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Data mining has taught us a lot

about short range correlations.

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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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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possible NN pairs from shell-model orbits, while Ref. [35]
considers both all pairs, and nucleons in a relative 1S0 state
(i.e., nodeless s-wave with spin 0) [64,65]. The simplistic
Fermi-gas prediction samples two random nucleons from a
Fermi sea with kF from [63].
The agreement of the data with calculations supports the

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

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

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

The raw data from this experiment are archived in
Jefferson Labs mass storage silo [66].
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Fig. 1: | DIS and QE (e, e0) Cross-section Ratios. (left) The per-nucleon cross-section ratios of nucleus with atomic
number A to deuterium for DIS kinematics (0.2  xB  0.6, Q2 > 1.5 GeV2, and W � 1.8 GeV). The solid points show the
data of this work, the open squares the data of [9] and the open triangles show the data of [10]. The red lines show the linear
fit. (right) The per-nucleon cross-section ratios of nucleus A to deuterium for QE kinematics (0.8  xB  1.9, and Q2 > 1.5
GeV2). The solid points show the data of this work and the open squares the data of [11]. The red lines show the constant
fit. The data are not isoscalar corrected (i.e., not corrected for the di↵erent electron-proton and electron-neutron elementary
cross-sections).

and QE inclusive cross-sections simultaneously for deu-
terium and heavier nuclei reducing the uncertainties in
the extraction of the EMC e↵ect and SRC scaling factors.
We observed that: (1) the EMC e↵ect in all measured nu-
clei is consistent with being due to the universal modifica-
tion of the internal structure of nucleons in np-SRC pairs,
permitting the first data-driven extraction of this univer-
sal modification function, (2) the measured per-proton
EMC E↵ect and SRC probabilities continue to increase
with atomic mass A for all measured nuclei while the
per-neutron ones stop increasing at A ⇡ 12, and (3) the
EMC-SRC correlation is no longer linear when the EMC
data are not corrected for unequal numbers of proton and
neutrons. We also constrained the internal structure of
the free neutron using the extracted universal modifica-
tion function, and concluded that in neutron-rich nuclei
the average proton structure-modification will be larger
than that of the average neutron.

We analyzed experimental data taken using the CLAS
spectrometer [23] at the Thomas Je↵erson National Ac-
celerator Facility (Je↵erson Lab). In our experiment, a
5.01 GeV electron beam impinged upon a dual target
system with a liquid deuterium target cell followed by a
foil of either C, Al, Fe or Pb [24]. The scattered electrons
were detected in CLAS over a wide range of angles and
energies which allowed extracting both QE and DIS re-
action cross-section ratios over a wide kinematical region
(See Supplementary Information for details).

We extracted cross-section ratios from the measured
event yields by correcting for experimental conditions,
acceptance and momentum reconstruction e↵ects, reac-
tion e↵ects, and bin-centering e↵ects. See Supplemen-
tary Information for details. This was the first measure-
ment of inclusive QE scattering for SRCs in both Al and

Pb, as well as the first measurement of the EMC e↵ect
on Pb. For other measured nuclei our data are consis-
tent with previous measurements but with significantly
reduced uncertainties.

The electron scatters from the target by exchanging a
single virtual photon with momentum ~q and energy ⌫,
giving a four-momentum transfer Q2 = |~q|2 � ⌫2. We
use these variables to calculate the invariant mass of the
nucleon plus virtual photon W 2 = (m+⌫)2�|~q|2 (where
m is the nucleon mass) and the scaling variable xB =
Q2/2m⌫.

The DIS cross-section on a nucleon can be expressed as
a function of a single structure function, F2(xB , Q2). In
the parton model, xB represents the fraction of the nu-
cleon momentum carried by the struck quark. F2(xB , Q2)
describes the momentum distribution of the quarks in the
nucleon, and the ratio, [FA

2 (xB , Q2)/A]/[F d
2 (xB , Q2)/2],

describes the relative quark momentum distributions in
nucleus A and deuterium [2, 7]. For brevity, we will of-
ten omit explicit reference to xB and Q2, i.e., writing
FA

2 /F d
2 , with the understanding that the structure func-

tions are being compared at identical xB and Q2. Be-
cause the DIS cross-section is proportional to F2, exper-
imentally the cross-section ratio of two nuclei is assumed
to equal their structure function ratio [1, 2, 6, 7]. The
magnitude of the EMC e↵ect is defined by the slope of
either the cross-section or the structure function ratios
for 0.3  xB  0.7.

Similarly, the relative probability for a nucleon to be-
long to an SRC pair, a2, equals the average value of
the inclusive QE electron-scattering per-nucleon cross-
section ratios of nucleus A compared to deuterium at
momentum transfer Q2 > 1.5 GeV2 and 1.45  xB  1.9
[1] (see Supplementary Information for details).

B. Schmookler et al., under peer re-

view (2018)

pp pairs are universally rare.

np dominance in asym. nuclei

Center of mass motion of pairs

Connection to the EMC effect
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All of these results have come from EG2.

Beam energy: 5.014 GeV

Targets: d , C, Al, Fe, Pb

Limitations

1 One beam energy

2 No light nuclei

3 Size ↔ Asymmetry
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E2a offers new possibilities.
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E2a offers new possibilities.

Multiple beam energies

Great for electrons-for-neutrinos
3He, 4He targets

In range of ab initio calculations
3He is extremely asymmetric

Overlap with EG2

Cross checks with C, Fe
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In my talk today:

1 Calibrations

2 Acceptance Maps

3 Applications and Future Work
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E2a Calibrations

Curating the work by W. Ingram, S. McLauchlan, R. Niyazov,

D. Protopopescu et al.

Particle ID

Momentum Corrections

Vertex Corrections

Fiducial Cuts

Described in Mariana Khachatryan’s analysis note

11



PID: E/p for electrons

∆t vs. p for hadrons
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PID: E/p for electrons

∆t vs. p for hadrons
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PID: E/p for electrons

∆t vs. p for hadrons
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PID: E/p for electrons

∆t vs. p for hadrons
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e− mom. corrections determined from simulation

2.5 Electron momentum corrections

4.4 GeV analysis

The momentum corrections used in the 4.4 GeV analysis were derived in [11] and copied
here. This correction is the one used in the CLAS approved analysis [7].

Figure 23: The di↵erence between reconstructed and generated proton momenta as a function
of reconstructed momentum [9]. The results are shown for the 3He target and 2550A torus
current setting.

We did not apply this correction to the proton momentum, as protons have smaller momen-
tum than electrons, and the corresponding errors are smaller.

The more detailed explanation of the procedure of obtaining electron momentum corrections
at di↵erent beam settings can be found in [11].

2.2 GeV analysis

The procedure for the momentum corrections for the 2.2 GeV analysis was derived in [12]
and again copied here. It is also the one used in CLAS approved analysis [8].

The electron momentum correction for the 2.2 GeV analysis is done in a similar way as for
the 4.4 GeV analysis.

2.6 Proton Energy Loss Correction

4.4 GeV analysis

The proton energy loss correction function for the 4.4 GeV analysis is the same as the one
used in [9] and the CLAS approved analysis [8].

Protons lose part of their energy in the target and detector materials they pass through
before being detected. While this energy loss is small for high momentum protons, it becomes
significant at lower momenta and can be up to 50 MeV.

The plot of the di↵erence between reconstructed and generated proton momenta as a func-
tion of reconstructed momentum is shown in Fig. 23 [9].

27
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Vertex corrections are needed

to correct for off-axis beam.

−8
−6
−4
−2
0

2

4

6

0◦ 50◦ 100◦ 150◦ 200◦ 250◦ 300◦

z
[c

m
]

φ

Before vertex corrections

−8
−6
−4
−2
0

2

4

6

0◦ 50◦ 100◦ 150◦ 200◦ 250◦ 300◦
0

5

10

15

20

17
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Fiducial cuts: remove acceptance edges
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Fiducial cuts: remove acceptance edges
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In my talk today:

1 Calibrations

2 Acceptance Maps

3 Applications and Future Work
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Detector acceptance by “Map”
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Detector acceptance by “Map”
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Detector acceptance by “Map”

Two 3D histograms in p, cos θ, φ space

Simulated events generated per bin

Simulated events accepted per bin

Acceptance ≡ Nacc./Ngen.
User can propagate errors if desired
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Maps have advantages.

Simulation is pre-computed

Maps are simple and fast to query

Prevents risk of users running CLAS simulations ‘wrong’

25



How to make a map

Generator GSIM

GPP

RECSIS Particle accepted?

CLAS Simulation
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GPP

RECSIS Particle accepted?

CLAS Simulation

Generate N events per bin
Hadrons need trigger e–
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GPP
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How to make a map

Generator GSIM

GPP

RECSIS Particle accepted?

CLAS Simulation

Generate N events per bin
Hadrons need trigger e–

E2a target/magnet settings

Resolutions tuned to match data

Same PID/Fiducial cuts
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In my talk today:

1 Calibrations

2 Acceptance Maps

3 Applications and Future Work
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Maps allow data/sim. comparisons.
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0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2

Data hN2018 hA2018

C(e,e'p) @ E = 2.261 GeV12

2 - 1| < 0.2, W < 2 GeV/c
B

, |x2/c2 0.5 GeV≥ 2Q
D

at
a

M
C

-D
at

a

1−

0.5−
0

0.5

1

e4ν: work by A. Papadopoulou, M. Khachatryan, A. Ashkenazi
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Maps allow corrections for different target

positions.

Liquid cell Solid foil
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Maps allow comparing proton and neutron

acceptances.
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Maps allow comparing proton and neutron

acceptances.
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Maps allow estimating how many recoil protons

escape detection.

0%

10%

20%

30%

40%

50%

0.4 0.6 0.8 1

PRELIMINARY

After correction

Raw data

p
p
/
p

pmiss [GeV/c ]

EG2 carbon data

0%

10%

20%

30%

40%

50%

0.4 0.6 0.8 1

36



Conclusions

1 New E2a data mining program

2 Produced E2a acceptance maps

3 Additional chapter in E2a technical note
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