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Probing the core of the strong nuclear interaction

A. Schmidt et al. (CLAS Collaboration)

The strong nuclear interaction between nucleons
(protons and neutrons) is the effective force that holds
the atomic nucleus together. This interaction stems
from fundamental interactions between quarks and
gluons (the constituents of nucleons) that are described
by the equations of Quantum Chromodynamics (QCD).
However, as these equations cannot be solved directly,
physicists resort to describing nuclear interactions
using effective models that are well constrained at
typical inter-nucleon distances in nuclei [1-5] but not at
shorter distances. This limits our current ability to
describe high-density nuclear matter such as in the
cores of neutron stars [6]. Here we use high-energy
electron scattering measurements that isolate nucleon
pairs in short-distance, high-momentum configurations
[7-9] to test nucleon-nucleon (/NNV) interactions at
previously unreachable short distances, corresponding
to relative momenta above 400 MeV/c. As the relative
momentum between two nucleons increases and their
separation thereby decreases, we observe a transition
from a spin-dependent tensor-force to a predominantly
spin-independent scalar-force. Using a nonrelativistic
potential approach, we find that of the two main types
of modern NN interactions, Chiral Effective Field
Theory (YEFT) interactions provide a good description
of our data up to their cutoff scale, while the
phenomenological AV18 interaction describe our data
well over the entire measured range of 400 — 1000
MeV/c. Accounting for relativistic effects using a Light-
Cone formalism extends the agreement between the
XEFT interactions prediction and the data over the
entire range, similar to the phenomenological
interactions. These results demonstrate the power of
using such measurements to study the nuclear
interaction at short-distances and also support the use
of point-like nucleons with two- and three-body
effective interactions to describe nuclear systems up to
densities several times higher than the central density
of atomic nuclei.

The primary experimental data used to constrain models of
the NN interaction come from NN elastic scattering phase-
shifts [1-5], measured up until the early 1990s. While this
approach is highly precise, its scope of applicability is
limited to relative momenta below the pion production
threshold, approximately 400 MeV/c.

We study the NN interaction at nucleon momenta between
400 and 1000 MeV/c by measuring properties of Short-
Ranged Correlations (SRCs), which are naturally occurring
local density fluctuations, caused by pairs of strongly
interacting nucleons at short distances [7-9].
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To this end, we measured large momentum-transfer quasi-
elastic (QE) electron scattering from a range of nuclei,
studying events with either one or two protons detected in
coincidence with the scattered electron (written as A(e,e p)
and A(ee’pp), respectively), see Fig. 1. These
measurements are done in kinematical conditions
dominated by the hard breakup of SRC pairs, see details
below. Models of the NN interaction are then tested by
comparing the measured SRC breakup data to calculations
using the Generalized Contact Formalism (GCF), an
approach in which the structure of the SRC pair is
factorized from the structure of the rest of the nucleus [10-
12].

We find our data to be sensitive to the properties of the
interaction between nucleons in SRC pairs, even up to 1000
MeV/e, i.e., four times the typical nuclear Fermi
momentum kr. Its comparisons with various GCF-based
calculations show good agreement, thereby validating the
GCF assumptions and the more-general use of point-like
nucleons with effective interactions for modeling the
nuclear interaction, even at very high-momenta where the
NN interaction is not directly constrained and where
experiments suggest significant modification of the
internal structure of bound nucleons [7, 13].

These conclusions are based on the following observations,
that are discussed in detail below: (1) the extracted fraction
of pp-SRC pairs increases linearly from nucleon momenta
of about 400 to about 650 MeV/c, and then appears to level
off. This indicates a transition from tensor to scalar NN
interactions at high-momenta, (2) The extracted initial
nucleon momentum and energy distributions, as well as
their correlation (i.e., the nuclear spectral function), are
remarkably well described by the non-relativistic GCF
model using the phenomenological AV18 NN interaction
[4] up to momenta of 1000 MeV/c. (3) Using local yEFT
NN interactions [5] also describe the data well, but only up
to ~ 600 MeV/c, which corresponds to the YEFT ‘cutoff.
This shows the importance of higher order corrections
above this cutoff, and (4) Using a light-cone formalism to
account for relativistic effects in the nuclear wave function
has little impact on the phenomenological calculations but
dramatically improves the agreement between the data and
XEFT calculations, significantly reducing the importance
of higher order corrections.

Our studies are done within the single-photon exchange
approximation [7-9, 14—18], where electrons scatter from
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Fig. 1 | Using Electron Scattering Measurements to Constrain the Nuclear Interaction. (a) 5 Giga Electron-Volt (GeV)
electrons from the Jefferson Lab accelerator impinge on nuclei and break apart short-range correlated (SRC) nucleon pairs. The
CLAS spectrometer is used to detect the scattered electron and knockout protons which allows reconstructing their initial state
inside the nucleus. (b) By combining many such measurements the distribution of such pairs inside the nucleus is assembled
and compared to theoretical calculations using different models of the strong nuclear interaction.

the nucleus by transferring a virtual photon carrying
momentum ¢ and energy . In the high-resolution one-
body view of QE scattering at large momentum transfer,
the virtual photon is absorbed by a single off-shell nucleon
with initial energy €; and momentum p;. If the nucleon
does not re-interact as it leaves the nucleus, it will emerge
with momentum py = p; + q and energy ey = w + €;.
Outgoing nucleon rescattering from other nucleons can
change the detected momentum and energy. However, we
can approximate the initial momentum and energy of that
nucleon as the measured missing momentum Piss =
Py — q = p; and the missing energy Episs =0 — Ty =
my —€; (where Ty = ey —my is the detected nucleon
kinetic energy). See Methods for discussion of nucleon
rescattering effects.

Without SRC pairing, almost all nucleons in atomic nuclei
occupy momentum states up to the nuclear Fermi
momentum kp (~ 250 MeV/c). However, nucleons in SRC
pairs move with momenta greater than kyr [7, 8]. When
Pmiss > kr, the knockout nucleon should therefore
predominantly be part of an SRC pair and the knockout of
one nucleon from the pair should be accompanied by the
simultaneous emission of a second (recoil) nucleon with
momentum Precoir = —P; [14 - 18], see Extended Data
Fig. 2.

2

Previous A(e,e’p) studies observed that non-QE reaction
mechanisms can lead to high p,,;ss events that are not due
to the knockout of nucleons from SRC pairs. To minimize
such contributions, our measurement was performed at
kinematics where non-SRC contributions were shown to be
suppressed [8, 19-21], namely: Q% =q%? - w? =2 1.5
(GeV/c*)? and xp = Q%/2myw = 1.2 (where my is the
nucleon mass) so that p,,;ss Was almost anti-parallel to q
and Q2 grows with P,,;ss. See Methods for details.
Previous measurements of A(e,e pN) reactions off “He and
12C, performed at these kinematics, have shown that
proton-neutron (pn) SRC pairs predominate over proton-
proton (pp) SRC pairs for 300 < piss < 600 MeV/e by
a factor of almost 20 [14-18]. This is due to a minimum in
the spin-0 pp pair momentum distribution and indicates the
dominance of the tensor part of the nuclear interaction in
that momentum range; it operates on spin-1 pairs and
therefore favors pn over pp SRC pairs (see Extended Data
Fig. 1) [7, 8, 19]. At higher missing-momentum, the
interaction is expected to be predominantly scalar, as the
repulsive core of the NN interaction becomes dominant.
This transition should lead to an increased fraction of pp-
SRC pairs [15].

Here we extend these studies by measuring the A(e,ep)
and A(e,e’pp) reactions for 400 < py,iss < 1000 MeV/c
for C, Al, Fe and Pb nuclei. The measurements were done



at the Thomas Jefferson National Accelerator Facility where k' and €, are the final electron momentum and

using a 5.01 GeV electron beam. The CEBAF Large
Acceptance Spectrometer (CLAS) [22] was used to detect
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and identify the scattered electron and knockout protons
and reconstruct their momenta, see Fig. 1.
We selected (e,e’p) events by considering all measured
events with a scattered electron with xg = 1.2 and a
“leading” proton detected within a narrow cone of 25°
around ¢, carrying at least 60% of the transferred
momentum (py/q > 0.6), and resulting in 400 <
Pmiss < 1000 MeV/c. (e,e’pp) events are a subset of
(e,e’p) events where a second, “recoil”, proton was
detected with momentum greater than 350 MeV/c. Due to
the large momentum transfer, which grows with p,,,;ss, the
recoil proton measured in (e,e pp) events has significantly
smaller momenta and a much wider angular distribution
than the high-momentum leading proton. See Extended
Data Figs. 3—6 for selected kinematical distributions of the
measured (e,e p) and (e,e pp) events.
To quantitatively relate observations to the underlying
nuclear interaction, we need to calculate the nucleon
knockout cross section starting directly from the NN
interaction.
At the high-Q* kinematics of our measurement the
differential A(e,e ’p) nucleon knockout cross sections can
be approximately factorized as [23, 24]:
Eq. 1
dbo
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Fig. 2 | Missing momentum dependence of one-
and two-proton knockout reaction yields.
Measured 2C(e,e’p) (a) and >C(e,e’pp) (b) event
yields and their ratio (c) shown as a function of the
(e,e’p) missing momentum and compared with
theoretical ~calculations based on the GCF
framework using different models of the NN
interaction. The width of the bands and the data error
bars show the model systematic uncertainties and
data statistical uncertainties, respectively, each at the
1o or 68% confidence level.

[24] and S(p;,€;) is the nuclear spectral function that
defines the probability for finding a nucleon in the nucleus
with momentum p; and energy €; [12]. Different models of
the nuclear interaction can produce different spectral
functions, making the measured cross sections sensitive to
the nuclear interaction model.

The two-nucleon knockout cross section can be factorized
similarly to Eq. (1) by replacing the single-nucleon spectral
function with the two-nucleon decay function that defines
the probability of finding nucleons with momenta p; and
Precoir Such that the A-1 system has energy E, [9, 17, 19].
See Methods for details.
Ab-initio many-body calculations of the nuclear spectral
and decay functions are currently computationally
unfeasible [1]. However, for the specific case of interacting
with SRC pairs (i.e. p; ® Pmiss > kr), we can effectively
approximate these functions using the GCF [10 - 12] which
assumes that at very high momenta, the nuclear wave-
function can be described as consisting of an SRC pair and

a residual A-2 system.

Therefore, in the GCF, the high-momentum proton spectral
function of Eq. 1 is approximated by a sum over pp and pn
SRC pairs, which allows calculating (e,e’p) and (e,e pp)
cross sections using different nuclear interaction models as
input [12, 18] (see Methods for details). Here we consider
two commonly used models: the phenomenological AV18
[4] and the Chiral EFT-based local N2LO [5] interactions,



as well as the simplified, tensor-less, AV4’ interaction. We
used the N2LO interaction with two “cutoffs”: 1.0 and 1.2
fm. The latter makes the potential tractable for many-body
nuclear calculations by smoothing out shorter-distance
structure (and reducing high-momentum strength).

The GCF calculation requires three additional input
parameters: (a) the relative abundance of spin-1 (i.e. only
pn-SRCs) to spin-0 (i.e. pp-, nn- and pn-SRCs) SRC pairs,
(b) the width of the center-of-mass (CM) momentum
distribution of SRC pairs and (c) the average excitation
energy of the residual A-2 system after the pair knockout,
Ej_,. For the aforementioned interactions (a) was
extracted from ab-initio many-body calculations of '*C [11,
25] and (b) was extracted from data [26], leaving E,_, as
the only unconstrained parameter.

To determine the systematic uncertainty of the GCF cross-
section calculation, we repeated it many times, varying the
input parameters each time and using the spread in the
resulting calculations as a measure of the calculation
uncertainty. For example, E,_, was varied between 0 and
30 MeV, corresponding to knockout of loosely and tightly
bound nucleons, respectively. See Methods for additional
details.

We compared the GCF cross sections to experimental data
using Monte Carlo integration, randomly generating
A(e,e’pN) events (assuming the reaction diagram shown in
Extended Data Fig. 2) and weighting each by the calculated
GCF cross section. Electron radiative effects were included
via a peaking approximation where the radiated photon is
emitted in the direction of either the incoming or outgoing
electron. Interaction effects such as final state interactions
(FSI) and single-charge exchange (SCX) of the outgoing
nucleons [8, 20, 21, 27 - 29] were accounted for using the
Glauber calculations of Ref. [20], which agree well with
experimental data [27 - 29]. As these effects are model-
dependent, we chose to include them in the calculated cross
sections, leaving the data fully model independent.

We further included detector acceptance and resolution
effects through a simulation of the detector by smearing the
momentum of each simulated particle based on the CLAS
momentum reconstruction resolution and re-weighting
events according to the product of the detection efficiencies
for each detected particle. Lastly, we discarded all
simulated events that did not pass the event selection cuts
that were applied to the data. See Methods for details.

The resulting calculated >C(e,e pp) and '>C(e,e p) yields
for the two different NN interactions are shown in Fig. 2
(a) and (b) as a function of p,,;ss. The calculations are
compared with the data and normalized to the integrated
number of measured (e,e p) events. The phenomenological
AV18 interaction describes the measured ppiss
distribution over the entire measured missing-momentum
range. The YEFT N2LO interactions describe the data well
up to about 600 - 700 MeV/c, consistent with their cutoffs.

The simplified AV4’ interaction, as expected, does not
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Fig. 3 | Nuclear spectral function at high momentum.
Measured 2C(e,e’p) (a-d) and '?C(e,e’pp) (e-h) event yields
shown as a function of E,;ss for different bins in (e,e’p)
Pmiss- The data are compared with theoretical calculations
based on the GCF framework, using different models of the
NN interaction. The arrows mark the expected energy for a
stationary pair with relative momentum that equals the mean
momentum of each missing-momentum bin (see Methods).
The width of the bands and the data error bars show the model
systematic uncertainties and data statistical uncertainties,
respectively, each at the 16 or 68% confidence level.

describe the momentum distributions well.

Figure 2 (c) shows the measured '*C(e,e pp) / *C(e,e’p)
event yield ratio as a function of p,,;ss, Which increases
linearly from 400 to about 650 MeV/c and then appears to
flatten out (see Extended Data Fig. 7 for similar behavior
observed for Al, Fe and Pb). The observed increase in this
ratio, i.e., the fraction of (e,e p) events with a recoil proton,
is qualitatively consistent with the overall trend expected
by a transition from a predominantly tensor to a
predominantly scalar interaction at high pyss-

This is supported by the observation that the fully-scalar
AV4’ interaction (i.e., which lacks the tensor force) agrees
with data at the scalar-dominated high-momentum region
but fails at tensor-dominated low-momentum region. In
addition, we see that the data agrees with the AV18 and
N2LO based GCF calculations. At high-momenta, these
calculations predict a pp-SRC pair fraction of ~1/3, which
is equal to the scalar limit one obtains by simple pair
counting, see Methods and Extended Data Fig. 12 for
details.

We also observe that the effect of the yEFT interaction
cutoff largely cancels in the '*C(e,e’pp) / '*C(e,e’p) yield
ratio leading to agreement with both the AV 18 predictions
and the data.



Next, we studied the nuclear spectral function S(p;, €;) by
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Fig. 4 | Relativistic effects in missing momentum

dependence of one- and two-proton knockout reaction
yields. Same data as shown in Fig. 2 (a) and (b) (i.e. measured
12C(e,e’p) (a) and '2C(e,e’pp) (b) event yields shown as a
function of the (e,e’p) missing momentum), but compared
with theoretical calculations based on the light-cone
relativistic version of the GCF using different models of the
NN interaction. The width of the bands and the data error bars
show the model systematic uncertainties and data statistical
uncertainties, respectively, each at the 1o or 68% confidence
level.

examining the correlation between the missing energy and
missing momentum of the '’C(ee’pp) and “C(ee’p)
reactions (Fig. 3). The average value of E,,;ss increases
with pp,iss, peaking at the expected value for the breakup
of an SRC pair at rest, marked by a red arrow in Fig. 3. This
supports our interpretation of the measured process being
dominated by interacting with an SRC pair with the A-2
residual system being a spectator [30].

The GCF calculations follow the same trend of the data.
However, while the AV18 interaction agrees with the data
over the entire E,;ss and p,,;ss range, the chiral interaction
underpredicts the yield at high p,,,;ss due to its cutoft.
Extended Data Figs. 4 — 6 show good agreement between
the data and GCF calculation for various other kinematical
distributions.

Two additional tests were done to ensure the suppression
of non-QE reaction mechanisms: (1) We compared the
A(e,e’p) and A(e,e’pp) Pmiss and Ejyiss distributions for
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nuclei from C to Pb and observed that they are identical
within uncertainties and (2) we examined in detail the
distribution of the kinematical variables that are most
sensitive to non-QE reaction mechanisms, such as the
angle between p,,;ss and ¢ [8, 19, 21], to find that they are
well described by the GCF-based simulation, see Extended
Data Figs. 8 and 9 and Methods for details.

Lastly, due to the high initial-momenta of the measured
protons, we assessed the possible impact of relativistic
effects on the nuclear wave-function in the GCF spectral
function. As fully relativistic nuclear potentials and wave-
functions are currently unavailable, the introduction of
relativistic effects can only be done in an approximate and
model-dependent manner. Here we used the relativistic
nuclear light cone (LC) formalism of [9], which was
previously used for SRC studies using nucleon knockout
reactions [17], see Methods for details.

Figure 4 shows relativistic LC calculations of the
2C(e,e’pp) and '*C(e,e’p) yields as a function of puiss,
along with the same data shown in Figs. 2a and 2b (see
Extended Data Fig. 14 for the LC equivalent of Fig. 3).
Comparing with the non-relativistic calculations of Fig. 2,
we observe that relativistic corrections do not produce a
large change in GCF calculations when using
phenomenological potentials, but do significantly impact
the yEFT-based calculations. This stems from the fact that,
in kinematics of our measurement, the relativistic treatment
reduces the effective relative momenta of the probed NN
pairs compared to the non-relativistic case presented
above. For the yEFT calculations, this change reduces the
probed relative momenta back towards their effective cut-
offs even at very high puis, resulting in much better
agreement with the data. This suggests that a relativistic
treatment could reduce the necessity of applying higher
order corrections in yEFT calculations at large pmis.

Thus, we conclude that the large momentum transfer
electron scattering measurements reported here are both
sensitive to the detailed characteristics of the NN
interaction at high relative momenta and well-described by
the theoretical calculations presented above. This is
surprising, not only because the input NN interaction
models were not directly fit to high-momentum data, but
also because previous studies have indicated that the large
spatial overlap and high-virtuality of nucleons in SRC pairs
may change their internal quark-gluon sub-structure [7,
13]. The fact that GCF calculations reproduce our data over
the entire measured €,,;5s— Pmiss range suggests that such
modification does not significantly impact the effective
modeling of the nuclear interaction.

Our results therefore provide strong support for the use of
point-like nucleons with effective interactions for
modeling both atomic nuclei and dense astrophysical
systems such as neutron stars, whose outer core already
exceeds nuclear saturation density.



The success of the framework presented here for studying interaction by extending the GCF to model forthcoming
the NN interaction also paves the way for future studies of three-nucleon knockout measurements.
the loosely constrained three-nucleon (i.e. NNN)
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Methods:

CLAS Detector and Particle Identification:

CLAS was a 6-sector toroidal magnetic spectrometer [22]. Each sector was equipped with three layers of drift chambers,
time-of-flight scintillation counters, Cerenkov counters, and electromagnetic calorimeters. The drift chambers and time-
of-flight scintillation counters covered in-plane scattering angles from about 8° to 140°, while the Cerenkov counters and
electromagnetic calorimeters covered about 8° to 45°. The 6 sectors collectively offered =80% out-of-plane angular
coverage.

Charged particles interacted in the drift chambers, allowing reconstruction of their trajectories as they bent due to the
influence of the toroidal magnetic field. The charge of charged particles (electrons and protons in this work) and their
momenta were determined from their reconstructed trajectories. We consider only charged particle whose trajectories
were reconstructed to originate in the location of the solid target foil, see [31] for details.

Electrons were distinguished from pions by requiring a large signal in the Cerenkov counters, as well as a large energy
deposition in the Electromagnetic Calorimeters that is proportional to momentum. Protons were identified by requiring
that their time-of-flight, measured by the scintillation counters, be within two standard deviations of the calculated time-
of-flight based on the momentum reconstructed in the drift chambers, assuming the particle has the mass of a proton.

GCF Model:

The derivation of the GCF and its application for describing SRCs in nuclei are detailed in Refs. [10 - 12, 25,32, 33]. It
is applicable at missing momenta where SRC dominates [11]. Here we review its main characteristics that are relevant
for this work.

The GCF is a generalization of the atomic contact formalism, successfully used to describe scale-separated, strongly
interacting, two-component Fermi systems. It assumes that at very high momenta, the asymptotic nuclear many-body
ground state wave function ¥4 can be factorized into an SRC pair and a residual A-2 system as [10, 11]:

p —00 ~ ~
Eq.2 | AN 2 ?12(P12)AT> (P12' {Pk}kﬂ,z)»
a

where a denotes the SRC pair quantum numbers, ¢, (p;2) are universal two-body functions of the relative momentum
of the SRC pair p;, = (p1 — P2)/2, and A%, describes the motion of the A-2 system with total pair CM motion, Py, =
(p1 + P2). % (p12) are normalized such that the integral over |@%, (p12)|? from kr to infinity equals 1 [10, 11].
Under this approximation, the asymptotic high-momentum proton spectral function (Eq. 1) can be written as a sum over
SRC pairs [12]:

Eq.3 SP(pi, €) = Con "Spn (01, €) + C5r %S’ (01, €) + 2C55°S55° (v, €,
where Cyy are the nuclear contacts, which measure the probability to find a proton-proton (pp) pair or a proton-neutron
(pn) pair with quantum numbers o close together. The functions Sgy (p;, €;) are the individual contributions of these
pairs to the total spectral function. The s = 1 state corresponds to the spin-one deuteron state, and s = 0 corresponds
to the spin-zero s-wave state.
The single-pair spectral function Sgy (p;, €;) is given by a convolution of its relative and CM motion:

1 (dPrecoi o
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and

Eq- 5 f(precoil) = € + €recoil — My + \/P(?M + (mA—Z + EZ—Z)Z ,



where Pcy = Pi + Precoit> Prel = |Pi — Precoitl /2, Ny (Pey) is the CM momentum distribution of the SRC pair

given by CEnvnin (Pea) = (A% (Peu) 1A%, (Pey)), my and my_, are the ground state masses of the initial A and final

A-2 nuclear systems, E,_, is the excitation energy of the A-2 system, and €,¢¢oj is the energy of the recoil nucleon. We

assume that the pair CM momentum distribution is the same for all pairs: nyy(Pcy) = ney (Pep). The step function

(E)(prel - pT";‘in) ensured that we only integrate over pairs with large relative momentum, since the GCF models only

SRC pairs that are expected to dominate above kr. We note that while the universal functions used here are non-

relativistic, we use relativistic expressions for the nucleon energies since the kinematics of the measured high-Q*

processes is highly relativistic.

The integrand of Eq. 4 is called the two-body decay function D, (P;, Precoit» Er), Which represents the probability for a

hard knockout of a nucleon with initial momentum p;, followed by an emission of a recoil nucleon with momentum

Precoit [9, 17, 18, 34]. Eg is the energy of the A—1 system, composed of the recoil nucleon and the residual A — 2

nucleus. Integrating the decay function over all recoil nucleon momenta (P;¢c0i;) yvields the spectral function.

The GCF model, as presented above, requires four external inputs:

1. Nuclear contact values (Cxfy): For the AV18, AV4’, and N2LO we use nuclear contacts that were previously
extracted from analyses of two-nucleon momentum distributions [11, 25], obtained from many-body Quantum
Monte-Carlo calculations for C [35, 36]. Because we normalize the simulated event yields to the integrated number
of (e,e’p) data events, our calculations are only sensitive to the relative values of the contacts.

2. Universal @%,(p,,) functions: These are taken as the solution of the two-body Schrodinger equation for nucleon
pair 1-2 with quantum numbers a, see Refs. [10, 11] for details. @5, (p412) are nucleus-independent, but depend on
the NN interaction model used in its calculation. In the case of the spin-1 (s = 1) quantum state this amounts to the
deuteron wave-function shown in Extended Data Fig. 1 (a). For the spin-0 (s = 0) quantum state it is the zero-energy
solution of the two-body NN system, see Extended Data Fig. 1 (b) for the pp channel.

3. SRC pairs center-of-mass momentum distributions: These distributions were studied both theoretically [37, 38] and
experimentally [15, 26, 39, 40] and were found to be well described by a three-dimensional gaussian that is defined
by its width. For the nuclei considered here, both measurements and theoretical calculations show this width to be
about 150 + 20 MeV/c [26].

4. Excitation energy of the A-2 system: Unlike the other inputs mentioned above, E;_, was never measured before and
can therefore take any value up to an order of the Fermi-energy (~ 30 MeV).

We note that as mentioned in main text, calculations of the nuclear spectral function are not feasible for generic nuclear

systems. However, for the specific case of three-nucleon system and nuclear matter such calculations are feasible and

their results agree with the model presented above [30].

GCF Event Generator, FSI, and SCX Corrections:
The GCF-based event generator used here simulates the reaction shown in Extended Data Fig. 2, in which an electron
has a hard scattering from a nucleon in an SRC pair within a nucleus, causing both the struck nucleon and the correlated
partner nucleon to be ejected from the nucleus. The generator generates particles over the full phase-space by sampling
events randomly from the probability distribution:

1 1

1 1
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and produces a list of events, each containing momentum vectors for a scattered electron (p,), a leading nucleon (py),
and a recoil nucleon (P;qc0i7)- The cross section for each event is calculated based on the integrand of Eq. 4 above and
is given by:

d8c OeN ENETECOLlpiecm_l e(prel p:«réiln)nCM(PCM)
dQ? dxp doe d3Pcy dnrec01l - 32m* IErecml(precml_Zcosezrecotl)"’ENprecotll 2EpeamEexp Za C |(pNN (prel)l ’
where Z = q + Py and 05 ¢ 18 the angle between Z and p,.oc;;. For the case of pp pairs channels, Cj, is equal to
twice the nuclear contact for that channel. The starting weight w for each event is then given by do/P:

2 min
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The generation of events also includes electron radiation effects, introduced using the peakmg approximation detailed
in Ref. [41].
To compare our event generator to data, we take the following steps:

e Generate Monte Carlo events as explained above,

e Multiply the weight of each event by the CLAS detection efficiency for the particles detected in that event,

e Smear the generated electron and proton momenta to account for the CLAS resolution,
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e Reject events with particles outside of the fiducial region of detected particles in CLAS,

e Apply the same event selection cuts used to select data-events.
We accounted for transparency and single-charge exchange (SCX) following Refs. [18, 20] by constructing the following
relations:

Exp _ GCF . pbP . 7NN
Eq.9 O-A(e,e'pp) - GA(e,e’pp) PA Ty" +
GCF . plnlp ., »NN
O-A(e,e'np) PA TA +

GCF . pp[nl . »NN
GA(e,e'pn) PA TA P
Exp _ GCF GCF . pPD . N
JA(e,e'p) - (JA(e,e'pp) + O-A(e,e’pn)) PA Ty +
GCF .pnlp . pN
JA(e,e'np) PA TA +
GCF .plnin  »N
O-A(e,e'nn) Py Ty,

where o ¢Fare the GCF simulated events for process X without FSI or SCX, and the P4 and T, factors are multiplied to

the event weights to account for SCX and transparency probabilities, respectively. We note that the Pa and T, factors do
not impact the kinematics of the calculated events.

TNV refers to the transparency for both the leading and recoil nucleons being emitted simultaneously, while T refers to
the transparency for the leading nucleon independent of the recoil nucleon. We assume that the transparencies for protons
and neutrons are the same, and therefore independent of SCX.

As SCX probabilities are different for protons and neutrons and high and low momentum, the NN superscript notation
in the P factor mark the exact process being considered, such that particle with (without) square brackets are the ones

that undergo (do not undergo) SCX. For example PA[p]p is the probability that a leading proton in a pp pair undergoes

SCX, PAp[p] is this probability for the recoil proton and PP =1 — PA[p]ZZJ - PAp[p] is the probability that no proton
undergoes SCX. As can be seen, SCX change final state neutrons to protons and vice versa. We note that we neglect
cases where more than one particle undergoes SCX as these have negligible probability.

The values used for these probabilities are listed in Extended Data Table I.

Model Parameters and Systematic Uncertainties:
Uncertainty on the event-generator input parameters (e.g., CLAS resolution factors, transparency factors, SCX
probabilities, Nuclear Contacts, SRC pair center-of-mass motion, A—2 system excitation energy, and the pair relative
momentum value for the onset of the SRC regime) contributes to the systematic uncertainty of the calculation. We
accounted for that by simulating a large number of “universes”, in which these input parameters are each randomly
drawn from prior probability distributions. We then examined the spread of the generator results across this space of
universes to produce a systematic uncertainty band that captures 68% of the examined parameter combinations.
The following values and Gaussian uncertainties were used for these parameters (specific for '2C):

® ocum, the gaussian width of the SRC pair center-of-mass momentum distribution [26]: 150 £ 20 MeV/c.

e The nuclear contacts for AV18, AV4’ and N2LO(1fm) are taken from Ref. [25], specifically the k-space fits in the

supplementary materials Table 1.
e SCX and nuclear transparency probabilities and uncertainties are given in Extended Data Table I, taken from Ref.
[18] (SCX) and [14] (transparency).

e [E,_,, the excitation energy of the residual A — 2 system, was varied uniformly between 0 — 30 MeV.

e The p™™ cutoff in the universal two-body functions was varied uniformly between 250 and 350 MeV/c.

e The simulated electron resolution was varied uniformly between 1.0 — 1.5%.

e  The simulated proton resolution was varied uniformly between 0.8 — 1.2%.

o The off-shell electron-nucleon cross section was chosen to be either occi or ocez from Ref. [24].
Estimate of relativistic effects using the nuclear light-cone formalism:
The nuclear LC formalism allows accounting for relativistic effects in the two-body nuclear wave function. Its derivation
is detailed in Ref. [9, 52, 53]. Here, we review its incorporation into the GCF model, the results of which are shown in
the main text to assess the possible impact of relativistic effects.



In the LC formalism, standard momentum vectors are replaced by (a, p.) where p. is the component of the momentum

/m12V+p2—p||

vector transverse to q and a = . Using these notations, the LC equivalent for the GCF universal functions are

mA/A
given by [9]:
1PN ()2
Q10 pfin(@rer Press) =S —— [mi + k2,
= Qe
where
2 2
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is the effective pair relative momentum probed relativistically, k, = —t-recetbt —recolltil

, and @xy are the non-
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relativistic universal functions defined previously, pye; ; = > (pl-, L — Precoil, l), and @, = af;ﬂ Similarly, the SRC
i recoil
pair c.m. distribution is given by:
2
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Where pey1 = Pit + Precoir» and ey = @3 + Qpegoi. Performing all appropriate variable substitutions and
computing the relevant Jacobian, one finds that the LC equivalent of Eq. 7, i.e.:

d8c
Eq. 13 > 3 =
dQ? dxp dde d3Pcp dQrecoil
2 _,min , 2 4 Kk2
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which can be obtained by simply substituting into the right hand side of Eq. 7: |@%y (Pre)|? = pin(a,p.) and
Ney (Pem) = Pem (ocCM, Pcm, J_) and by inserting the necessary Jacobian factors resulting from the transformation from
p to (a,p.). Following these modifications, the rest of the LC calculation follows exactly the non-relativistic description
above.

The importance of relativistic effects at high-momenta can be seen by considering the simple case of scattering off a
forward vs. backward going nucleon in the deuteron. Without accounting for relativistic effects, in the forward scattering
case (i.e. recoil nucleon at 180° to q) the maximally allowed momenta of the recoil nucleon equals (3/4)mn, while in the
backward scattering case (i.e. recoil nucleon at 0° to q) there is no kinematical restriction on the momenta of the recoil
nucleon. The LC formalism presented above removes this asymmetry [9].

As mentioned in the main text, while studied in detail [9, 52, 53] and used by previous works to analyze proton induced
knockout reactions [17], the LC prescription used here to account for relativistic effects is approximate and model-
dependent. The accuracy of Eq. 10 was previously studied by Ref. [51] using simple covariant models for which the
four-dimensional solution of the Bethe-Salpeter wave function can be obtained, to find that for these models Eq. 10
requires corrections on the scale of 5% - 10% for the kinematics of the current experiment. This is encouraging; however,
these estimations are based on simple models and should be extended in the future for more realistic interactions.

Measurement Kinematics and Reaction Mechanism Effects:

Experimentally, we measure final-state particles and reconstruct the initial state of the nucleons, before the electron
interaction, based on modeling of the electron scattering reaction. This work focuses on the specific interpretation of the
data in terms of QE electron scattering from a single nucleon, as shown in Extended Data Fig. 2. However, as shown by
previous studies, the reaction can also include contributions from (1) meson-exchange currents (MEC), (2) isobar
currents (exciting the struck nucleon to an intermediate excited state), (3) elastic and inelastic nucleon rescattering (final-
state interactions, FSIs), and (4) single charge exchange (SCX) reactions, that would all lead to a similar final state as
the QE scattering reaction. The relative contribution of these reaction mechanisms depends on the kinematics of the
experiment [19 — 21, 42 - 46], see Ref. [8] and references therein for a detailed discussion and review of previous
experimental and theoretical studies.

MEC are suppressed as 1/Q* compared to SRC pair breakup, and their contribution in our kinematics is therefore small.
Isobar currents are suppressed for xg > 1, as, for a given (%, the virtual photon transfers less energy and is less likely to
excite the nucleon to an isobar current.

For high missing momentum events, elastic FSIs include rescattering of the outgoing nucleon with the other nucleon of
the SRC pair or with the other nucleons in the residual nucleus. At large knock-out nucleon momenta, such rescattering,
as well as SCX interactions, can be estimated using a generalized Eikonal approximation in a Glauber framework [20,

10



21, 47], previously shown to well-reproduce experimental data [27 - 29]. These calculations show that in our kinematics,
elastic FSIs are largely confined to nucleons in close proximity, and the largest part of the scattering cross section can
be attributed to rescattering between nucleons of the SRC pair [48]. Therefore, FSI predominantly leads to flux reduction
that can be quantified in terms of a transparency factor.

SCX can turn proton knockout events into neutron knockout events via (p,n) processes, which reduces the yield and is
accounted for as part of the transparency factors. SCX can also turn neutron knockout events into (e,e p) events via (n,p)
reactions, which increases the yield.

In addition, rescattering between the knockout and recoil nucleons (i.e. the nucleons of the pair) can also distort the
kinematics of the measured events. Previous studies of the deuteron shows that in the kinematics of the current
measurement, such internal pair rescattering is strongly suppressed [46].

Thus, the two main reaction mechanisms that effect our measurement are transparency reductions and SCX
enhancements due to neutron knockout interactions.

One should note that this simple QE picture, with suppressed elastic FSIs, is strongly supported by the fact that it
describes well both high-Q? electron-scattering data and high-energy proton scattering data [17, 40], that have very
different reaction mechanisms. In addition, the results of the electron and proton-scattering experiments give consistent
SRC-pair isospin ratios [14, 17, 18] and CM momentum distributions [26, 39, 40].

Tests of Contributions from Non-QE Reaction Mechanisms:

Non-QE reaction mechanisms, beyond those accounted for by the SCX and transparency corrections, such as small-
angle leading-nucleon rescattering, can modify the measured kinematics and therefore interfere with the interpretation
of the data. By changing the leading-nucleon momentum, rescattering can cause events with high missing-momentum
that originate from interactions with low initial-momentum nucleons. We performed several experimental tests of these
effects.

(1) Rescattering should increase with atomic mass, but the properties of SRCs should be very similar for different
nuclei [7 -9, 48]. Therefore we examined the nuclear mass (A) dependence of the data, for A =12 (C), 27 (Al),
56 (Fe), and 208 (Pb). See Extended Data Figs. 3-5 for the missing momentum, xs, Q* and angle between
missing-momentum and momentum transfer (q) of the measured A(e,e p) and A(e,e pp) event yields, as well as
for the missing momentum dependence of the measured A(e,e pp) / A(e,e p) yield ratio. In all cases the data for
the different nuclei are very similar, indicating that A-dependent effects are small.

(2) Leading-nucleon rescattering would give a peak in the 8, ., (the angle between the momentum transfer and
the missing momentum) distribution at 110° (non-relativistically, that peak would be at 90°) 8, 21]. Extended
Data Fig. 4 shows the 6,, ., distribution for all four nuclei and the GCF 12C calculations. There is no peak in
either the data or the calculation at the expected rescattering maximum. In addition, the 6), ., distributions are
similar for all nuclei, whereas rescattering should increase with A. These are further indications that rescattering
is small for this data.

(3) Light-cone momentum densities are sensitive to longitudinal momentum components relative to the momentum
transfer [19, 21]. Calculations show that while nucleons that undergo rescattering change both their energy and
momenta, at large-Q? and anti-parallel kinematics the difference between the nucleon energy and its momentum
component along the q vector direction, which is proportional to its light-cone momentum, is approximately
conserved [21]. Therefore, we expect for light-cone momentum distributions to be well reproduced by the GCF
calculation.

The light-cone momentum fraction carried by the interacting nucleon is defined as: ;55 = ay — @4, Where

ay =2 i —
my/A my/A
reactions for both data and GCF calculations. For completeness, it also shows the light-cone pair CM momentum

and a4 = Extended Data Fig. 10 shows the distribution of a,,;s for (e,e’p) and (e,e pp)

a
distribution @, = Ay + Apecoir (Where Qpecoi = W) for the (e,e pp) reaction for both data and GCF
calculations. a,y;ss ranges from 1.2 to about 1.6, spanning the expected range for 2N-SRC pairs dominance [19].
a.m. is centered around the expected value of 2. As expected, all light-cone momentum distributions show
overall good agreement between the data and calculations.

(4) As the data and calculations shown in Extended Data Fig. 4 are integrated over missing momentum, they are
dominated by low missing-momentum, potentially masking issues at high missing momentum. To address this,
Extended Data Figs. 8 and 9 show the distribution of the components of the missing momentum in the direction
longitudinal and transverse to the momentum-transfer q, in bins of missing momentum for the (e,e p) (Fig. 8)

and (e,e pp) (Fig. 9) reactions for both data and GCF calculations. In all missing-momentum bins, the data and
11



simulation show good agreement, and the kinematics are predominantly anti-parallel with the longitudinal
component being larger than the transverse.

To supplement the light-cone momentum density discussed in point (3) above (which is sensitive to the
longitudinal component of the missing momentum), we also note that we do not see any enhancement of the
transverse component of the missing momentum, as compared with the GCF expectation. Such enhancement is
a typical signature of small-angle elastic scattering, which is not included in the GCF calculation but could be
present in the data. The agreement of the data with the GCF calculation suggest that such scattering does not
contribute significantly to the data.

(5) Lastly, we note the different missing momentum dependence of the measured and simulated (e,e p) and (e,e ‘pp)
event yields. As can be seen in Fig. 2, while the (e,e’p) distribution falls over two orders of magnitude, the
(e,e pp) distribution is much flatter and only varies over one order of magnitude. If both distributions were driven
by rescattering of low initial-momentum nucleons as they exit the nucleus, leading to the emission of a recoil
nucleon and formation of large missing momentum, both distributions should have similar missing-momentum
distributions.

We note that all conclusions mentioned above hold true also when relativistic corrections are introduced to the

calculations.

Initial Nucleon Energy:
We use the convention that the spectral function depends on €;, the initial off-shell energy of the struck nucleon prior to
scattering. The expected initial off-shell energy for nucleons in a stationary pair is given by: €; = my —my_, —

/piz + m%, which is shown by purple arrows in Fig. 3.

Scalar Limit Estimation:
The general expectation for a fully scalar NN interaction and a symmetric nucleus, is that the abundance of pairs will be
equal for all isospin, spin, and spin-projection states. This implies that the number of spin-1 pn-SRC pairs should be
three times the number of spin-0 pp-, pn-, and nn-pairs due to the three possible spin orientations. Therefore, simple
counting implies:
#e'pp 2N35° 2NS$=0 1

Eq.14 #erp = 2N§§°+N§%’+N§§1 - (2+1+3)NS=0 —3
where Niy° is the number of NN pairs in a spin S state. This limit is shown as the dashed line labeled ‘scalar limit’ in
Extended Data Fig. 12 (a).

Cutoff Dependence and Non-Local Chiral Interactions:

In addition to the local interactions studied in this work, nuclear structure calculations are often performed using non-
local interactions, that feature different high-momentum asymptotic behavior as compared to the local ones. The Chiral-
EFT versions of these interactions have momentum-space cutoffs and are considered to be ‘softer’ than the local
interactions studied here.

The main limitation for studying such interactions using the GCF framework presented here is that, at the moment, there
are no available calculations of the two-nucleon momentum distribution in '*C using these interactions. Therefore, we
are unable to determine the nuclear contacts for these interactions in a fully theoretical fashion as is done for the local
interactions considered above.

One previous work [12] studied the non-local N3LO(600 MeV/c) interaction [5] using the GCF by extracting the ratio
of spin-1 to spin-0 contacts from a fit to the experimental data of Refs. [14, 15]. While this procedure can’t be compared
on equal footing with the fully theoretical predictions we have for the local-interactions, it is still interesting to see how
they compare with each other and with the data. This comparison is shown in Extended Data Fig. 11, which is equivalemt
to Fig. 2 of the main text. As can be seen, the non-local N3LO(600 MeV/c) interaction seems to reproduce the
experimental data well up to its cutoff, but then decays faster than the local interactions. This is an encouraging
observation as the 600 MeV/c cutoff of this interaction is well above the 350 MeV/c cutoff of the NN phase-shifts used
in its construction.

It is interesting to note that its predictions are quite similar to those of the N2LO(1.2 fim) interaction. Future studies will
focus on using the experimental data provided in this work (which is much more detailed than that of Refs. [14, 15]) to
fit the nuclear contacts for different local and non-local interactions and study the dependence of the results on the chiral
expansion order and cutoff.
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For completeness, we note that from a theoretical standpoint, the reaction diagram used for the GCF calculations and
shown in Extended Data Fig. 2 can be viewed as a ‘high-resolution’ starting point for a unitary-transformed calculation
[50]. As a thought exercise, the YEFT NN interactions used here can be considered as resulting from applying unitary
transformations to models that have shorter distance / higher-momentum cutoffs. As this process would introduce many-
body interaction currents to the description of the electron scattering reaction, the use of a high-resolution (one-body)
reaction description with yEFT interactions, as done in this work, is non-trivial. This is one explanation for the
disagreement between the data and calculations at high puis. The data presented here can therefore quantify the
importance of such many-body effects and demonstrate that they become significant only above the cutoff for non-
relativistic calculations and at much higher momenta when relativistic effects are accounted for. This can help guide
future studies of effects such as relativity and non-nucleonic degrees of freedom.
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perpendicular (¢ - h, m - p) to the momentum transfer q for different missing-momentum vector
magnitudes. Colored bands show GCF calculations using different NN interaction models The width of
the band and the data error bars show the model systematic uncertainties and data statistical uncertainties,

respectively, each at the 1o or 68% confidence level.
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Table 1 | Single Charge Exchange and Transparency Probabilities: calculated for *C.

pep plrlp prlrl pleel penl pleln poe pllp polel ploel prinl ™ T
90.8% | 4.1% | 4.8% | 0.3% | 4.1% | 3.5% | 92.2% | 3.5% | 4.1% | 0.2% | 4.8% | 53% | 44%
+ + + + + + + + + + + + +
0.6% | 0.3% | 0.3% | 0.02% | 0.3% | 0.2% | 0.5% | 0.2% | 0.3% | 0.01% | 0.3% | 5% | 4%
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