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I. INTRODUCTION1

A short-range correlation (SRC) is a configuration of 2+ nucleons in a nucleus with large relative momentum2

(prel > pfermi) and smaller center of mass momentum.3

A Brief History The story of SRCs begins earlier than most people realize, reaching back into the 1950s. The4

shell model of Geoppert and Mayer and Jensen [1] described independent particles moving in a mean field and is what5

most of us think about when we think of “mean field”. Later, the addition of vibrational and rotational excitations6

of nuclei via the time evolution of a self-consistent mean field provided a unified description of single-particle and7

collective degrees of freedom in nuclei. However, this did not yet include high-momentum nucleons (with momenta8

above Fermi momentum).In 1955, Brueckner [2] considered nonlinear phenomena in strong short-range interactions.9

They analyzed several high-energy reactions showed that the measured cross sections can only result from momentum10

distributions with significant high-momentum tails. This was the first implication for correlations in the nuclear11

ground-state wave function. Bruckner explains it in the context of strong short-range repulsion in the NN interaction,12

which also explained s-wave phase shift turning negative at high energies. At this stage, the shell model is considered13

only approximately correct.14

In the following decades, new theoretical approaches were introduced and experimental data lepton scattering and15

hadronic probes poured in, enriching and sometimes challenging our understanding.16

In this paper, we will review and summarize advances in theory and experiment starting in the “modern” SRC era.17

While SRCs have been proposed as a contributing factor to or a cause of many other observed phenomena, we focus18

on the SRCs themselves. While our understanding has grown by leaps and bounds since the 1950s, there are still19

unanswered questions and we aim to identify those and propose a path to answer them.20

II. PROBING CORRELATIONS [THEORY AND EXPERIMENT]- UNTIL 2005-201021

The rationale of probing short range nuclear correlations is due to the expectation that the large overlap between22

constituent nucleons in nuclei is conducive for probing onset of QCD dynamics between overlapped nucleons. There are23

many questions that such a study can answer, for example, whether two overlapped nucleons collapse to the six-quark24

state or the transition happens gradually with the enhanced role of quark-interchanges between these nucleons; will25

such a transition happen through the enhancement of non-nucleonic baryonic components such as N∆, N,N∗, ∆∆,26

and will the strangeness play a role? The other important issues are the existence of pure QCD degrees of freedom27

in these states such as hidden-color and quark-anti-quark components. Understanding the transition mechanisms28

to non-nucleonic components and evaluating their strength at short distances will also contribute to the progress of29

understanding the dynamics of super-dense nuclear matter that may exist in the cores of neutron stars or generated30

during the merger of neutron stars.31

Probing the short range configurations in the momentum space is related to the probing nucleons with large relative32

momenta in the nucleus. The probability amplitude of finding bound nucleon with large momentum is the part of33

the high momentum component of the nuclear wave function. Thus one of the main research goals is the study of34

the structure of nuclear wave function with large momenta of its constituents. Phenomenologically, these studies aim35

at probing bound nucleon with momenta exceeding characteristic Fermi- momentum in the nucleus (kFermi ∼ 250−36

300 MeV/c for medium to large nuclei). During the last two decades, both theoretical and experimental investigations37
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reached up to the ∼ 600 MeV/c nuclear wave function, with rather good understanding of its composition and38

dynamics.39

A. Can we probe SRCs?40

Unlike cross sections and energies, wave functions and the nuclear Hamiltonian (or the nuclear interaction) are not41

observables. Different wave functions and consistent Hamiltonians can reproduce exactly the same experimental data.42

This can be seen by the fact that a unitary transformation Û can change the wave function and relevant operators43

without changing matrix elements (that correspond to observables) [3]:44

⟨Ψf |Ô|Ψi⟩ = ⟨ÛΨf |Û ÔÛ†|ÛΨi⟩. (1)

Specifically, similarity renormalization group evolution can significantly change the short-range (or high-momentum)45

components of the wave function. Thus, strictly speaking, momentum distributions, the number of high-momentum46

particles, or the existence of large short-range correlations are not observables and cannot be measured in experiments.47

Specifically, SRC experiments are traditionally interpreted assuming high resolution interactions, i.e., nucleon-48

nucleon interactions with a significant repulsive hard core at short distances.In this case, the reaction is dominated by49

a one-body current which knocks out a nucleon from the system. In this resolution, ignoring for now caveats related50

to, e.g., final-state interaction, one can extract from experiments the energy-momentum distribution of nucleons in51

the ground state wave function. In turn, one can use this information to calculate other quantities and observables.52

But, this must be done in a consistent way. For example, if momentum distribution of a nucleus is extracted from53

experiment in this way, and one would like to use this information to calculate the ground-state energy of this nucleus,54

it must be combined with the same original interaction model used in the analysis of the experimental data. Using55

this information in a different resolution requires appropriate evolution [3].56

In this paper, statements regarding the extraction of SRC properties or momentum distributions from experiments,57

or regarding the impact of specific features of the nuclear force (like hard repulsive core) on cross sections should be58

understood in this context. These statements are resolution dependent, but can still be useful, as discussed above.59

We will also discuss here other interpretations of the same experimental data, involving only low-momentum particles60

but a different reaction mechanism [4].61

The inclusive scattering from any nucleus is driven by scattering from 2N-SRCs, requiring that x and Q2 be large62

enough to forbid scattering from nucleons below the Fermi momentum. Scattering in this region should therefore63

exhibit a universal behavior, resulting in a nuclear cross-section ratio in the SRC-dominated region that is independent64

of both x and Q2. The experimental evidence supporting this prediction comes from SLAC [5], which observed a65

plateau in the σA/σD cross-section ratio for x > 1.4 and Q2 > 1.4 GeV2 for 3He, 4He, 12C, 27Al, 56Fe, and 197Au.66

SLAC analysis also showed for the first time the scaling behavior in the LC variables α (light-cone nuclear momentum67

fraction carried by the struck nucleon). Scaling sets in at α = 1.25 to 1.3, providing evidence for the dominance of68

nucleons with k > 0.3 GeV. They assumed that the FSI between the outgoing nucleons of the SRC is proportional69

to the internucleon wave function at short distances, and thus only weakly depends on the nuclear environment.70

Therefore, FSI effects are canceled out in the cross-section ratios when the motion of the pair in the mean field is71

ignored.72

Two body breakup measurements were performed using both proton and electron probes to study the isospin73

structure of NN-SRC pairs. In this reaction, a high-energy proton (electron) scattered off a nucleon in 2N-SRC pairs.74

High-momentum knocked-out protons and recoiled proton/neutron with similar momentum in the opposite direction75

are detected. The proton scattering measurement on the Carbon target at BNL showed that the removal of a proton76

from nuclear with initial momentum 275-550 MeV/c is 92+8
−18% of the time accompanied by emission of the correlated77

neutron that carries momentum equal and opposite to initial proton momentum[6]. This is the first evidence of np78

dominant in 2N-SRCs and it agrees well with the prediction from the theory calculation.79

Independent measurement using electron scattering was performed at Jefferson Lab on Carbon in 2008. The results80

indicate that 96 ± 22% of (e, e′p) events with knocked-out protons with initial momentum above 300 MeV/c had a81

recoiled neutron with similar momentum and in the opposite direction. This ratio for recoiled proton is 9.5±2%. This82

result showed that almost all high momentum protons have a correlated nucleon and that nucleon is almost always83

a neutron. The number of SRC np pairs is nearly 20 times more than SRC pp pairs and, by inference, the nn pairs84

[7]. This result is consistent with the proton scattering measurements. The agreement from two independent probes85

demonstrates the nature of isospin dependence, np-dominant of 2N-SRCs pairs.86



M
ar
ch
7
D
ra
ft

3

B. High-resolution structure calculations of SRCs87

Short-range correlations, induced by the nuclear interaction at short distances, have an impact on various ground-88

state quantities. Most clearly identified are high-momentum tails of different momentum distributions, that do not89

exist in mean-field models. Similarly, significant depletion in two-body densities at short distances can be attributed90

to a short-range repulsion in nuclear interactions (for high-resolution interaction models).91

Different studies have focused on ab-initio calculations of such features. Calculations have been performed using92

quantum Monte Carlo methods, the hyperspherical harmonics method, Green’s function approach, and others. Calcu-93

lations of one-body momentum distributions show high-momentum tails extending well beyond the Fermi momentum94

[8–14]. It is also seen that the shape of such tails is similar to the deuteron’s high momentum tail, indicating that95

high momentum nucleons are created due to two-body effects (deviations are seen due to the impact of non-deutron-96

like pair [8–10]). Similar observation is seen for the two-body distributions at short-distances and high-momentum97

[8, 13, 15, 16]. Calculations of two-body momentum distributions and other densities also show a dominance of np98

pairs [10, 12, 13, 17], in a agreement with results from exclusive experiments. Based on such calculations, it was also99

identified that the tensor force in the NN interaction is responsible for the np dominance [18].100

Different approximated methods have been developed to describe the impact of short-range physics on different101

quantities. Some of these approaches assume a factorization of the ground-state wave function to a two-body function102

describing the correlated pair and a low-momentum function describing the remaining particles. This can be found103

already in the early works from the 1950’s [2, 19, 20]. A universal description of correlated nucleons, neglecting the104

influence of the nuclear environment, was also suggested by Frankfurt and Strikman [21]. Ciofi degli Atti and Simula105

[22] have used a factorized form of the wave function to obtain a formula for the high-momentum tail of the spectral106

function, accounting for the contribution of deuteron-like pairs. Spectral function model was also developed by107

Benhar et al. [23], combining nuclear-matter calculations and the local density approximation to describe the impact108

of SRCs in finite nuclei, following the ideas of Ref. [24] for momentum distributions. Green’s function methods were109

used by Dickhoff and others (see Ref. [25]). In addition, a method for calculating momentum distributions and110

other quantities was suggested by Ryckebusch et al., where the impact of short-range physics is implemented by the111

action of appropriate correlating operators on uncorrelated wave functions [26, 27]. Correlation functions were also112

introduced to account for the impact of SRCs on different quantities, including neutrinoless double beta decay matrix113

elements [28–32].114
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III. MODERN STUDIES OF SRCS115

The nucleon SRCs in momentum space are rare high density fluctuations, representing correlations in the short116

space and time intervals. To resolve them one needs an external probe that can transfer a momentum significantly117

exceeding the relative momentum of nucleons in such short range correlations (SRCs). This emphasizes the importance118

of high energy scattering processes for the program of studies of short range nuclear structure. Historically, many119

successes in the exploration of short-distance phenomena (like QCD) are directly related to the studies of high energy120

and momentum transfer interaction of leptons with hadrons [33]. In extending this program to nuclear targets, the121

important question is what kind of strong interaction dynamics will be probed in high energy and momentum transfer122

scattering off the SRCs in nuclei?123

The approach is that by varying the magnitudes of high energy- and momentum- transfer of the probe and using124

special kinematics to isolate high momentum component of nuclear wave function, we can probe the two- and three-125

nucleon systems at varying degrees of separations. We expect that, this approach will allow us eventually to reach126

the limit of hadronic degrees of freedom in nuclei, observing the onset of direct QCD dynamics.127

A. Electron Scattering128

1. Inclusive electron scattering129

Inclusive (e,e′) experiments are used to probe the abundance of SRC pairs in atomic nuclei. It was found that130

the cross-section ratio σA/A to σD/D between nucleus A and deuterium approaches a constant value that remains131

unaffected by the momentum and energy transfer in a kinematic regime which is sensitive to SRCs. This constant,132

referred to as a2 value, provides an estimate of the relative abundance of neutron-proton (np) SRC pairs in nucleus133

A compared to deuterium [5]. The value of a2 is sensitive to the center-of-mass motion of the pair, excitation of the134

residual nucleus, and potential contributions from 3N-SRCs.135

The kinematic region necessary to access this scaling is characterized by Q2 >∼ 1.5 GeV2 and 1.5 <∼ xB <∼ 1.9.136

The lower bound of xB ∼ 1.5 implies that the nucleon’s initial momentum must be comparable to the nuclear Fermi137

momentum, kF ∼ 250 MeV/c [5, 34–36]. The a2 cross-section ratio has been extensively measured in the SRC scaling138

region across various experiments. Figure 1 shows a compilation of these measurements, and although there are some139

systematic discrepancies between different data sets, these do not appear to be substantial when considering the140

uncertainties involved, in which the ratio always takes the deuteron uncertainty.141

Experimental results exhibited universal behavior, resulting in a nuclear cross-section ratio in the SRC-dominated142

region that is independent of both xB and Q2. Early studies suggested that the parameter a2 would scale with the143

average nuclear density, approximated by A−1/3. However, measurements from [37] demonstrated that 9Be deviates144

significantly from this model, highlighting the importance of details of the nuclear structure. For heavier nuclei, the145

ratio remains approximately consistent, supporting the idea that the effect saturates in heavier nuclei. The cross-146

section ratio has also been measured using the mirror nuclei, tritium and helium, in the xB > 1 region, as shown in147

Figure 2. The ratio in the SRC-dominated region is 0.854 ± 0.010 for 1.4 < xB < 1.7. Estimating the cross-section148

ratio for larger nuclei is a very complicated task, but the ratio for these light nuclei was well reproduced by the149

factorized cross-section approximation, which encapsulates all the many-body nuclear structure information in the150

spectral function. The spectral function used was extracted from exact calculations of the three-body ground state151

[38] using the AV18 interaction [39], without including irreducible three-body forces. The spectral function accounts152

for FSI between the two spectator nucleons but not with the leading nucleon.153

2. Proton knock out electron scattering measurements154

In proton knock out using high-energy electron scattering reactions (e, e′p), where both the scattered electron and155

the knocked-out proton are detected, scaling behavior in the cross-section ratios of nuclei has been observed after156

selecting SRC kinematics with Q2 > 1.5 GeV2 and 250 < pmiss < 600 MeV/c [42], where p⃗miss = p⃗p − q⃗ is the missing157

momentum of the knocked out nucleon. The observed scaling extends over a kinematic range of 0.7 ≤ xB ≤ 1.8,158

as shown in Fig. 3, much larger than in inclusive scattering due to the additional selectivity of the measured high-159

momentum pair nucleon. By examining the scaling onset in missing momentum, a universal transition in the scattering160

response is observed above the nuclear Fermi momentum. SRCs become dominant in nuclei at pmiss ∼ 350 MeV/c,161

well above the nuclear Fermi surface of kF ∼ 250 MeV/c.162
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FIG. 1. Left: Inclusive cross section ratios for helium nuclei from E02-019 in Hall C [37]. Right: extracted values of a2 vs A
from measurements at SLAC [5], CLAS 2006 [34], Hall C [37] , CLAS 2020 [36] and Hall A [40].

FIG. 2. Tritium to helium-3 (e, e′) cross-section ratio, σT /σHe, at Q2 ∼ 1.9GeV 2 as a function of xB . The experimental
data, represented by black points, is taken from Ref. [40]. The theoretical prediction is derived from the factorized cross-section
calculation, which employs an exact ab initio spectral function calculated using the AV18 interaction, as described by Ciofi [38].
The gray band shows the 1.18% data normalization uncertainty (1σ). Figure taken from [41].

Fig. 3 shows the extracted cross-section ratios per nucleon for carbon relative to deuterium as a function of xB for163

different lower limits of pmiss in the left panel, and the integrated cross-section ratio over the range 0.7 ≤ xB ≤ 1.8164

as function of pmiss in the right panel. The large-momentum dynamics of 12C is in strong agreement with GCF calcu-165

lations, which assume electron scattering from nucleons within SRC pairs, incorporating a realistic Gaussian center-166

of-mass momentum distribution [43]. The mean field region is well described by QMC calculations, while IPSM and167

Skyrme calculations are renormalized to match the experimental data at low missing momenta (pmiss ≤ 150MeV/c).168

This renormalization accounts for the depletion of single-nucleon strength resulting from long- and short-range corre-169

lations, as well as the influence of few-body reaction operators. This data also indicates that the transition from the170
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mean-field to the SRC regime appears to occur at a missing momentum, pmiss of approximately 350–400 MeV/c.171

FIG. 3. Per-nucleon cross-section ratios for carbon relative to deuterium as a function of xB (left panel) and pmiss (right
panel). In the left panel, filled symbols in various colors correspond to different lower limits of the pmiss integration, with the
upper limit fixed at 600MeV/c. The colored bands represent the total uncertainty, encompassing both statistical and point-
to-point systematic uncertainties, at the 68% confidence level. In the right panel, the cross-section ratios are integrated over
the range 0.7 ≤ xB ≤ 1.8. The filled circles denote the experimental data. The brown line represents calculated cross sections
for scattering off short-range correlated (SRC) nucleons in carbon, using the GCF model, while the other lines correspond
to calculations for one-body mean-field nucleons, obtained from the QMC (teal), IPSM (black), and Skyrme (azure) models.
Figure taken from [42].

3. Two nucleon knockout Electron Scattering measurements172

Two nucleon knockout measurements were used to further probe SRCs pairs through a comprehensive data set173

from CLAS6 on a wide range of nuclei from 12C to Pb [44–47]. The properties of SRC pairs are primarily studied174

from measurements of exclusive electron triple coincident hard breakup reactions. In these measurements, a nucleon175

in SRCs pairs is knocked out of the nucleus via a high momentum transfer reaction and detected in coincidence with176

the scattered electron and recoil nucleon balancing the high missing momentum pmiss. To ensure that the knockout177

proton originates from an SRC pair, selection cuts are applied including Q2 > 1.5 (GeV/c)2, xB > 1.1 and pmiss > 400178

MeV/c to also minimize contributions from FSI.179

While the measured cross-section of (e, e′p) is sensitive to the total number of both pp and np SRCs pairs in nuclei,180

the (e, e′pp) measured cross-section is only sensitive to pp SRC pairs. The measurements showed that only a small181

fraction of (e, e′p) events has a recoiling high missing momentum proton. This indicated that this proton-knockout182

reaction is dominated by np SRCs pairs. The first observables extracted from these data are cross-section double ratios183

for nuclei A relative to 12C, [A(e, e′pp)/A(e, e′p)]/[12C(e, e′pp)/12C(e, e′p)]. This observable is not directly sensitive184

to the number of np SRCs pairs in nuclei, but it can be used to extract the ratio of np to the total number of SRC185

pairs in nuclei. The extracted fraction of np pairs showed that the dominance of np pairs is observed in all the nuclei186

measured from 12C to 208Pb by a factor of 20 [44].187

The subsequent analysis was able to extract the triple coincidence A(e, e′np) and A(e, e′pp) as the first direct188

measurement of the pairs of SRC proton-proton (pp) and neutron-proton (np) SRCs pairs. The average reduced189

cross-section ratio pp to np is about 6% for all the nuclei measured from 12C to Pb, see Fig.4. This result is consistent190

with previous measurements and supports the notion that np pair dominance in SRCs is a universal property from191

light to heavy nuclei [46]. This np dominance could be explained by the tensor force part of the nucleon-nucleon192193

interaction within this momentum range. The tensor force only operates on spin-1 NN pairs. Because spin-1 pp pairs194

are suppressed by the Pauli exclusion principle, there are far more pn pairs than there are isospin-like SRC pairs. The195

results are consistent with calculations based on GCF framework using different NN interaction. This theoretical196

framework also is used to compared with measured A(e, e′pp)/A(e, e′p) as a function of pmiss, see Fig.5. This ratio197

increases linearly from 400 to about 650 MeV/c and then appears to flatten out for all measured nuclei. This result198
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indicates the transition from a predominantly tensor interaction to a predominantly scale interaction at high pmiss.199200

The small center-of-mass (c.m.) motion is another fundamental characteristic of the SRCs pairs, crucial to un-201

derstanding the SRC formation mechanism. This information was first extracted for 12C using the measurement202

A(p, 2pn) [48] and later was extracted for 4He and 12C using A(e, e′pp) and A(e, e′pn) [49, 50]. The c.m. of the SRC203

pairs for heavier and asymmetric nuclei, aluminum, iron, and lead was extracted for the first time using A(e, e′pp).204

This analysis showed that a three-dimensional Gaussian can describe the pair c.m. motion with a narrow width205
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FIG. 6. The nuclear mass dependence of the one-dimentional width of the c.m. momentum distribution. the red data points are
from A(e, e′pp) measurements, compared with previous measurements (blue square and triangle), and with different theoretical
calculations. Figure taken from [51]

Probe Electron Proton Photon

Facilities Halls A, B, C BNL, JINR, GSI Hall D

Cross section scaling

(fixed Q2, t)
s0eN ∼ s−10

pN s−7
γN

ranging from 140 to 170 MeV/c, approximately consistent with the sum of two mean-field nucleons with opposite206

momenta. The extraction of the width of the c.m. momentum distribution, σc.m., for pp SRC pairs from A(e, e′pp)207

for light to heavy nuclei combining multiple analysis can be seen in Fig. 6 [51]. The agreement in comparison with208

multiple theoretical calculations [52–54] supports that the SRCs pairs are formed from mean-field nucleons in specific209

quantum states [51].210

Takeaways:211

• Universal 2N scaling of inclusive cross section ratiosd212

• Q2 threshold for scaling observation213

• All high momentum nucleon (above Fermi momentum) come in a pair214

• SRC is np dominant and it is universal property due to the tensor force starting above Fermi momentum215

• SRC pairs are back-to-back with smaller c.m compared to Fermi momentum216

B. Hadronic probes217

Electron-induced nucleon knockout reactions (e, e′N) have been a successful and clean tool to probe nuclear ground-218

state distributions and SRCs for a few decades, as discussed in the previous sections. With similar sensitivity but219
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different probe and underlying interaction, proton-induced (p, 2p) knockout reactions have shown to be an impor-220

tant and complementary tool to study nuclear structure. Specifically, the quasi-elastic (p, 2p) scattering at largest221

momentum transfer is a direct tool to probe single particle structure.222

One example is the 12C(p, 2p) scattering at 90◦ center-of-mass scattering angle [55] that confirmed the validity of223

the quasi-elastic picture for probing ground-state momenta up to approximately 0.5GeV/c. The observed tail in the224

momentum distribution in that particular study is inconsistent with predictions of the independent particle model but225

aligns with the presence of a high-momentum tail above the Fermi sea, as was expected from two-nucleon short-range226

correlations [5, 55, 56]. This provided the first experimental evidence for probing SRCs in hadronic scattering, using227

data collected by the EVA spectrometer at the AGS accelerator at Brookhaven National Laboratory with proton-beam228

momenta of 5.9 and 7.5GeV/c.229

Subsequently, multiple analysis employed these and additional datasets from triple-coincidence measurements230

(p, 2p + n) as a novel approach to study NN short-range correlations [6, 57, 58]. These studies identified key signa-231

tures, including the back-to-back emission, low c.m. momentum, and the pre-dominance of np over pp pairs in 12C232

for the first time [6].233

1. Proton knockout at large momentum transfer.234

Similar to electron scattering, one method to probe SRC pairs with hadronic probes involved breaking the pair by235

scattering off one nucleon in the pair in a direct process, such as (p, 2p) proton knockout, and measuring the struck236

nucleon, potentially along with the pair recoil nucleon.237

To be sensitive to SRC high-momentum nucleons, early concepts and prior experiments have relied on reactions238

under large momentum transfer. Proton-beam knockout experiments conducted at momenta of ∼ 6GeV/c and higher239

have achieved momentum transfers with magnitude |t| > 5GeV2/c2. This large momentum transfer enhances resolving240

power, similar to electron scattering at high momentum transfer Q2. Such conditions are in particular achieved with241

high energy beams and scattering angles around 90◦ c.m.242

Furthermore, knockout measurements have validated the instantaneous approximation [55], describing the removal243

of a fast, bound proton through a hard reaction that can be described as a pp → pp sub-process [6]. Since multiple244

reaction mechanisms can lead to the same final state, it is critical to isolate the pair breakup in the nuclear ground245

state from initial and final state interactions.246

The suppression of soft initial and final state interactions in these reactions supports the factorization of the hard247

pp scattering process from soft re-interactions. This factorization allows to express the cross section as the product of248

the pp scattering cross section off the bound proton and the nuclear decay function, enabling access to ground-state249

structure information [6].250

2. Proton knockout in inverse kinematics.251

Proton-beam experiments in normal kinematics benefit from relatively large cross sections and high-intensity beams.252

However, all common studies of SRCs in atomic nuclei, including electron scattering, face a significant limitation: these253

experiments typically cannot access or identify the final state of the A− 2 system. This is because either the remnant254

is absorbed in the target material, or the missing energy resolution is insufficient to draw conclusions.255

The A− 2 system carries crucial information about the excitation energy of the spectator nucleus or the quantum256

numbers of its final state, making it a valuable source for understanding the reaction mechanism and SRC pair257

properties. To overcome this limitation, recent SRC experiments have adapted techniques from low-energy nuclear258

structure studies of radioactive ion beams performing experiments in so-called inverse and complete kinematics. In259

these experiments, the target nucleus itself is accelerated as a beam and studied in a reaction.260

Such experiments are currently feasible only with proton probes, where high-energy ion beams (>∼ 1GeV/u) scatter261

off a liquid hydrogen target. At these high beam energies, reaction products not directly involved in the reaction,262

particularly the A − 2 system, move close to beam momentum. This allows their direct measurement, typically by263

using a magnetic spectrometer.264

Pilot experiments have successfully demonstrated this approach at JINR with a stable 12C beam and at GSI-FAIR265

using 12C and 16C beams [59, 60]. Initial results are discussed below. The success of these studies in inverse kinematics266

opens new pathways to investigate SRCs not only in stable nuclei but also in asymmetric short-lived nuclei, extending267

the scope to nuclei far from the valley of β-stability, for example in a neutron-rich environment.268
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3. Recent results.269

While the most detailed insights into SRC pair properties have traditionally come from electron scattering experi-270

ments, recent years have seen an increasing interest in using protons probes, focusing on studies in inverse kinematics.271

A pioneering experiment – the first to measure SRC pair-breakup reactions in inverse kinematics – was performed272

at the Joint Institute for Nuclear Research (JINR) in Russia. Using a 12C beam with a momentum of 4GeV/c/u273

provided by the Nuclotron [59], the experiment probed np and pp pair breakup in the reaction 12C(p, 2p)10B,Be.274

The modified BM@N setup allowed for coincident measurement of the struck pair and scattered target protons in275

coincidence with the heavy A− 2 fragment.276

The experiment first proved that through quasi-elastic proton knockout in 12C(p, 2p)11B contributions from initial-277

and final-state interactions can effectively be separated by measuring the coincident fragment in inverse kinematics.278

This clear selection of quasi-free scattering conditions allows the reconstruction of the missing momentum and thus of279

the initial momentum of the struck nucleon in the boosted kinematics of (p, 2p) quasi-free scattering. For the bound280

A− 2 system associated with the breakup of pn or pp pair, the experiment successfully confirmed, for the first time,281

sensitivity to SRCs in the nuclear ground state through kinematical selection in the (p, 2p) reaction and effective282

suppression of initial and final state interactions.283

Despite limited statistics, identifying 23 pn and 2 pp pairs, the experiment confirmed key properties of SRC pairs,284

including np pair predominance [59]. By leveraging the A − 2 fragment measurement, the experiment also achieved285

the first direct determination of the SRC pair c.m. momentum, under the assumption of scale separation for which286

the A − 2 fragment momentum balances the SRC pair c.m. momentum. Additionally, the experiment provided287

first direct evidence for factorization between the A − 2 system and the pair’s relative momentum, demonstrating288

scale separation: the interaction of strongly correlated nucleons in the SRC high-momentum regime is unaffected by289

low-momentum nuclear physics.290

Following the success of this pilot experiment that showed for the first time sensitivity to SRCs with hadronic291

probes in inverse kinematics, two additional experiments have been performed using this technique so far. A follow-up292

experiment at JINR aimed to boost statistics, while an experiment at GSI-FAIR investigates SRCs in the short-lived,293

neutron-rich nucleus 16C [60].294

The GSI-FAIR experiment, conducted at the R3B setup with a beam momentum of approximately 2GeV/c/u,295

seeks to explore SRC behavior in a neutron-rich system under controlled conditions. It also aims to probe SRCs at296

lower energies and momentum transfers, as current radioactive-ion beam facilities are limited to magnetic rigidities297

up to ∼ 18Tm. Both the JINR and GSI-FAIR datasets are currently under analysis, with results expected to provide298

further insights into SRC properties and extend the study of correlated nucleon pairs into new energy and isotopic299

regimes.300

4. Probe independence and SRC g.s. distributions.301

Modern studies of SRCs using hadronic probes concentrate on measurements in inverse kinematics. The first high-302

energy experiments employing SRC breakup reactions have demonstrated the ability to probe SRCs in the nuclear303

ground state. This is attributed to the effective suppression of contributions from initial- and final state interactions304

leveraging through coincident measurement of the A− 2 fragment.305

Data-simulation comparisons as shown in Ref. [59] and Fig. 7 show very good agreement, despite limited statistics.306

The experimental results support the back-to-back emission of the strongly correlated pair nucleons, while there is weak307

interaction between the pair relative momentum and the A− 2 10B system, visible in an almost flat distribution The308

results strongly support the initial assumptions in the Generalized Contact Formalism, which serves as theoretical309

framework for interpreting the data. Although the interaction, reaction, and kinematics of hadronic probes differ310

significantly from those of electron or photon probes, the underlying physics seems to be consistent. This consistency311

suggests that hadronic probes can effectively access nuclear ground state distributions.312

These promising results pave the way for an expanded experimental program, offering unique opportunities to313

deepen our understanding of SRC physics. The potential insights and directions for future research are discussed in314

Sec. VD.315

316

Takeaways:317

• hard proton scattering established as sensitive probe for SRC studies318
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(a) (b)

FIG. 7. Measured (black points) and GCF-simulated (orange line) 12C(p, 2p)10B events from JINR. (a) cosine of the angle
between the recoil nucleon and missing momentum showing back-to-back emission. (b) angle between the 10B fragment and
pair relative momentum showing “weak” interaction, providing first direct indication for SRC-pair factorization. Figure taken
from Ref. [59].

• inverse kinematics scattering opens unique and complementary paths to study SRC properties fully exclusively,319

particularly giving access to the A− 2 system and unstable beams320

• pilot experiments confirm np dominance and SRC pair kinematics, adding direct measurements of factorization321

and c.m. motion322

C. Photon Probes323

In addition to the quasi-elastic scattering measurements using electron and ion probes, the nuclear ground-state324

distributions have recently been probed through the use of real photon beams. Specifically, the use of “quasi-elastic325

meson photoproduction” A(γ,mp) and A(γ,mpp) consists of events where one or two nucleons are knocked out326

of the nucleus via the momentum-transfer from a meson photoproduction reaction (γN → mp), where m denotes327

the meson produced in the reaction. These reactions, when measured at large momentum-transfer |t| and |u|, are328

capable of resolving the ground-state distributions of SRCs within the nucleus to provide a complement to previous329

measurements. As these reaction occur via different fundamental processes than electron- or hadron-scattering, they330

serve as an independent method of verifying a universal ground-state for SRCs. Photoproduction also offers unique331

access to initial-state neutrons via charge-exchange reactions γn → m−p, which bypass the need for direct neutron332

detection, allowing for greater experimental access to neutrons within SRCs.333

In addition to following different fundamental hard reactions as compared with electron- or hadron-scattering,334

quasi-elastic photoproduction experiences differences in a number of secondary reaction dynamics, including meson-335

exchange currents, isobar currents, and final-state interactions. Interpretation of electron-scattering data has been336

reliant on our ability to understand these effects, model their impact on observables, and isolate kinematics that337

minimize such deviations from plane-wave SRC breakup events. As the kinematics of photoproduction events differ338

significantly from electron-scattering (favoring perpendicular or parallel kinematics as compared with anti-parallel339

kinematics), the sensitivity of these events on non-plane-wave contributions differs in turn. Comparing the ground-340

state extracted using electron-, hadron-, and photon-scattering validates not only the reaction-universality of the341

extracted SRC properties, but also our ability to model and minimize these effects.342
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1. ρ Photoproduction as a Probe of SRCs343

Two primary photoproduction channels are considered as the key probes of SRCs, these being the photoproduction344

of ρ0 via the hard process γp→ ρ0p and the photoproduction of ρ− via the hard process γn→ ρ−p.345

The photoproduction of ρ0 is promising due to the large cross section of this process; due to the phenomenon346

of “Vector Meson Dominance”, the cross section for photoproduction of ρ0 is considerably larger than that for347

any other meson, though the cross section drops rapidly with |t|. As a neutral meson channel, this scattering348

process can be treated analogously with electron- and proton- scattering measurements, with (γ, ρ0p) and (γ, ρ0pp)349

measurements giving access to SRC protons and proton-proton pairs, respectively, allowing for such measurements as350

(γ, ρ0pp)/(γ, ρ0p) which give access to the isospin structure of SRCs as a function of relative momentum.351

The photoproduction of ρ− is useful for different reasons. While the cross section for ρ− photoproduction is smaller352

than that for ρ0, the hard process of γn → ρ−p gives unique experimental access to initial-state neutrons within the353

nucleus via final states consisting of charged particles and photons. As such, the measurements (γ, ρ−p) and (γ, ρ−pp)354

serve as a means of accessing SRC neutrons and neutron-proton pairs directly without the need for neutron detection,355

which is a unique advantage of photoproduction measurements.356

SRC breakup events in these photoproduction reactions are identified by searching for events with large missing357

momentum, as in the case of semi-inclusive electron scattering. An equivalent to the electron-scattering scaling358

variable xB can also be constructed with respect to the photoproduced meson, required to be large to minimize359

inelasticity in the reaction; for the same reason, the two-nucleon missing mass of the (γ,mp) reaction is required to be360

close to the nucleon mass to reduce contamination from events with missing particles. Finally, the momentum-transfer361

of the reaction |t| and |u| are required to be above ∼ 1.5 GeV2/c2 to ensure resolution is sufficient for comparison to362

plane-wave predictions.363

2. Hall D SRC/CT Experiment364

The only experiment to date to perform a photonuclear probe of SRCs has been the Hall D SRC-CT Experiment [61]365

at Jefferson Lab. This experiment, performed in Fall 2021, used a tagged photon beam of energies Eγ ∼ 6−10.6 GeV366

incident on deuterium, helium, and carbon targets. The large-acceptance GlueX spectrometer was used to measure367

the final-state charged particles and photons, enabling the detection of large multi-particle final-states necessary to368

resolve two-nucleon knockout with the photoproduction of a decaying meson.369

Analysis of this experimental data is currently ongoing, with both of the above-described ρ0 and ρ− being examined370

as probes of SRC physics. Several analyses of this data have been completed[62, 63], most notably including a371

measurement of quasi-elastic photoproduction of J/ψ, which demonstrates the ability of these data to resolve missing-372

momentum quantities which are sensitive to internal nuclear structure. First results of SRC measurements from373

this data are expected to be available in the coming months. Initial analyses will focus on establishing the probe-374

dependence of extracted SRC properties by comparing these photoproduction results with previous electron- and375

proton-scattering measurement. Following analyses will aim to take advantage of the unique properties and kinematics376

of photoproduction. This includes the ability to precisely measure neutrons within SRC pairs via charge-exchange377

reactions, which no other experiment can easily access without challenging neutron detection. This will provide direct378

access to the abundant np-SRC pairs, which are typically indirectly measured.379

Additionally, such access to initial-state neutrons may be essential to perform measurements of 3N-SRCs. Due to380

Fermi statistics, the vast majority of 3N-SRCs are expected to have compositions npp or nnp, containing at least one381

neutron; charge-exchange reactions γnpp → m−ppp may thereby provide unique ability to probe such configurations382

with minimal background. It is yet unclear whether current photoproduction data has sufficient luminosity to access383

3N-SRCs with sufficient statistics to claim a discovery.384

Takeaways:385

• High-energy photoproduction serves as independent probe of SRCs386

• Charge-exchange reactions give unique access to initial-state neutrons within SRCs387

• Data from first experiment being analyzed388
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IV. MODERN THEORY OF SRCS389

A. High Energy Perspective390

With the goal of probing a deeply bound nucleon in the nucleus with momentum comparable to its rest mass, the391

important issue are; (I) The description of relativistic bound states and (II) Self-consistent description of hadron-quark392

transition in the nuclear wave function. Both are outstanding issues and they are very important for the progress393

of understanding the QCD origin of nuclear forces at short distances. The high energy approach in addressing these394

issues is based on the factorization of SRC dynamics in nuclei that is probed by high energy scattering from the long395

range properties of nuclei. The approach is similar to the one that was used in partonic model of the nucleon. Similar396

to that the SRC state is described by Light-Front wave function and kinematic parameters are αN and pt - light-front397

momentum fraction of the SRC carried by the nucleon in the SRC and its transverse momentum (these are analogous398

to the LF momentum fraction of partons, x and its transverse momentum k⊥ in the nucleon). The advantage of such399

description is that it clearly isolates SRC contribution and the observable which is light-front momentum distribution400

(similar to parton distribution function) can be extracted froodern inclusive high Q2 measurements from nucleon at401

the SRC region.402

1. Problem of the Description of Relativistic Bound States and Inadequacy of Non Relativistic Quantum Mechanics403

Traditionally the theoretical approach in the description of quantum bound sates is rooted in non-relativistic (NR)404

Quantum Mechanics, in which bound state wave function is the solution of Schroedinger equation with the given405

potential and negative eigenvalue corresponding to the binding energy of the system. In this approach the wave406

function, for example, in the momentum space is normalized in such a way that probability density, integrated in the407

limits of (0, to ∞) is unity. It was quite a surprise that such a “normal” wave function resulted in a contradiction once408

applied to the calculation of scattering processes in relativistic domain. For example such a wave function violates409

the baryonic number and momentum sum rules (see e.g. [64–66]) and part of the wave function which contributes to410

the total normalization is kinematically forbidden for considered scattering processes.411

In this case more natural approach is to relate the relativistic wave function normalization to the quantities that412

can be probed in the scattering process (such as nuclear electric charge or baryonic number) or quantities that are413

Lorentz boost invariant, such as the light-front momentum fraction carried by the constituents of the bound state.414

The one illustration of the difference between non-relativistic quantum mechanical and high energy approaches is415

the deuteron: In non-relativistic Quantum Mechanics the deuteron is a bound state of the proton and neutron with416

positive parity, total angular momentum J = 1, and spin, S = 1. Using the non-relativistic relation that the parity of417

the state P = (−1)l, one concludes that pn state has two internal angular momentum values l = 0, 2. Then the wave418

function of the deuteron is obtained by, first decomposing it into the radial, angular and spin components and then419

solving Schroedinger equation for the radial wave functions for the given pn potential.420

However, in relativistic approach the deuteron is a composite pseudo-vector particle, for which the deuteron →421

proton-neutron transition can be expressed through the six invariant vertex functions from the most general principles.422

Then we investigate which of those vertex functions are leading and which are non-leading in high Q2 limit.423

In such formulation the question is, how to relate these transition vertices to the relativistic wave function of424

the nucleus. This can be achieved on the light-front (LF) in which case the scattering process can be expressed as425

LF-time, τ ordered diagrams (Fig.8). In these diagrams it can be shown that the quantity representing the ratio426

of phenomenological transition vertex ΓA
N,(A−1) to the light-front denominator of the propagating intermediate state427

(crossed by dashed vertical line, in Fig.8) is related to the light-front nuclear wave function of the interacting nucleon.428

It is important to emphasize that the light-front nuclear wave function of massive nucleons is not defined through429

the series of Fock-state decomposition of the nucleus but defined phenomenologically, in such a way that it represents430

the solution of the Weinberg type [67] equation for the bound states on the light-front (these equations in some way431

represent a projection of Bethe-Salpetter equations on the light-front). Additionally, in non-relativistic limit, the above432

defined light-front wave function reduces to NR wave function which is a solution of the Lippmann-Schwinger equation433

for the bound state. In such approach one does not construct the interaction potential on the light-front. Instead, once434

the analytic form of the LF wave function is established from general principles with given number of vertex functions435

we evaluate them based on modeling the interaction dynamics. In some way, the presented approach is similar to436

the calculation of electromagnetic current of the nucleon, in which case from general principles we introduce two,437

Dirac and Pauli form-factors and then work out to evaluate them through modeling and comparison with experiments438
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on elastic eN scattering. One advantage in this case is that in NR limit the approach should reproduce results of439

non-relativistic nuclear physics, while no such limit exists for the case of nucleon form-factors.440

N,A−1
A

N,A−1
A

A A

N N

(A−1) (A−1)* *

(a) (b)

* *

FIG. 8. Light-front time ordered diagram of scattering from the bound nucleon in the nucleus.

The presented approach has higher degree of reliability for the case of the deuteron, in which case the contributions441

from above mentioned six invariant vertices can be categorized as leading, first and second orders in the magnitude442

of small parameter, k2

mN

√
Q2

, where k is the relative momentum of the pn system on the light front [68, 69]. This is an443

important simplification of high energy and momentum transfer scattering. In the center of mass of pn system two444

of the leading term vertices are related to the S- and D-states of the deuteron while the other is unknown, and has445

an extra factor of k2

m2
N

that indicates its pure relativistic nature. In practice we model the unknown vertex function446

and evaluate their parameters by comparing with experimental data.447

The uniqueness of SRC studies is that due tow few-body character of correlations (2N or 3N) one can apply similar448

theoretical approach as used for the description of the deuteron to describe the SRC structure with relativistic internal449

momenta.450

With the goal of probing a deeply bound nucleon in the nucleus with momentum comparable to its rest mass, the451

important issue is the description of the relativistic bound system. The other issue is the self-consistent description452

of hadron-quark transition in the nuclear wave function. Both are outstanding issues and they are very important453

for the progress of understanding the QCD origin of nuclear forces at short distances. The high energy methodology454

in addressing these issues is based on the factorization of SRC dynamics in nuclei that is probed by high energy455

scattering from the long range properties of nuclei. The approach is similar to the one that was used in partonic456

model of nucleon. Similar to that the SRC state is described by Light-Front wave function and kinematic parameters457

are αN and pt - light-front momentum fraction of the SRC carried by the nucleon in the SRC and its transverse458

momentum. The advantage of such description is that it clearly isolates SRC contribution and the observable which459

is light-front momentum distribution (similar to parton distribution function) can be extracted from inclusive high460

Q2 measurements from nucleon at the SRC region.461

2. Incorporating QCD dynamics in electro-nuclear processes462

The above discussed approach provides also a consistent way for inclusion of quark-gluon degrees of freedom in463

nuclei. One example is the process in which the external probe scatters from a quark in the nucleus presented in464

Fig.9. Here again the scattering evolves along LF- time, τ , and calculational approach is based on the introduction465

of two transition vertices, first, ΓA
N,A−1 - characterizing the process of resolving nucleon in the nucleus then the466

vertex ΓN
q,R characterizing the process of resolving quark in the nucleon leaving residual state, R. The part of the467

diagram identified as FSI is more complicated and can be modeled for specific reactions. Also, in the case in which468

closure approximation can be used the considered diagram will reproduce well known convolution model widely used469

in inclusive QCD processes involving nuclei.470

The presented framework, however, allows to do more than reproduce convolution model, for example in the case471

of scattering from SRCs one can calculate the quark interchanges between two nucleons in the SRC. Also in the case472

of exclusive and (semi)-inclusive processes this approach allows to explore the dynamics of final state interaction that473

can include explicit quark-gluon degrees of freedom. Again as it was discussed in the previous section, it is important474

that scattering process is considered in high energy limit in which case significant simplifications can be achieved in475

the calculation.476

For nuclear QCD, one complicated issue in our approach is that it requires modeling non-perturbative quark or477

gluon wave functions of nucleon. Similar to the discussion above this problem can be addressed in “positivist”478
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FIG. 9. Light-front time ordered diagram of external probe scattering from the quark in the nucleus.

approach, by introducing LF wave function of the object which is probed in the scattering process. The one issue479

that our approach addresses is the complication due to null-modes, for which the vacuum will not be trivial as it was480

expected previously[70]. In introducing LF quark wave function of the nucleon one does not expand it to the sum of481

Fock-components of massless quarks but consider the transition of nucleon to thee-valence quark + residual system,482

in which residual system presents the sum of all spectator quarks and gluons in the higher Fock-components as well483

as diagrams containing null mass qq̄ systems. One models the wave function of the residual system and evaluate its484

parameters by comparing calculations with different deep-inelastic scattering data.485

3. Methodology of High Energy Approximations486

One of the main methodologies of the research is the effective light-front diagrammatic approach based on approxi-487

mations that follow from high energy nature of the scattering process. The one challenge of strong interaction physics488

relevant to nuclear dynamics is the lack of the small parameter in the problem. What we found in our research is489

that high energy approximation allows to introduce a small parameter in the form of | q0−q3
q0+q3

|≪ 1 where q0 and q3490

are energy and momentum of virtual photon, both being significantly larger than the mass of the nucleon. It can be491

demonstrated [71] that in this limit reduction theorem can be proved which allows to sum potentially infinite number492

of nuclear scatterings into finite number of diagrams with effective/phenomenological vertices. In such approach the493

total nuclear scattering amplitude is expanded by the finite number (∼ A) of rescatterings. The approach is very494

tractable for lightest nuclei like deuteron and A=3 and in cases when higher order rescatterings are small it is appli-495

cable also for medium to large nuclei. The approach allows an inclusion of QCD degrees of freedom in a selfconsistent496

way which is essential for quantitative description of QCD effects in nuclear medium. With such a diagrammatic497

approach the electro-nuclear scattering process is calculated on the light-front allowing to deal with the relativistic498

kinematics for deeply bound nucleons. The approach is phenomenological since we do not expand nuclear or nucleon499

wave functions through the sum of mass-less Fock states of its constituents but model them using different approaches.500

B. QMC methods501

Quantum Monte Carlo (QMC) methods are ideally suited to study strongly correlated many-body systems, and502

allowing to correctly include hard nuclear interactions. However, they are limited to local nuclear potentials. Recently,503

their application has been extended to use chiral EFT Hamiltonians, thanks to the work carried out to derive local504

chiral EFT potentials, both with [72, 73] and without explicit delta degrees of freedom [74–76].505

The many-body Hamiltonian which describes nucleons’ interactions inside the nucleus can be written as506

H =
∑
i

Ti +
∑
i<j

vij +
∑

i<j<k

Vijk + . . . (2)

where Ti is the one-body kinetic energy operator, vij is the nucleon-nucleon (NN) interaction, Vijk is the three-nucleon507

(3N) interaction, and the ellipsis indicate interactions involving more than three particles. The indices i, j, and k run508

over the different nucleons. The NN interaction term generally comprises a long-range component, for inter-nucleon509

separation, due to one-pion exchange and intermediate- and short-range components. The AV18 interaction has been510

extensively and successfully used in a number of QMC calculations [39]. It can be written as an overall sum of 18511
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operators512

vij =

18∑
p=1

vp(rij)O
p
ij (3)

Simplified versions of this interaction have been widely used, for instance the Argonne v′8 which contains a charge-513

independent eight operator projection, Op=1,8
ij but neglects terms describing charge and isospin symmetry breaking.514

In order to reproduce the correct binding for three body nuclei, the inclusion of 3N interactions is necessary. More515

specifically, two families of 3N interactions were obtained in combination with the AV18 potential: the Urbana IX516

(UIX) [77] and Illinois 7 (IL7) [78] models.517

Despite their many successes, semi-phenomenological potentials exhibit several limitations. Notably, they fail to518

provide sufficient repulsion to ensure the stability of neutron stars when computing their equation of state. Addi-519

tionally, they lack a rigorous framework for consistently deriving two- and many-body forces along with compatible520

electroweak currents. These shortcomings can be addressed by introducing chiral nuclear forces, which consist of521

both pion-exchange contributions and contact terms. The pion-exchange contributions govern the long-range part of522

nuclear interactions, while the contact terms encapsulate short-range physics. The strength of these contact terms is523

determined by unknown low-energy constants (LECs), which are constrained by fitting experimental data.524

Similar to phenomenological interactions, the LECs governing the NN component are calibrated using NN scattering525

data up to 300 MeV laboratory energies, whereas those associated with three-nucleon forces are fixed by reproducing526

the properties of light nuclei. This optimization procedure involves a separate fit of the NN and 3N terms.527

Variational Monte Carlo (VMC) is typically used to obtain a trial wave function, which serves as input for Green’s528

Function Monte Carlo calculations. In VMC, the wave function is expressed as the product of long- and short-range529

correlation components:530

|ΨT ⟩ =
(
1−

∑
i<j<k

Fijk

)(
S
∏
i<j

Fij

)
|Φj⟩ (4)

where Fij and Fijk represent two- and three-body correlations, respectively. The symbol S denotes the symmetrization531

operator, while Φj represents the fully antisymmetric Jastrow wave function.532

To find the optimal values of the parameters using a variational ansatz and minimizing the energy expectation533

value along with its associated variance with respect to the variational parameters:534

ET =
⟨ΨT |H|ΨT ⟩
⟨ΨT |ΨT ⟩

≥ E0 (5)

This evaluation is carried out using Metropolis Monte Carlo integration.535

Given the optimal set of variational parameters, the trial wave function can be used as input for the GFMC536

calculation. This projects out the exact lowest-energy state Ψ0 with the same quantum numbers:537

|Ψ0⟩ ∝ lim
τ→∞

e−(H−ET )τ |ΨT ⟩ . (6)

In the above equation, τ is the imaginary time, and ET is a parameter used to control the normalization. In addition538

to ground-state properties, excited states can be computed within GFMC. The direct computation of the propagator539

e−Hτ for arbitrary values of τ is typically not possible; instead, the integral above is evaluated for small imaginary540

times δτ = τ/N with large N . More details can be found in Ref. [79].541

The above imaginary-time propagation can also be used to extract dynamical properties of atomic nuclei. The energy542

dependence of the response functions can be inferred by computing their Laplace transform, dubbed as Euclidean543

response function [80]544

Eα(q, τ) =

∫ ∞

ωth

dω e−ωτRα(q, ω)

= ⟨Ψ0|J†
α(q)e

−(H−E0)τJα(q)|Ψ0⟩ (7)

(8)

where the elastic contribution has to be subtracted as discussed in Ref. [81–83]. The calculation of the imaginary-time545

correlation operator is carried out with GFMC methods similar to those used in projecting out the exact ground state546

of H from a trial wave function a complete discussion of the methods is in Refs. [81–83].547
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Extracting the energy dependence of the response functions from their Euclidean counterparts is a nontrivial548

problem. For quasielastic responses which exhibit a smooth peak, a version of the maximum-entropy technique is549

used[81]. It has to be noted that machine-learning algorithms have recently been developed to invert the Laplace550

transform [84] and are capable of precisely reconstructing the low-energy transfer region of the response functions.551

The GFMC, has already been extensively employed to perform virtually exact calculations of the electroweak552

response functions of 4He and 12C, retaining the full complexity of nuclear many-body correlations in both the initial553

and final states of the reaction [82, 83, 85]. Using interpolation procedures that rely on scaling ansatz, electron- and554

neutrino- scattering cross sections on these nuclear targets have been obtained [86, 87]. Furthermore, in Refs. [86, 88,555

89] the relativistic effects in GFMC calculations of lepton–nucleus scattering are incorporated by choosing a reference556

frame that minimizes nucleon momenta.557

QMC methods have been successfully employed to compute the one-nucleon spectral functions of nuclei up to 12C.558

The spectral function encapsulates all the dynamical information of the nucleus and is defined for a nucleon with559

isospin τk = p, n and momentum k as560

Pτk(k, E) =
∑
n

|⟨Ψ0|[|k⟩ ⊗ |ΨA−1
n ⟩]|2δ(E + E0 − EA−1

n ) . (9)

Here, E denotes the excitation energy of the residual nucleus, |k⟩ is the single-nucleon state, and |Ψ0⟩ is the nuclear561

ground state with energy E0. The states |ΨA−1
n ⟩ and eigenvalues EA−1

n correspond to the residual nucleus with A− 1562

nucleons.563

The spectral function can be decomposed into a mean-field (MF) and a correlation term. The MF component564

accounts for shell structure, where nucleons occupy orbitals following the Pauli principle, predominantly contributing565

to low-momentum (k) and low-energy (E) regions. In contrast, the correlation term arises from nucleon pairs and566

triplets with low center-of-mass momentum but large relative momentum above the Fermi momentum kF . Extensive567

experimental data from (e, e′p) reactions indicate that short-range correlations deplete the single-nucleon strength in568

the MF region by approximately 20%, a feature largely independent of the nuclear system [42, 90–94].569

Recently, QMC calculations have been used to determine the spectral functions for nuclei with A = 3, 4, and 12.570

The MF contribution is computed from VMC spectroscopic overlaps between the nuclear ground state, a single-571

nucleon plane wave, and the bound states of the residual A−1 system. For medium-mass nuclei such as 12C, multiple572

transitions involving both s- and p-shell nucleons must be considered. The correlation contribution is extracted using573

the two-nucleon momentum distribution nτk,τk′ (k,k
′) from Ref. [95]. To isolate the effects of short-range correlations,574

cuts on the relative momentum of nucleon pairs are imposed, ensuring that both the normalization and shape of the575

one-nucleon momentum distributions are accurately reproduced.576

In Ref. [89], the quantum Monte Carlo (QMC) spectral function (SF) of 12C was employed to compute neutrino-577

and electron-scattering cross sections, incorporating both one- and two-body current operators. The results were578

compared with those obtained using the Green’s function Monte Carlo (GFMC) method, and the impact of relativistic579

corrections was also analyzed.580

Figure 10, adapted from Ref.[89], presents inclusive electron-12C cross-section data for two distinct kinematics. For581

the SF calculations, both the QMC approach and the correlated basis function (CBF) method of Refs.[23, 96] were582

considered. The various curves represent different current contributions: the one-body current operator (1b), the583

interference between one- and two-body currents leading to one-nucleon emission (12b), and the two-body current584

resulting in two-nucleon emission (2b). Notably, in the 1b contribution, short-range correlations (SRCs) generate the585

characteristic tail in the high-energy transfer region.586

The lower panels examine the role of relativistic effects in the GFMC calculations by comparing results in the587

laboratory (LAB) and active nucleon Breit (ANB) frames. The ANB frame incorporates relativistic effects, leading588

to observable differences. It is important to note that GFMC calculations currently cannot explicitly include pion589

degrees of freedom, which accounts for the suppressed strength in the large ω region.590

For A = 2 and A = 3 nuclei, the spectral functions of these light nuclei have also been computed in Ref. [38] using591

the variational three-body wave function developed by the Pisa group for the AV18 potential to obtain the mean-field592

contribution to the spectral function. The background component was determined by solving the Schrödinger equation593

for the continuum using the same AV18 two-nucleon potential to derive the two-body wave function.594

These spectral functions have been employed to describe (e, e′p) scattering experiments on light nuclear targets in595

Refs. [100, 101]. To account for final-state interaction effects, a distorted spectral function is used, incorporating both596

the standard Glauber eikonal approximation and its generalized version.597

Another approach that enables the calculation of electroweak response functions using quantumMonte Carlo (QMC)598

techniques is the Short-Time Approximation (STA). This method employs a factorization scheme that retains two-599
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FIG. 10. Inclusive electron scattering comparisons at two different kinematics. Left: Ebeam = 620MeV, θe′ = 60◦. Right:
Ebeam = 730MeV, θe′ = 37.1◦. Data is from Refs. [97–99]. Upper panels are for SF with QMC (CBF) one body in solid
(dashed) red, QMC two-body in orange, and QMC one+two-body in blue. GFMC predictions are in the lower panel with
dashed lines corresponding to response functions computed in the LAB frame, and solid for response functions in the ANB
frame. Error bars on GFMC calculations include only errors from the inversion of the Euclidean response function, but neglect
uncertainty due to interpolation of the responses.

body physics in both the currents and the strong interaction. The final states considered in this framework include600

only correlated nucleon pairs interacting with the external probe, leading to a significantly reduced computational cost601

compared to Green’s Function Monte Carlo (GFMC) calculations, where the full A-nucleon system is propagated.602

While three-nucleon effects are not explicitly accounted for in the final state, the STA consistently incorporates603

interference terms between one- and two-nucleon currents, as well as two-nucleon correlations. Electromagnetic604

response functions and the corresponding cross sections for A = 3 nuclei have been presented and compared to605

GFMC and QMC spectral function (SF) calculations in Ref. [102], while results for A = 12 were recently reported in606

Ref. [103]. Unlike GFMC results, which are fully inclusive, the STA provides access to exclusive reactions, offering607

insights into the kinematics of the outgoing nucleon pair. Additionally, it can, in principle, accommodate explicit608

pion degrees of freedom.609

Thus far, STA calculations have employed non-relativistic kinematics and currents. However, ongoing work aims to610

incorporate relativistic corrections in both aspects.611

C. Generalized Contact Formalism612

The generalized contact formalism (GCF) is an asymptotic theory that describes the short-range part of nuclear613

wave functions and the impact of short-range correlations on different nuclear quantities and observables.614

This theory relies on the asymptotic factorization of the system into a strongly interacting pair and the remaining615

spectator nucleons, when two nucleons are found closed together in the nucleus. The correlated pair is described using616

a universal function, independent of the quantum state or the size of the nucleus. Contact parameters, obtained from617

the description of the spectator nucleons, provide the number of such correlated pairs in the specific system that is618

considered. The GCF is a generalization of the original contact theory, designed for atomic systems [], with significant619
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FIG. 11. Measured (e, e′pp)/(e, e′p) event yield values as a function of the (e, e′p) missing momentum for 12C compared with
theoretical calculations based on the GCF framework using different models of the NN interaction. All realistic models are in
good agreement with the data. Figure taken from Ref. [104].

changes that had to be made to account for the complexity of the nuclear interaction. Eventually, matrices of contact620

parameters are defined, taking into account the different possible quantum numbers of SRC pairs.621

One of the important aspects of the GCF is its ability to connect between ab-initio calculations and experimental622

data. Experimentally, nuclear SRCs are mainly studied using large-momentum-transfer electron scattering reactions,623

while ab-initio calculations are mostly limited to ground-state distributions or specific reactions and are unable to624

describe relevant experiments directly. The GCF describes both electron-scattering experimental data and nuclear625

distributions in the same framework, and, therefore, it bridges the gap between these two approaches and allows626

confronting them on a quantitative level, with direct connection to the underlying nuclear interaction models.627

The GCF is used to derive the nuclear contact relations. These relations quantify the effects of SRC pairs on628

various nuclear quantities, such as momentum distributions, two-body densities, the spectral function, exclusive and629

inclusive electron-scattering cross sections, the Coulomb sum-rule and the photo-absorption cross section. All these630

quantities are related to the same parameters, the nuclear contacts, and therefore a network of relations among all631

these quantities is obtained.632

Most of the nuclear contact relations were tested against experimental data or numerical calculations. Available633

ab-initio quantum Monte Carlo calculations were utilized to verify the short-range factorization of the many-body634

wave function and the GCF description of two-body densities at short distances and momentum distributions at635

high momenta. Exclusive electron-scattering data is also well described using the relevant GCF relations in a wide636

momentum and energy range, see Fig. 11 for an example.637

The consistency of the different relations is also studied. A direct relation between the one-body and two-body638

momentum distributions, deduced from independent contact relations, is satisfied in ab-initio calculations. Similar639

agreement is seen for a direct connection between the photo-absorption cross section and momentum distributions,640

comparing ab-initio calculations with experimental data. Contact values extracted from either two-body momentum641

distributions or two-body densities are consistent with one another. The same contact values are also used in the642

successful description of the exclusive experimental data.643
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FIG. 12. Top: Measured per-nucleon inclusive cross-section ratios for 4He over the deuteron as a function of xB . The data
[93] are compared with GCF calculations using both instant form (left) and light cone (right) formulations with different NN
interaction models and using σc.m. = 100± 20 MeV/c [43, 50], excitation energy E∗

A−2 = 0− 30 MeV, and contact parameters
from Ref. [105]. The widths of the bands show their 68% confidence interval due to the uncertainties in the model parameters.
Bottom: Ratio of the GCF calculated 4He cross section with different excitation energies and c.m. momentum distribution
widths to the cross section calculated for E∗

A−2 = 15 MeV and σc.m. = 100 MeV/c. Calculations were done using both instant
form (left) and light cone (right) GCF formulations with the AV18 NN interaction model. Figure taken from Ref. [106].

Currently, the only inconsistency is observed with regard to inclusive electron-scattering data. The GCF was used to644

study the traditional interpretation of the inclusive cross section as a measure for the abundance of SRC pairs in nuclei645

and it was found that it requires some important modifications. Nevertheless, there seems to be some inconsistency in646

the contact values needed to describe the inclusive data compared to the values obtained from ab-initio calculations.647

Accounting for relativistic effects using light-cone formulation seems to reduce some of the disagreement, see Fig. 12.648

In addition, the GCF relations for the spectral function and the exclusive electron-scattering cross section allow649

simulating the relevant experiments. As a result, an improved analysis of the data can be performed using an event650

generator in which required corrections are applied in the simulation. This has led to more detailed and reliable651

comparison between theory and experimental data, and to new insights regarding SRC properties. The GCF is now652

an important tool used by experimental groups to analyze data and plan future experiments.653

D. SRG approach654

The Similarity Renormalization Group (SRG) approach casts SRC physics in an alternative low RG resolution655

picture. The renormalization group is a powerful tool that controls the resolution scale of the Hamiltonian, where the656
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scale corresponds to the minimum wavelength or maximum momentum available for the wave functions of low-energy657

states of the Hamiltonian. This scale is not the same as the experimental resolution which is set by the momentum658

of the probe. At low RG resolution the Hamiltonian is ”soft” in contrast to QMC and GCF approaches, meaning659

the ground-state wave function is amenable to mean-field approximations. The SRG in particular decouples low-660

and high-momentum scales with respect to the SRG resolution scale by applying unitary transformations to the661

Hamiltonian. SRC physics is shifted from nuclear structure to the reaction operators via unitary transformations662

without changing measured observables (e.g., cross sections).663

In Ref. [4], key features of SRC phenomenology are reproduced within the SRG approach. Uncorrelated wave664

functions are described using simple ground-state wave functions with local density approximations, where SRG665

transformations shift the SRC physics into induced two-body operators. Analogous to the GCF factorization ansatz,666

SRG transformations factorize under a scale separation with respect to the SRG resolution scale [107, 108] matrix ele-667

ments of high-momentum operators with low-momentum states factorize into a high-momentum piece independent of668

the nucleus and a nucleus-dependent low-momentum matrix element. This factorization explains the high-momentum669

universal tails of nucleon momentum distributions, where the dominant contribution comes from an SRG induced op-670

erator. Further applications of the SRG approach include deuteron electrodisintegration [More-2015, More-2017], the671

quasi-deuteron model [109], optical potentials [110], and matching low-RG resolution wave functions to high-resolution672

VMC momentum distributions [111].673
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V. GOING FORWARD674

The observation of the dominance of the tensor component in 2N SRCs in nuclei indicates also that nuclear short675

range studies in the past decade succeeded in probing nuclear structure at distances down to ∼ 0.8− 0.9 fm with the676

main conclusion that the nucleonic component at such distances are still robust.677

The next in the program is to extend the research to the domain of k > 600 MeV/c reaching to distances (∼678

0.5 − 0.6 fm), where one expects the dominance of the repulsion in the NN interaction. This will require a new679

generation of experiments at Jefferson Lab, taking advantage of 12 GeV high intensity continuous beam.680

A. Current and New theory directions681

B. Quantitative era of 2N-SRC682

While great progress has been made in studies of 2N SRCs, there is still no full theoretical description of the data.683

(high statistic experiments, various nuclei, detailed momentum dependence, comparison to ab-initio calculations for684

light nuclei, improved models for heavier nuclei, relativistic effects, different probes, inverse kinematics...)685

C. Discovery era of 3N-SRC686

Correlations of three nucleons (3N-SRC) are also expected to exist, but have not yet been confirmed experimentally.687

Several attempts have been made with inclusive electron scattering, looking for a second scaling plateau in A/3He688

ratios. While the onset of 2N inclusive scaling plateau is well understood, the situation is less clear for 3N SRCs.689

Fig. 13 summarizes the searches with inclusive A/3He data so far. The Hall B data at x > 2.2 were shown to be an690

artifact of bin migration, so they do not actually probe the region of interest. The Hall A data show a consistent691

upward trajectory in the ratios at x > 2, whereas the Hall C data, taken at the highest Q2, while suggestive of a692

plateau, have errorbars that prohibit a conclusive interpretation.693

Recent theoretical work [112–115] suggests that 3N-SRCs do not begin to dominate until much higher Q2 values694

than those of early searches, but the Hall C data [37] might be on the edge. Instead of looking at the onset of scaling695

in terms of x and Q2, which are used to identify a minimum momentum of the struck nucleon in the target’s rest696

frame, they use the light-cone variable α. This represents the light-cone nuclear momentum fraction carried by the697

struck nucleon, which more directly represents the nucleon momentum at large Q2 values. For 3N-SRCs, one can698

define multiple versions of α3N under different assumptions for the structure of the 3N-SRCs. Here, we take the699

convention of Ref. [113–115].700

The model of Refs. [113–115] also makes a prediction for the probability of finding a nucleon in a 3N-SRC, a3(A),701

relative to 2N-SRCs, a2(A). Because 3N-SRCs come dominantly from two hard NN interactions, they find that702

a3(A) ∝ a2(A)
2, assuming that 3N-SRCs are predominantly in ppn or nnp configurations. The authors of Ref [114, 115]703

go on to test this hypothesis by assuming scaling in this (α3N=1.6 - 1.8) region for the E02-019 data and verifying704

that a3 ∝ a22 for these data. This offers additional support that the E02-019 data were consistent with a 3N-SRC705

scaling plateau, but the result is again limited by the poor statistics of the 3He data.706707

A recent work from E12-11-112 looked into the high-momentum components in 3H and 3He mirror nuclei through708

QE (e,e’) scattering [40]. The A=3 systems have unique advantages in the search of new nuclear scaling due to709

3N-SRCs. Because of the lower Fermi momentum in the A=3 nuclei, 2N-SRCs are expected to dominate the cross710

sections at smaller values of α. Consequently, the 3N-SRC configuration from two hard NN interaction would become711

dominant at smaller α3N . Authors of Ref.[118] observed the onset of 2N-SRC scaling at α2N ≈ 1.2 which corresponds712

to the initial nucleon momentum k >200 MeV/c. They then examined the 3H/3He cross sections at α3N > 1.4713

(k > 400 MeV/c), and reported a ratio that is consistent with a 3N-SRC plateau with a height of a2(A = 3)2.714

This single data set with low α is not sufficient to establish the 3N-SRC scaling, but it provided more experimental715

options to search for 3N-SRC at intermediate Q2 and higher statistics kinematics. Also, the A=3 studies provide716

clean picture of momentum-sharing and isospin structure of nnp and npp configurations, and also enable direct tests717

on our knowledge of 3N interaction theories at short distances718

Thus, the question of 3N SRCs is still open and new, focused experimental searches are needed.719
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FIG. 13. Cross section ratios of 4He/3He from JLab experiments in Halls A,B, and C. [37, 116, 117]

D. Future using hadronic probes720

The study of SRCs with hadronic probes is still in its early stages, with only three pioneering experiments performed721

in recent years. These experiments have laid the ground work, demonstrating that SRCs can successfully be probed722

in inverse kinematics with hadronic probes. This progress paves the way for developing a comprehensive research723

program that leverages conditions of inverse kinematics experiments, significant ones are laid out below. To advance724

this effort, theory developments in reaction theory and nuclear-structure theory are essential, in particular in the725

context of SRCs within the nuclear many-body system.726

While electrons are the most incisive probe and it is essential to perform quantitative and detailed comparisons727

with high-statistics results from proton scattering, there are unique advantages associated with experiments in inverse728

kinematics using hadronic probes, which are discussed in the following and will define future research directions:729

Inverse kinematics is the ability to access heavy fragments and recoils in boosted kinematics in coincidence, enabling730

a complete determination of the spectator system’s final state that carries pair information. The A − 2 excitation731

energy and quantum numbers are accessible through gamma-ray or invariant-mass spectroscopy. This can provide732

valuable insights into the ground state of the pair, such as its preferred quantum numbers [119–121], or the formation733

process [122]. The experiments conducted at JINR and GSI-FAIR have demonstrated the feasibility of this approach,734

but also highlighted the necessary improvements for the experimental setups in the future, including the need for735

large-acceptance and high-resolution detectors to for example boost statistics for precision or fully-exclusive experi-736

ments with multi-fragment detection. Furthermore, with suitable detection methods, a fully exclusive approach can737

contribute to the search for 3N SRCs by providing a “clean” identification of all SRC partners. Generally, studying738

SRCs in highly asymmetric nuclear systems, such as very neutron-rich short-lived nuclei, is only feasible in inverse739

kinematics. This approach opens the possibility for systematic studies, including studies along mass surfaces, with740

defined shell structure, and their interplay with nuclear many-body properties.741

Hadronic probes remain an important tool for studying SRCs in nuclear ground states. The pilot experiments have742

focused on hard pair-breakup reactions at high energies, following a similar approach to electron scattering. However,743

most radioactive-ion beam facilities, such as FRIB (USA) and RIBF/RIKEN (Japan), can only provide secondary744

beams at few-hundred MeV/nucleon. Under these kinematic conditions, probing off-shell nucleons becomes difficult,745

so that alternative techniques are needed which have recently gained attraction. Among these techniques are nucleon746

pick-up reactions and deuteron knockout reactions. In such reactions, a proton probe picks up a high-momentum747

neutron from a pair to form a deuteron. The transferred momentum matches the initial momentum of the neutron in748

the pair, resulting in quasi-free deuteron scattering at forward angles [123]. This technique has previously been used749

to study the tensor interaction, as demonstrated in studies involving 16O [123, 124]. In case of a deuteron knockout750

reaction, pre-formed deuterons are potentially sensitive to the SRC np pair abundance. The potential applicability of751

these reactions to radioactive-ion beams in inverse kinematics has inspired new proposals for experiments aimed at752

studying SRC np pairs.753

It is worth noting that, while inverse kinematics offers unique advantages, proton scattering in normal kinematics,754

similar to electron scattering, provides a complementary approach. Such experiments allow at highest intensities to755

continue studies on probe independence, search for 3N SRCs, and non-nucleonic degrees of freedom and relativistic756
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effects.757

Focusing on the unique possibilities provided by fully-exclusive inverse-kinematics experiments with radioactive758

ion beams, only a few facilities currently have the capability to perform such experiments. These include GSI-FAIR759

to perform high-energy break-up reactions, and RIBF/RIKEN which has the potential to utilize pickup reactions at760

lower energies. The future FAIR facility (Germany) will be a flagship facility for high-energy RI beams. Similarly, the761

new HIAF facility (China) is expected to provide similar conditions, with experimental programs under development.762

The future upgrade of FRIB to 400MeV/u primary beams could allow for studies similar to RIBF, but with current763

low beam energies, options remain limited. While these represent significant experimental developments, theory764

support is equally essential. This is includes advancing reaction theory, such as for deuteron knockout reactions, and765

conducting state-of-the-art nuclear structure calculation for light and medium-mass nuclei along isotopic chains.766

767

Takeaways:768

• benchmark results against electron probes769

• perform quantitative experiments with increased statistics and acceptance in fully-exclusive kinematics770

• unique inverse kinematics: spectroscopy of A−2 final state; radioactive-ion beams and systematic studies along771

isotopic chains772

• explore alternative reaction kinematics (e. g. (p, pd))773

• need for many-body calculations774
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