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Use short-range correlated nucleons to constrain

the NN interaction

What are short-range correlated nucleons?

What do we want to learn about the NN interaction?

Repulsive core

How do we connect the two?

Generalized contact formalism (GCF)
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Short-range correlations are universal in nuclei.

Pair with close-proximity

high relative momentum

Universal in nuclei:

≈ 20% of nucleons

Lead to high-momentum tails
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SRC pairs are predominantly neutron-proton.
4

FIG. 1: (color online) Extracted ratios of pp- to np-SRC
pairs in nuclei. The open symbols show the measured reduced
cross-section ratios R = [A(e, e0pp)/2�ep]/[A(e, e0np)/�en].
The filled symbols show the extracted ratios of pp- to np-SRC
pairs obtained from the measured cross-section ratios after
SCX corrections using Eq. 1. The magenta square shows the
data of [14], which were also corrected for SCX. The shaded
regions mark the 68% and 95% confidence limits on the ex-
traction due to uncertainties in the measured cross-section
ratios and SCX correction factors (see Appendix for details).

A(e, e0np) cross-section ratio from the measured event
yields required minimal corrections. The accumulated
luminosity and detector live time was the same for both
reactions and therefore canceled in the ratio. The kine-
matics of all measured particles was the same for the two
reactions. Therefore, their acceptance and detection e�-
ciency should also cancel in the ratio. While this was true
for the scattered electron and recoil proton, this is not
necessarily the case for the leading proton and neutron.
Even if they were both emitted from the nucleus with
the same momenta and angles, they would have been
detected with di↵erent detectors in di↵erent regions of
CLAS as the proton trajectories were bent due to the
CLAS magnetic field. This was accounted for by our
event selection cuts that only considered leading nucle-
ons emitted into the phase-space region with good accep-
tance for both protons and neutrons. Therefore, the only
corrections applied were for the detection e�ciencies of
protons and neutrons.

We scaled the A(e, e0pp) /A(e, e0np) cross section ra-
tio by the ratio of the elementary electron-proton and
electron-neutron cross sections �ep and �en, �p/n =
�ep/�en ⇡ 2.5, and by the number of scattered protons
(1 or 2). This scaling was applied event-by-event using
�ep and �en from Ref. [35]. The resulting reduced cross-
section ratio [R= A(e, e0pp) / 2 · �ep] / [A(e, e0np) / �en]
for all measured nuclei is shown in Fig. 1 (see Table II in
the Appendix). The inner error bars show the statistical

uncertainties while the outer ones include systematic un-
certainties added in quadrature. The latter include sen-
sitivity of the extracted cross-section ratio to the event
selection cuts detailed in Table I, uncertainties in the
neutron and proton detection e�ciency and a small dif-
ference for the leading proton and neutron transparency
in lead [23, 36] (see table III in the appendix).

As can be seen, the extracted reduced cross-section ra-
tio R is largely A-independent and equals ⇠ 6%. This
is consistent with np-SRC pairs being ⇠ 20 times more
abundant than pp-SRC pairs. However, the complete ex-
traction of the relative abundance of pp- to np-SRC pairs
from the measured exclusive two-nucleon knockout cross-
section ratios require correcting for reaction mechanism
e↵ects. As mentioned above, these include the attenua-
tion of nucleons as they exit the nucleus and single-charge
exchange, SCX, interactions (e.g., (n, p) and (p, n) reac-
tions) that change neutrons to protons and vice versa.

At the measured outgoing nucleon momenta, the pp
and nn elastic scattering cross-sections are similar and
therefore the nucleon attenuation is similar, i.e., the
probability for a pn pair to exit the nucleus in an
A(e, e0np) reaction is approximately the same as that
of a pp pair in the A(e, e0pp) reaction, see [23] for de-
tails. Therefore, the SCX correction is the most sig-
nificant one. Because np-SRC pairs are dominant, np
pair knockout, followed by an (n, p) charge-exchange re-
action, could comprise a large fraction of the measured
A(e, e0pp) events. This will make the extracted ratio of
pp- to np-SRC pairs smaller than the measured reduced
cross-section ratio R, making the latter an upper limit
on the pp- to np-SRC pairs ratio.

Calculation of SCX e↵ects are model and kinematics
dependent. In the current analysis, we used the Glauber
calculations of Ref [23] that were done for the kinemat-
ics of our measurement. We applied these SCX correc-
tions by assuming that the measured two-nucleon knock-
out reactions predominantly probe SRC pairs. Under
this approximation, the relative abundance of pp- to np-
SRC pairs can be expressed as (see derivation in the Ap-
pendix):

#pp � SRC

#np � SRC
=

1

2
· 2 · R · Pnp

A � P
[n]p
A � P

p[n]
A /�p/n

P pp
A � 2 · �p/n · R · P

[p]p
A � 2 · R · ⌘A · P

n[n]
A

,

(1)
where ⌘A = #nn�SRC

#pp�SRC , PNN
A is the probability for scat-

tering o↵ an NN pair without subsequent SCX, and

P
[N ]N
A and P

N [N ]
A are the probabilities for scattering o↵

an NN pair and having either the leading or recoil nu-
cleon undergo SCX, respectively. The values and uncer-
tainties of the parameters used in Eq. 1 are listed in the
Appendix. While the current analysis uses the SCX cal-
culations of Ref. [23], the formalism detailed in the Ap-
pendix, along with the measured reduced cross-section
ratios shown in Fig. 1, other calculations for these cor-
rections can be applied in the future.
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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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np-dominance arises from the tensor force.

?

Tensor interaction dominates
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We can study SRCs by breaking them.
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Several previous EG2 analyses have identified

SRC pair break-up events.

Or Hen (2012):

(e, e ′pp)/(e, e ′p) confirms np-dominance in heavy nuclei

Meytal Duer (2017):

Direct confirmation of np-dominance by detecting neutrons in ECal

Erez Cohen (2018):

CM motion in pp pairs is Gaussian, σ ≈ 150 MeV/c

Igor Korover (next talk!):

Detection of recoil neutrons in ToFs

14



Several previous EG2 analyses have identified

SRC pair break-up events.

EG2 Experiment

Data taking in 2004

5.016 GeV beam energy

d , C, Al, Fe, Pb targets

6

The CLAS Detector in Hall B at JLab

5.01 GeV Incident Electrons
Liquid Hydrogen

or Deuterium
C, Al, Fe, or Pb
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Similar distributions from C to Pb

show that FSIs are suppressed.
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The NN interaction is poorly constrained

at short-distance.

π-production complicates the interpretation of phase-shifts at

high-momentum.

?

Potential

Distance

Scalar part of the NN interaction
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Generalized Contact Formalism:

Use scale separation to calculate PWIA cross section

For pairs with high relative momenta:

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

dσ ∼ σeN · n(~pCM) ·
∑
α

Cα|ϕ̃α(k)|2
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Contact Formalism Ingredients

dσ ∼ σeN · n(~pCM) ·
∑
α

Cα|ϕ̃α(k)|2

n(~pCM): Pair CM distribution (3D Gaussian)

ϕ̃α(k): Schrödinger Eq. solution for NN-potential model

Cα: Contacts, abundances of pairs in with quantum numbers α

+ several other nuisance (and expt.) parameters.

Vary all parameters within sensible bounds to estimate systematics
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In order to compare to data:

Generate MC Events

Other effects

Radiation

SCX

Transparency

Acceptance using Fast MC

Smear e− and p momenta

SRC event selection

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

23



In order to compare to data:

Generate MC Events

Other effects

Radiation

SCX

Transparency

Acceptance using Fast MC

Smear e− and p momenta

SRC event selection

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

24



In order to compare to data:

Generate MC Events

Other effects

Radiation

SCX
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Acceptance using Fast MC

Smear e− and p momenta

SRC event selection

π±
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In order to compare to data:

Generate MC Events

Other effects

Radiation

SCX

Transparency

Acceptance using Fast MC

Smear e− and p momenta

SRC event selection
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FIG. 16: The relative angle between the detected proton and the momentum transfer
(i.e. the q⃗ vector) vs. the ratio of the detected proton momentum and the momentum

transfer. Only 12C(e,e′p) events with xB > 1.2 and |P⃗miss| > 300 MeV/c are shown.
The red box shows the cut applied to select leading protons.

Missing Mass Cut - Avoiding Delta Excitations

Even when working at large xB there is still some contribution from resonance

production. The most probable production mechanisms when scattering off protons

are pion and delta production. If the electron scatters from a pair of nucleons at rest

(i.e., Pc.m. = 0), then the missing mass of the (e,e′p) reaction is:

M2
miss = (q̄ + 2mN − P̄lead)

2 (3)

Where,

q̄ = (ω, q⃗) is the 4-vector of the virtual photon,

(2mN , 0) is the 4-vector of the pp pair,

P̄lead = (

!
m2

N + |P⃗lead|2, P⃗lead) is the 4-vector of the struck proton.

Neglecting the center of mass motion of the pair, the missing mass should be

equal to a nucleon mass. Due to the finite resolution of CLAS and the center of

mass motion of the pair, we expect this distribution to have a finite width and an

offset from the real proton mass. Indeed the missing mass distribution, shown in
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In the following plots:

Comparisons to carbon data: C(e, e ′p) and C(e, e ′pp) reactions

Contacts (Cα) extracted from ab initio calculations

Three model NN interactions

AV18: top-of-the-line phenomenological potential

AV4′, simplified, no tensor

χEFT N2LO (1.0 fm cut-off)
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Missing momentum distribution
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Emiss-pmiss correlations
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C(e, e ′pp)/C(e, e ′p): tensor to scalar transition
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How can we extract parameters from the data?

Main parameters of interest:

Contacts (pair abundances)

Pair CM gaussian width

Residual excitation 〈E ∗〉

Other parameters:

SCX, Transparency

CLAS resolution

prel. Cut-off

This is an inference problem.
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Possible approaches

1 Compare several binned distributions

Run generator for each param. value

Which distributions?

Ignores full dimensionality

Limited by statistics

2 Unbinned Likelihood

Likelihood each event

Full dimensionality

The generator is the wrong tool
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Unbinned Likelihood

logL =
∑
i

log Li

(e, e ′pp):

Li(~p
meas.
e ,~pmeas.lead ,~pmeas.rec. ) ∼

∫
d8σ

d3~ped3~pleaddΩrec.
· G3(∆p)δ(∆E )d3∆p

(e, e ′p):

Li(~p
meas.
e ,~pmeas.lead ) ∼

∫
d8σ

d3~ped3~pleaddΩrec.
· G2(∆p)d2∆pd3~prec.

These are very different integrals than d8σ!
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Recipe

To evaluate a guess for Cs=0, Cs=1, σCM , . . .:

1 Evaluate normalization integral:
∫
d8σA(~pe ,~plead)

2 For each event in data

Evaluate likelihood integral, Li
logL += log Li

Current generator run: 500M samples

This method:

Normalization: 1M samples

Likelihood: 10k events × 10k samples = 100M total

We may even get a speed-up!

Each Li can be evaluated in parallel
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Complications I have glossed over. . .

Detector acceptance

−→ Weight integrals using maps (Fast MC)

Electron radiation

−→ Add integrals over E ISRγ , EFSRγ

Single charge exchange

−→ Sum all contributing channels:

−→ σpp = σpp(1− PSCX) + σpnPSCX + σnpPSCX + . . .
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Method to exploring likelihood space

will depend on speed and dimensionality.

Some options:

Metropolis-Hastings MCMC

Explore entire space using random walk

Good for complicated topologies

Bad for high-dimensionality

Maximum-Likelihood Estimation

Find most-likely parameters (e.g. with gradient descent)

Explore space around maximum, parameterize curvature

Bad for complicated topologies
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Summary

Approved EG2 analysis shows

how SRC pairs can constrain

the NN interaction

We can use the data to infer

GCF parameters.

I propose event-by-event

likelihood approach.

Likelihood will require different

integrals.
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