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The tensor force causes the predominance of

np short-range correlations.
Subedi et al., Science 320 p. 1476 (2008)
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While the current analysis uses the SCX calculations of
Ref. [31] and the formalism detailed in the Supplemental
Material [48], other calculations for these corrections can
be applied in the future. See Supplemental Material [48]
for details on the numerical evaluation of Eq. (2) and its
uncertainty.
These SCX-corrected pp=pn ratios agree within uncer-

tainty with the ratios previously extracted from Aðe; e0ppÞ
and Aðe; e0pÞ events [3], which assumed that all high-
missing momentum nucleons belong to SRC pairs. In
addition, the SCX-corrected pp=np ratio is in better
agreement with the GCF contacts fitted here but is not
inconsistent with those determined in Ref. [28]. This is a
significant achievement of the GCF calculations that opens
the way for detailed data-theory comparisons. This will be
possible using future higher statistics data that will allow
finer binning in both recoil and missing momenta.
The pp=np ratios measured directly in this work are

somewhat lower than both previous indirect measurements
on nuclei from C to Pb [3], and previous direct measure-
ments on C [20]. This is due to the more sophisticated
SCX calculations used in this work [31] compared to the
previous ones [57]. This is consistent with the lower values
of the pp to np contact extracted from GCF calculations fit
to these data mentioned above.
To conclude, we report the first measurements of high

momentum-transfer hard exclusive np and pp SRC pair
knockout reactions off symmetric (12C) and medium and

heavy neutron-rich nuclei (27Al, 56Fe, and 208Pb). We find
that the reduced cross-section ratio for proton-proton to
proton-neutron knockout equals ∼6%, consistent with
previous measurements off symmetric nuclei. Using
model-dependent SCX corrections, we also extracted the
relative abundance of pp- to pn-SRC pairs in the measured
nuclei. As expected, these corrections reduce the pp-to-np
ratios to about 3%, so that the measured reduced cross-
section ratios are an upper limit on the relative SRC pairs
abundance ratios.
The data also show good agreement with GCF calcu-

lations using phenomenological as well as local and non-
local chiral NN interactions, allowing for a higher precision
determination of nuclear contact ratios and a study of their
scale and scheme dependence.While the contact-term ratios
extracted for phenomenological and local-chiral interactions
are consistent with each other, they are larger than those
obtained for the nonlocal chiral interaction examined here.
Forthcoming data with improved statistics will allow map-
ping the missing and recoil momentum dependence of the
measured ratios. This will facilitate detailed studies of the
origin, implications, and significance of such differences.
Previous work [3] measured Aðe; e0pÞ and Aðe; e0ppÞ

events and derived the relative probabilities of np and pp
pairs assuming that all high-missing momentum Aðe; e0pÞ
events were due to scattering from SRC pairs. The agree-
ment between the pp=np ratios directly measured here and
those of the previous indirect measurement, as well as with
the factorized GCF calculations, strengthens the np-pair
dominance theory and also lends credence to the previous
assumption that almost all high-initial-momentum protons
belong to SRC pairs in nuclei from C to Pb.

We acknowledge the efforts of the staff of the
Accelerator and Physics Divisions at Jefferson Lab that
made this experiment possible. We are also grateful for
many fruitful discussions with L. L. Frankfurt, M.
Strikman, J. Ryckebusch, W. Cosyn, M. Sargsyan, and
C. Ciofi degli Atti. The analysis presented here was carried
out as part of the Jefferson Lab Hall B Data-Mining
project supported by the U.S. Department of Energy
(DOE). The research was supported also by the National
Science Foundation, the Pazy Foundation, the Israel
Science Foundation, the Chilean Comisin Nacional de
Investigacin Cientfica y Tecnolgica, the French Centre
National de la Recherche Scientifique and Commissariat
a l’Energie Atomique the French-American Cultural
Exchange, the Italian Istituto Nazionale di Fisica
Nucleare, the National Research Foundation of Korea,
and the UK’s Science and Technology Facilities Council.
Jefferson Science Associates operates the Thomas
Jefferson National Accelerator Facility for the DOE,
Office of Science, Office of Nuclear Physics under
Contract No. DE-AC05-06OR23177. The raw data from
this experiment are archived in Jefferson Lab’s mass
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FIG. 3. Extracted ratios of pp- to np-SRC pairs plotted versus
atomic weight A. The filled green circles show the ratios of pp- to
np-SRC pairs extracted from ðe; e0ppÞ=ðe; e0pnÞ cross-section
ratios corrected for SCX using Eq. (2). The shaded regions mark
the 68% and 95% confidence limits on the extraction due to
uncertainties in the measured cross-section ratios and SCX
correction factors (see Supplemental Material [48] for details).
The magenta triangle shows the carbon data of Ref. [20], which
were also corrected for SCX. The open black squares show the
indirect extraction of Ref. [3]. The uncertainties on both previous
extractions mark the 68% (i.e., 1σ) confidence limits. The
horizontal dashed lines show the 12C GCF-calculated contact
ratios for different NN potentials using contact values fitted
directly to the measured cross-section ratios. See text for details.
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These kinematic settings covered (e,e'p) missing
momenta, which is the momentum of the
undetected particles, in the range from 300 to
600 MeV/c, with overlap between the different
settings. For highly correlated pairs, the missing
momentum of the (e,e'p) reaction is balanced
almost entirely by a single recoiling nucleon,
whereas for a typical uncorrelated (e,e'p) event,
themissingmomentum is balanced by the sum of
many recoiling nucleons. In a partonic picture, xB
is the fraction of the nucleon momentum carried
by the struck quark. Hence, when xB > 1, the
struck quark has more momentum than the entire
nucleon, which points to nucleon correlation. To
detect correlated recoiling protons, a large
acceptance spectrometer (“BigBite”) was placed
at an angle of 99° to the beam direction and 1.1
m from the target. To detect correlated recoiling
neutrons, a neutron array was placed directly
behind the BigBite spectrometer at a distance of 6
m from the target. Details of these custom proton
and neutron detectors can be found in the
supporting online material (16).

The electronics for the experiment were set
up so that for every 12C(e,e'p) event in the HRS
spectrometers, we read out the BigBite and
neutron-detector electronics; thus, we could deter-
mine the 12C(e,e'pp)/12C(e,e'p) and the 12C(e,e'pn)/
12C(e,e'p) ratios. For the 12C(e,e'pp)/12C(e,e'p)
ratio, we found that 9.5 ± 2% of the (e,e'p) events
had an associated recoiling proton, as reported in
(12). Taking into account the finite acceptance of
the neutron detector [using the same procedure
as with the proton detector (12)] and the neutron
detection efficency, we found that 96 ± 22% of
the (e,e'p) events with a missing momentum above
300 MeV/c had a recoiling neutron. This result
agrees with a hadron beam measurement of
(p,2pn)/(p,2p), in which 92 ± 18% of the (p,2p)
events with a missing momentum above the Fermi

momentum of 275 MeV/c were found to have a
single recoilingneutroncarrying themomentum(11).

Because we collected the recoiling proton
12C(e,e'pp) and neutron 12C(e,e'pn) data simulta-
neously with detection systems covering nearly
identical solid angles, we could also directly
determine the ratio of 12C(e,e'pn)/12C(e,e'pp). In
this scheme, many of the systematic factors
needed to compare the rates of the 12C(e,e'pn)
and 12C(e,e'pp) reactions canceled out. Correct-
ing only for detector efficiencies, we determined
that this ratio was 8.1 ± 2.2. To estimate the effect
of final-state interactions (that is, reactions that
happen after the initial scattering), we assumed
that the attenuations of the recoiling protons and
neutrons were almost equal. In this case, the only
correction related to final-state interactions of the
measured 12C(e,e'pn)/12C(e,e'pp) ratio is due to a
single-charge exchange. Because the measured
(e,e'pn) rate is about an order of magnitude larger
than the (e,e'pp) rate, (e,e'pn) reactions followed
by a single-charge exchange [and hence detected
as (e,e'pp)] dominated and reduced the measured
12C(e,e'pn)/12C(e,e'pp) ratio. Using the Glauber
approximation (17), we estimated that this effect
was 11%. Taking this into account, the corrected
experimental ratio for 12C(e,e'pn)/12C(e,e'pp) was
9.0 ± 2.5.

To deduce the ratio of p-n to p-p SRC pairs in
the ground state of 12C, we used the measured
12C(e,e'pn)/12C(e,e'pp) ratio. Because we used
(e,e'p) events to search for SRC nucleon pairs, the
probability of detecting p-p pairs was twice that
of p-n pairs; thus, we conclude that the ratio of
p-n/p-p pairs in the 12C ground state is 18 ± 5
(Fig. 2). To get a comprehensive picture of the
structure of 12C, we combined the pair faction
results with the inclusive 12C(e,e') measurements
(4, 5, 14) and found that approximately 20% of
the nucleons in 12C form SRC pairs, consistent

with the depletion seen in the spectroscopy ex-
periments (1, 2). As shown in Fig. 3, the com-
bined results indicate that 80% of the nucleons in
the 12C nucleus acted independently or as de-
scribed within the shell model, whereas for the
20% of correlated pairs, 90 ± 10% were in the
form of p-n SRC pairs; 5 ± 1.5%were in the form
of p-p SRC pairs; and, by isospin symmetry, we
inferred that 5 ± 1.5% were in the form of SRC
n-n pairs. The dominance of the p-n over p-p
SRC pairs is a clear consequence of the nucleon-
nucleon tensor force. Calculations of this effect
(18,19) indicate that it is robust anddoes not depend
on the exact parameterization of the nucleon-
nucleon force, the type of the nucleus, or the
exact ground-state wave function used to de-
scribe the nucleons.

If neutron stars consisted only of neutrons, the
relatively weak n-n short-range interaction would
mean that they could be reasonably well approxi-
mated as an ideal Fermi gas, with only perturba-
tive corrections. However, theoretical analysis of
neutrino cooling data indicates that neutron stars
contain about 5 to 10% protons and electrons in
the first central layers (20–22). The strong p-n
short-range interaction reported here suggests
that momentum distribution for the protons and
neutrons in neutron stars will be substantially
different from that characteristic of an ideal Fermi
gas. A theoretical calculation that takes into
account the p-n correlation effect at relevant
neutron star densities and realistic proton concen-
tration shows the correlation effect on the mo-
mentum distribution of the protons and the
neutrons (23). We therefore speculate that the
small concentration of protons inside neutron
stars might have a disproportionately large effect
that needs to be addressed in realistic descriptions
of neutron stars.

References and Notes
1. L. Lapikas, Nucl. Phys. A. 553, 297 (1993).
2. J. Kelly, Adv. Nucl. Phys. 23, 75 (1996).
3. W. H. Dickhoff, C. Barbieri, Prog. Part. Nucl. Phys. 52,

377 (2004).
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Fig. 3. The average fraction of nucleons in the
various initial-state configurations of 12C.
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Does np-dominance erode at even shorter

distances, higher momenta?
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Studying SRC pairs through

the A(e, e ′NN) reaction
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Studying SRC pairs through
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Studying SRC pairs through

the A(e, e ′NN) reaction
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Studying SRC pairs through

the A(e, e ′NN) reaction
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In my talk today:

Probing the core of the strong nuclear interaction

A. Schmidt et al., Nature 578, pp. 540–544 (2020)

arXiv:2004.11221 [nucl-ex]

Tensor-to-Scalar Transition in the Nucleon-Nucleon Interaction

Mapped by 12C(e, e′pn) Measurements
I. Korover et al., under peer review, (2020)

arXiv:2004.07304 [nucl-ex]
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Hard work was done by:

Jackson Pybus

Efrain Segarra

Igor Korover

Ronen Weiss Adin Hrnjic Andrew Denniston

12



The game-plan:

1 Analyze CLAS data to identify A(e, e ′p) and A(e, e ′pN) events

from the break-up of an SRC pair.

2 Simulate the experiment using Generalized Contact Formalism.

3 Compare results at the event level.
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JLab’s CLAS Detector (1999–2012)

was well-suited for data mining.

e – beam

Scintillators (timing)
Drift chambers

(tracking)

Calorimeters
(energy)

Cherenkov (e– ID)

Target

≈8m

14



JLab’s CLAS Detector (1999–2012)

was well-suited for data mining.

electron

proton
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The EG2 Experiment (2004) collected data

on multiple nuclear targets.

e– beam

Liquid d2 C, Al, Fe, or Pb

5 GeV e– d2 Foil
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Highlights from EG2 Data Mining

np dominance persists in

asymmetric nuclei.

Direct confirmation through

neutron detection

Center-of-mass motion of

pp pairs

Universal modification of

SRC pairs

nuclei. This backward peak is a strong signature
of SRC pairs, indicating that the two emitted
protons were largely back-to-back in the initial
state, having a large relative momentum and a
small center-of-mass momentum (8, 9). This is a
direct observation of proton-proton (pp) SRC
pairs in a nucleus heavier than 12C.
Electron scattering fromhigh–missing-momentum

protons is dominated by scattering from protons
in SRC pairs (9). The measured single-proton
knockout (e,e′p) cross section (where e denotes
the incoming electron, e′ the measured scattered
electron, and p the measured knocked-out pro-
ton) is sensitive to the number of pp and np SRC
pairs in the nucleus, whereas the two-proton
knockout (e,e′pp) cross section is only sensitive to
the number of pp-SRC pairs. Very few of the
single-proton knockout events also contained a
second proton; therefore, there are very few
pp pairs, and the knocked-out protons predom-
inantly originated from np pairs.
To quantify this, we extracted the [A(e,e′pp)/

A(e,e′p)]/[12C(e,e′pp)/12C(e,e′p)] cross-section dou-
ble ratio for nucleus A relative to 12C. The double
ratio is sensitive to the ratio of np-to-pp SRC
pairs in the two nuclei (16). Previous measure-
ments have shown that in 12C nearly every high-
momentum proton (k > 300 MeV/c > kF) has a
correlated partner nucleon, with np pairs out-
numbering pp pairs by a factor of ~20 (8, 9).
To estimate the effects of final-state interac-

tions (reinteraction of the outgoing nucleons in
the nucleus), we calculated attenuation factors
for the outgoing protons and the probability of
the electron scattering from a neutron in an np
pair, followed by a neutron-proton single-charge
exchange (SCX) reaction leading to two outgoing
protons. These correction factors are calculated
as in (9) using the Glauber approximation (22)
with effective cross sections that reproduce pre-
viously measured proton transparencies (23), and
using themeasured SCX cross section of (24).We
extracted the cross-section ratios and deduced the
relative pair fractions from the measured yields
following (21); see (16) for details.
Figure 3 shows the extracted fractions of np

and pp SRC pairs from the sum of pp and np
pairs in nuclei, including all statistical, systematic,
and model uncertainties. Our measurements are
not sensitive to neutron-neutron SRC pairs. How-
ever, by a simple combinatoric argument, even in
208Pb these would be only (N/Z)2 ~ 2 times the
number of pp pairs. Thus, np-SRC pairs domi-
nate in all measured nuclei, including neutron-
rich imbalanced ones.

The observed dominance of np-over-pp pairs
implies that even in heavy nuclei, SRC pairs are
dominantly in a spin-triplet state (spin 1, isospin
0), a consequence of the tensor part of the nucleon-
nucleon interaction (17, 18). It also implies that
there are as many high-momentum protons as
neutrons (Fig. 1) so that the fraction of protons
above the Fermi momentum is greater than that
of neutrons in neutron-rich nuclei (25).
In light imbalanced nuclei (A≤ 12), variational

Monte Carlo calculations (26) show that this re-
sults in a greater average momentum for the
minority component (see table S1). The minority
component can also have a greater average mo-
mentum in heavy nuclei if the Fermimomenta of
protons and neutrons are not too dissimilar. For
heavy nuclei, an np-dominance toy model that
quantitatively describes the features of the mo-
mentum distribution shown in Fig. 1 shows that
in imbalanced nuclei, the average proton kinetic
energy is greater than that of the neutron, up to
~20% in 208Pb (16).
The observed np-dominance of SRC pairs in

heavy imbalanced nuclei may have wide-ranging
implications. Neutrino scattering from two nu-
cleon currents and SRC pairs is important for the
analysis of neutrino-nucleus reactions, which are
used to study the nature of the electro-weak in-
teraction (27–29). In particle physics, the distribu-
tion of quarks in these high-momentum nucleons
in SRC pairs might be modified from that of free
nucleons (30, 31). Because each proton has a
greater probability to be in a SRC pair than a
neutron and the proton has two u quarks for
each d quark, the u-quark distribution modifica-
tion could be greater than that of the d quarks
(19, 30). This could explain the difference be-
tween the weak mixing angle measured on an
iron target by the NuTeV experiment and that of
the Standard Model of particle physics (32–34).
In astrophysics, the nuclear symmetry energy

is important for various systems, including neu-
tron stars, the neutronization of matter in core-
collapse supernovae, and r-process nucleosynthesis
(35). The decomposition of the symmetry energy
at saturation density (r0 ≈ 0.17 fm−3, the max-
imum density of normal nuclei) into its kinetic
and potential parts and its value at supranuclear
densities (r > r0) are notwell constrained, largely
because of the uncertainties in the tensor com-
ponent of the nucleon-nucleon interaction (36–39).
Although at supranuclear densities other effects
are relevant, the inclusion of high-momentum
tails, dominated by tensor-force–induced np-SRC
pairs, can notably soften the nuclear symmetry

energy (36–39). Our measurements of np-SRC
pair dominance in heavy imbalanced nuclei can
help constrain the nuclear aspects of these cal-
culations at saturation density.
Based on our results in the nuclear system, we

suggest extending the previous measurements of
Tan’s contact in balanced ultracold atomic gases
to imbalanced systems in which the number of
atoms in the two spin states is different. The
large experimental flexibility of these systems will
allow observing dependence of the momentum-
sharing inversion on the asymmetry, density,
and strength of the short-range interaction.
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Fig. 3. The extracted
fractions of np (top)
and pp (bottom) SRC
pairs from the sum of
pp and np pairs in
nuclei.The green and
yellow bands reflect
68 and 95% confidence
levels (CLs), respec-
tively (9). np-SRC pairs dominate over pp-SRC pairs in all measured nuclei.
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Highlights from EG2 Data Mining

np dominance persists in

asymmetric nuclei.

Direct confirmation through

neutron detection

Center-of-mass motion of

pp pairs

Universal modification of

SRC pairs

While the current analysis uses the SCX calculations of
Ref. [31] and the formalism detailed in the Supplemental
Material [48], other calculations for these corrections can
be applied in the future. See Supplemental Material [48]
for details on the numerical evaluation of Eq. (2) and its
uncertainty.
These SCX-corrected pp=pn ratios agree within uncer-

tainty with the ratios previously extracted from Aðe; e0ppÞ
and Aðe; e0pÞ events [3], which assumed that all high-
missing momentum nucleons belong to SRC pairs. In
addition, the SCX-corrected pp=np ratio is in better
agreement with the GCF contacts fitted here but is not
inconsistent with those determined in Ref. [28]. This is a
significant achievement of the GCF calculations that opens
the way for detailed data-theory comparisons. This will be
possible using future higher statistics data that will allow
finer binning in both recoil and missing momenta.
The pp=np ratios measured directly in this work are

somewhat lower than both previous indirect measurements
on nuclei from C to Pb [3], and previous direct measure-
ments on C [20]. This is due to the more sophisticated
SCX calculations used in this work [31] compared to the
previous ones [57]. This is consistent with the lower values
of the pp to np contact extracted from GCF calculations fit
to these data mentioned above.
To conclude, we report the first measurements of high

momentum-transfer hard exclusive np and pp SRC pair
knockout reactions off symmetric (12C) and medium and

heavy neutron-rich nuclei (27Al, 56Fe, and 208Pb). We find
that the reduced cross-section ratio for proton-proton to
proton-neutron knockout equals ∼6%, consistent with
previous measurements off symmetric nuclei. Using
model-dependent SCX corrections, we also extracted the
relative abundance of pp- to pn-SRC pairs in the measured
nuclei. As expected, these corrections reduce the pp-to-np
ratios to about 3%, so that the measured reduced cross-
section ratios are an upper limit on the relative SRC pairs
abundance ratios.
The data also show good agreement with GCF calcu-

lations using phenomenological as well as local and non-
local chiral NN interactions, allowing for a higher precision
determination of nuclear contact ratios and a study of their
scale and scheme dependence.While the contact-term ratios
extracted for phenomenological and local-chiral interactions
are consistent with each other, they are larger than those
obtained for the nonlocal chiral interaction examined here.
Forthcoming data with improved statistics will allow map-
ping the missing and recoil momentum dependence of the
measured ratios. This will facilitate detailed studies of the
origin, implications, and significance of such differences.
Previous work [3] measured Aðe; e0pÞ and Aðe; e0ppÞ

events and derived the relative probabilities of np and pp
pairs assuming that all high-missing momentum Aðe; e0pÞ
events were due to scattering from SRC pairs. The agree-
ment between the pp=np ratios directly measured here and
those of the previous indirect measurement, as well as with
the factorized GCF calculations, strengthens the np-pair
dominance theory and also lends credence to the previous
assumption that almost all high-initial-momentum protons
belong to SRC pairs in nuclei from C to Pb.
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possible NN pairs from shell-model orbits, while Ref. [35]
considers both all pairs, and nucleons in a relative 1S0 state
(i.e., nodeless s-wave with spin 0) [64,65]. The simplistic
Fermi-gas prediction samples two random nucleons from a
Fermi sea with kF from [63].
The agreement of the data with calculations supports the

theoretical picture of SRC pair formation from temporal
fluctuations of mean-field nucleons [15]. The experimen-
tally extracted widths are consistent with the Fermi-Gas
prediction and are higher than the full mean-field calcu-
lations that consider formation from all possible pairs. The
data are lower than the 1S0 calculation that assumes
restrictive conditions on the mean-field nucleons that form
SRC pairs [35].
We note that the SRC-pair c.m. momentum distributions

extracted from experiment differ from those extracted
directly from ab initio calculations of the two-nucleon
momentum distribution. The latter are formed by summing
over all two-nucleon combinations in the nucleus and
therefore include contributions from non-SRC pairs. See
discussion in Ref. [34].
In conclusion, we report the extraction of the width of the

c.m. momentum distribution, σc:m:, for pp-SRC pairs from
Aðe; e0ppÞ measurements in C, Al, Fe, and Pb. The new
data are consistent with previous measurements of the
width of the c.m. momentum distribution for both pp and
pn pairs in C. σc:m: increases very slowly and might
even saturate from C to Pb, supporting the claim that final
state interactions are negligible between the two outgoing
nucleons and the residual A − 2 nucleus. The comparison
with theoretical models supports the claim that SRC pairs
are formed from mean-field pairs in specific quantum
states. However, improved measurements and calculations
are required to determine the exact states.

The raw data from this experiment are archived in
Jefferson Labs mass storage silo [66].
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where nSRC
A  is the number of np SRC pairs in nucleus A, F x Q( , )p

2 B
2   

and F x Q( , )n
2 B

2  are the free-proton and free-neutron structure func-
tions, ∗F x Q( , )p

2 B
2  and ∗F x Q( , )n

2 B
2  are the average modified structure 

functions for protons and neutrons in SRC pairs and ∆ = −∗F F Fn n n
2 2 2  

(and similarly for ∆F p
2 ). ∗F p

2  and ∗F n
2  are assumed to be the same for all 

nuclei. In this simple model, nucleon-motion effects1–3, which are also 
dominated by SRC pairs owing to their high relative momentum, are 
folded into ∆F p

2  and ∆F n
2 .

This model resembles that used in ref. 26. However, that work focused 
on light nuclei and did not determine the shape of the modification 
function. Similar ideas using factorization were discussed in ref. 1, such 
as a model-dependent ansatz for the modified structure functions, 
which was shown to be able to describe the EMC data27. The analysis 
presented here, to our knowledge, is the first data-driven determination 
of the modified structure functions for nuclei from 3He to Pb.

Because there are no model-independent measurements of F n
2 , we 

apply equat ion (1)  to  the deuteron,  rewrit ing F n
2  as 

− − ∆ + ∆F F n F F( )p p n
2
d

2 SRC
d

2 2 . We then rearrange equation (1) to get:

∆ + ∆
=

− − −

/ −
n F F

F

Z N N

A a N
( ) ( )

( 2)
(2)

p n
F
F

F
FSRC

d
2 2

2
d

2

p
2
A

2
d

2

2
d

where /F Fp
2 2

d has been previously extracted28 and a2 is the measured 
per-nucleon cross-section ratio shown by the red lines in Fig. 1e–h. 
Here we assume that a2 approximately equals the per-nucleon  
SRC-pair density ratio between nucleus A and deuterium1,11–15: 

/ / /n A n( ) ( 2)SRC
A

SRC
d .

Because ∆ + ∆F Fp n
2 2  is assumed to be nucleus-independent, our 

model predicts that the left-hand side of equation (2) should be a uni-
versal function (that is, the same for all nuclei). This requires that the 
nucleus-dependent quantities on the right-hand side of equation (2) 
combine to give a nucleus-independent result.

T h i s  i s  t e s t e d  i n  F i g .   2 .  T h e  l e f t  p a n e l  s h ow s 
/ / /F x Q A F x Q[ ( , ) ] [ ( , ) 2]2

A
B

2
2
d

B
2 , the per-nucleon structure-function 

ratio of different nuclei relative to deuterium, without isoscalar cor-
rections. The approximately linear deviation from unity for 
0.3 ≤ xB ≤ 0.7 is the EMC effect, which is larger for heavier nuclei. The 
right panel shows the relative structure modification of nucleons in np 
SRC pairs, ∆ + ∆ /n F F F( )p n

SRC
d

2 2 2
d, extracted using the right-hand side 

of equation (2).
The EMC slope for all measured nuclei increases monotonically with 

A whereas the slope of the SRC-modified structure function is con-
stant within uncertainties; see Fig. 3 and Extended Data Table 2. Even 
3He, which has a markedly different structure-function ratio owing to 
its very large proton-to-neutron ratio of 2, has a remarkably similar 
modified structure function to the other nuclei, with the same slope. 
Thus, we conclude that the magnitude of the EMC effect in different 

nuclei can be described by the abundance of np SRC pairs and that 
the proposed SRC-pair modification function is in fact universal. This 
universality appears to hold even beyond xB = 0.7.

The universal function extracted here will be tested directly in the 
future using lattice quantum chromodynamics (QCD) calculations26 and 
by measuring semi-inclusive DIS off the deuteron, tagged by the detec-
tion of a high-momentum backward-recoiling proton or neutron, that 
will enable direct quantification of the relationship between the momen-
tum and the structure-function modification of bound nucleons29.

The universal SRC-pair modification function can also be used to 
extract the free neutron-to-proton structure-function ratio, /F Fn p

2 2 , by 
applying equation (1) to the deuteron and using the measured proton 
and deuteron structure functions (see Extended Data Fig. 1). In addi-
tion to its own importance, this F n

2  can be used to apply self-consistent 
isoscalar corrections to the EMC effect data (see Supplementary 
Information equation (5)).

To further test the SRC-driven EMC model, we consider the isopho-
bic nature of SRC pairs (that is, np dominance), which leads to an 
approximately constant probability for a neutron to belong to an SRC 
pair in medium-to-heavy nuclei, while the proton probability 
increases22 as N/Z. If the EMC effect is indeed driven by high-momen-
tum SRCs, then in neutron-rich nuclei both the neutron EMC effect 
and the SRC probability should saturate, whereas for protons both 
should grow with nuclear mass and neutron excess. This is done by 
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We identify SRC A(e, e ′p) events
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No evidence of excess due to rescattering
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No sign of rescattering over entire pmiss range.
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Selected C (e, e ′p) Events
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Selected C (e, e ′p) Events
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Leading and recoil protons are distinct.
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Detecting a recoil proton confirms

we broke up pp-SRC pair.
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Detecting a recoil proton confirms

we broke up pp-SRC pair.
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Detecting a recoil proton confirms

we broke up pp-SRC pair.
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Detecting a recoil proton confirms

we broke up pp-SRC pair.
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Generalized contact formalism factorizes SRCs

from the nucleus.

Pair abundances

Pair CM motion

Pair relative motion
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Generalized contact formalism factorizes SRCs

from the nucleus.
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Generalized contact formalism factorizes SRCs

from the nucleus.
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Generalized contact formalism factorizes SRCs

from the nucleus.

e

e'

ω,q

A

E1',p1'

E2,p2

E1,p1
E1+E2,pCM

pCM
2 + (mA-2+E*)2,–pCM

dσ ∼ σeN ·
∑
α

Cα · Pα(kcm) · |φ̃(krel.)|2

39



In GCF, relative momentum is determined from

a model NN-potential.
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In GCF, relative momentum is determined from

a model NN-potential.
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We use GCF to simulate the experiment

for direct comparison with data.

1 Generate events using GCF

2 Model radiative effects

3 Model FSI effects with Glauber

as SCX + transparency

4 CLAS detector acceptance

5 Same event selection criteria
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We use GCF to simulate the experiment
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We use GCF to simulate the experiment

for direct comparison with data.
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We use GCF to simulate the experiment

for direct comparison with data.
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We use GCF to simulate the experiment

for direct comparison with data.

1 Generate events using GCF

2 Model radiative effects

3 Model FSI effects with Glauber

as SCX + transparency

4 CLAS detector acceptance

5 Same event selection criteria 0◦
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GCF describes kinematic distributions

extremely well.
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GCF describes kinematic distributions

extremely well.
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The C(e, e ′pp)/C(e, e ′p) ratio shows a

tensor-to-scalar transition.
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The C(e, e ′pp)/C(e, e ′p) ratio shows a

tensor-to-scalar transition.
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The C(e, e ′pp)/C(e, e ′p) ratio shows a

tensor-to-scalar transition.
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Heavier nuclei show the same transition.

542 | Nature | Vol 578 | 27 February 2020

Article

The two-nucleon knockout 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 with momenta pi and precoil such that the system of A−1 nucle-
ons (the A−2 nucleus plus the recoil proton; A, atomic mass of nucleus 
A) has energy Er (refs. 9,15,17). See Supplementary Information for details.

Ab initio many-body calculations of the nuclear spectral and decay 
functions are currently computationally unfeasible1. However, for the 
specific case of interacting with SRC pairs (that is, pi ≈ pmiss > kF), we can 
efficiently approximate these functions using the generalized contact 

formalism (GCF)22–25 which assumes that at very high momenta, the 
nuclear wavefunction can be described as consisting of an SRC pair and 
a residual A−2 system. The abundance of SRC pairs is given by nuclear 
contact terms extracted from ab initio many-body calculations of pair 
momentum distributions24,25.

Therefore, in the GCF, the high-momentum proton spectral function 
of equation (1) is approximated by a sum over pp and pn SRC pairs, which 
enables the calculation of the cross-sections of (e, e′p) and (e, e′pp) 
using different nuclear interaction models as input13,22.

We consider two commonly used NN interaction models: the phe-
nomenological Argonne V18 (AV18)4 and the χEFT local next-to-next-to-
leading-order (N2LO)5 interactions, as well as the simplified, tensor-less, 
Argonne V4′ (AV4′) interaction. The χEFT 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. 26). We do not 
expect these interactions 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 
its implementation.

Measurement results
Figure 2 shows the measured (e, e′pp)/(e, e′p) event yield ratio as a func-
tion of pmiss for carbon, aluminium, iron and lead. The ratio increases 
linearly from 400 to about 650 MeV/c and then appears to flatten out 
for all measured nuclei. The observed increase in this ratio—that is, the 
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Fig. 2 | Dependence of the two- to one-proton knockout reaction yield 
ratio on the missing momentum. Measured (e, e′pp)/(e, e′p) event yield values 
shown as a function of the (e, e′p) missing momentum pmiss. a, 12C data compared 
with theoretical calculations based on the GCF framework using different 
models of the NN interaction. b, Comparison of the carbon, aluminium, iron 
and lead data and the GCF AV18 12C calculation (the latter is reproduced from a). 
In both a and b, 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, each at the 1σ confidence level.

C
ou

nt
s

C
ou

nt
s

C
ou

nt
s

C
ou

nt
s

C
ou

nt
s

C
ou

nt
s

C
ou

nt
s

C
ou

nt
s

C
ou

nt
s

12C(e, e′p)

12C(e, e′p) 12C(e, e′pp)

Data

AV18

AV4′

N2LO (1.0 fm)

N2LO (1.2 fm)

12C(e, e′pp)

103

500

400

300

200

100

0

200

100

0

100

50

0
80

f

e

d

ca

b

j

i

h

g

60

40

20

0 0

5

10

15

20
0

10

20

30
0

10

20

30

40
0

10

20

30

40

102

101

101

100

C
ou

nt
s

0.4 0.5 0.6 0.7

pmiss (GeV/c) Emiss (GeV) Emiss (GeV)

0.8 0.9 1.0 0.40.30.20.10–0.10.40.30.20.10–0.1

0.4 < pmiss < 0.5 GeV/c

0.5 < pmiss < 0.6 GeV/c

0.6 < pmiss < 0.7 GeV/c

0.7 < pmiss < 1.0 GeV/c

0.4 < pmiss < 0.5 GeV/c

0.5 < pmiss < 0.6 GeV/c

0.6 < pmiss < 0.7 GeV/c

0.7 < pmiss < 1.0 GeV/c

Fig. 3 | Missing-momentum and energy dependence of one- and two-proton 
knockout reaction yields. a–j, Measured 12C(e, e′p) (a, c–f) and 12C(e, e′pp) 
(b, g–j) event yields shown as a function of the (e, e′p) missing momentum (a, b) 
and missing energy (c–j). The data are compared with theoretical calculations 
based on the GCF framework, using different models of the NN interaction. The 

arrows mark the expected missing energy for interacting with a stationary pair 
with relative momentum equal to the mean of each missing-momentum bin. 
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, each at the 1σ confidence level.
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We’ve identified neutron candidate hits

in the CLAS ToF scintillators.

electron

protonneutron
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GCF describes neutron kinematic distributions as

well.
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Direct detection of recoil neutrons

confirms the tensor-to-scalar transition.
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All high-momentum protons are correlated.
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Summary

SRC pairs tell us about the

isospin structure of the NN

interaction.

We observe a tensor-to-scalar

transition from 400–1000

MeV/c .

All high-momentum protons are

correlated.
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interaction.
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MeV/c .

All high-momentum protons are
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Summary

SRC pairs tell us about the

isospin structure of the NN

interaction.

We observe a tensor-to-scalar

transition from 400–1000

MeV/c .

All high-momentum protons are

correlated.
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Outlook

Benchmarking against FSI models

See talk by Natalie Wright!

Extending this analysis to infer pairing properties in heavier nuclei

Factor of 10–100× statistics on many nuclei coming 2021

CLAS12 Run Group M

Also in 2021: Nuclear target experiment with real photons.
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BACK-UP SLIDES
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We’ve selected events to minimize

competing reactions.
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Neutral Particle Veto

proton track

Exclusion regions

Neutral can
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Neutron time-of-flightbackground (as been seen in the dueteron calibrations), these are not included in the counting of the

2N-SRC. A clear signatures of 2N-SRC is seen by looking on the opening angle between missing

momentum and recoiling particle. This distribution is shown in Figure 33. 

Fig 32: Same as Figure 31 with the background distribution (orange) and signal region (green)

shown.

The distribution in the orange area (Figure 32) is used to simulate the BG in the green area. We

simulate background events, transform the TOF per meter to momentum using the equation:

pn=
m

√(
0.3⋅t
d

)
2

−1

To  obtain  the  number  of  counts  for  each  neutron  momentum  bin,  we  correct  the  number  of

measured neutrons using the efficiency (momentum dependent) that was determined with the use of

deuterium target. In addition, in order to prevent bias due to the width of the momentum bin, in

each iteration, we take uniform distribution with in the momentum width of the bin. 

The opening angle between the initial proton momentum (defined as missing momentum) and the

measured neutron momentum is shown in Figure 33. Figure 34, 35 show the missing mass and

missing energy distributions.
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