.

Another topic of current debate is the quenching observed in
one-proton (and one-neutron) removal reactions carried out at in-
termediate energies (~ 100MeV/nucleon). The study of Ref. [20]
showed an unexpectedly strong dependence of the quenching, ex-
pressed as a function of the difference (AS) in proton and neutron
separation energies, Sp — Sy (Sn — Sp). The origin of this strong de-
pendence (i.e. whether it is indeed due to NN correlations or due
to the reaction model) is still an open question. To add to the dis-
cussion, it is interesting to compare our predictions (from Fig. 2)
with the results of Ref. [20]. For this purpose, we use the equa-
tions given in Ref. [51] to convert A, Z, and N into S, — S,. For the
conversion from (N —Z)/A to AS =S, —S;, we derive the equation
AS = (75(N — Z)/A — 3.4) MeV, which holds for light and medium
mass nuclei, considered in the systematics of Ref. [20]. The two
trends are shown as shaded areas in Fig. 4. Our results give a less
pronounced dependence on AS, suggesting that the theory of the
reaction mechanism is playing a role in the measured AS depen-
dence of Ref. [20].

As a final note, we can also speculate about the nature of a
quasi-proton (nuclear polaron [52]) in neutron matter (nM). In the
limit of A— oo and (N —Z)/A— 1, and neglecting both surface
and pairing coupling terms, expected to be small for infinite mat-
ter at saturation density, we predict a proton quenching factor
of REM =1—-y— ySLERC ~ 0.16. The high relative kinetic energy
components in the wavefunction, present in this limit, will give
the proton an average kinetic energy:

Total R —— (p.2p) data =

1+ Rspc —— (e,e’p) data —=—
Rpyve — fitted data —e—

PC (p,2p) fit = - -

Quenching of SFs (R)

02 -0 0 0.1 0.2 0.3
(N-2)/A

Fig. 3. The full set of (e, e’p) data and (p, 2p) results from Ref. [21]. As discussed
in the text, the fit corresponds to doubly magic nuclei only. For comparison, the
dashed line shows the fit for the (p,2p) data. The SRC and PC contributions are
fixed to y =22% and B = 3%, respectively. The fit yields a PVC contribution of
o =10% £ 2% for ground- to ground-state transitions and a smaller PVC contribu-
tion of o = 4% £ 2% for the (p, 2p) results from Ref. [21]; this is expected since the
(p,2p) data is an inclusive measurement.

0.8

Quenching of SFs (R)

Il n Il n Il n |
-10 0 10 20
S, - S, [MeV]

n

I
-30 —20

Fig. 4. The gray-shaded area shows the quenching of proton SFs measured in
nucleon-removal reactions [20] as a function of the difference in separation energies
Sp — Sn. Our prediction (within 20°) follows the red-shaded area.

)= (5 (1 180) 228 )

from the nucleon momentum distribution in nuclear matter. If we
assume pmax ~ 2Pg, above which the two-nucleon wave function
that dominates the SRC tail decays very rapidly [6,38,53-56], we
obtain (Tp)nM of approximately 3 times that of a proton in a Fermi
Gas, an important quantity for the properties of neutron stars [57].
Similarly, the average kinetic energy for the neutrons <T“>nM (for
which R\, =1—y + ySL& ~0.85) is estimated to be approxi-
mately 1.4 times that of a neutron in a Fermi Gas.

In summary, we presented a phenomenological model that
connects the quenching of spectroscopic factors with the recent
SRC Jefferson Lab study. We derived simple phenomenological
parametrizations for the combined effects of SRC, PVC, and PC that
were used in an analysis of data from low-Q2 electron scattering
and proton induced QFS experiments. Our analysis shows that ap-
proximately 20% of the missing strength observed in the region of
N = Z can be attributed to SRC, in agreement with reported expec-
tations. Furthermore, we show how the missing strength, including
contributions from LRC, is expected to evolve with (N —Z)/A and
speculate an extrapolation to a quasi-proton in neutron matter and
its kinetic energy, with implications to neutron stars. While per-
haps rather speculative at this stage, given the available data, we
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trust our conjecture will stimulate further theoretical and exper-
imental work. In particular for the latter, we highlight the need
to: 1) Measure the quenching of spectroscopic factors in stable nu-
clei with higher precision, including transfer reactions, 2) Study of
(p, 2p) reactions on very asymmetric nuclei available at radioactive
beam facilities, and 3) Extend those studies to neutron removal re-
actions.
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