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Atomic nuclei are intricate quantum systems in which protons and neutrons
are held together by the strong nuclear force. At very short distances, nucleons
can momentarily form high-momentum pairs—known as short-range correla-
tions (SRCs)—that shape the high-momentum structure of nuclear matter. Un-
derstanding how such pairs form provides a rare experimental window into the
short-range behavior of the strong interaction, with implications ranging from
the structure of the atomic nucleus to the properties of neutron stars. Although
many SRC properties have been investigated, the mechanism by which nucleons
form SRC pairs remains poorly understood. Here we use high-energy electron
scattering from a selective set of nuclei—*Ca, ¥Ca, and 54Fe—chosen for their
distinct shell structures, to probe the mechanism of SRC formation. We find that
SRC pairing depends far more on the specific quantum orbitals occupied by
protons and neutrons than on nuclear mass or neutron—proton imbalance. Our
result points to new angular-momentum quantum selection rules governing SRC
pairing. This reveals a deep connection between long-range nuclear structure and
short-range interactions, relevant to dense nuclear matter such as that found in

neutron stars.

While atomic nuclei are complex many-body systems, they are often approximated as nucleons
(protons and neutrons) moving independently within shell-model orbitals generated by a mean-field
potential. Yet, the complex nature of the nucleon-nucleon force leads to the formation of temporary
correlated states that go beyond the mean-field description, including short-range correlated (SRC)

pairs (/): tightly-bound, predominantly proton-neutron pairs with high relative momentum and large
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local density. These pairs dominate the high-momentum tail of the nuclear momentum distribution
and account for much of the nucleons’ kinetic energy (/-9).

Understanding SRC pair formation is crucial for describing the short-range structure of nuclei
and for modeling systems with densities exceeding nuclear saturation, such as neutron stars (10, 11).
While SRC pairs have been studied across a range of nuclei, the specific mechanisms driving their
formation remain uncertain.

Here we measured the electron-induced knockout of high initial-momentum protons from “’Ca,
48Ca, and >*Fe, see Fig. 1. *°Ca and **Ca are both doubly magic (closed shell), with the latter
containing eight (40%) more neutrons in the 1 f7/, orbital. >4Fe adds six more protons to the 17/,
orbital, resulting in an almost symmetric, almost doubly-magic nucleus, much like 40Ca, but 35%
heavier. Therefore by comparing the asymmetric **Ca to the lighter °Ca and the heavier **Fe, we
can better understand the roles of the different possible pair-formation mechanisms.

Surprisingly, we find almost no enhancement in the number of protons knocked out from SRC
pairs in “®Ca. However, the additional six 1 f; /2 protons of 4Fe, lead to ~50% more protons in SRC
pairs. These results challenge the expectation that SRC pair formation scales simply with either
mass or neutron excess (4). Instead, they suggest that nucleons preferentially form SRC pairs with
partners occupying the same orbital, where spatial overlap and angular momentum alignment are

maximal.

Background

Electron scattering experiments at large momentum transfer (Q% > 1.5 GeV?/c?) and large Bjorken-
x (xg = Q%/2mw > 1.2, where m is the nucleon mass and w is the energy transfer) have found that
short-range correlated nucleon pairs are predominantly proton-neutron pairs, are found in all nuclei,
and account for almost all of the high-momentum nucleons (above the Fermi momentum) (7, 2).
On the theoretical side, significant progress has been made in describing SRC pairs from first
principles. Many-body numerical calculations provide position and momentum space densities
for a range of light to medium mass nuclei (/2, 13), showcasing the universal nature of SRC
pairs. Effective field theory techniques utilized scale separation and factorization to show that the

dynamics of the nucleons within the pair is a short-distance phenomenon while pair formation is a
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Figure 1: Schematic representation of orbital structure of the “CaFe” nuclei. “°Ca with 20
(blue) protons and 20 (red) neutrons in the 1s, 1p, and 2s, 1d orbitals, 48Ca with eight more 1 f7)»
neutrons, and >*Fe with six more 1 f /2 protons. The lower right shows a schematic of the reaction,
with an electron (purple) scattering from a nucleus by emitting a (purple) virtual photon which

knocks out a proton (blue) from an np correlated pair in a nucleus.

long-range phenomenon sensitive to nuclear-structure details (/4-16).

Therefore, a comprehensive understanding of SRC pairs requires understanding pair-formation
mechanisms, i.e., how SRC pairing changes with nuclear mass and neutron excess. Duer et al. (4),
studied this by comparing proton and neutron knockout from a range of nuclei (!2C, 2’ Al, >Fe,
208Pb) with varying mass and neutron excess. They found an increased proton pairing probability
in nuclei with a greater neutron excess. These extra high-momentum protons suggested that the
excess neutrons in asymmetric nuclei form additional np SRC pairs. However, since both mass and
neutron excess increased together in the four measured nuclei, the data could not separate their
contributions.

A previous inclusive-scattering measurement tried to address this by comparing *°Ca and
48Ca. Their results suggested a 17% increase in SRC pair formation due to the 40% increase
in neutrons (/7). However, a follow-up analysis found that due to the inclusive nature of the

measurement, significant model-interpretation uncertainties are possible (/8).



Results

We measured the probability of proton knockout from SRC pairs by scattering 10.5-GeV electrons
from 4°Ca, *8Ca, and *Fe targets in Jefferson Lab’s Hall C. The experiment, conducted in 2023,
used the Super High Momentum Spectrometer (SHMS) (/9) to detect scattered electrons at a central
scattering angle of 6, = 8.3° and a central momentum of 8.55 GeV/c, and the High Momentum
Spectrometer (HMS) (20) to detect knocked-out protons at a central scattering angle of 6, = 66.4°
and a central momentum of 1.325 GeV/c. These small-aperture magnetic spectrometers determine
particle momenta by tracking curvature in the magnetic field. See Supplemental Material (2/) for

details.
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Figure 2: The per-nucleus (e,e’p) cross-section ratios for **Ca/*°Ca (red squares) and
>4Fe/*Ca (blue circles) plotted versus missing momentum p,,;;;. The dashed lines show the
weighted averages of data points. The corresponding y?/do f of the fits are 1.46 (*Ca/*°Ca) and
1.32 (**Fe/*®Ca). The inset shows the electron scattering from a nucleus, knocking out a proton from
an SRC pair. The initial and scattered electron momenta are p, and p,, the transferred momentum

is ¢ and the outgoing proton momentum is j,. The missing momentum piss = |[p, — ¢ |.

To select events dominated by proton knockout from SRC pairs, we required a squared mo-

mentum transfer Q> > 1.8 GeV?/c?, Bjorken scaling variable x,; > 1.2, missing momentum



0.375 < pmiss < 0.700 GeV/e, and the angle between the recoil nucleus and the momentum trans-
fer, 8,, < 40°. These kinematic cuts isolate quasielastic scattering from high-initial-momentum
nucleons, which are predominantly members of SRC pairs (8). They also reduce the effects of
final-state rescattering. The missing momentum, p,,;ss = |p — ¢ |, corresponds approximately to
the initial momentum of the struck nucleon and was calculated from the difference between the
measured knocked-out proton momentum and the momentum transfer.

We extracted cross sections as a function of p,,;ss for each nucleus, integrated over the detector
acceptances. From these, we computed cross-section ratios, which provide a relative measure of
SRC-pair probabilities. Since the calculated momentum distributions of SRC pairs are almost
identical in all nuclei (to within an overall scale factor), the ratios of “Ca to *°Ca and >*Fe to *8Ca
should be constant across the measured p,,;ss range. The constancy of our data with p,,;ss (Fig. 2)
validates that we are measuring proton knockout from SRC pairs. We then compared the integrated
per-nucleus cross-section ratios (Fig. 3) and found that the SRC proton-knockout ratio in *3Ca is
1.10 + 0.02 times that of “°Ca. This is slightly lower than, though consistent within uncertainties,
the measured inclusive ratio of 1.165 + 0.014 (17). In contrast, the ratio of >*Fe to “*Ca is much
larger, 1.49 + 0.03, indicating a substantially higher probability of SRC proton knockout in *Fe.

This pattern reveals a striking asymmetry. Increasing the neutron number by 40% from “’Ca to
48Ca leads to only a ~10% increase in SRC proton probability. However, adding six more protons
from *Ca to >*Fe results in a ~50% increase. These findings suggest that the eight 1 f /2 heutrons
in *8Ca do not efficiently form SRC pairs with inner-orbital protons. In contrast, the added six 1 f; /2
protons in >*Fe pair strongly with the 1f; /2 neutrons, likely due to increased spatial overlap and
favorable quantum numbers. A schematic summary of the inferred intra- and inter-orbital pairing
strengths is shown in the Fig. 3 inset. These results underscore the importance of orbital structure in
driving SRC pair formation and provide new experimental constraints for models of dense nuclear
matter.

We compared our results to different models (see Fig. 3). Ryckebusch et al. (16) used the
low-order correlation operator approximation (LCA) to compute the SRC contribution to the
single-nucleon momentum distribution. Tropiano et al. (22) computed SRC-pair-sensitive momen-
tum distributions using similarity renormalization group (SRG)-evolved operators and empirically

tuned single-particle wave functions. The relative fractions of high-momentum protons should ap-



proximately equal the relative SRC-pair abundances. Both momentum distribution ratios slightly

overestimated the *8Ca/*°Ca ratio and dramatically underestimated the *Fe/*3Ca ratio.
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Figure 3: The per-nucleus integrated (e, ¢’p) cross-section ratios for “°Ca/*’Ca, 4 Ca/*’Ca,
and >*Fe/**Ca. The filled black squares show the data, the open squares show the SRG-based
momentum-distribution model (22), the open ‘+’ signs show the LCA-based momentum distribu-
tion (/6), the gray triangles show quantum pairing calculations of (upright triangles) the Colle (23)
[ = 0,n =0 quantum-pairing model, and (inverted triangles) the more restrictive L = 0,/ = 0
quantum-pairing model. The upper-left inset shows the orbital structure of “°Ca, the eight addi-
tional 1f7/, neutrons in **Ca, and the six additional 17/, protons in **Fe. The dashed ellipse
represents the observed weak inter-orbital pairing and the solid ellipse represents the observed

strong intra-orbital pairing.

Phenomenological models based on the orbital structure of nuclei offer additional guidance.
Colle et al. (23) used shell-model wave functions to estimate the relative numbers of pp and pn
pairs across nuclei. They found that allowing only nodeless (n = 0) S-state (I = 0) np pairs—better
matched the previous data. This quantum selection rule overestimated our “*Ca/*’Ca ratio and
significantly underestimated the >*Fe/*3Ca ratio.

We introduced a more selective quantum-pairing model, requiring SRC pairs to have both zero

relative (I = 0) and total (L = 0) angular momentum (24). This eliminates pairing between nucleons



in different orbitals and predicts: no increase in SRC pairs for “8Ca relative to *°Ca, and a ~30%
increase for >*Fe due to the additional 1 f /2 protons. This more restrictive model described the data
better, but still underestimated the *Fe/*3Ca ratio.

Both of these quantum selection models neglect pp pairs, which should be at most a 10% effect
in >*Fe. Our model also neglects pairing between 1s neutrons and 2s protons (and vice versa),
which should be about ten times smaller than 1s — 1s and 2s — 2s pairing, due to the mismatch in

the radial distribution.

Discussion

Our results point to a key organizing principle in the formation of SRC nucleon pairs: quantum
number constraints imposed by shell structure are more important than either mass or neutron excess.
The eight 1 f7/, neutrons in *8Ca couple weakly to the core protons. The extra six 1f; /2 protons
in >*Fe couple unexpectedly strongly to the eight 1f; /2 neutrons. Models based on momentum
distributions fail to describe the observed ratios. Instead, models that incorporate more-restrictive
quantum-mechanical selection rules on the angular momentum states of pairing nucleons more
accurately describe the data.

These findings impose important new constraints on theoretical models of nuclear structure and
the dynamics of dense nuclear matter. They suggest that SRC-pair formation is not only simply a
universal many-body feature of the nuclear wave function, but also reflects the quantum architecture
of the nucleus itself. By demonstrating that angular momentum selection rules shape the SRC-pair
landscape, this work opens new pathways for exploring the interplay between mean-field structure
and short-range dynamics in nuclei.

These insights are important for modeling the structure of neutron-rich matter in extreme
environments, including neutron stars, where SRC pairs influence the equation of state, neutrino
opacities, and dense-matter response. Ultimately, bridging mean-field structure and short-range

dynamics is key to a unified description of nuclear matter from finite nuclei to astrophysical scales.
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