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Abstract: 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 '°C, *’Al, *°Fe and ***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.

Main Text: Many-body systems composed of interacting fermions are common in nature,
ranging from high-temperature superconductors and Fermi liquids to atomic nuclei, quark matter
and neutron-stars. Particularly intriguing are systems that include a short-range interaction that is
strong between unlike fermions and weak between fermions of the same kind. Recent theoretical
advances show that even though the underlying interaction can be very different, these systems
share several universal features (/-4). In all these systems, this interaction creates short-range
correlated (SRC) pairs of unlike fermions with a large relative momentum (k. > k) and a small
center of mass (CM) momentum (ki < kr), where kg is the Fermi momentum of the system. This
pushes fermions from low momenta (k < kr where k is the fermion momentum) to high momenta

(k > kg), creating a “high momentum tail”.

SRC pairs in atomic nuclei have been studied using many different reactions, 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 balanced (symmetric) interacting Fermi systems, with an equal
number of fermions of the two kinds, confirmed these predictions of a high momentum tail
populated almost exclusively by pairs of unlike fermions (8-117,14-16). 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 orders of magnitude in Fermi
energy from 10° to 10™ eV and exhibit different short-range interactions (predominantly a strong

tensor interaction in the nuclear systems (8,9,17,18), and a tunable Feshbach resonance in the



atomic system (/4,15)). For cold atoms Ref. (/-3) showed that the momentum density decreases
as C/k” 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 nuclei with k > kr was also predicted in (/9).

Here, we extend these previous studies to imbalanced (asymmetric) nuclear systems, with
unequal numbers of the different fermions. When there is no interaction, the Pauli exclusion
principle pushes the majority fermions (usually neutrons) to a higher average momentum.
Including a short-range interaction introduces a new universal feature: the probability for a
fermion to have momentum k > kg is greater for the minority than for the majority fermions. This
is because the short-range interaction populates the high-momentum tail with equal numbers of
majority and minority fermions, thereby leaving a larger fraction of majority fermions in low
momentum states (k<kg), see Fig. 1. In neutron-rich nuclei this increases the average proton
momentum and may even result in protons having higher average momentum than neutrons,
inverting the momentum sharing in imbalanced nuclei from that in non-interacting systems.
Theoretically, this can happen because of the tensor part of the nucleon-nucleon interaction,

which creates predominantly spin-1 isospin-0 neutron-proton (np) SRC pairs (/7,18).

Here, we identify SRC pairs in the high-momentum tail of nuclei heavier than carbon with more
neutrons than protons (i.e. N>Z). The data show the universal nature of SRC pairs, which even in
lead (N/Z = 126/82) are still predominantly np pairs. This np-pair dominance causes a greater

fraction of protons than neutrons to have high momentum in neutron-rich nuclei.

The data presented here were collected in 2004 in Hall B of the Thomas Jefferson National
Accelerator Facility using a 5.014 GeV electron beam incident on '“C, *’Al, *°Fe and **Pb
targets. We measured electron induced two-proton knockout reactions (Fig. 2). The CEBAF
Large Acceptance Spectrometer (CLAS) (20) was used to detect the scattered electron and
emitted protons. CLAS uses a toroidal magnetic field and six independent sets of drift chambers,
time-of-flight scintillation counters, Cerenkov counters, and electro-magnetic calorimeters for

charged particle identification and trajectory reconstruction (Fig. 2) (16).

We selected events in which the electron interacts with a single fast proton from an SRC pair in

the nucleus (9,76) by requiring a large four-momentum transfer @*=g>-(w/c)’ >15 GeV?/c?,

where § and @ are the three-momentum and energy transferred to the nucleus respectively; and



Bjorken scaling parameter x,=Q/ (2mN-a)/ c)>1.2, where my i1s the nucleon mass. To

ensure selection of events in which the knocked-out proton belonged to an SRC pair, we further

required missing momentum 300 <|p,..| < 600 MeV/c, where j,. = p,—q with p the measured

proton momentum. We suppressed contributions from inelastic excitations of the struck nucleon

by limiting the reconstructed missing mass of the two-nucleon system m_ <1.1 GeV/c’. In each

miss

event, the leading proton that absorbed the transferred momentum was identified by requiring

that its momentum p, is within 25° of g and that |, |/|g/>0.6 (16,21).

When a second proton was detected with momentum greater than 350 MeV/c, it was emitted

almost diametrically opposite to p, .., see Fig. S-19. The observed backward-peaked angular

distributions are very similar for all four measured nuclei. This backward peak is a strong
signature of SRC pairs, indicating that the two emitted protons were largely back-to-back in the
initial state, having a large relative momentum and a small center-of-mass momentum (&, 9). This

is a direct observation of proton-proton (pp) SRC pairs in a nucleus heavier than '*C.

Electron scattering from high missing momentum protons is dominated by scattering from
protons in SRC pairs (9). The measured single-proton knockout (e,e’p) cross section is sensitive
to the number of pp and np SRC pairs in the nucleus, while the two-proton knockout (e,e’pp)
cross section is only sensitive to the number of pp-SRC pairs. Very few of the single-proton
knockout events also contained a second proton, therefore there are very few pp pairs and the

knocked out protons predominantly originated from np pairs.

To quantify this, we extracted the [A(e,e’pp)/A(e,e’p)] / [12C(e,e’pp)/12C(e,e’p)] cross section
double ratio for nucleus A4 relative to '>C. The double ratio is sensitive to the ratio of np to pp
SRC pairs in the two nuclei (/6). Previous measurements have shown that in '°C nearly every
high-momentum proton (k > 300 MeV/c > kr) has a correlated partner nucleon, with np pairs

outnumbering pp pairs by a factor of ~20 (8,9).

To estimate the effects of final-state interactions (re-interaction of the outgoing nucleons in the
nucleus), we calculated attenuation factors for the outgoing protons and the probability of the
electron scattering from a neutron in an np pair, followed by a neutron-proton single charge
exchange (SCX) reaction leading to two outgoing protons. These correction factors are

calculated as in Ref. (9) using the Glauber approximation (22) with effective cross sections that



reproduce previously measured proton transparencies (23) and using the measured SCX cross-

section of Ref. (24).

We extracted the cross section ratios and deduced the relative pair fractions from the measured

yields following Ref. (27), see (16) for details.

Figure 3 shows the extracted fractions of np and pp SRC pairs from the sum of pp and np pairs in
nuclei, including all statistical, systematic and model uncertainties. Our measurements are not
sensitive to neutron-neutron SRC pairs. However, by a simple combinatoric argument, even in
2%pp these would only be (N/Z)* ~ 2 times the number of pp pairs. Thus, np-SRC pairs dominate

in all measured nuclei, including neutron-rich imbalanced ones.

The observed dominance of np-over-pp pairs implies that even in heavy nuclei, SRC pairs are
dominantly in a spin triplet state (spin 1 isospin 0), which are a consequence of the tensor part of
the nucleon-nucleon interaction (/7,18). It also implies there are as many high-momentum
protons as neutrons (Fig. 1) so that the fraction of protons above the Fermi momentum is greater

than that of neutrons in neutron-rich nuclei (25).

In light (4 < 12) imbalanced nuclei Variational Monte Carlo (VMC) calculations (26) show that
this results in a greater average momentum for the minority component, see Table S-1. The
minority component can also have a greater average momentum in heavy nuclei if the Fermi
momenta of protons and neutrons are not too dissimilar. For heavy nuclei, an np-dominance toy
model that quantitatively describes the features of the momentum distribution shown in Fig. 1

shows that in imbalanced nuclei the average proton kinetic energy is greater than that of the

neutron, up to ~20% in 2%8pp (16).

The observed np-dominance of SRC pairs in heavy imbalanced nuclei may have wide-ranging
implications. Neutrino scattering from two nucleon currents and SRC pairs is important for the
analysis of neutrino-nucleus reactions, which are used to study the nature of the electro-weak
interaction (27-29). In particle physics, the distribution of quarks in these high-momentum
nucleons in SRC-pairs might be modified from that of free nucleons (30,3/). Because each
proton has a greater probability to be in an SRC-pair than a neutron and the proton has two u
quarks for each d quark, the u-quark distribution modification could be greater than that of the d
quarks (/9,30). This could explain the difference between the weak mixing angle measured on

an iron target by the NuTeV experiment and the Standard Model value (32-34).



In astrophysics, the nuclear symmetry-energy is important for various systems, including neutron
stars, the neutronization of matter in core-collapse supernovae, and r-process nucleosynthesis
(35). The decomposition of the symmetry energy at saturation density (pe=0.17 fm™, the
maximum density of normal nuclei) into its kinetic and potential parts and its value at supra-
nuclear densities (p > po), are not well constrained, largely because of the uncertainties in the
tensor component of the nucleon-nucleon interaction (36-39). Although at supra-nuclear
densities other effects are relevant, the inclusion of high-momentum tails, dominated by tensor-
force induced np-SRC pairs, can notably soften the nuclear symmetry energy (36-39). Our
measurements of np-SRC pair dominance in heavy imbalanced nuclei can help constrain the

nuclear aspects of these calculations at saturation density.

Based on our results in the nuclear system, we suggest extending the previous measurements of
Tan’s contact in balanced ultra-cold atomic gases to imbalanced systems where the number of
atoms in the two spin states is different. The large experimental flexibility of these systems will
allow observing dependence of the momentum sharing inversion on the asymmetry, density, and

the strength of the short-range interaction.
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Fig. 1. A schematic representation of the momentum distribution, n(k), of two-component
imbalanced Fermi systems. The dashed lines show the non-interacting system whereas the solid
lines show the effect of including a short-range interaction between different fermions. Such
interactions create a high-momentum (k>kg where kg is the Fermi momentum of the system) tail.

This is analogous to a dance party with a majority of girls, where boy-girl interactions will make
the average boy dance more than the average girl.
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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.
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