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The atomic nucleus is one of the densest and most 

complex quantum-mechanical systems in nature. 

Nuclei account for nearly all the mass of the visible 

universe. The properties of individual protons and 

neutrons (nucleons) in nuclei can be studied by 

scattering a high-energy particle from the nucleus and 

detecting this particle after it scatters, often also 

detecting an additional knocked-out proton. Analysis 

of electron and proton scattering experiments suggests 

that part of the nucleons in nuclei form close-

proximity neutron-proton (np) pairs [1-12]. Nucleons 

in these pairs have high-momentum, greater than the 

nuclear Fermi momentum (kF). We measured protons 

and, for the first time, neutrons knocked out of 

medium to heavy nuclei by high-energy electrons.  

Here we show that the fraction of high-momentum 

protons increases dramatically with the neutron 

excess, while the fraction of high-momentum neutrons 

decreases slightly. This effect is surprising, since in the 

classical nuclear shell model protons and neutrons 

obey Fermi statistics, have little correlation, and 

mostly fill independent energy shells. These high-

momentum nucleons in asymmetric nuclei are 

important to understand nuclear parton distribution 

functions (the EMC Effect) [1, 13-14]. They are also 

relevant for interpretation of neutrino oscillation 

measurements [15] and understanding of neutron rich 

systems such as neutron stars [4, 16]. 

Since the 1950s, the independent particle shell model has 

been an indispensable guide for understanding nuclei 

[17]. In this model, nucleons move independently in well-

defined quantum orbits (shells) with low momentum (k < 

kF), similarly to electrons in atoms. The potential in which 

the nucleons move is the average nuclear field created by 

their strong mutual interactions. While successful in 

making many important predictions, this textbook picture 
of the nucleus is quite incomplete: electron scattering 

experiments in nuclei ranging from lithium to lead 

measured only about 60%–70% of the expected number 
of protons in each shell [18]. Newer shell-model type 

calculations include the effects of long range correlations, 

increasing this to about 80% [19]. 

Modern superconducting accelerators, with high-energy, 

high-intensity, and high-duty-factor, allow experiments 

that use scattering reactions to resolve the structure and 

dynamics of individual nucleons and nucleon pairs in 

nuclei. The measurement’s resolving power is determined 

by its momentum transfer and its interpretation relies on 

the theoretical modeling of the interaction that should 
account for all possible mechanisms that lead to the same 

measured final state. The high-momentum transfer 

measurements reported here are discussed in terms of 

interaction with single nucleons, which is the simplest 

reaction picture that is consistent with the measured 

observables [1-4] and various ab-initio calculations [20]. 

Analyzed within this picture, electron scattering 

experiments suggest that about 20% of the nucleons in 

nuclei have momentum greater than the nuclear Fermi 

momentum, kF [1-4, 10-12]. These nucleons are absent in 

the one-body shell model description of the data and are 

coupled into short-lived correlated nucleon-pairs with 

large relative momentum (krelative > 𝑘𝐹 ≈ 250 MeV/c) and 

small center-of-mass (CM) momentum (kCM < kF), 

referred to as short-range correlated (SRC) pairs [1-4]. 

The dominant force between the nucleons in the SRC 

pairs is tensor in nature [1-2]. This pair-wise interaction 

acts predominantly on spin-1 np-SRC pairs, leading to a 

predominance of np-SRC pairs over proton-proton (pp) 

and neutron-neutron (nn) SRC pairs by a factor of about 

20. This phenomenon is referred to as “np-dominance” 

[1-9]. 

Almost all high-momentum nucleons in nuclei belong to 

an SRC pair.  As the short-distance interaction between 

nucleons in SRC pairs is very strong, the characteristics 

of the resulting pairs are largely independent of the rest of 

the nucleus. Thus, the distribution of high-momentum 

nucleons (the “high-momentum tail”) has a universal 

shape for all nuclei [1-4, 10-12, 21]. 

SRC pairs significantly complicate the nuclear ground 

state and nuclear structure calculations. From a 

theoretical point of view, one can use a unitary transform 

to shift this complexity from the ground state to many-

body interaction operators that describe the same 

measured final state [22, 23], shifting the physics from 

high-momentum correlations to short-distance operators. 

The physical pictures of high-momentum nucleons / 

short-distance operators share the use of scale separation 

of these effects from the shell-model scales. The new 

results reported here constrain the short-distance 

phenomena, as described in either framework. 

The analysis reported here was motivated by the quest to 
study the short-distance dynamics of protons and 

neutrons in neutron-rich nuclei. For the first time, we 

simultaneously measured electron-induced quasi-elastic 

(QE) knockout of protons and neutrons from medium and 

heavy nuclei, using the A(e,e’p) and A(e,e’n) reactions, 

respectively. The simultaneous measurement of both 

proton and neutron knockout is the unique feature of this 

work that allows us to directly compare their properties 

using minimal assumptions. Analyzed within the one-

body reaction picture, the data from these measurements 

perform four functions: (1) quantifying the relative 

fractions of high-momentum (𝑘 > 𝑘𝐹) protons and 

neutrons, (2) showing that adding neutrons to the nucleus  
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increases the fraction of high-momentum protons, (3) 

helping confirm the np-SRC dominance of the high-

momentum tail in medium and heavy nuclei, and (4) 

supporting momentum-sharing inversion in heavy nuclei. 

In a more general framework, the data show that short-

distance dynamics is similar in all nuclei, supporting a 

scale separation of short-distance physics from the 

nuclear shell model. 

The data presented here were collected in 2004 in Hall-B 

of the Thomas Jefferson National Accelerator Facility 

(Jefferson Lab) in Virginia, USA, and are reanalyzed here 

as part of the Jefferson Lab data-mining initiative.  The 

experiment used a 5.014 GeV electron beam incident on 

deuterium, carbon, aluminum, iron, and lead targets, and 

the CEBAF Large Acceptance Spectrometer (CLAS) [24] 

to detect the scattered electron and any associated 

hadrons knocked out during the interaction (see Fig. 1). 

CLAS used a toroidal magnetic field and six independent 

sets of drift chambers, time-of-flight scintillation 

counters, Cherenkov counters, and electromagnetic 
calorimeters, covering scattering angles from about 8o to 

140o for charged-particle identification and trajectory 

reconstruction. The neutrons were identified by observing 

interactions in the forward electromagnetic calorimeters 

(covering about 8o to 45o) with no associated charged-

particle tracks in the drift chambers. The angle- and 

momentum-dependent neutron detection efficiency and 

momentum reconstruction resolution were measured 

simultaneously using the  reaction [25].  

The experiment recorded all events with a scattered 

electron detected in both the electromagnetic calorimeter 

and the Cherenkov counter, along with any other 

particles. 

High-energy electrons scatter from the nucleus by 

transferring a single virtual photon, carrying momentum 

�⃗� and energy 𝜔.  In QE scattering, this momentum 

transfer is absorbed by a nucleon with initial momentum 

𝑝𝑖.  If the nucleon does not rescatter as it leaves the 

nucleus, then it will emerge with momentum 𝑝𝑁 = 𝑝𝑖 +
�⃗�. Thus, we can reconstruct the approximate initial 

momentum of the nucleon from the missing momentum, 

the difference between the detected nucleon momentum 

and the transferred momentum: .  

Similarly, the excitation energy of the residual (A-1) 

nucleus is related to the missing energy, Emiss = 𝜔 − TN, 

where TN is the nucleon’s kinetic energy. 

While this QE picture of the scattering reaction is highly 

intuitive, and consistent with the measured observables, 

other reaction mechanisms using two-body currents, that 

result in the same measured final state, add coherently 

and cannot be distinguished. Contribution from non-QE 

reaction mechanisms are minimized by the use of large 

momentum transfer and the specific reaction kinematics 

used in the measurement (see Methods). In addition, these 

effects are further diminished by forming ratios of cross 

sections. 
In this analysis, we studied (e,e’p) and (e,e’n) QE 

knockout event samples measured in two kinematical 

regions, corresponding to electron scattering off high-

initial-momentum (pi > kF) nucleons, presumably from an 

SRC pair, or from low-initial-momentum (pi < kF) 

nucleons, presumably from shell model states.  

Using these event samples, we derived both the ratio of 

A(e,e’n)/A(e,e’p) events for each region and the double 

ratio of high-momentum (SRC) to low-momentum (shell-

model) nucleons in nuclei relative to carbon, [A(e,e’N)High 

/ A(e,e’N)Low] / [12C(e,e’N)High / 12C(e,e’N)Low]. Here N 

refers to either protons or neutrons, and A stands for 

either aluminum, iron, or lead. The double-ratio is simply 

an estimator for the increased fraction of SRC nucleons in 

an asymmetric nucleus compared to carbon. We use 

carbon as a reference since it is a well-studied, medium-

mass, symmetric nucleus and has similar average density 

to the other measured nuclei. In addition, forming cross-

section ratios relative to carbon significantly reduces the 

effects of detector acceptance and efficiency corrections 

[25]. 

For each kinematical setting, we used the same selection 

criteria on the detected scattered electron and associated 

knocked-out nucleon (proton or neutron) to select QE 

A(e,e’p) and A(e,e’n) events.  

Low-initial-momentum events are characterized by low 

missing energy and low missing momentum (Emiss < 80-

90 MeV; and 𝑝𝑚𝑖𝑠𝑠 = |𝑝𝑚𝑖𝑠𝑠| < 250 MeV/c) [25]. 

Because the neutron resolution was not good enough to 

select these events directly, we developed a set of 

alternative constraints to select the same events by using 

the detected electron momentum and the knocked-out 

nucleon angle, which were unaffected by the neutron 

momentum resolution (see Methods).   

Similarly, we selected the high-initial-momentum events 

in two steps.  We first selected QE events with a leading 

( , ' )d e e p n + −

 
Fig 1 | The CLAS Spectrometer. Main image: Two 

segments of CLAS. Electrons traveling with energies up 

to 6 billion electron volts hit nuclei, knocking out 

individual protons and neutrons. The momenta of the 

scattered electrons and knocked-out protons are 
reconstructed by analyzing their trajectories as they 

bend in a toroidal magnetic field. The neutron momenta 

are deduced from their time of flight until they interact 

with the electromagnetic calorimeter.   Inset: the almost 

spherical CLAS.  The electron beam travels along the 

gray pipe, hitting a target near the center of the 

spectrometer.   
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nucleon by cutting on the energy and momentum transfer 

and requiring that the outgoing nucleon be emitted with 

most of the transferred momentum in the general 

direction of the momentum transfer. We then selected 

high-initial-momentum events by requiring large missing 

momentum (𝑝𝑚𝑖𝑠𝑠 > 300 MeV/c). These selection 

criteria ensured that the electron interacted with a single 

high-initial-momentum proton or neutron in the nucleus 

[2-4]. Last, we optimized the nucleon-momentum 

dependent cuts to account for the neutron momentum 

reconstruction resolution and corrected for any remaining 

bin migration effects (see Methods).   

To verify the neutron detection efficiency, detector 

acceptance corrections, and event selection method, we 

extracted the carbon neutron-to-proton reduced cross-

section ratio for both high and low initial nucleon 

momenta: [12C(e,e’n)/ 𝜎𝑛] / [12C(e,e’p)/𝜎𝑝] (i.e., measured 

cross-sections scaled by the known elastic electron-proton 

𝜎𝑝 and electron-neutron 𝜎𝑛 cross-sections). Figure 2 

shows these two measured cross-section ratios are 

consistent with unity, as expected for a symmetric 

nucleus.  This shows that in both high- and low-initial-

momentum kinematics we have restricted the reaction 

mechanisms to primarily QE scattering and have 

correctly accounted for the various detector-related 

effects.  

For the other measured nuclei, the (e,e’n)/(e,e’p) low-

momentum reduced cross-section ratios grow 

approximately as N/Z, as expected from simple nucleon 

counting. However, the (e,e’n)/(e,e’p) high-momentum 

ratios are consistent with unity for all measured nuclei, 

see Fig. 2.  

The struck nucleons could reinteract as they emerged 

from the nucleus; we refer to that as Final State 

Interaction (FSI). Such an effect would cause the number 

of detected outgoing nucleons to decrease and also 

modify the angles and momenta of the knocked-out 

nucleons. These effects were estimated for symmetric and 

asymmetric nuclei using a relativistic Glauber framework 

which showed that the decrease in the measured cross 

section is similar for protons and neutrons and thus has a 

minor impact on cross-section ratios (see Methods).  

Since rescattering changes the event kinematics, some of 

the events with high measured 𝑝𝑚𝑖𝑠𝑠 could have 
originated from electron scattering from a low-initial-

momentum nucleon, which then rescattered, increasing 

𝑝𝑚𝑖𝑠𝑠.  If the high-initial-momentum (high-𝑝𝑚𝑖𝑠𝑠) 

nucleons were caused by electron scattering from the 

more-numerous low-initial-momentum nucleons followed 

by nucleon rescattering, then the high-momentum 

(e,e’n)/(e,e’p) ratio would show the same N/Z 

dependence as the low-momentum ratio. As the high-

momentum (e,e’n)/(e,e’p) ratio is independent of A, these 

nucleon-rescattering effects must be small in this 

measurement.  

Thus, the constant (e,e’n)/(e,e’p) high-momentum ratios 

indicate that there are equal numbers of high-initial-

momentum protons and neutrons in asymmetric nuclei, 

even though these nuclei contain up to 50% more  

neutrons than protons. This observation is consistent with 

high-initial-momentum nucleons belonging primarily to 

np-SRC pairs, even in neutron rich nuclei [27]. This 

number equality implies a greater fraction of high-initial-

momentum protons.  For example, if 20% of the 208 

nucleons in lead-208 are at high-initial-momentum, then 

these consist of 21 protons and 21 neutrons.  This 

corresponds to a high-momentum proton fraction of 

21/82 ~ 25% and a corresponding neutron fraction of only 

21/126 ~ 17%.  

In order to quantify the relative fraction of high-

momentum protons and neutrons in the different nuclei 

with minimal experimental and theoretical uncertainties, 

we extracted the double ratio of (e,e’N) high-initial-

momentum to low-initial-momentum events for nucleus A 

relative to carbon for both protons and neutrons. We find 

that the fraction of high-initial-momentum protons 

increases by about 50% from carbon to lead (see Fig. 3).   

Moreover, the corresponding fraction of high-initial-

momentum neutrons seems to decrease by about 10 ±
5%. Nucleon-rescattering, if significant, should increase 

in larger nuclei and should affect protons and neutrons 

equally (see Methods). Since, unlike the protons, the 

neutron ratio decreases slightly with A, this also rules out 

significant nucleon rescattering effects.  

Fig. 3 also shows the results of a simple 

phenomenological (i.e., experiment-based) np-dominance  

model [6, 26] which uses a mean-field momentum 

distribution at low momentum (k < kF) and a scaled 

deuteron-like high-momentum tail. This model agrees 

with our data and also predicts momentum-sharing  

 
Fig 2 | The relative abundances of high- and low-

initial-momentum neutrons and protons. 

[A(e,e’n)/ 𝜎𝑛] / [A(e,e’p)/𝜎𝑝] reduced cross-section ratio 

for low-momentum (green circles) and high-momentum 

(purple triangles) events. The initial nucleon momenta 

corresponding to each type of event are illustrated in the 

inset. The lines show the simple N/Z expectation for 

low-momentum nucleons and the np-dominance 

expectation (i.e., ratio = 1) for high-momentum 

nucleons. The inner error bars are statistical while the 

outer ones include both statistical and systematic 

uncertainties [25]. 
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inversion, i.e. on average, protons move faster than 

neutrons in neutron-rich nuclei. 

These results indicate that high-momentum nucleons / 

short-range two-body currents are universal and 

independent of the shell-model. This conclusion holds for 

both the QE and unitary transformed pictures of the 

interaction and indicate that nuclei must be viewed in a 

scale-dependent way: nuclear structure at higher 

momentum scales / shorter distances must be described 

using universal two-body physics that is absent in an 

independent particle shell model picture using one-body 

operators. 

The surprising fact that increasing the number of neutrons 

in a nucleus increases the fraction of high-initial-

momentum protons, proposed by [26] and bolstered by 

exact calculations of light nuclei [27] and calculations of 

heavier nuclei [28] and asymmetric nuclear matter [29], 

has several broad implications. Neutron stars contain 

about 5 to 10% protons and electrons in their central 

layers. Our work implies that the extreme neutron excess 

in a neutron star could dramatically increase the effects of 

short-distance currents on the protons. This effect could 

impact the cooling rate and equation of state of neutron 

stars [4, 16].  

There is evidence that the high-momentum nucleons 

associated with SRC pairs are responsible for the EMC 

effect, the change in the quark distribution of nucleons 

bound in nuclei [1, 13]. The EMC effect may result from 

two-body short-distance currents that can be viewed as 

temporary high-density fluctuations in the nucleus, in 

which the internal structure of the affected nucleons is 

briefly modified [1].  If this mechanism indeed occurs, 

then the average proton in neutron-rich nuclei (the 

minority species) is more correlated and should therefore 

be more modified than the average neutron (the majority). 

Observing such increased modification of the proton 

structure in neutron rich nuclei could shed new light on 

the currently unknown origin of these modifications. 

Furthermore, the np-dominance of short range correlated 

pairs and two-body short distance currents in heavy 

nuclei has significant implications in many areas of 

nuclear and particle physics, including nuclear correlation 

functions and the double beta decay rate of nuclei [30], 

the nature of the repulsive core of the nucleon-nucleon 

interaction [2, 7], and our understanding of neutrino-

nucleus interactions, where future high precision 

extraction of oscillation parameters and searches for new 

physics beyond the standard model require detailed 

understanding of the nuclear ground state and the 

neutrino interaction operators [15]. 
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Methods 

Analysis details. The A(e,e’p) and A(e,e’n) event 

samples were selected by determining the common 

angular region for detecting both protons and neutrons, 

correcting for their detection efficiencies, and accounting 

for the different momentum resolutions. Neutron 

momenta were determined to an uncertainty of about 10-

15% from their measured time-of-flight using the CLAS 

electromagnetic calorimeter. Proton momenta were 

determined to an uncertainty of about 1% from the 

curvature of their trajectories in the CLAS magnetic field. 

We accounted for this momentum resolution difference 

by: (1) selecting the desired A(e,e’p) events in high- and 

low-momentum kinematics, (2) “smearing” the proton 

momentum for each event using the measured neutron 

momentum resolution, and (3) using unsmeared and 

smeared A(e,e’p) event samples to study bin migration 

effects and optimize the event selection criteria. This 

results in a smeared event sample with as many of the 

‘original’ A(e,e’p) events as possible (i.e. high selection 

efficiency), and as few other events as possible (i.e. high 

purity). We used the smeared proton momenta in the final 

selection of A(e,e’p) events for consistency with the 

A(e,e’n) analysis.   

The final event sample contains about 85-90% of the 

desired sample with about 15% contamination, resulting 

in at most about 5% more events in our sample.  This 5% 

cross section correction caused a less than 1% correction 

to ratios between different nuclei. We assigned systematic 

uncertainties equal to the corrections. See [25] for 

additional details. 

Non-QE reaction mechanisms and data interpretation. 

As the measurement observes only the final state 

particles, we need to include different reaction 

mechanisms to infer information about the nuclear initial 

state. In addition to QE electron scattering from a single 

nucleon, the full reaction mechanism could include 

contributions from Meson-Exchange Currents (MEC), 

Isobar Currents (exciting the struck nucleon to an excited 

state, IC), and elastic and inelastic nucleon rescattering 

(final-state interactions or FSI). In the case of high 

missing momentum, elastic FSI include re-scattering 

between the nucleons of the pair and/or with the residual 

system. The relative contribution of these reaction 

mechanisms, as compared to the QE reaction of interest, 

strongly depends on the reaction kinematics [2-4, 31, 34]. 

Minimizing non-QE reaction mechanisms also reduces 

their interference with the QE reaction. 

The high missing momentum measurement reported here 

was carried out in high-Q2, xB > 1, largely anti-parallel 

kinematics. This kinematical region minimizes non-QE 

reaction mechanisms as follows [2-4, 34]: (A) MEC are 

suppressed by a factor of 1/Q2 compared to SRC and their 

contribution in our kinematics is small; and (B) IC are 

suppressed at xB > 1 where, for a given Q2, the virtual 

photon transfers less energy and is less able to excite the 

nucleon to an IC. Further, at large knockout nucleon 

momenta, FSI effects can be calculated using a 

generalized Eikonal approximation in a Glauber 

framework [3, 32-35]. These calculations show that, in 

our measurement, elastic FSI are largely suppressed for 

mean-field knockout. For SRC breakup, they are confined 

to nucleons in close proximity, and thus the majority of 

the cross section comes from short-range pairs [3,31].  

This simple QE picture, with suppressed FSI, is strongly 

supported by the fact that it describes well both high-Q2 

electron scattering data and high energy proton data [8-9], 

which have very different reaction mechanisms. In 

addition, the results of the electron and proton scattering 

experiments give consistent SRC-pair isospin ratios 

[5,8,9] and center of mass momentum distributions 

[9,36]. 

Asymmetry Dependence of reaction mechanisms. As 

protons and neutrons propagate through asymmetric 

nuclei, they encounter more neutrons than protons, which 

could lead to different FSI effects that would not cancel 

in the cross-section ratios. However, at the large Q2 of 

this measurement, the pp and nn scattering cross-sections 

are almost identical, leading to a 1% difference between 

proton and neutron FSI, as estimated quantitatively using 

a full Relativistic Multiple-Scattering Glauber 

Approximation (RMSGA) calculation [34]. 

Data interpretation using unitary transformations. 

From a theoretical standpoint, one can describe the 

scattering reaction in one of two mathematically 

equivalent ways: (A) using one-body operators acting on 

a ground state wave-function with a high momentum tail, 

as primarily discussed in the text, or (B) using unitary 

transformed many-body operators acting on a ‘mean-

field’ ground state without a considerable high-

momentum tail [23].  In the latter case the description of 

the ground state is simpler, but complicated many-body 

operators are needed to describe the electron-nucleus 

interaction that leads to the measured final state. While 

proven to be a very efficient in describing long distance / 

low energy properties of nuclei, it is not clear yet if this 

approach is a cost-effective way to describe the measured 
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short-distance physics in heavy nuclei. Therefore, we 

discuss our results predominantly in the framework of 

untransformed wave functions and interactions.  
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