
Experiment and Physics Overview

Axel Schmidt

ERR: E12-19-003

May 7, 2020

1



E12-19-003: Studying Short-Range Correlations

with Real Photon Beams at GlueX
Spokespersons

Or Hen (MIT)

Eli Piazetsky (Tel Aviv)

Maria Patsyuk (JINR)

Axel Schmidt (GW)

Alexander Somov (JLab)

Lawrence Weinstein (ODU)

2



This experiment tests foundational assumptions

about short-range correlations.
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And lots of other physics too!
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Figure 24: The expected count rate for 10 days running as a function of |t| for Deuterium
(left) and 12C (right) targets in mean-field kinematics for two di↵erent reactions.
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Figure 25: Expected uncertainties (statistical + systematical) for the measurement of the
� + n ! ⇡� + p reaction o↵ 4He (upper row), and 12C (lower row).
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Short-range correlated (SRC) nucleons are found

in all nuclei.
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Short-range correlated (SRC) nucleons are found

in all nuclei.

Small center-of-mass
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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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the theoretical modelling of the interaction, which should account for 
all possible mechanisms that lead to the same measured final state. The 
high-momentum transfer measurements reported here are discussed in 
terms of interaction with single nucleons, which is the simplest reaction 
picture that is consistent with the measured observables1–3 and various 
ab initio calculations20.

When analysed within this framework, electron-scattering 
experiments suggest that about 20% of the nucleons in nuclei have 
momentum greater than kF

1–3,10–12. These nucleons are absent in the one- 
body shell-model description of the data and are coupled into 
short-lived correlated nucleon pairs with large relative momentum  
(krelative > kF ≈ 250 MeV c−1) and small centre-of-mass momentum 
(kCM ), referred to as short-range correlated (SRC) pairs1–3.

The dominant force between nucleons in SRC pairs is tensor in 
nature1,2. This pair-wise interaction acts predominantly on spin-1 neutron– 
proton (np) SRC pairs, leading to a predominance of np SRC pairs over 
proton–proton (pp) and neutron–neutron (nn) SRC pairs by a factor of 
about 20. This phenomenon is referred to as ‘np dominance’1–8.

Almost all high-momentum nucleons in nuclei belong to an SRC 
pair. As the short-distance interaction between nucleons in SRC pairs 
is very strong, the characteristics of the resulting pairs are largely  
independent of the rest of the nucleus. Thus, the distribution of 
high-momentum nucleons (the ‘high-momentum tail’ of the distribu-
tion) has a universal shape for all nuclei1–3,9–11,21.

SRC pairs considerably complicate the nuclear ground state and 
nuclear-structure calculations. From a theoretical point of view, one can 
use a unitary transform to shift this complexity from the ground state 
to many-body interaction operators that describe the same measured 
final state22,23, shifting the physics from high-momentum correlations 
to short-distance operators. The physical pictures of high-momentum  
nucleons and short-distance operators are based on the different 
momentum and distance scales of these effects from those of the shell 
model. The results reported here constrain short-distance phenomena, 
as described in either framework.

The analysis reported here was motivated by the quest to study the 
short-distance dynamics of protons and neutrons in neutron-rich 
nuclei. For the first time, we simultaneously measured electron-induced 
quasi-elastic knock-out of protons and neutrons from medium and 
heavy nuclei, using the A(e,e′p) and A(e,e′n) reactions, respectively  
(e, incident electron; e′, scattered electron; A, target nucleus). The 
simultaneous measurement of both proton and neutron knock-out 
allows us to directly compare their properties using minimal assump-
tions. Analysed within the one-body reaction picture, the data from 
these measurements perform four functions: (1) quantifying the  
relative fractions of high-momentum (k > kF) protons and neutrons, 
(2) showing that adding neutrons to the nucleus increases the fraction 
of high-momentum protons, (3) helping confirm the np dominance of 
the high-momentum tail in medium and heavy nuclei, and (4) support-
ing momentum-sharing inversion in heavy nuclei. In a more general 
framework, the data show that short-distance dynamics is similar in 
all nuclei, supporting a scale separation of short-distance physics from 
the nuclear shell model.

The data presented here were collected in 2004 in Hall-B of the 
Thomas Jefferson National Accelerator Facility (Jefferson Laboratory) 
in Virginia, USA, and were reanalysed as part of the data-mining  
initiative of the Jefferson Laboratory. The experiment used a 5.014 GeV 
electron beam incident on deuterium, carbon, aluminium, iron and 
lead targets, and the CEBAF (continuous electron beam accelerator 
facility) large acceptance spectrometer (CLAS)24 to detect the scat-
tered electrons and any associated hadrons knocked out during the 
interaction (see Fig. 1). CLAS used a toroidal magnetic field and six 
independent sets of drift chambers, time-of-flight scintillation counters, 
Cherenkov counters and electromagnetic calorimeters, covering scat-
tering angles from about 8° to 140°, for charged-particle identification 
and trajectory reconstruction. The neutrons were identified by observ-
ing interactions in the forward electromagnetic calorimeters (covering 
about 8°–45°) with no associated charged-particle tracks in the drift 

chambers. The angle- and momentum-dependent neutron detection 
efficiency and momentum reconstruction resolution were measured 
simultaneously using the d(e,e′pπ+π−n) reaction (d, deuterium; π, pion; 
see Supplementary Information). The experiment recorded all events 
with a scattered electron detected in both the electromagnetic calorim-
eter and the Cherenkov counter, along with any other particles.

High-energy electrons scatter from the nucleus by transferring a sin-
gle virtual photon, carrying momentum q and energy ω. In quasi-elastic 
scattering, this momentum transfer is absorbed by a nucleon with initial 
momentum pi. If the nucleon does not rescatter as it leaves the nucleus, 
then it will emerge with final momentum pf = pi + q. Thus, we can 
reconstruct the approximate initial momentum of the nucleon from the 
missing momentum, namely, the difference between the detected final 
momentum and the transferred momentum: pmiss = pf − q. Similarly, 
the excitation energy of the residual (A−1) nucleus is related to the 
missing energy, Emiss = ω − Tf, where Tf is the nucleon’s kinetic energy.

Although this quasi-elastic picture of the scattering reaction is 
highly intuitive and consistent with the measured observables, other 
reaction mechanisms using two-body currents that result in the same 
measured final state are added coherently and cannot be distinguished 
from the quasi-elastic mechanism. Contribution from non-quasi- 
elastic reaction mechanisms is minimized by the use of large momentum  
transfer and the specific reaction kinematics used in the measurement 
(see Methods). In addition, these effects are further diminished by 
forming cross-section ratios.

In this analysis, we studied (e,e′p) and (e,e′n) quasi-elastic knock-out 
event samples measured in two kinematical regions, corresponding to 
electron scattering from high-initial-momentum (pi > kF) nucleons, 
presumably from an SRC pair, or from low-initial-momentum (pi < kF) 
nucleons, presumably from shell-model states.

Using these events, we derived both the ratio of A(e,e′n)/A(e,e′p) 
events for each region and the double ratio of high-momentum (SRC) 
to low-momentum (shell model) nucleons in nuclei relative to carbon  
[A(e,e′x)high/A(e,e′x)low]/[12C(e,e′x)high/12C(e,e′x)low], where A stands 
for Al, Fe or Pb. The double ratio is simply an estimator for the 
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Fig. 2 | Relative abundances of high- and low-initial-momentum 
neutrons and protons. Reduced cross-section ratio, [σA(e,e′n)/σn]/
[σA(e,e′p)/σp], for low-momentum (green circles) and high-momentum 
(purple triangles) events. The inset illustrates a typical nuclear momentum 
distribution as a function of nucleon momentum, where ‘low’ and ‘high’ 
refer to the initial nucleon momentum. The lines show the simple N/Z 
behaviour (green), as expected from the number of neutrons and protons 
in the nucleus for low-momentum nucleons, and the prediction of the 
np-dominance model (purple; [σA(e,e′n)/σn]/[σA(e,e′p)/σp] = 1) for 
high-momentum nucleons. The inner error bars correspond to statistical 
uncertainties and the outer ones include both statistical and systematic 
uncertainties, both at the 1σ or 68% confidence level (see Supplementary 
Information).
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increased fraction of SRC nucleons in an asymmetric nucleus compared 
to carbon. We used carbon as a reference because it is a well studied, 
medium-mass symmetric nucleus and has similar average density to the 
other nuclei measured here. In addition, forming cross-section ratios 
relative to carbon significantly reduces the effects of detector accept-
ance and efficiency corrections (see Supplementary Information). For 
each kinematical setting, we used the same selection criteria on the 
detected scattered electron and associated knocked-out nucleon to 
select quasi-elastic A(e,e′p) and A(e,e′n) events.

Low-initial-momentum events are characterized by low miss-
ing energy and low missing momentum (Emiss < 80–90 MeV and 
pmiss = |pmiss| < 250 MeV c−1, where c is the speed of light in vacuum; 
see Supplementary Information). Because the neutron momentum 
resolution was not good enough to select these events directly, we 
developed a set of alternative constraints to select the same events by 
using the detected electron momentum and the knocked-out nucleon 
angle, which were unaffected by the neutron momentum resolution 
(see Methods).

Similarly, we selected the high-initial-momentum events in two 
steps. We first selected quasi-elastic events with a leading nucleon by 
setting conditions on the energy and momentum transfer and requir-
ing that the outgoing nucleon be emitted with most of the transferred 
momentum in the general direction of the momentum transfer. We 
then selected high-initial-momentum events by requiring large missing 
momentum (pmiss > 300 MeV c−1). These selection criteria ensured that 
the electron interacted with a single high-initial-momentum proton  
or neutron in the nucleus2,3,12. Lastly, we optimized the nucleon- 
momentum-dependent conditions to account for the neutron  
momentum reconstruction resolution and corrected for any remaining 
bin-migration effects (see Methods).

To verify the neutron detection efficiency, detector acceptance  
corrections and event selection method, we extracted the neutron- 
to-proton reduced cross-section ratio for carbon, for both high and low 
initial nucleon momenta: [σ12C

(e,e′n)/σn]/[σ12C
(e,e′p)/σp] (that is, the 

ratio of measured cross-sections for the scattering of electrons from 
carbon, scaled by the known elastic-scattering electron–neutron, σn, 
and electron–proton, σp, cross-sections). Figure 2 shows that these two 
measured cross-section ratios are consistent with unity, as expected for 
a symmetric nucleus. This shows that in both high- and low-initial- 
momentum kinematics, we have restricted the reaction mechanisms 
to primarily quasi-elastic scattering and have correctly accounted for 
the various detector-related effects.

For the other measured nuclei, the low-momentum (e,e′n)/(e,e′p) 
reduced cross-section ratios grow approximately as N/Z, as expected 
from the number of neutrons (N) and protons (Z) in the nucleus. 
However, the high-momentum (e,e′n)/(e,e′p) ratios are consistent with 
unity for all measured nuclei (see Fig. 2).

The struck nucleons could reinteract as they emerge from the 
nucleus, which we refer to as final-state interaction. Such an effect 
would cause the number of detected outgoing nucleons to decrease 
and also modify the angles and momenta of the knocked-out nucleons.  
These effects were estimated for symmetric and asymmetric nuclei 
using a relativistic Glauber framework, which showed that the decrease 
in the measured cross-section is similar for protons and neutrons and 
thus has a minor impact on cross-section ratios (see Methods).

Because rescattering changes the event kinematics, some of the 
events with high measured pmiss could have originated from electron 
scattering from a low-initial-momentum nucleon, which then re -
scattered, thus increasing pmiss. If the high-initial-momentum (high-
pmiss) nucleons originated from electron scattering from the more 
numerous low-initial-momentum nucleons, followed by nucleon res-
cattering, then the high-momentum (e,e′n)/(e,e′p) ratio would show the 
same N/Z dependence as the low-momentum ratio. Because the high- 
momentum (e,e′n)/(e,e′p) ratio is independent of A, these nucleon- 
rescattering effects must be small in this measurement.

Thus, the constant (e,e′n)/(e,e′p) high-momentum ratios indicate 
that there are equal numbers of high-initial-momentum protons and 

neutrons in asymmetric nuclei, even though these nuclei contain up to 
50% more neutrons than protons. This observation is consistent with 
high-initial-momentum nucleons belonging primarily to np SRC pairs, 
even in neutron-rich nuclei25. This equality implies a greater fraction 
of high-initial-momentum protons. For example, if 20% of the 208 
nucleons in 208Pb have high initial momentum, then these consist of 
21 protons and 21 neutrons. This corresponds to a high-momentum 
proton fraction of 21/82 ≈ 25% and a corresponding neutron fraction 
of only 21/126 ≈ 17%.

To quantify the relative fraction of high-momentum protons and 
neutrons in different nuclei with minimal experimental and theoretical  
uncertainties, we extracted the double ratio of (e,e′x) high-initial- 
momentum to low-initial-momentum events for nucleus A relative to 
carbon for both protons and neutrons. We found that the fraction of 
high-initial-momentum protons increases by about 50% from carbon 
to lead (see Fig. 3).

Moreover, the corresponding fraction of high-initial-momentum 
neutrons seems to decrease by about 10% ± 5% (1σ). Nucleon rescat-
tering, if substantial, should increase in larger nuclei and should affect 
protons and neutrons equally (see Methods). Because, unlike the pro-
ton ratio, the neutron ratio decreases slightly with mass number, this 
also rules out sizeable nucleon rescattering effects.

Figure 3 also shows the results of a simple phenomenological  
(that is, experiment-based) np-dominance model5,26 that uses a mean-
field momentum distribution at low momentum (k < kF) and a scaled 
deuteron-like high-momentum tail. This model agrees with our data 
and also predicts momentum-sharing inversion, that is, on average 
protons move faster than neutrons in neutron-rich nuclei.

These results indicate that high-momentum nucleons and short-
range two-body currents are universal and independent of the 
shell model. This conclusion holds for both the quasi-elastic and  
unitary-transformed pictures of the interaction and indicate that 
nuclei must be viewed in a scale-dependent way: nuclear structure 
at higher momentum scales and shorter distances must be described 

Fig. 3 | Relative high-momentum fractions for neutrons and protons. 
Red circles with error bars denote the double ratio of the number of (e,e′p) 
high-momentum proton events to low-momentum proton events for 
nucleus A relative to carbon. The inner error bars are statistical and the 
outer ones include both statistical and systematic uncertainties, both at the 
1σ or 68% confidence level. Blue squares with error bars show the same 
for neutron events. Red and blue rectangles show the range of predictions 
of the phenomenological np-dominance model for proton and neutron 
ratios, respectively (see Supplementary Information). The red line (high-
momentum fraction equal to N/Z) and the blue line (high-momentum 
fraction equal to 1) are drawn to guide the eye. The inset demonstrates 
how adding neutrons to the target nucleus (solid red curve) increases the 
fraction of protons in the high-momentum tail (shaded region).
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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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the theoretical modelling of the interaction, which should account for 
all possible mechanisms that lead to the same measured final state. The 
high-momentum transfer measurements reported here are discussed in 
terms of interaction with single nucleons, which is the simplest reaction 
picture that is consistent with the measured observables1–3 and various 
ab initio calculations20.

When analysed within this framework, electron-scattering 
experiments suggest that about 20% of the nucleons in nuclei have 
momentum greater than kF

1–3,10–12. These nucleons are absent in the one- 
body shell-model description of the data and are coupled into 
short-lived correlated nucleon pairs with large relative momentum  
(krelative > kF ≈ 250 MeV c−1) and small centre-of-mass momentum 
(kCM ), referred to as short-range correlated (SRC) pairs1–3.

The dominant force between nucleons in SRC pairs is tensor in 
nature1,2. This pair-wise interaction acts predominantly on spin-1 neutron– 
proton (np) SRC pairs, leading to a predominance of np SRC pairs over 
proton–proton (pp) and neutron–neutron (nn) SRC pairs by a factor of 
about 20. This phenomenon is referred to as ‘np dominance’1–8.

Almost all high-momentum nucleons in nuclei belong to an SRC 
pair. As the short-distance interaction between nucleons in SRC pairs 
is very strong, the characteristics of the resulting pairs are largely  
independent of the rest of the nucleus. Thus, the distribution of 
high-momentum nucleons (the ‘high-momentum tail’ of the distribu-
tion) has a universal shape for all nuclei1–3,9–11,21.

SRC pairs considerably complicate the nuclear ground state and 
nuclear-structure calculations. From a theoretical point of view, one can 
use a unitary transform to shift this complexity from the ground state 
to many-body interaction operators that describe the same measured 
final state22,23, shifting the physics from high-momentum correlations 
to short-distance operators. The physical pictures of high-momentum  
nucleons and short-distance operators are based on the different 
momentum and distance scales of these effects from those of the shell 
model. The results reported here constrain short-distance phenomena, 
as described in either framework.

The analysis reported here was motivated by the quest to study the 
short-distance dynamics of protons and neutrons in neutron-rich 
nuclei. For the first time, we simultaneously measured electron-induced 
quasi-elastic knock-out of protons and neutrons from medium and 
heavy nuclei, using the A(e,e′p) and A(e,e′n) reactions, respectively  
(e, incident electron; e′, scattered electron; A, target nucleus). The 
simultaneous measurement of both proton and neutron knock-out 
allows us to directly compare their properties using minimal assump-
tions. Analysed within the one-body reaction picture, the data from 
these measurements perform four functions: (1) quantifying the  
relative fractions of high-momentum (k > kF) protons and neutrons, 
(2) showing that adding neutrons to the nucleus increases the fraction 
of high-momentum protons, (3) helping confirm the np dominance of 
the high-momentum tail in medium and heavy nuclei, and (4) support-
ing momentum-sharing inversion in heavy nuclei. In a more general 
framework, the data show that short-distance dynamics is similar in 
all nuclei, supporting a scale separation of short-distance physics from 
the nuclear shell model.

The data presented here were collected in 2004 in Hall-B of the 
Thomas Jefferson National Accelerator Facility (Jefferson Laboratory) 
in Virginia, USA, and were reanalysed as part of the data-mining  
initiative of the Jefferson Laboratory. The experiment used a 5.014 GeV 
electron beam incident on deuterium, carbon, aluminium, iron and 
lead targets, and the CEBAF (continuous electron beam accelerator 
facility) large acceptance spectrometer (CLAS)24 to detect the scat-
tered electrons and any associated hadrons knocked out during the 
interaction (see Fig. 1). CLAS used a toroidal magnetic field and six 
independent sets of drift chambers, time-of-flight scintillation counters, 
Cherenkov counters and electromagnetic calorimeters, covering scat-
tering angles from about 8° to 140°, for charged-particle identification 
and trajectory reconstruction. The neutrons were identified by observ-
ing interactions in the forward electromagnetic calorimeters (covering 
about 8°–45°) with no associated charged-particle tracks in the drift 

chambers. The angle- and momentum-dependent neutron detection 
efficiency and momentum reconstruction resolution were measured 
simultaneously using the d(e,e′pπ+π−n) reaction (d, deuterium; π, pion; 
see Supplementary Information). The experiment recorded all events 
with a scattered electron detected in both the electromagnetic calorim-
eter and the Cherenkov counter, along with any other particles.

High-energy electrons scatter from the nucleus by transferring a sin-
gle virtual photon, carrying momentum q and energy ω. In quasi-elastic 
scattering, this momentum transfer is absorbed by a nucleon with initial 
momentum pi. If the nucleon does not rescatter as it leaves the nucleus, 
then it will emerge with final momentum pf = pi + q. Thus, we can 
reconstruct the approximate initial momentum of the nucleon from the 
missing momentum, namely, the difference between the detected final 
momentum and the transferred momentum: pmiss = pf − q. Similarly, 
the excitation energy of the residual (A−1) nucleus is related to the 
missing energy, Emiss = ω − Tf, where Tf is the nucleon’s kinetic energy.

Although this quasi-elastic picture of the scattering reaction is 
highly intuitive and consistent with the measured observables, other 
reaction mechanisms using two-body currents that result in the same 
measured final state are added coherently and cannot be distinguished 
from the quasi-elastic mechanism. Contribution from non-quasi- 
elastic reaction mechanisms is minimized by the use of large momentum  
transfer and the specific reaction kinematics used in the measurement 
(see Methods). In addition, these effects are further diminished by 
forming cross-section ratios.

In this analysis, we studied (e,e′p) and (e,e′n) quasi-elastic knock-out 
event samples measured in two kinematical regions, corresponding to 
electron scattering from high-initial-momentum (pi > kF) nucleons, 
presumably from an SRC pair, or from low-initial-momentum (pi < kF) 
nucleons, presumably from shell-model states.

Using these events, we derived both the ratio of A(e,e′n)/A(e,e′p) 
events for each region and the double ratio of high-momentum (SRC) 
to low-momentum (shell model) nucleons in nuclei relative to carbon  
[A(e,e′x)high/A(e,e′x)low]/[12C(e,e′x)high/12C(e,e′x)low], where A stands 
for Al, Fe or Pb. The double ratio is simply an estimator for the 

Neutron excess, N/Z

1.0 1.2 1.4 1.6

V A
(e

,e
′p

)/V
p

V A
(e

,e
′n

)/V
n

0.8

1.0

1.2

1.4

1.6

1.8

Low momentum

High momentum

N/Z

C Al Fe Pb

n(k)

kF k

High

Low

Fig. 2 | Relative abundances of high- and low-initial-momentum 
neutrons and protons. Reduced cross-section ratio, [σA(e,e′n)/σn]/
[σA(e,e′p)/σp], for low-momentum (green circles) and high-momentum 
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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.
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made this experiment possible. We are also grateful for
many fruitful discussions with L. L. Frankfurt, M.
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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
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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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(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.

A. Schmidt et al, Nature 578 pp. 540–544 (2020)
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We can understand short-distance structure using

scale separation.

A. Schmidt et al, Nature 578 pp. 540–544 (2020)
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We have uncovered a connection between the

EMC Effect and SRC nucleons.
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We have uncovered a connection between the

EMC Effect and SRC nucleons.
LETTERRESEARCH

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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Fig. 2 | Universality of SRC-pair quark distributions. a, b, The EMC 
effect for different nuclei, as observed in ratios of / / /F A F( ) ( 2)2

A
2
d  as a 

function of xB (a) and the modification of SRC pairs, as described by 
equation (2) (b). Different colours correspond to different nuclei, as 
indicated by the colour scale on the right. The open circles show SLAC 
data9 and the open squares show Jefferson Laboratory data10. The nucleus-

independent (universal) behaviour of the SRC modification, as predicted 
by the SRC-driven EMC model, is clearly observed. The error bars show 
both statistical and point-to-point systematic uncertainties, both at the 1σ 
or 68% confidence level, and the grey bands show the median normalization  
uncertainty at the 1σ or 68% confidence level. The data do not include 
isoscalar corrections.
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Schmookler et al., Nature 566 pp. 354–358 (2019)
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E12-17-006A: A new high-statistics campaign to

study SRCs with CLAS-12

45 days, ‘A’-rating from PAC 46

CLAS-12 Run Group M

10 nuclei, multiple beam energies

Size and asymmetry dependence

10×–100× statistics from

6 GeV Era

V.D. Burkert, L. Elouadrhiri, K.P. Adhikari et al. Nuclear Inst. and Methods in Physics Research, A 959 (2020) 163419

Fig. 1. The CEBAF continuous electron beam accelerator after the doubling of the
beam energy to 12 GeV and adding Hall D as a new experimental end station for
photon physics experiments. The accelerator is 1400 m in circumference.

came from the need of baryon spectroscopy to measure complete
angular distributions, which made it necessary to employ large accep-
tance devices to serve that purpose. The Continuous Electron Beam
Accelerator Facility (CEBAF) [4], the CLAS detector [5], and other
experimental equipment at Jefferson Laboratory (JLab) were designed
and constructed in the 1990’s with these goals in mind and were
operated successfully for over 15 years.

The further development of Quantum Chromodynamics (QCD) as
the theory of the interaction of colored quarks and gluons, combined
with the discovery of the Generalized Parton Distributions (GPDs),
provided a novel way that allowed describing the nucleon structure in
3 dimensions (3D), 2 in coordinate space and 1 in momentum space.

The discovery opened up a new avenue of hadronic research that has
become one of the flagship programs in nuclear and hadronic physics.
The GPDs must be probed in exclusive processes, with deeply virtual
Compton scattering being the most suitable one. This is a rather rare
process and measurements require the operation of large acceptance
detectors at high instantaneous luminosities of 1035 cm*2s*1 to map
out the process in the full kinematic phase space using polarized beams,
polarized targets, and sufficiently high beam energy. The complemen-
tary process of semi-inclusive deep inelastic scattering (SIDIS) is also
of topical interest to probe the internal structure of the nucleon in 3D
momentum space. The science program of CLAS12 is very broad [6]
and encompasses the study of the structure of the proton and neutron
both in their ground state, as well as their many excited states, and
in the deeply inelastic kinematics. Other experiments are designed to
probe the short range structure of nuclei through measurements of the
transparency of nuclei to mesons and baryons, and how it changes with
the momentum transfer.

2. The JLab facility at 12 GeV

The CLAS12 detector was designed to study electro-induced nuclear
and hadronic reactions by providing efficient detection of charged
and neutral particles over a large fraction of the full solid angle. It
is based on a combination of a six-coil torus magnet and a high-
field solenoid magnet. The combined magnetic field provides a large
coverage in both azimuthal and polar angles. Trajectory reconstruction
using drift chambers at forward angles results in an average momentum
resolution of �p_p ˘ 0.7% with significant variations over the full
polar angle range. At large polar angles, where particle momenta are
typically below 1 GeV, the average momentum resolution is �p_p ˘ 3%.
Cherenkov counters, time-of-flight systems, and calorimeters provide
good particle identification for electrons, charged pions, kaons, and
protons. Fast triggering and high data acquisition rates allow operation
at luminosities of 1035 cm*2s*1 for extended periods of time. These
capabilities are being used in a broad scientific program to study
the structure and interactions of baryons, mesons, and nuclei using
polarized and unpolarized targets.

Fig. 2. The CLAS12 detector in the Hall B beamline. The electron beam enters from the right and impinges on the production target located in the center of the solenoid magnet
shown at the right (upstream) end of CLAS12, where other detector components are also visible. Scattered electrons and forward-going particles are detected in the Forward
Detector (FD) consisting of the High Threshold Cherenkov Counter (HTCC) (yellow) with full coverage in polar angle 5˝ f ✓ f 35˝ and �� = 2⇡ coverage in azimuth. The HTCC
is followed by the torus magnet (gray), the drift chamber tracking system (light blue), another set of Cherenkov counters (hidden), time-of-flight scintillation counters (brown),
and electromagnetic calorimeters (red). Between the HTCC and the torus, the Forward Tagger is installed to detect electrons and photons at polar angles 2˝ f ✓ f 5˝. The Central
Detector (CD) consists of the Silicon Vertex Tracker (hidden), which is surrounded by a Barrel Micromesh Tracker (hidden), the Central Time-of-Flight system, and the Central
Neutron Detector (PMTs in blue). At the upstream end, a Back Angle Neutron Detector (red) is installed. In the operational configuration. the entire CLAS12 detector extends for
13 m along the beamline. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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The e−-scattering program is built on a set of

common assumptions.

Scale separation

Relativistic effects

Reaction mechanisms

Final state interactions A
A–2

e–

e–

N

p

(0,mA)

(q,ω)

(pi,ϵi)(pCM,mA-ϵA–2)
(pN≡pi+q, pN+mN)2 2

(precoil, precoil+mN)2 2

(-pCM,EA-2≡ pCM+(mA-2+E*)2 )2

SRCSRC

R. Weiss et al., PLB 791 pp. 242–248 (2019)

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

J. R. Pybus et al., PLB 805 135429 (2020)

and others. . .
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These assumptions need to be proven.
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These assumptions need to be proven.
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These assumptions need to be proven.
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There’s lots of other photon-nucleus physics too!

Branching ratio

modification

Probing color

transparency

Probing neutrons via

charged final states

Photon structure

. . .

|p〉free =αPLC |PLC 〉+ α3qg|3q + g〉+
α3qπ|3q + π〉+ . . .

|p〉bound =αboundPLC |PLC 〉+ αbound3qg |3q + g〉+
αbound3qπ |3q + π〉+ . . .
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There’s lots of other photon-nucleus physics too!

Branching ratio

modification

Probing color

transparency

Probing neutrons via

charged final states

Photon structure

. . .

T ≡ σ(γA→ π−p)/σ(γd → π−p)

Figure 24: The expected count rate for 10 days running as a function of |t| for Deuterium
(left) and 12C (right) targets in mean-field kinematics for two di↵erent reactions.
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Figure 25: Expected uncertainties (statistical + systematical) for the measurement of the
� + n ! ⇡� + p reaction o↵ 4He (upper row), and 12C (lower row).
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There’s lots of other photon-nucleus physics too!

Branching ratio
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charged final states

Photon structure
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Figure 24: The expected count rate for 10 days running as a function of |t| for Deuterium
(left) and 12C (right) targets in mean-field kinematics for two di↵erent reactions.
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Figure 25: Expected uncertainties (statistical + systematical) for the measurement of the
� + n ! ⇡� + p reaction o↵ 4He (upper row), and 12C (lower row).
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The plan for this experiment:

Nuclear targets

GlueX detector in standard configuration

Measure many photo-production channels on SRC nucleons
p reactions n reactions

γp → π0p γn → π−p
γp → π−∆++ γn → π−∆+

γp → ρ0p γn → ρ−p
γp → K+Λ γn → K0Λ
γp → K+Σ0 γn → K0Σ0
γp → ωp γn → K+Σ−

γp → φp γn → K−Σ+

...
...

Extract cross-section ratios
C/d

Channel 1 / Channel 2

Double ratios
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Road to first publication

Testing SRC Scaling and Abundances with Photon Probes

σA(γn → pπ−)/σD(γn → pπ−)

dependence on t, missing momentum.

First publication based on simplest observable

Fully-charged final state

Clear theory predictions

First publication anticipated within 1 year
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Our 12 GeV track record

Hall A Tritium Program

April 12–30, 2018

Data Taking

Feb. 18, 2019

arXiv:1902.06358

Jan. 20, 2020

arXiv:2001.07230
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Experiment Readiness Review

Run plan, conditions, configuration — H. Szumila-Vance

Addressing charges 1, 3, & 5

Status of the target system — C. Keith

Addressing charge 2

Radiation and Beamline Commissioning — A. Somov

Addressing charges 4 & 7

Documentation — L. Pentchev

Addressing charge 9

Responsibilities for the experiment and analysis — O. Hen

Addressing charges 6 & 8
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Back-up
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Anticipated Rates

γn → π−p γn → ρ−p
Target PAC Days MF SRC MF SRC

D 4.5 12240 675 51300 2700
4He 1.0 1600 84 6800 350
12C 7.0 5192 1633 21583 6417
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Scale/Scheme-independence and k-r equivalence

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 et al., arXiv:1907.03658
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