
Short-range correlations and the nuclear forces

at short distances

Axel Schmidt

CFNS Seminar

February 28, 2020

1



My understanding of the NN potential

r [fm]
V(r)

π

2



My understanding of the NN potential

r [fm]
V(r)

π

ω, ρ, ππ

3



My understanding of the NN potential

r [fm]
V(r)

?

π

ω, ρ, ππ

4



My understanding of the NN potential

r [fm]
V(r)

?

π

ω, ρ, ππ

central force is small
tensor force dominates 

5



There are a wide variety of NN models,

all tuned to data.
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The NN force at short-distance matters.

Starting point for microscopic

calculations of nuclei

Eq. of state of neutron-star

matter

How to connect to fundamental

QCD?
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Short-range correlated nucleon pairs

offer a new way to study the NN force.
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Probing the core of the strong interaction:

Isolated SRC pair break-up events from Jefferson Lab data

Developed new theory approach: Generalized Contact Formalism

NN-potential models −→ scattering cross sections

Comparisons revealed:

SRC-pair break-up paradigm describes the data well.

Non-relativistic NN models work far beyond where they were tuned.

Clear signature of scalar core
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Probing the core of the strong interaction:

Isolated SRC pair break-up events from Jefferson Lab data

Developed new theory approach: Generalized Contact Formalism

NN-potential models −→ scattering cross sections

Comparisons revealed:
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Mean field models help simplify the picture.

Mean-field approach
Full microscopic picture
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The nucleus is like a box of fermions.
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The mean-field picture breaks down.

High-momentum tails

Universal shape

Correlated emission of
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The mean-field picture breaks down.
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The mean-field picture breaks down.

High-momentum tails

Universal shape
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The mean-field picture breaks down.

High-momentum tails

Universal shape

Correlated emission of

partner
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The protons and neutrons in a nucleus can form strongly correlated nucleon pairs. Scattering
experiments, in which a proton is knocked out of the nucleus with high-momentum transfer and
high missing momentum, show that in carbon-12 the neutron-proton pairs are nearly 20 times as
prevalent as proton-proton pairs and, by inference, neutron-neutron pairs. This difference
between the types of pairs is due to the nature of the strong force and has implications for
understanding cold dense nuclear systems such as neutron stars.

Nuclei are composed of bound protons (p)
and neutrons (n), referred to collectively
as nucleons (N). A standard model of the

nucleus since the 1950s has been the nuclear
shell model, in which neutrons and protons move
independently in well-defined quantum orbits in
the average nuclear field created by their mu-
tually attractive interactions. In the 1980s and
1990s, proton-removal experiments using elec-
tron beams with energies of several hundred

megaelectron volts showed that only 60 to 70%
of the protons participate in this type of inde-
pendent particle motion in nuclear valence states
(1, 2). At the time, it was assumed that this low
occupancy was caused by correlated pairs of
nucleons within the nucleus. The existence of nu-
cleon pairs that are correlated at distances of
several femtometers, known as long-range correla-
tions, has been established (3), but these accounted
for less than half of the predicted correlated nu-
cleon pairs. Recent high-momentum transfer mea-
surements (4–12) have shown that nucleons in
nuclear ground states can form pairs with large
relative momentum and small center-of-mass
(CM) momentum due to the short-range (scalar
and tensor) components of the nucleon-nucleon
interaction. These pairs are referred to as short-
range correlated (SRC) pairs. The study of these
SRC pairs allows access to cold dense nuclear
matter, such as that found in a neutron star.

Experimentally, a high-momentum probe can
knock a proton out of a nucleus, leaving the rest
of the system nearly unaffected. If, on the other
hand, the proton being struck is part of an SRC
pair, the high relative momentum in the pair
would cause the correlated nucleon to recoil and
be ejected as well (Fig. 1). High-momentum
knockout by both high-energy protons (8–10)
and high-energy electrons (12) has shown, for kin-
ematics far from particle-production resonances,
that when a proton with high missing momentum
is removed from the 12C nucleus, the momentum
is predominantly balanced by a single recoiling
nucleon. This is consistent with the theoretical
description that large nucleon momenta in the nu-
cleus are predominantly caused by SRC pairing
(13). This effect has also been shown when in-
clusive incident electron, scattered electron (e,e')
data were used (4, 5, 14), although that type of
measurement is not sensitive to the type of SRC
pair. Here we identify the relative abundance of
p-n and p-p SRC pairs in 12C nuclei.

We performed our experiment in Hall A of
the Thomas Jefferson National Accelerator Facil-
ity (JLab), using an incident electron beam of
4.627 GeV with a beam current between 5 and
40 mA. The beam was incident on a 0.25-mm-
thick pure 12C sheet rotated 70° to the beam line to
minimize the material through which the recoiling
protons passed.We used two high-resolution spec-
trometers (HRS) (15) to define proton-knockout
events for 12C(e,e'p). The left HRS detected
scattered electrons at a central scattering angle
(momentum) of 19.5° (3.724 GeV/c). These val-
ues correspond to the quasi-free knockout of a
single proton with transferred three-momentum
q= 1.65 GeV/c, transferred energy w = 0.865
GeV, Q2 = q2 − (w/c)2 = 2(GeV/c)2 (where Q2 is
the four-momentum, squared), and Bjorken
scaling parameter xB = Q2/2mw = 1.2, where m
is the mass of the proton. The right HRS detected
knocked-out protons at three different values for
the central angle (momentum): 40.1° (1.45GeV/c),
35.8° (1.42 GeV/c), and 32.0° (1.36 GeV/c).

Fig. 1. Illustration of the 12C(e,e'pN)
reaction. The incident electron beam
couples to a nucleon-nucleon pair via
a virtual photon. In the final state,
the scattered electron is detected
along with the two nucleons that
are ejected from the nucleus. Typi-
cal nuclear density is about 0.16
nucleons/fm3, whereas for pairs the
local density is approximately five
times larger.
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CLAS data-mining has taught us a lot about

short-range correlations.
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CLAS can measure momenta of charged particles.

electron

proton
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CLAS can measure momenta of charged particles.

electron

protonproton
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CLAS can measure momenta of charged particles.

electron

protonneutron
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The ratio of pp/np pairs tells us about the

spin-isospin structure of the NN force.

S=1S=0

Pauli blocked
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Most pairs are np spin-1

(in the 300–600 MeV/c range)

Brookhaven EVA (’06)

(p, ppn) vs (p, ppp)

JLab Hall A (’08)

(e, e ′pn) vs (e, e ′pp)

JLab CLAS (’14)

(e, e ′pp) vs (e, e ′p)

JLab CLAS (’19)

(e, e ′np) vs (e, e ′pp)

correlation for neutrons with jpnj below the Fermi sea level
(kF ! 220 MeV=c). Above kF a strong back-to-back di-
rectional correlation between ~p2 and ~pn is evident.

In Ref. [7 ] the large value of the following ratio

 F ! Number of "p; ppn# events"p2; pn > kF#
Number of "p; pp# events"p2 > kF#

(1)

was extracted, which indicates that in the 250–550 MeV=c
region NN-SRCs must be the major source of nucleons in
nuclei. Within the SRC model, the numerator of F is due to
scattering off the pn-SRC while the denominator is due to
scattering off any possible configuration ‘‘pX ’’ which
contains a proton with jp2j $ 250–550 MeV=c. All con-
figurations such as pn- and pp-SRCs, the high-momentum
tail of the mean-field proton distribution, three and more
nucleon SRCs, as well as SRCs containing non-nucleonic
degrees of freedom could contribute to ‘‘pX ’’. We define
Ppn=pX as the relative probability of finding a pn-SRC in
the ‘‘pX ’’ configuration. In this work, using a theoretical
description of the A"p; pp#X and A"p; ppn#X reactions,
we evaluate Ppn=pX from the above measured ratio F.

Our theoretical description of the A"p; ppn#X reaction,
in which the hard pp! pp subprocess is accompanied by
the emission of a recoil (kF < pn < 550 MeV=c) neutron,
is based on the light-cone distorted-wave impulse approxi-
mation (LC-DWIA). This is an appropriate approximation
for high-momentum-transfer reactions aimed at studies of
the ground state properties of nuclei since in this case the
LC momentum fraction ! (defined below) of the nuclear
constituents is approximately conserved without much
distortion due to soft initial and final state interactions in
the reaction [14,15]. This validates the factorization of the
hard pp! pp scattering from the soft reinteractions,
allowing to express the A"p; ppn#X cross section through
the product of the pp! pp scattering cross section off the
bound proton, d"=dt, and the nuclear decay function,Dpn:

 "p;ppn !
X
Z
K
d"pp

dt
"s; t# 2D

pn"!; ~pt;!n; ~ptn; PR% #
!

Tppn;

(2)

where "p;ppn & d9"= d
3p3
E3

d3p4
E4

d!n
!n
d2ptn and K ! 2

# '!!!!!!!!!!!!!!!!!!!!!!
s2 ( 4m2s
p

. Here p1, p3, and p4 are incoming, scattered,
and knocked out proton four momenta and p2 !
p3 % p4 ( p1. Also, s ! "p3 % p4#2 and t ! "p1 ( p3#2.
The functionDpn represents the joint probability of finding
a proton in the nucleus with ! ! A E2( pz2

EA( PzA
and transverse

momentum ~pt, and a recoil neutron in the residual A ( 1
nucleus with !n and ~ptn.PR% ! ER ( pz2 is the LC ‘‘plus’’
component of the A ( 1 residual nuclear state. Here, z k
~p1. Tppn is the nuclear transparency for the yield of two
fast protons and recoil neutron. Equation (2) correctly
reproduced the angular correlation of Fig. 1 as well as
average values of h!ni and hcos"$#i [6,7 ].

Within the LC-DWIA, the A"p; pp#X reaction is ex-
pressed through the spectral function, Sp, as follows [10]:

 "p;pp !
X
Z
K
d"pp

dt
"s; t# 2S

p"!; ~pt; PR% #
!

Tpp; (3)

where "p;pp & d6"= d
3p3
E3

d3p4
E4

, and Tpp represents the nu-
clear transparency for the yield of two fast protons from the
nucleus. For SRCs we have

 Sp"!; ~pt; PR% # !
X
s

Z
Dps"!; ~pt;!s; ~pts; PR% #

d!s
!s

d2pts;

(4)

where the summation is over the possible types of the
recoil particles s from the SRC. The spectral function Sp

together with the mean-field contribution to the spectral
function is normalized to unity. At small internal momenta,
the LC-DWIA reduces smoothly to its nonrelativistic coun-
terpart. Reasonable agreement is observed [10] in an ex-
tensive comparison of calculations based on Eq. (3) with
measured ! and pt spectra [6].

The ratio F defined in Eq. (1) now can be written as

 F !
R!max

!min

Rpmax
t

pmin
t

R!max
n

!min
n

Rpmax
tn

pmin
tn
"p;ppn d!! d

2pt
d!n
!n
d2ptndPR%

R!max

!min

Rpmax
t

pmin
t
"p;pp d!! d

2ptdPR%
;

(5)

where the limits for integration are defined by the experi-
mental conditions. The kinematics of the experiment [6,7 ]
lead to the integration by PR% that covers all the range
relevant to quasielastic scattering.

Using Eq. (5) and relations (2)–(4), one can relate the
above defined Ppn=pX averaged over the measured range of
~p2, ~pn, and PR% to the ratio F as follows:

 Ppn=pX ! F="TnR#) (6)

Here Tn accounts for the attenuation of the neutron and
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FIG. 1. The correlation between pn and its direction $ relative
to ~p2. Data labeled by 94 and 98 are from Refs. [6,7 ], respec-
tively. The momenta are the beam momenta. The dotted vertical
line corresponds to kF ! 220 MeV=c.
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Most pairs are np spin-1

(in the 300–600 MeV/c range)

Brookhaven EVA (’06)

(p, ppn) vs (p, ppp)

JLab Hall A (’08)

(e, e ′pn) vs (e, e ′pp)

JLab CLAS (’14)

(e, e ′pp) vs (e, e ′p)

JLab CLAS (’19)

(e, e ′np) vs (e, e ′pp)

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.
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Fig. 3. The average fraction of nucleons in the
various initial-state configurations of 12C.
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Most pairs are np spin-1

(in the 300–600 MeV/c range)

Brookhaven EVA (’06)

(p, ppn) vs (p, ppp)

JLab Hall A (’08)

(e, e ′pn) vs (e, e ′pp)

JLab CLAS (’14)

(e, e ′pp) vs (e, e ′p)

JLab CLAS (’19)

(e, e ′np) vs (e, e ′pp)

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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Most pairs are np spin-1

(in the 300–600 MeV/c range)

Brookhaven EVA (’06)

(p, ppn) vs (p, ppp)

JLab Hall A (’08)

(e, e ′pn) vs (e, e ′pp)

JLab CLAS (’14)

(e, e ′pp) vs (e, e ′p)

JLab CLAS (’19)

(e, e ′np) vs (e, e ′pp)

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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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
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The magenta triangle shows the carbon data of Ref. [20], which
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indirect extraction of Ref. [3]. The uncertainties on both previous
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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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Tensor force dominates at the bottom.

What happens at shorter distances?

r [fm]
V(r)

?

π

ω, ρ, ππ

central force is small
tensor force dominates 
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We want (e, e ′p) events dominated by

the break-up of an SRC proton.

Missing Momentum
         = p1 - q

Leading Proton
(High mom.)

Recoil
(Low mom.)

High missing momentum: pmiss > 400 MeV/c

High momentum transfer: Q2 > 1.5 GeV2/c2

Proton emitted in ~q direction

Anti-parallel kinematics: xB > 1.2 and 0.62 < |pp|/|q| < 0.96
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We’ve selected events to minimize

competing reactions.
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We’ve selected events to minimize

competing reactions.
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We’ve selected events to minimize

competing reactions.

Figure courtesy of Misak Sargsian
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We’ve selected events to minimize

competing reactions.
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No sign of rescattering peak

from C to Pb.

Missing Momentum
         = p1 - q
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No sign of rescattering over entire pmiss range.
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Leading and recoil protons are distinct.
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Probing the core of the strong interaction:

Isolated SRC pair break-up events from Jefferson Lab data

Developed new theory approach: Generalized Contact
Formalism

NN-potential models −→ scattering cross sections

Comparisons revealed:

SRC-pair break-up paradigm describes the data well.

Non-relativistic NN models work far beyond where they were tuned.

Clear signature of scalar core
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To learn about the NN interaction we need

to connect it to (e, e ′pp) cross sections.

4	

…s4ll,	short-range	behavior	in	unconstrained	
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Short-range correlations produce

a complicated picture.
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Generalized Contact Formalism

exploits scale-separation.

Three important properties:

Pair abundances

Pair CM motion

Pair relative motion
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Generalized Contact Formalism

exploits scale separation.

When two particles are in close proximity:

Ψ(rij → 0) −→ ϕα(rij)× A(Rij ,~rk 6=i ,j)

ρ2(rij) −→
∑
α

Cα|ϕα(rij)|2

When two particles have high relative momentum:

ρ̃2(kij) −→
∑
α

Cα|ϕ̃α(kij)|2
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Generalized Contact Formalism

exploits scale separation.

When two particles are in close proximity:

Ψ(rij → 0) −→ ϕα(rij)× A(Rij ,~rk 6=i ,j)

ρ2(rij) −→
∑
α

Cα|ϕα(rij)|2

When two particles have high relative momentum:

ρ̃2(kij) −→
∑
α

Cα|ϕ̃α(kij)|2
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Generalized Contact Formalism

exploits scale separation.

When two particles are in close proximity:

Ψ(rij → 0) −→ ϕα(rij)× A(Rij ,~rk 6=i ,j)

ρ2(rij) −→
∑
α

Cα|ϕα(rij)|2

When two particles have high relative momentum:

ρ̃2(kij) −→
∑
α

Cα|ϕ̃α(kij)|2
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Universal ϕα functions are Schrödinger solutions

for a given NN potential.

0 0.5 1 1.5 2 2.5 3

|ϕ(r)|2

r [fm]

for AV18
pp/nn, s = 0
np, s = 0
np, s = 1
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Universal ϕα functions are Schrödinger solutions

for a given NN potential.

0 1 2 3 4 5 6 7 8 9 10

|ϕ̃(r)|2

k [fm−1]

for AV18
pp/nn, s = 0
np, s = 0
np, s = 1
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Generalized Contact Formalism

exploits scale separation.

When two particles are in close proximity:

ρ2(rij) −→
∑
α

Cα|ϕα(rij)|2 X

When two particles have high relative momentum:

ρ̃2(kij) −→
∑
α

Cα|ϕ̃α(kij)|2 X
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Contacts can be determined from fits to ab initio

calculations.

0 0.5 1 1.5 2 2.5 3
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These fits faithfully reproduce

high-momentum tails.214 R. Weiss et al. / Physics Letters B 780 (2018) 211–215

Fig. 2. (left) 4He one-body momentum densities extracted from ab-initio VMC cal-
culations (solid black band) and using the nuclear contact formalism (solid red 
band). The dashed lines show the contribution of different channels to the total 
contact calculation, using the contacts extracted in momentum space. The resid-
ual plot shows the ratio of the contact calculations to the VMC. The shaded region 
marks the 10% agreement region. The width of the black and red lines represents 
the individual uncertainties in the calculations. (right) The same, without error 
bands, comparing VMC calculations (dashed lines) and the nuclear contact formal-
ism (solids lines) for different nuclei. The contacts used to calculate the distributions 
on the right plot were extracted in coordinate space.

details. Within the contact formalism, these experimental quanti-
ties can be expressed as:

a2(A/d)

∞∫

kF

|ψ̃d(k)|2dk =
C s=0

nn + C s=0
pp + C s=0

pn + C s=1
pn

A/2
(6)

S RC pp

S RC pn
(k) =

C s=0
pp |ϕ̃s=0

pp (k)|2
C s=0

pn |ϕ̃s=0
pn (k)|2 + C s=1

pn |ϕ̃s=1
pn (k)|2

(7)

where ψ̃d(k) is the deuteron wave function, normalized to one. In 
Eq. (7) it is assumed that the c.m. motion of SRC pairs is small, and 
similar for the different types of pairs in a given nucleus, as ob-
served experimentally [46–48,58]. The experimental values of the 
contacts, shown in Table 1, were extracted for symmetric nuclei 
using these relations, assuming isospin symmetry.

The agreement between the values of the contacts that were 
extracted in momentum and coordinate space, points to a quan-
titative equivalence between high-momentum and short-range 
physics in nuclear systems. The agreement with the experimental 
extraction is an important indication for the validity of the con-
tact formalism to nuclear systems. Another interesting feature of 
the extracted values is that, for symmetric nuclei, the momentum 
space s = 0 pp and pn contacts are the same within uncertainties, 
in contrast to combinatorial expectations.

We can now utilize the values of the contacts to further in-
vestigate the predictions of the theory. First, we note that as the 
relation between the contacts and the one body momentum dis-
tribution, given in Eq. (3), was not used to fit the values of the 
contacts it can be considered as a verifiable prediction. Fig. 2
compares, for several nuclei, the one-body momentum distribu-
tion obtained from many-body VMC calculations to the prediction 
of Eq. (3). As can be seen, the asymptotic 1-body density, as pre-
dicted by the contact theory, reproduces with 10%–20% accuracy 
the many-body calculation starting from kF to 5 fm−1, where the 
momentum density varies over 3 orders of magnitude. It is worth 

emphasizing that even though the contacts fitting range was only 
k > 4 fm−1 using the two-body momentum distribution, the one-
body momentum distribution is reproduced starting from kF , as 
expected.

The contacts can also be used to calculate the pp to pn SRC 
pairs ratio using Eq. (7). This ratio can be compared with exper-
imental electron induced two-nucleon knockout data [44–48] as 
shown for 4He in Fig. 1. A similar comparison for 12C [46] also 
shows a good agreement [57]. We can see that the contact predic-
tions are in a good agreement with the experimental results and 
ab-initio calculations.

The contact formalism also allows us to evaluate the contribu-
tions of the different two-body channels to SRC pairs. Such de-
composition is shown in Fig. 2 (left panel) for 4He. The values of 
the contacts clearly show the expected dominance of the deuteron 
channel in SRC pairs. The fact that the contact formalism repro-
duces the VMC one-body momentum density to 10%–20% accu-
racy, without utilizing the spin–isospin ST = 11 channels, indicates 
their small importance to SRCs in the nuclei considered here. This 
stands in contrast to other works that do find a non-negligible 
contribution of ST = 11 pairs [59,60]. A possible explanation for 
this difference goes back to our discussion of the regions where 
the two-body momentum distribution describes SRCs. In these two 
papers, the c.m. momentum was not limited to small values and, 
thus, contributions from non-correlated pairs are expected to be 
significant. The contact theory provides a simple framework to per-
form such decompositions for SRC channels.

Conclusions – Even though nuclear systems do not strictly ful-
fill the scale-separation conditions required by the contact theory, 
both ab-initio one body momentum distribution above kF and the 
experimental data are well reproduced using factorized asymptotic 
wave-functions and nuclear contact theory.

Consistent contacts extracted by separately fitting coordinate 
and momentum space two-body densities show equivalence be-
tween high-momentum and short-range dynamics in nuclear sys-
tems. Experimental extraction of the contacts gives also similar 
results. The values of the contacts allow a proper analysis of the 
spin–isospin quantum numbers of SRC pairs, and also reveal the 
non-combinatorial isospin-spin symmetry of SRCs.

This work provides clear evidence for the applicability of the 
generalized contact formalism to nuclear systems, and open the 
path towards further SRC studies.
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. . . and short-distance two-body densities.
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Different NN interactions can lead

to very different two-body densities.
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Different NN interactions can lead

to very different two-body densities.
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Relative SRC pair abundances are largely

scale and scheme independent.

5

Ref. [35] showed that the relative abundance of short-
distance NN pairs in nucleus A relative to deuterium
(i.e., ⇢A(r)/⇢d(r) for r ! 0, where ⇢A(r) includes all
NN pairs) is insensitive to the nuclear interaction, and
is numerically consistent with the experimental values
of a2(A/d) for all nuclei considered. This raised doubts
about the sensitivity of a2(A/d) measurements to the
NN+3N interaction. However, the assumed connection
between the a2(A/d) data analyzed in momentum space
and the calculated pair-distance distributions needed to
be justified.

We bolster and extend these observations by showing
that the calculated contact ratios are independent of the
NN+3N interaction in both coordinate and momentum
space and for each pair quantum state separately. This is
consistent with previous calculations that found the rela-
tive abundance of SRC pairs to be a mean-field property
of the nuclear medium, with only their specific proper-
ties (isospin structure, relative momentum distribution,
etc.) being determined by the short distance part of the
NN interaction [56–60]. Thus our results raise even more
doubts about the connection between the a2(A/d) mea-
surements and the NN+3N interaction.

An alternate method for probing SRCs is by measuring
exclusive two-nucleon knockout reactions A(e, e0NN) [1,
3–10]. Fig. 5 shows the ratio of pp to pn pairs in 4He, as
a function of the pair relative momenta, extracted from
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Figure 4: Ratios of spin-1 pn contact terms for different nu-
clei to deuterium (top) or 4He (middle), and of spin-0 pp con-
tact terms for different nuclei to 4He (bottom). The contact
terms ratios were extracted using different NN+3N poten-
tials in both coordinate (squares) and momentum (circles)
space. The contact values for 3H in the spin-0 pp panel corre-
sponds to Cs=0

nn , as there are no pp pairs in this nucleus. See
text for details.
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Figure 5: Ratio of pp-to-pn back-to-back pairs in 4He
as a function of pair relative momentum q, npp

A (q, Q =
0)/npn

A (q, Q = 0), for different NN+3N potentials, compared
with the experimental extractions of Ref. [7] using (e, e0pp)
and (e, e0pn) data. See text for details.

(e, e0pp) and (e, e0pn) data [7]. The data are compared
with two-nucleon distribution ratios npp

4He(q)/npn
4He(q) cal-

culated at zero c.m. pair momentum (Q = 0) using differ-
ent interaction models. Requiring low or zero c.m. mo-
mentum (back-to-back pairs) reduces contributions from
uncorrelated pairs [33], allowing to meaningfully compare
SRC calculations and measurements. The pp to pn ratio
calculated with the AV4’+UIXc interaction is inconsis-
tent with the other calculations and with the experimen-
tal data, due to its lack of a tensor force. Thus, exclusive
observables can be sensitive to short-distance properties
of the nuclear interaction.

Lastly, Refs. [61, 62] claimed there exists a difference
between the scaling of SRC pairs with small separation
and high relative momenta, and that of pairs with small
separation but any relative momenta. The fact that both
coordinate- and momentum-space contacts exhibit the
same scaling shows that these speculations are inconsis-
tent with QMC wave functions [63].

ABSOLUTE CONTACTS

Having observed that the ratio of contact terms for
heavier to light nuclei is both scale and scheme inde-
pendent, and is the same for both small-separation and
high-momentum pairs, we now examine the individual
contacts.

Fig. 6 (top panel) shows the contacts extracted by fit-
ting Eq. (1) to the individual two-nucleon QMC densi-
ties for different nuclei in either coordinate or momentum
space. In contrast to the contact ratios, here the univer-
sal functions do not cancel, so we fixed the normalization
of |'↵

NN (q)|2 so that its integral above 1.3 fm�1(⇡ kF)
equals one. This defines the normalization of |'↵

NN (r)|2
via a Fourier transform, leaving CNN,↵

A as the only free

R. Cruz-Torres, D. Lonardoni, R. Weiss et al., arXiv:1907.03658 (2019)
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We can use GCF to calculate

this plane-wave reaction.
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We can use GCF to calculate

this plane-wave reaction.
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GCF allows us to calculate a spectral function

or a decay function.

R. Weiss et al., PLB 790 p 241 (2019)

Two-nucleon knockout:

D(E1, p1, p2) =
∑
α

Cα|ϕα(prel)|2n(pCM)δ(Ei − Ef )

Single-nucleon detection:

S(E1, p1) =
∑
α

Cα

∫
d3~p2
(2π)3

|ϕα(prel)|2n(pCM)δ(Ei − Ef )

dσ ∝ σeN · S(E1, p1)
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GCF allows us to calculate a spectral function

or a decay function.
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GCF allows us to calculate a spectral function

or a decay function.
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Two-nucleon knockout:
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Ingredients to the GCF cross section

Relative momentum −→ NN interaction

SRC pair abundances −→ estimate from ab initio calcs.

Pair center-of-mass motion
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We measured the CM momentum distribution

and confirmed its width is small.

E.O. Cohen et al., PRL 121 092501 (2018)

Aðe; e0ppÞ events were selected by requiring that the
Aðe; e0pÞ event had a second, recoil proton with momen-
tum jp⃗recoilj ≥ 350 MeV=c. There were no events in which
the recoil proton passed the leading proton selection cuts
described above. The recoil proton was emitted opposite to
p⃗miss [10], consistent with the measured pairs having large
relative momentum and smaller c.m. momentum.
In the Plane Wave Impulse Approximation (PWIA),

where the nucleons do not rescatter as they leave the
nucleus, p⃗miss and p⃗recoil are equal to the initial momenta of
the two protons in the nucleus before the interaction. In that
case we can write

p⃗c:m: ¼ p⃗miss þ p⃗recoil ¼ p⃗p − q⃗þ p⃗recoil; ð3Þ

p⃗rel ¼
1

2
ðp⃗miss − p⃗recoilÞ: ð4Þ

We use a coordinate system where ẑ is parallel to p̂miss, and
x̂ and ŷ are transverse to it and defined by: ŷkq⃗ × p⃗miss
and x̂¼ ŷ× ẑ.
Figure 2 shows the number of Aðe; e0ppÞ events plotted

versus the x and y components of p⃗c:m: [see Eq. (3)]. The
data shown are not corrected for the CLAS acceptance
and resolution effects. As the Aðe; e0ppÞ cross section is
proportional to nAc:m:ðp⃗c:m:Þ, we can extract the width of

nAc:m:ðp⃗c:m:Þ from the widths of the measured distributions.
Both px

c:m: and p
y
c:m: are observed to be normally distributed

around zero for all nuclei. Thus, as expected, nAc:m:ðp⃗c:m:Þ
can be approximated by a three-dimensional Gaussian
[5,7,9,14,35], and we characterize its width using σx and
σy, the standard deviation of the Gaussian fits in the two
directions transverse to p⃗miss. We average σx and σy for
each nucleus to get σc:m:, the Gaussian width of one
dimension of nAc:m:ðp⃗c:m:Þ. These widths are independent
of the magnitude of pmiss, supporting the factorization
of Eq. (3).
There are three main effects that complicate the inter-

pretation of the raw (directly extracted) c.m. momentum
distribution parameters (i.e., σc:m:): (i) kinematical offsets
of the c.m. momentum in the p̂miss direction, (ii) reaction
mechanism effects, and (iii) detector acceptance and
resolution effects. We next explain how each effect is
accounted for in the data analysis.
(i) Kinematical offsets in the c.m. momentum direction:

Since the relative momentum distribution of pairs falls
rapidly for increasing jp⃗relj, it is more likely for an event
with a large nucleon momentum (p⃗miss) to be the result of a
pair with smaller p⃗rel and a p⃗c:m: oriented in the direction of
the nucleon momentum. This kinematical effect will
manifest as a shift in the mean of the c.m. momentum
distribution in the p̂miss (nucleon initial momentum) direc-
tion. To isolate this effect, we worked in a reference frame
in which ẑkp̂miss and x̂ and ŷ are perpendicular to p̂miss. The
extracted c.m. momentum distributions in the x̂ and ŷ
directions were observed to be independent of p⃗miss, as
expected.
(ii) Reaction mechanism effects: These include mainly

contributions from meson-exchange currents (MECs), iso-
bar configurations (ICs), and rescattering of the outgoing
nucleons (final-state interactions or FSI) that can mimic the
signature of SRC pair breakup and/or distort the measured
distributions [50–52].
This measurement was performed at an average Q2 of

about 2.1 GeV2 and xB ≥ 1.2 to minimize the contribu-
tion of MEC and IC relative to SRC breakup [49,53–55].
Nucleons leaving the nucleus can be effectively
“absorbed,” where they scatter inelastically or out of the
phase space of accepted events. The probability of absorp-
tion ranges from about 0.5 for C to 0.8 for Pb [47,57–60].
Nucleons that rescatter by smaller amounts (i.e., do not
scatter out of the phase space of accepted events) are still
detected, but have their momenta changed. This rescatter-
ing includes both rescattering of the struck nucleon from
its correlated partner and from the other A − 2 nucleons.
Elastic rescattering of the struck nucleon from its correlated
partner will change each of their momenta by equal and
opposite amounts, but will not change p⃗c:m: [see Eq. (3)]
[49,55]. To minimize the effects of rescattering from the
other A − 2 nucleons, not leading to absorption, we
selected largely antiparallel kinematics, where p⃗miss has

FIG. 2. The number of Aðe; e0ppÞ events plotted versus the
components of p⃗c:m: perpendicular to p⃗miss. The red and blue
histograms show the x̂ and ŷ directions, respectively. The data are
shown before corrections for the CLAS detector acceptance.
The dashed lines show the results of Gaussian fits to the data. The
widths in parentheses with uncertainties are corrected for the
CLAS acceptance as discussed in the text.
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Ingredients to the GCF cross section

Relative momentum −→ NN interaction

SRC pair abundances −→ estimate from ab initio calcs.

Pair center-of-mass motion −→ measured!
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Under the hood, models have scalar core.Article

Extended Data Fig. 6 | Universal functions for pp and np pairs and the momentum dependence of their ratio. The relative momentum distributions for different 
NN interaction models studied in this work, for pn (a) and pp (b). c, The momentum dependence of the fraction of protons belonging to pp SRC pairs in 12C.
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Probing the core of the strong interaction:

Isolated SRC pair break-up events from Jefferson Lab data

Developed new theory approach: Generalized Contact Formalism

NN-potential models −→ scattering cross sections

Comparisons revealed:

SRC-pair break-up paradigm describes the data well.

Non-relativistic NN models work far beyond where they were tuned.

Clear signature of scalar core
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Connecting the model to data

DataModel

Radiative corrections
Acceptance corrections
FSI corrections, etc...
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Connecting the model to data

DataModel

Radiative corrections
Acceptance corrections
FSI corrections, etc...

Transparency, SCX
Radiative effects
Detector model
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We forward propagate the model to the data.

1 Generate events according to

model

2 Radiative effects

3 Transparency/SCX using

Glauber

4 Detect

5 Same event selection as data

6 Vary model parameters
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We forward propagate the model to the data.
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We forward propagate the model to the data.

1 Generate events according to

model

2 Radiative effects

3 Transparency/SCX using

Glauber

4 Detect

5 Same event selection as data

6 Vary model parameters
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We forward propagate the model to the data.
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We forward propagate the model to the data.

1 Generate events according to

model

2 Radiative effects

3 Transparency/SCX using

Glauber

4 Detect

5 Same event selection as data

6 Vary model parameters

Missing Momentum
         = p1 - q
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We forward propagate the model to the data.
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Comparison to 12C(e, e ′p) and 12C(e, e ′pp)

Carbon data only

Contacts determined from fits to ab initio VMC

NN interactions

AV18

AV4′ (no tensor force)

Local χPT N2LO (1 fm, 1.2 fm cut-offs)

Model uncertainty from:

Contacts

σCM

SCX prob.

Transparency

A− 2 excitation E ∗

prel. cut-off

e− res.

p res.
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Comparison to 12C(e, e ′p) and 12C(e, e ′pp)
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The model accurately predicts kinematics.
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Missing momentum distributions show

sensitivity to the NN interaction.
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Missing-momentum and missing-energy 

 4 

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, 
3ef@∗ . For the aforementioned interactions (a) was 
extracted from ab-initio many-body calculations of 12C [11, 
25] and (b) was extracted from data [26], leaving 3ef@∗  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, 3ef@∗  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 12C(e,e’pp) and 12C(e,e’p) yields 
for the two different NN interactions are shown in Fig. 2 
(a) and (b) as a function of 8.'//. 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 8.'// 
distribution over the entire measured missing-momentum 
range. The !EFT 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 
describe the momentum distributions well.  

Figure 2 (c) shows the measured 12C(e,e’pp) / 12C(e,e’p) 
event yield ratio as a function of 8.'//, 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 8.'//.  
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 !EFT interaction 
cutoff largely cancels in the 12C(e,e’pp) / 12C(e,e’p) yield 
ratio leading to agreement with both the AV18 predictions 
and the data.   

 
 

Fig. 3 | Nuclear spectral function at high momentum. 
Measured 12C(e,e’p) (a-d) and 12C(e,e’pp) (e-h) event yields 
shown as a function of 3.'// for different bins in (e,e’p) 
8.'//. 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 1σ or 68% confidence level. 
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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 FG ≥ 1.2 and a 
“leading” proton detected within a narrow cone of 25o 
around %, carrying at least 60% of the transferred 
momentum (8) S⁄ > 0.6), and resulting in 400 <
	8.'// < 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 (.'//, 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-Q2 kinematics of our measurement the 
differential A(e,e’p) nucleon knockout cross sections can 
be approximately factorized as [23, 24]: 
Eq. 1 

UVW
UΩYZUϵ′YUΩ\]Uϵ)

= 8)ϵ) ∙ W;\ ∙ _((', ϵ'), 

where cd and ϵ′Y are the final electron momentum and 
energy, W;\ is the off-shell electron-nucleon cross section  

 [24] and _((', ϵ') is the nuclear spectral function that 
defines the probability for finding a nucleon in the nucleus 
with momentum (' and energy ϵ' [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 (' and 
(:;<='> such that the A-1 system has energy 3: [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. 8' ≈ 8.'// > 67), 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 

 

 
 

Fig. 2 |  Missing momentum dependence of one- 
and two-proton knockout reaction yields. 
Measured 12C(e,e’p) (a) and 12C(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 
1σ or 68% confidence level. 
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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 FG ≥ 1.2 and a 
“leading” proton detected within a narrow cone of 25o 
around %, carrying at least 60% of the transferred 
momentum (8) S⁄ > 0.6), and resulting in 400 <
	8.'// < 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 (.'//, 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-Q2 kinematics of our measurement the 
differential A(e,e’p) nucleon knockout cross sections can 
be approximately factorized as [23, 24]: 
Eq. 1 
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where cd and ϵ′Y are the final electron momentum and 
energy, W;\ is the off-shell electron-nucleon cross section  

 [24] and _((', ϵ') is the nuclear spectral function that 
defines the probability for finding a nucleon in the nucleus 
with momentum (' and energy ϵ' [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 (' and 
(:;<='> such that the A-1 system has energy 3: [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. 8' ≈ 8.'// > 67), 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 

 

 
 

Fig. 2 |  Missing momentum dependence of one- 
and two-proton knockout reaction yields. 
Measured 12C(e,e’p) (a) and 12C(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 
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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, 
3ef@∗ . For the aforementioned interactions (a) was 
extracted from ab-initio many-body calculations of 12C [11, 
25] and (b) was extracted from data [26], leaving 3ef@∗  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, 3ef@∗  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 12C(e,e’pp) and 12C(e,e’p) yields 
for the two different NN interactions are shown in Fig. 2 
(a) and (b) as a function of 8.'//. 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 8.'// 
distribution over the entire measured missing-momentum 
range. The !EFT 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 
describe the momentum distributions well.  

Figure 2 (c) shows the measured 12C(e,e’pp) / 12C(e,e’p) 
event yield ratio as a function of 8.'//, 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 8.'//.  
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 !EFT interaction 
cutoff largely cancels in the 12C(e,e’pp) / 12C(e,e’p) yield 
ratio leading to agreement with both the AV18 predictions 
and the data.   

 
 

Fig. 3 | Nuclear spectral function at high momentum. 
Measured 12C(e,e’p) (a-d) and 12C(e,e’pp) (e-h) event yields 
shown as a function of 3.'// for different bins in (e,e’p) 
8.'//. 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 1σ or 68% confidence level. 
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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 FG ≥ 1.2 and a 
“leading” proton detected within a narrow cone of 25o 
around %, carrying at least 60% of the transferred 
momentum (8) S⁄ > 0.6), and resulting in 400 <
	8.'// < 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 (.'//, 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-Q2 kinematics of our measurement the 
differential A(e,e’p) nucleon knockout cross sections can 
be approximately factorized as [23, 24]: 
Eq. 1 

UVW
UΩYZUϵ′YUΩ\]Uϵ)

= 8)ϵ) ∙ W;\ ∙ _((', ϵ'), 

where cd and ϵ′Y are the final electron momentum and 
energy, W;\ is the off-shell electron-nucleon cross section  

 [24] and _((', ϵ') is the nuclear spectral function that 
defines the probability for finding a nucleon in the nucleus 
with momentum (' and energy ϵ' [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 (' and 
(:;<='> such that the A-1 system has energy 3: [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. 8' ≈ 8.'// > 67), 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 

 

 
 

Fig. 2 |  Missing momentum dependence of one- 
and two-proton knockout reaction yields. 
Measured 12C(e,e’p) (a) and 12C(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 
1σ or 68% confidence level. 
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Three big new measurements

BAND: Testing the SRC-EMC Connection
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SRCs at GlueX

Abstract

The past few years has seen tremendous progress in our understanding of short-range cor-
related (SRC) pairing of nucleons within nuclei, much of it coming from electron scattering
experiments leading to the break-up of an SRC pair. The interpretation of these experiments
rests on assumptions about the mechanism of the reaction. These assumptions can be directly
tested by studying SRC pairs using alternate probes, such as real photons. We propose a 30-
day experiment using the Hall D photon beam, nuclear targets, and the GlueX detector in its
standard configuration to study short-range correlations with photon-induced reactions. Several
di↵erent reaction channels are possible, and we project sensitivity in most channels to equal or
exceed the 6 GeV-era SRC experiments from Halls A and B. The proposed experiment will
therefore decisively test the phenomena of np dominance, the short-distance NN interaction,
and reaction theory, while also providing new insight into bound nucleon structure and the onset
of color transparency.
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1 Introduction

Since the 1950s much e↵ort has been devoted to understanding the detailed characteristics and
origin of the nucleon-nucleon interaction, and how it forms atomic nuclei. The development of
modern superconducting accelerators—with high energy, high intensity and high duty factor—has
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