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The strong nuclear interaction between nucleons (protons and neutrons) is the
effective force that holds the atomic nucleus together. This force stems from
fundamental interactions between quarks and gluons (the constituents of nucleons)
that are described by the equations of quantum chromodynamics. However, as these
equations cannot be solved directly, nuclear interactions are described using
simplified models, which are well constrained at typical inter-nucleon distances' but
not at shorter distances. This limits our ability to describe high-density nuclear matter
such as thatin the cores of neutron stars®. Here we use high-energy electron scattering
measurements that isolate nucleon pairs in short-distance, high-momentum
configurations’?, accessing a kinematical regime that has not been previously
explored by experiments, corresponding to relative momenta between the pair above
400 megaelectronvolts per c (¢, speed of light in vacuum). As the relative momentum
between two nucleons increases and their separation thereby decreases, we observe a
transition from aspin-dependent tensor force to a predominantly spin-independent
scalar force. These results demonstrate the usefulness of using such measurements to
study the nuclear interaction at short distances and also support the use of point-like

nucleon models with two- and three-body effective interactions to describe nuclear
systems up to densities several times higher than the central density of the nucleus.

Thebinding of nucleons (V) in nuclei disrupts the relationship between
their mass, m,, energy, €,and momentum, p, such that €2 # (m,c??+ (pc)>
Therefore, describing atomic nuclei requires modelling the interac-
tions of ‘off-shell’ nucleon pairs and triplets. Modern models of the
nuclear interaction, however, are primarily constrained by free (on-
shell) nucleon-nucleon (NN) scattering data.

Occasionally, nucleon pairs at a short distance interact strongly,
leading to very high momentum and nucleons that are correspondingly
highly off-shell. These naturally occurring high-density fluctuations are
called short-range correlations (SRCs)”°. We endeavour to test whether
modern NNinteraction models can be used effectively to describe the
interaction of these highly off-shell nucleons.

To this end, we measured large momentum-transfer electron scat-
tering from a range of nuclei, studying events where the electron, e,
scatters quasielastically from a bound nucleon, with either one or
two protons, p, detected in coincidence with the scattered electron,
e’. These reactions are written as A(e, e’p) and A(e, e’pp) for one and
two protons, respectively; where in our experiment A stands for 2C,
ZAl, >°Fe, 2°8Pb. (Fig. 1 shows a schematic of the two-proton knockout
reaction.) These measurements are done in kinematical conditions
dominated by the hard breakup of SRC pairs.

Our main observation is that in all measured nuclei—carbon, alu-
minium, iron and lead—the extracted fraction of proton-proton (pp)

SRC pairs increases linearly from nucleon momenta of about 400 to
about 650 MeV/c, and then appearsto level off. Thisindicates a transi-
tionfromaspin-dependent (tensor) to aspin-independent (scalar) NN
interaction at high momenta. This transition is also observed in NN
interaction models based on either phenomenological or chiral effec-
tivefield theory (XEFT), provided that they include a tensor interaction.
The good agreement of the calculations with our data confirms the
scalar nature ofthe NNinteraction at very highmomenta and validates
the use of point-like nucleons with effective interactions for modelling
the nuclearinteraction. This holds true even where the NNinteraction
is not directly constrained because the nucleons are highly off-shell.

Electron scattering SRC studies

Electron scattering is well described by single-photon exchange”™,
where electrons scatter from the nucleus by transferring a single
virtual photonwith momentum q and energy w. Inthe high-resolution
one-body view of quasielastic scattering at large momentum transfer,
thisvirtual photonis absorbed by asingle off-shell nucleon with initial
energy €;and initial momentum p,.

If the nucleon does not re-interact as it leaves the nucleus, it will
emerge with momentum p, = p; + q and energy €, = @ + €;. Outgoing-
nucleon rescattering from other nucleons can change the detected
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Fig.1|Using electronscattering measurements to test the nuclear
interaction. 5-GeV electrons fromthe Jefferson Lab accelerator (top left)
impinge onnucleiand break apart SRC nucleon pairs (top middle). The CLAS
spectrometer (top right) is used to detect the scattered electrons (green
spheres) and knockout protons (blue spheres), which enables the

momentum and energy. However, we can still approximate the ini-
tial momentum and energy of that nucleon as the measured missing
momentum p,;s = Py— q = P;and missing energy £, =@ - Ty=my—¢€;
(where T, =€y—myis the kinetic energy of the detected nucleon).

Unlike nucleons in SRC pairs, almost allnon-SRC nucleons in atomic
nuclei occupy momentum states up to the nuclear Fermi momentum
k; (approximately equal to 250 MeV/c). Therefore, when p,i.s > k¢
(Prmiss = |Pmiss)), the knockout nucleon should predominantly originate
from an SRC pair and should be accompanied by the simultaneous
emission of the other (recoil) nucleon withmomentum!*?5%p _.~—p,
(see Extended Data Fig.1).

Previous A(e, e’p) studies observed that more complicated (non-
quasielastic) reaction mechanisms canlead to high-p,..,.eventsthatare
notaresult of the knockout of nucleons from SRC pairs. To minimize
such contributions, our measurement was performed at kinematics
where these non-SRC contributions were shown to be suppressed®”™?,
namely: the momentum transfer squared, Q*= q* - w*2 1.5 GeV?/¢?,
and the Bjorken scaling variable, x; = Q%/(2myw) > 1.2, so that p,;.
was almost anti-parallel to q, and Q* grows with p,.;.. See Methods
for details.

Previous measurements of A(e, ¢ pN) reactions off *He and 2C, per-
formed at similar kinematics, have shown that proton-neutron (pn)
SRC pairs predominate over pp SRC pairs for 300 < p,,;;s < 600 MeV/c
by a factor of almost 20 (refs.'°*%), This is due to the dominance of
the tensor part of the NN interaction in this momentum range. The
tensor force only operates on spin-1 NN pairs. As spin-1 pp SRC pairs
are suppressed by the Pauli exclusion principle, there are far more pn
pairs than there are pp SRC pairs™®?,

At higher missing-momentum values, where the repulsive core of
the NNinteraction is expected to become dominant, the interaction
should be predominantly scalar; thatis, it should operate on both spin-0
and spin-1pairs. This transition should therefore lead to an increased
fraction of pp SRC pairs. Previous work" saw initial evidence for such
anincrease, but the data were statistically limited.

Here we extend these studies by measuring the A(e, e’p) and A(e, €'pp)
reactions for400 < p,,<1,000 MeV/cfor 2C, ”Al, *Fe and 2°°Pb nuclei.
The measurements were performed at the ThomasJefferson National
Accelerator Facility using a 5.01-GeV electronbeam. The CEBAF Large
Acceptance Spectrometer (CLAS; Fig.1)* was used to detect and iden-
tify the scattered electron and knockout protons and reconstruct their
momenta; see Methods for details.

CLAS
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reconstruction of theirinitial state inside the nucleus. By combining many such
observations, the distribution of such pairsinside the nucleusis assembled and
compared to theoretical calculations using different models of the strong
nuclearinteraction. Bottom left, representative datareproduced from
Extended Data Fig. 8.

Weselected (e, €’p) events by considering all measured events with a
scattered electron withx; >1.2and a‘leading’ proton (momentum p,,)
detected within a narrow cone of 25° around the momentum transfer
vector q, carrying at least 60% of the transferred momentum (p,/g>0.6;
g=1ql), and resulting in 400 < p,.;,s <1,000 MeV/c. (e, €' pp) events are
asubset of (e, €’p) events in which a second ‘recoil’ proton is detected
with momentum greater than 350 MeV/c. This recoil proton has much
smaller momentaandamuch wider angular distribution than the high-
momentum leading proton. See Extended Data Figs. 2-5 for selected
kinematical distributions of the measured (e, €’p) and (e, €’pp) events.

Cross-section modelling

To quantitatively relate observations to the underlying nuclearinterac-
tion, we need to calculate the nucleon knockout cross-section starting
directly from the NNinteraction.

At the high-Q? kinematics of our measurement, the differential
A(e, €’p) nucleon knockout cross-sections can be approximately fac-
torized as'**

o o s, o
dﬂk/de,gdodeeN PyEnOeyS(Py; €

where O, and Q, arethescattered electronand knockout protonsolid
angles, k’ (py) and ¢/ (¢,) are the final electron (proton) momentum
and energy, 0,, is the off-shell electron-proton cross-section” and
S(p, €;) isthe nuclear spectral function that defines the probability for
finding a nucleon in the nucleus with”? momentum p, and energy €.
Different models of the nuclear interaction can produce different spec-
tral functions, making the measured cross-sections sensitive to the
nuclear interaction model.

This commonly used approximation only considers the case inwhich
thevirtual photon couples to asingle nucleon, described using a one-
body reaction operator. However, the full cross-section also has contri-
butions frommany-body operatorsin which the virtual photon couples
to more than one nucleon. The contribution of this latter interaction
depends onthe NNinteractionmodel usedinthe calculationandisvery
hard to calculate. However, comparisons between experimental data
and thismodel canindicate the size of the many-body contributionsin
different kinematical regimes, which can be later quantified by more
detailed calculations.
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Fig.2|Dependence of the two-to one-proton knockout reactionyield

ratio onthe missing momentum. Measured (e, e’pp)/(e, e’p) event yield values
shown as afunction of the (e, e’p) missing momentum p,;... a,'*C data compared
withtheoretical calculations based on the GCF framework using different
models of the NNinteraction.b, Comparison of the carbon, aluminium, iron
and lead dataand the GCF AV18'*C calculation (the latter isreproduced from a).
Inbothaandb, the width of the bands and the data error bars show the
systematic uncertainties of the model and the statistical uncertainties of the
data, respectively, eachat theloconfidencelevel.

Thetwo-nucleonknockout cross-section can be factorized similarly
to equation (1) by replacing the single-nucleon spectral function with
the two-nucleon decay function that defines the probability of finding
nucleons withmomenta p;and p,..; such that the system of A-1nucle-
ons (theA-2nucleus plus therecoil proton; A, atomic mass of nucleus
A) hasenergy E, (refs. **'7), See Supplementary Information for details.

Ab initio many-body calculations of the nuclear spectral and decay
functionsare currently computationally unfeasible’. However, for the
specific case of interacting with SRC pairs (thatis, p; = p. > ki), we can
efficiently approximate these functions using the generalized contact

formalism (GCF)?*> which assumes that at very high momenta, the
nuclear wavefunction canbe described as consisting of an SRC pair and
aresidual A-2 system. The abundance of SRC pairsis given by nuclear
contact terms extracted from ab initio many-body calculations of pair
momentum distributions?**.

Therefore, in the GCF, the high-momentum proton spectral function
of equation (1) isapproximated by asum over pp and pn SRC pairs, which
enables the calculation of the cross-sections of (e, €’p) and (e, €’pp)
using different nuclear interaction models as input®?,

We consider two commonly used NN interaction models: the phe-
nomenological Argonne V18 (AV18)* and the XEF T local next-to-next-to-
leading-order (N2LO)’ interactions, as well as the simplified, tensor-less,
Argonne V4’ (AV4’) interaction. The XEFT potentials considered here
include explicit cut offs at distances of 1.0 fm and 1.2 fm, correspond-
ing to momentum cut offs of about 400-500 MeV/c (ref.*). We do not
expect theseinteractions to work well above this cut off (see Methods
for details).

We compared the GCF cross-sections to experimental data using
Monte Carlo integration, accounting for the acceptance, resolu-
tion and residual reaction effects (radiation, transparency and
single-charge exchange) of CLAS. The systematic uncertainty of
the calculation was estimated by varying the GCF and detector
model parameters. See Methods for details on the GCF model and
itsimplementation.

Measurementresults

Figure2shows the measured (e, e’pp)/(e, €'p) eventyield ratio asafunc-
tion of p,,;,. for carbon, aluminium, iron and lead. The ratio increases
linearly from 400 to about 650 MeV/c and then appears to flatten out
forallmeasured nuclei. The observedincrease in this ratio—that s, the
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Fig.3|Missing-momentum and energy dependence of one- and two-proton
knockout reactionyields. a-j, Measured >C(e, e’p) (a, c-f) and *C(e, e’pp)

(b, g-j) eventyields shown as afunction of the (e, e’p) missing momentum (a, b)
and missing energy (c-j). The data are compared with theoretical calculations
based onthe GCF framework, using different models of the NNinteraction. The
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arrows mark the expected missing energy for interacting with astationary pair
withrelative momentum equal to the mean of each missing-momentum bin.
Thewidthofthebands and the data error bars show the systematic
uncertainties of the model and the statistical uncertainties of the data,
respectively, each at thelo confidencelevel.



fraction of (e, €’p) events with arecoil proton—is qualitatively consistent
with the expected transition from a predominantly tensor interaction
to a predominantly scalar interaction at high p ;..

For?C, the measured ratio is compared with GCF calculations using
the AV18 and N2LOinteractions, which are in excellent agreement with
the data. The scalar-only AV4’ interaction (that which lacks the tensor
force) agrees with datain the scalar-dominated high-momentumregion
but fails in the tensor-dominated low-momentum region.

At high momenta all calculations predict a pp SRC pair fraction of
about 1/3 (Extended Data Fig. 6¢), which is equal to the scalar limit
obtained by simple pair counting (see calculation in Methods). This
value of 1/3 is then reduced experimentally by the CLAS acceptance
andresidual reaction effects.

Figure 3 shows the absolute measured and calculated *C(e, e’pp) and
2C(e, €'p) yields as a function of p,,;.;and as a function of .., for differ-
entbinsin p,,. The average value of E; increases with p,..,.., peaking
atthe expected value for the breakup of an SRC pair at rest, marked by
ared arrow in Fig. 3; see equation (3) (in Methods). This supports our
interpretation that the measured process is dominated by interaction
with an SRC pair, and that the A-2 residual system is a spectator?.

The GCF calculations follow the same trend as the data. The AV18
interaction agrees with the data over the entire £, and p,,;;; range.
The simplified AV4’ interaction, as expected, does not describe the
momentum distributions well. The N2LO interactions describe the
datawellup toabout 600 MeV/c. The latter observation is surprising,
because the XEFT cut off truncates the NN interaction quite severely,
leading to very large expected uncertainties already at the cut-offscale.
Thefact thatinteractions studied here use a position-space regulator
makes their truncation effects considerable at ahigh momentum scale
of 600-700 MeV/c.

For p,..s > 600 MeV/c the XEFT calculations disagree with the indi-
vidual*C(e, e’pp) and 2C(e, €’p) yields, as expected. However, this disa-
greement largely cancelsinthe (e, €’pp)/(e, € p) yield ratio, indicating
thatsuchratios are good observables that are sensitive to the operator
structure of the NNinteraction.

Wetherefore use the value of (e, €’pp)/(e, €'p) to extract the relative
abundance of np/pp SRC pairs (that is, the contact term ratios) by fit-
ting the contacts in the GCF calculation to the data (see Methods for
details). The resulting contact ratios are listed in Extended Data Table 1.
The carbon contactratios are consistent with those extracted fromab
initio calculations** and the ratios of heavier nuclei relative to *Care
observed to be model-independent quantities, as expected®.

Extended DataFigs.3 and 4 show good agreement between the data
and the GCF calculation for various other kinematical distributions.

The agreement between the data and the AV18-interaction-based
calculations corroborates the validity of the assumptions made in the
GCF model, namely the dominance of theinteraction of an SRC nucleon
pair with the electron via a one-body current operator. On the other
hand, we stress that the disagreement we find at higher momentum
between the YEFT-based calculations and the data does not necessarily
indicate a problem with the NN interaction. As the theoretical cross-
section is sensitive to both the nuclear interaction and the current
operator, the shortcomings of the calculations might be attributed
to two-body currents. Additionally, the approximations made in the
GCF model (for example, the neglect of three-body SRCs), may explain
some of the disagreement.

Two additional tests confirm the suppression of non-quasielastic
reaction mechanisms: (1) the A(e, €’p) and A(e, €PP) Pmiss aNd E ;6
distributions for the nuclei from carbon to lead are identical within
uncertainties, indicating the suppression of A-dependent non-quasie-
lasticreaction mechanisms; and (2) the distribution of the kinematical
variables that are most sensitive to non-quasielastic reaction mecha-
nisms—such as the angle between p,,; and q (refs. 37%)—are well
described by the GCF-based simulation; see Extended Data Fig. 3 and
Supplementary Information for details.

Lastly, owing to the high initial momenta of the measured protons,
we assessed the possible impact of relativistic effects on the nuclear
wavefunctioninthe GCF spectral function. As fully relativistic nuclear
potentials and wavefunctions are unavailable, relativistic effects can
onlybetreatedinanapproximate and model-dependent manner. Here
we used the relativistic nuclear light-cone formalism®, which has been
previously used for SRC studies using nucleon knockout reactions®;
see Supplementary Information for details.

Extended Data Fig. 7 shows relativistic light-cone calculations
compared with the same data shown in Fig. 3. The relativistic cor-
rections somewhat reduce the agreement with (e, e’pp) data at lower
momenta and considerably improve the agreement of XEFT-based
calculations with both (e, e’p) and (e, e’pp) data at higher momenta.
Thisisbecause, in the kinematics of our measurement, therelativistic
treatment reduces the effective relative momenta of the probed NN
pairs, bringing it closer to the XEFT cut-off scale. This suggests that the
importance of two-body operatorsin XEFT-based calculations at large
Pmiss Might be small, and should be studied in future using dedicated
relativistic calculations.

Conclusions

The measured value of the A(e, e’pp)/A(e, €'p) cross-sectionis observed
to be nucleus-independent, indicating a transition from behaviour
reflecting the tensor character of NN pairs to behaviour described by
spin-independent correlations at high p,.,... The large momentum-
transfer electron scattering measurements reported here are thus
sensitive to the detailed characteristics of the NNV interaction at high
relative momenta.

The one-body GCF approximation describes the datawell up to very
high missingmomenta, even though the input NNinteraction models
were not directly fit to high-momentum data.

These NN interactions result from the quark-gluon structure of
nucleons. Measurements of quark distributions in nuclei are often
explained by modifying bound-nucleon structure”, Such modifica-
tions were recently associated with the large spatial overlap and large
off-shellness of nucleons in SRC pairs”**, However, our results suggest
that even if such modifications exist, they do not have a substantial
impact on the modelling of the NNinteraction.

Our dataalso point to theimportance of two-body interaction opera-
torsandrelativistic effects at high momentaand highlight the need for
more elaborate theoretical calculations. Combined with forthcom-
ing three-nucleon knockout measurements, such calculations will
also allow for future studies of the loosely constrained three-nucleon
interaction.

Lastly, our data provide strong support for the use of point-like
nucleons with effective interactions for modelling atomic nuclei
and dense astrophysical systems such as neutron stars, the outer
core of which exceeds the nuclear saturation density under current
models.
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Methods

CLAS detector and particle identification

CLAS was a six-sector toroidal magnetic spectrometer®. Each sec-
tor was equipped with three layers of drift chambers, time-of-flight
scintillation counters, Cerenkov counters and electromagnetic calo-
rimeters. The drift chambers and time-of-flight scintillation coun-
ters covered in-plane scattering angles from about 8° to 140°, and
the Cerenkov counters and electromagnetic calorimeters covered
about 8° to 45°. The six sectors collectively covered 50-80% of the
out-of-plane angle.

The positions of charged particles were measured inthe drift cham-
bers, allowing reconstruction of their trajectories as they bent, which
was due to the influence of the toroidal magnetic field. The charge of
the charged particles (electrons and protons in this work) and their
momentawere determined from their reconstructed trajectories. We
consider only charged particles the trajectories of which were recon-
structed to originate in the location of the solid target foil*..

Electrons were distinguished from pions by requiring alarge signal
inthe Cerenkov counters, as well as alarge energy deposition, propor-
tional to momentum, in the electromagnetic calorimeters. Protons
were identified by requiring that their time of flight, measured by the
scintillation counters, was within two standard deviations of the calcu-
lated time of flight based on the momentum reconstructed in the drift
chambers, assuming the particle has the mass of a proton.

Measurement kinematics and reaction mechanism effects
Experimentally, we measured final-state particles and reconstructed
theinitial state of the nucleons (before the electroninteraction), on the
basis of modelling of the electron scattering reaction using the GCF to
model the nuclear spectral and decay functions®>22232734 Thiswork
focusesonthespecificinterpretation of the datainterms of quasielastic
electron scattering from a single nucleon, as shown in Extended Data
Fig. 1. However, as shown by previous studies, the reaction can also
include contributions from meson-exchange currents, isobar currents
(exciting the struck nucleon to an intermediate excited state), elastic
andinelastic nucleon rescattering (final-state interactions, FSls), and
single charge-exchange (SCX) reactions; all four can alllead to asimilar
final state as the quasielastic scattering reaction. The relative contribu-
tion of these reaction mechanisms depends on the kinematics of the
experiment”*%%; for a detailed discussion and review of previous
experimental and theoretical studies see ref.”® and references therein.
For example, isobar currents are suppressed for x; > 1, because for a
given Q* the virtual photon transfers less energy and is less likely to
excite the nucleon to a higher energy state.

For high-missing-momentum events, elastic FSIs include rescat-
tering of the outgoing nucleon with the other nucleon of the SRC pair
or with the other nucleons in the residual nucleus. At large knockout
nucleon momenta, such rescattering (as well as SCX interactions), can
be estimated using a generalized eikonal approximation in a Glauber
framework'°*°, previously shown to give a good reproduction of
experimental data***. These calculations show that in our kinemat-
ics, elastic FSIs are largely confined to nucleons in close proximity,
and the largest part of the scattering cross-section can be attributed
torescattering between nucleons of the SRC pair*‘. Therefore, FSI pre-
dominantly leads to flux reduction that can be quantified in terms of
atransparency factor.

SCX canturnprotonknockouteventsintoneutron knockoutevents
(reducing the measured protonyield), as well as turn neutron knockout
eventsinto proton knockout events (increasing the measured proton
yield). Therate of both (p, n) and (n, p) SCX can similarly be quantified
by probability factors.

Inaddition, rescattering between the knockout and recoil nucleons
(thatis, the nucleons of the pair) can also distort the kinematics of the
measured events. Previous studies of the deuteron show that, in the

kinematics of the current measurement, such internal pair rescattering
is strongly suppressed™.

Thus, thetwomain reaction mechanisms that effect our measurement
arereductions in the measured cross-section owing to transparency,
and SCX-induced enhancements resulting from neutron knockout
interactions.

One should note that this simple quasielastic picture, with sup-
pressed elastic FSIs, is strongly supported by the fact that it describes
well both high-Q? electron-scattering data and high-energy proton-
scattering data™*, which have very different reaction mechanisms.
Inaddition, the results of the electron- and proton-scattering experi-
ments give consistent SRC-pairisospin ratios'®"* and centre-of-mass
momentum distributions’®**¢,

Non-quasielastic reaction mechanisms such as small-angle leading-
nucleonrescattering can modify the measured kinematics. By chang-
ing the leading-nucleon momentum, rescattering can cause events
with high missing momentum that originate from interactions with
low-initial-momentum nucleons. These effects are not accounted for by
the SCX and transparency corrections detailed below and can therefore
interfere with the interpretation of the data.

Such effects have characteristic kinematics and are expected to
increase with nuclear size (that s, the effects are expected to be more
noticeable for heavier nuclei). As detailed in Supplementary Infor-
mation, we do not observe the expected characteristic behaviours
and do observe that the data measured for different nuclei are very
similar (see Extended DataFigs. 2, 3). This indicates that A-dependent
effects are small and that our data are not substantially distorted by
re-scattering effects that go beyond transparency and SCX. See Sup-
plementary Information for details.

GCF model: input parameters, reaction mechanism corrections
and comparison with experimental data
The GCF cross-section model and its calculation method are detailed
inSupplementary Information. Here we discuss the model input param-
eters, corrections for FSland SCX effects and assessment of the model
systematic uncertainty.

The GCF cross-section calculation requires four external inputs.

Nuclear contact values (Cj,). For the AV18, AV4’and N2LO interaction
models we use nuclear contacts that were previously extracted from
analyses of two-nucleon momentum distributions?**, obtained from
many-body quantum Monte Carlo calculations for carbon**8, Because
we normalize the simulated event yields to the integrated number of
(e, €’p) data events, our calculations are only sensitive to the relative
values of the contacts.

Universal ¢7,(p,,) functions. These are taken as the solution of the
two-body Schrodinger equation for anucleon pair (1, 2) with quantum
numbers «; seerefs. 2= for details. ¢{,(p,,) are nucleus-independent,
but depend onthe NNinteraction model used inits calculation. Inthe
case of the spin-1 (s =1) quantum state this amounts to the deuteron
wavefunction shown in Extended Data Fig. 6a. For the spin-0 (s =0)
quantumstateitis the zero-energy solution of the two-body NNsystem,
see Extended Data Fig. 6b for the pp channel.

Centre-of-mass momentum distributions of SRC pairs. These distri-
butions were studied both theoretically*>*° and experimentally™16454¢
and were found to be well described by a three-dimensional Gaussian
thatis defined by its width. For the nuclei considered here, both meas-
urements and theoretical calculations show this width to be about
150 +20 MeV/c (ref.’).

Excitation energy of the A-2 system, E7,_,. Unlike the other inputs
mentioned above, £;_,hasnotbeen measured before and can therefore
take any value up to about the Fermi energy (roughly 30 MeV).
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The comparison of the GCF model with experimental datawas done
using Monte Carlointegration. Weimplemented the GCF cross-section
model (both the regular and light-cone versions®>5"%%) in an event
generator thatsimulates thereactionshownin Extended DataFig.1,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. Events are weighted
by the GCF cross-sectionand we account for electron radiation effects
using the peaking approximation®, in which the radiated photon is
emitted in the direction of either the incoming or outgoing electron.
See Supplementary Information for details.

To compare our event generator to data, we take the following steps.
First,the Monte Carlo events are generated as explained above, and the
weight of each eventis multiplied by the CLAS detection efficiency for
the particles detected in that event. Second, the generated electron
and proton momenta are smeared to account for the CLAS resolu-
tion, and events with particles that would not have been detected are
rejected. Finally, we apply the same event-selection cuts used to select
the data events.

We accounted for transparency and SCX by constructing the fol-
lowing relations™ for the experimental (e, e’p) and (e, €' pp) events

exp _ ~GCF ppTNN GCF [nlp NN GCF plnl4NN
oA(e,e’pp)_aA(e,e’pp)PA 7-A +0A(e,e’np A TA +0A(e,e’pn)PA 7-A

exp —_ (~GCF GCF N GCF [nlpN
O-A)Ee,e’p) - (OA(e,e’pp)+ OA(e,e’pn))Pf\)pTA + oA(e,e’np)PA pTA (2)

GCF [nln+N
+0A(e,e’nn)PA TA

where 0S°F (or 0§*) are the GCF simulated (or experimental) events
for a process X without FSl or SCX, and the P, and T, factors are multi-
plied to the event weights to account for SCX and transparency prob-
abilities, respectively. The P, and T, factors do not affect the
kinematics of the calculated events.

TN refers to the transparency of both the leading and recoil nucle-
onsthat are emitted simultaneously, whereas Ty refers to the transpar-
ency for the leading nucleon, independent of the recoil nucleon. We
assumethat the transparencies for protons and neutrons are the same,
and are therefore independent of SCX.

As SCX probabilities are different for protons and neutrons and for
high and low momentum, the superscript notationin the Pfactor rep-
resents the exact process being considered, such that particle with
(without) square brackets is the one that undergoes (does not undergo)
SCX.For example, P[/f]” is the probability that a leading protoninapp
pair undergoes SCX, PﬁL”] is this probability for the recoil proton and
PEP =1~ 2% — pElFlis the probability that no proton undergoes SCX.
As can be seen, SCX changes final-state neutrons to protons and vice
versa. We neglect cases in which more than one particle undergoes
SCX, as these have negligible probability.

The values used for these probabilities are listed in Supplementary
Information Table 1. They are based on Glauber calculations®, which
agree well with experimental data**. Both the Glauber calculations
and the datashow that, for the kinematics of the current measurements,
these probabilities are energy-independent for the leading nucleon.
The transparency of the leading nucleon forces the (e, e’pp) reactionto
take place near the nuclear surface, such that the energy dependence of
thetransparency of the recoil nucleonis also expected to be very small.
Asthese effects are model-dependent, we chose toinclude themin the
calculated cross-sections, leaving the data fully model-independent.

GCF model: systematic uncertainties

Uncertainty on the GCF and event-generator input parameters (for
example, CLAS resolution factors, transparency factors, SCX prob-
abilities, nuclear contacts, centre-of-mass motion of the SRC pair, A-2
system excitation energy, and the relative momentum value of the pair
for the onset of the SRC regime) all contribute to the total systematic

uncertainty of the calculation. We accounted for this uncertainty by
simulating a large number of ‘universes’, in which the uncertaininput
parameters are each randomly drawn from prior probability distribu-
tions. We then examined the spread of the generator results across
this space of ‘universes’ to produce asystematic uncertainty band that
captures 1o of the examined parameter combinations.

The following values and Gaussian uncertainties were used for these
parameters for '>C: oy, the Gaussian width of the centre-of-mass
momentum distribution of the SRC pair’®, was 150 + 20 MeV/c; the
nuclear contacts for AV18, AV4’ and N2LO were taken from ref. %, spe-
cifically the k-space fits in table 1 of the supplementary materials
therein; and the SCX and nuclear transparency probabilities and uncer-
tainties were from ref. * (see Supplementary Information Table 1).
Then, E% _,, the excitation energy of the residual A-2 system, was varied
uniformly between 0 and 30 MeV; the p;‘;:"cut offintheuniversal two-
body functions was varied uniformly between 250 and 350 MeV/c; the
simulated electron resolution was varied uniformly between1.0% and
1.5%; the simulated proton resolution was varied uniformly between
0.8% and 1.2%; and the off-shell electron-nucleon cross-section was
chosen to be either” gcc; Or ¢y

We note that although the individual parameter uncertainties are
independent of each other, theirimpact on the calculated cross-section
canbecorrelated. For example, both £% _, and o can affect theinitial
pair energy in a similar manner (Extended Data Fig. 1). By varying all
parameters simultaneously we include the effects of such correlations.
We also note that the use of o.; versus o, is a discrete choice, in con-
trast to all the other variations, which are continuous. We compared
the calculations done using only o, and only 0., and did not see a
considerable difference in the resulting distributions.

Initial nucleon energy

We use the convention that the spectral function depends on ¢;, the
initial off-shell energy of the struck nucleon before scattering. The
expected initial off-shell energy for nucleons in a stationary pair is

given by:
ei:mA_mA—Z_\/piz"'ml%/ @)

whichis shown by red arrows in Fig. 3 and Extended Data Fig. 7d-k.

Estimation of the scalar limit

Thegeneral expectation forafully scalar NNVinteraction and asymmet-

ric nucleus is that the abundance of pairs will be equal for all isospin,

spinand spin-projection states. Thisimplies that the number of spin-1

pnSRC pairs should be three times the number of spin-0 pp, pnand nn

pairs, owing to the three possible spin orientations. Therefore, simple
counting (indicated by ‘#’) implies that the scalar limit is:

#A(e'pp) 2N5,)° N @

) =0 =0 =1 =0 13

#A(e’p) 2N§,p +me +me 2+1+3)N°® 3

where N3 is the number of NN pairsinaspin-Sstate. This limitis shown
as the horizontal dashed line in Extended Data Fig. 6c.

Cut-off dependence and non-local chiral interactions

Inaddition tothelocalinteractions studied in this work, nuclear struc-
ture calculations are often performed using non-local interactions,
which feature different higher-momentum asymptotic behaviour com-
pared to local ones. The non-local versions of the XEFT interactions
have momentum-space cut offs and are considered to be ‘softer’ than
thelocalinteractions studied here.

The main limitation for studying such interactions using the GCF
framework presented hereis that, at the moment, there are no available
calculations of the two-nucleon momentum distribution in *>C using
theseinteractions. 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? studied the non-local next-to-next-to-next-
to-leading-order (N3LO) (600 MeV/c) interaction® using the GCF by
extracting the ratio of spin-1to spin-0 contacts from a fit to experi-
mental data'®". Although this procedure cannot be compared on an
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.8, whichisequivalent toFigs.2a,3a, b. As canbe seen, the non-local
N3LO (600 MeV/c) interaction seems to reproduce well the experimen-
tal data up to its cut off, but then decays faster than the local interac-
tions. This is an encouraging observation, because the 600-MeV/c
cut off of this interaction is well above the 300-MeV/c centre-of-mass
momentum cut off of the NN phase-shift dataused inits construction.

The predictions of the N3LO (600 MeV/c) interaction are quite similar
tothose ofthe N2LO (1.2 fm) interaction. This might seem surprising as
the 1.2-fm cut off corresponds to momenta of?** 400 MeV/c, smaller
than 600 MeV/cand, as mentioned previously, one expects large errors
inthe predictions of the different XEF T interactions already at their cut-
offscale. Our observations, consistent with theoretical expectations,
indicate that for the processes studied here the nature of the position-
spaceregulators makes their effectsimportant only at acomparatively
high momentascale of 600-700 MeV/c; see Fig. 3d-i.

Future studies will focus on using the experimental data providedin
this work (which are much more detailed than those produced previ-
ously'®") 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 cut off.

For completeness, we note that from a theoretical standpoint, the
reaction diagram used for the GCF calculations (shown in Extended
DataFig.1) can be viewed as a ‘high-resolution’ starting point for a
unitary-transformed calculation®. As a thought exercise, the XEFT NN
interactions used here can be considered as resulting from applying
unitary transformations to models that have shorter distance and/or
higher-momentum cut offs. As this process would introduce many-
bodyinteraction currents to the description of the electron scattering
reaction, the use of a high-resolution (one-body) reaction description
with XEFT interactions, as done in this work, is non-trivial. This is one
explanation for the disagreement between the data and calculations
athigh p,..... The data presented here can therefore quantify theimpor-
tance of such many-body effects and demonstrate that they become
important only above the cut off for non-relativistic calculations and
at much higher momenta when relativistic effects are accounted for.
This could help guide future studies of effects such as relativity and
non-nucleonic degrees of freedom.

Fitting contactratios to (e, e’pp)/(e, e’p) data

In addition to using the 2C contact values from ref.  to make GCF pre-
dictions, we also used the measured (e, e’pp)/(e, ’p) data (Fig. 2b) to
infer the ratio of spin-0 to spin-1contacts, CZ;,O/C;:,}, foreachmeasured
nucleus. We specifically used the (e, e’pp)/(e, €'p) ratio because the
cut-offeffects largely cancel. We used Bayesianinference with the con-
tact ratio as the sole parameter of interest. All other GCF parameters
were treated as nuisance parameters and were integrated out, with
prior distributions matching the systematic uncertainty sampling
distributions described above. We assumed a scale-invariant prior on
theratio of interest, C;ZO/Cf;,l. Additionally, we assume aratio of spin-O
contacts, C5,%/C5,°, of 1for carbon, aluminium and iron. For lead, this
ratio was assumed to equal 82/126 = 0.65.

To evaluate the likelihood of the data for agiven set of values of the
GCF parameters, we multiplied the individual likelihoods of the 10 data
points in Fig. 2b, assuming the data were distributed normally. The
posterior distribution was determined by scanning overCf,j,O/Cff,,land
Monte Carlo integrating over all nuisance parameters at each step.

Theresultsare presentedin Extended Data Table 1. The central value
is the maximum (mode) of the posterior distribution, and the uncer-
tainty intervals are the smallest intervals containing 68.3% (10) and
95.5% (20) of the total posterior. The table also shows the double ratio
of contacts for the nuclei A relative to carbon, which is independent
of the NNinteraction model®.

Data availability

Therawdatafromthis experiment are archivedin Jefferson Lab’s mass
storage silo.
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Extended DataFig.1|SRC pairbreakup. Diagrammatic representationand
four-momentum kinematics of the two-nucleon knockout A(e, e’Np) reaction
withinthe SRC model. The dashed red lines represent off-shell particles and
solid blacklines represent detected particles. The A-2 systemis undetected.
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Extended DataFig.2|Kinematical distributions and A(e, e’pp)/A(e, e'p)
ratios for A=12-208 nuclei. a-c, Comparison of the number of A(e, e’p) event
reactions versus the (e, e’p) missing momentum p,;.; (@), Q* (b) and x; (c).

d-f, Comparison ofthe number of A(e, e’pp) event reactions versus the (e, e’p)

missing momentum p,,., (d), Q* (¢) and x; (f). The total number of countsin
aluminium (cyan), iron (orange), and lead (purple) was scaled to match that of
carbon (darkblue). The shaded bands indicate the 1o statistical uncertainty of
thedata.
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Extended Data Table 1| Extracted contact ratios c;;°/cf,;1 for different nuclei

12C
i 27A] [0 56Fe [0 208ph [0

Interaction This Work [%] | Ref. [25] Al [%] | Al/C Fe [%] | Fe/C Pb [%] | Pb/C
+1.7 (4.7) +1.9 (7.0) +1.7 (4.8) +0.9 (3.0)

AV18 6.7 otin) 7.2%1.6 457 0 iis) 0.67 64710 (1) 0.96 L47 0% o 0.21
+2.8 (9.7) +2.7 (11.3) +2.8(9.2) +1.2 (4.4)

(F(Z)I;r(;) 8.1, (2.3) 82112 53112 (2.0) 0-65 8.0_15 (2.4) 0.99 1.8 44 (0.8) 0.22
+4.4 (13.6) +4.3 (14.2) +5.0 (11.5) +2.1 (6.4)

(F%Lf‘r(r)l) 151705 (4.1) 18.7+2.8 9.7 22 (3.5) 0.64 13.2755 (4.0) 0.87 3.6 1, (1.8) 0.24

Extracted by fitting the GCF calculation to the A(e, e'pp)/A(e, €'p) data shown in Fig. 2b.
Uncertainties are shown at the 1o confidence level, followed by the 20 uncertainty in parenthesis.
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