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Short-range correlations (SRCs)
are a universal feature of nuclei.

§ All nuclei have them
§ Nucleon pair close together
§ High-momentum nucleons
§ Back-to-back momenta
§ ≈10–20% of nucleons

𝑘 > 𝑘!
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SRCs play a role in many open questions 
of nuclear, hadronic physics.

1. Nuclear structure
§ How do correlations form?
§ What type of pairs?
§ SRCs influence nuclear properties.
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SRCs play a role in many open questions 
of nuclear, hadronic physics.

1. Nuclear structure

2. Nuclear matter at high density
§ High-density laboratory
§ Effective NN forces at short-distances
§ Connection to neutron star matter
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SRCs play a role in many open questions 
of nuclear, hadronic physics.

1. Nuclear structure

2. Nuclear matter at high density

3. Hadronic-Partonic bridge
§ EMC Effect
§ Emergence of quark d.o.f.s
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In this talk:

§ How do we probe SRCs?
§ Using electron scattering 

§ What have we learned about SRC?
§ Recent results from SRC studies

§ The path forward
§ New data coming
§ Different probes
§ Open questions
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Leading nucleon

Recoiling nucleon

(𝐸!, 𝑘)

(𝐸", 𝑘")

e

e’

𝑄! = − 𝑝" − 𝑝"# ! 𝑥$ = 𝑄!/2𝑚(𝐸 − 𝐸#)

Quasi-elasNc: electron scaPers elasNcally off an almost free nucleon.

Probing SRC using electron Quasi-elastic 
scattering 

Inclusive: (e,e’)

Single nucleon Knockout: A(e,e’N)

Two nucleon knock out: A(e,e’NN) 



SRC studies with electron scattering at JLab
Electron beam to probe nuclear targets

and high-resolution spectrometers

Hall A: HRS Hall B: CLAS, CLAS12 Hall C: HMS, SHMS

A
B C
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Inclusive scattering: SRC is dominant 
at high 𝑥! and Q2
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Scaling constant: a2

𝜎% = 𝒂𝟐 ×
𝐴
2 𝜎'

S. Li Nature (2022), Schmookler Nature (2019), Fomin PRL (2008), Egiyan
PRL (2006),  Egiyan PRC (2003), ),  L. L. Frankfurt, PRC (1993)

Scaling and pair abundance in inclusive scattering



SRC: Universal High-momentum tail

11

L. Frankfurt et al. ,PRC (1993), K. Egiyan et al., PRC (2003), K. Egiyan et al PRL (2006).
N. Fomin et al., PRL  (2012), O. Hen et al., PRC (2012),



Scaling persist down to 𝑥! = 1, Pmiss > 350 MeV
(𝑒, 𝑒!𝑝) data from CLAS

I. Korover, A. Denniston et al. (CLAS), PRC (2023)
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Transition from mean-field (MF) to SRC.

- Narrow transi+on from MF to SRC ( 250 MeV – 350 MeV)

I. Korover, A. Denniston et al. (CLAS), PRC (2023)
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A=3 nuclei: Ideal systems
to test theory calculations

See Ronen’s talk

(e.e’) data from Hall A JLab

- Theory calculations agree well up to high 𝑥! and 𝑄"

arXiv:2404.16235 (2024)
Phys. Rev. C 109, 054001 (2024)
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https://arxiv.org/abs/2404.16235
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A=3 nuclei: Ideal systems
to test theory calculations

See Ronen’s talk

(e.e’p) data from Hall A JLab

- Data and theoretical calculations agree within 10%  up to 500 MeV/c

R. Cruz-Torres, D. Nguyen, PRL(2020).
R. Cruz-Torres PLB (2019). 15



A=3 nuclei: Ideal systems
to test theory calculations

See Ronen’s talk

(e.e’p) data from Hall A JLab
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R. Cruz-Torres, D. Nguyen, PRL(2020).
R. Cruz-Torres PLB (2019). 16
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Two-nucleon knockout studies

Looking for High missing-momentum nucleon (k > kF) and recoil partner



SRCs are predominantly in neutron-proton pairs 
R. Subedi et al, Sc 320, 1476(2008)

These kinematic settings covered (e,e'p) missing
momenta, which is the momentum of the
undetected particles, in the range from 300 to
600 MeV/c, with overlap between the different
settings. For highly correlated pairs, the missing
momentum of the (e,e'p) reaction is balanced
almost entirely by a single recoiling nucleon,
whereas for a typical uncorrelated (e,e'p) event,
themissingmomentum is balanced by the sum of
many recoiling nucleons. In a partonic picture, xB
is the fraction of the nucleon momentum carried
by the struck quark. Hence, when xB > 1, the
struck quark has more momentum than the entire
nucleon, which points to nucleon correlation. To
detect correlated recoiling protons, a large
acceptance spectrometer (“BigBite”) was placed
at an angle of 99° to the beam direction and 1.1
m from the target. To detect correlated recoiling
neutrons, a neutron array was placed directly
behind the BigBite spectrometer at a distance of 6
m from the target. Details of these custom proton
and neutron detectors can be found in the
supporting online material (16).

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

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

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

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

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

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

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

377 (2004).
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(2003).
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Fig. 2. The fractions of correlated pair combinations in carbon as obtained from the (e,e'pp) and (e,e'pn)
reactions, as well as from previous (p,2pn) data. The results and references are listed in table S1.

Fig. 3. The average fraction of nucleons in the
various initial-state configurations of 12C.
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All knocked out high momentum protons (k > kF) have
recoiled partner nucleon with high momentum in the opposite direction

12C

SRCs ~ 20% of nucleons

v90% np pairs

v10% nn and pp pairs
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M. Duer et al., Phys. Rev. Lett. 122 (2019).
A. Schmidt et al. (CLAS), Nature 578 (2020).
O. Hen et al., Science 346 (2014).
R. Subedi et al., Science 320 (2008).

SRC model

SRCs are predominantly in neutron-proton pairs 
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Preference for np pairs is less 
strong in the A=3 system.

S. Li et al. (Hall A), Nature 609 p. 41 (2022)
𝑛𝑝
𝑝𝑝 = 4.34"#.%#&#.%'

The (e, e 0p) experiment used protons in tritium
to learn about neutrons in helium-3.

E12-14-001

What is the isospin dependence of short range correlations in
extremely asymmetric nuclei?

16
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SRC pair center of mass momentum 

Cohen, PRL (2018)
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New SRC data on nuclear targets 
are under analysis!
• Hall C
• XEM2: Inclusive x>1 experiment on nuclear targets
• CaFe (𝑒, 𝑒$𝑝) experiment: 40Ca, 48Ca, 54Fe

• CLAS-12
• Nuclear targets experiment
• 40Ca, 48Ca targets

22



XEM2: Inclusive x> 1 experiment 

What we can learn about SRC:
§ Understanding A and N/Z 

dependence of a2
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XEM2: Inclusive x> 1 experiment 

What we can learn about SRC:
§ Understanding A and N/Z 

dependence of a2

§ Looking for signal of 3N-SRC 
§ Second scaling regime?

See Burcu’s Talk
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CLAS12 SRC Experiment (Run 
Group M)
JLab E12-17-006A

• Nov 10, 2021 – Feb 7, 2022
• > 300 fb–1

• >10x improvement over CLAS6
• Targets: H, d, 4He, 12C, 40,48Ca, 120Sn
• 2, 4, and 6 GeV beam
• CLAS12 Spectrometer

Cherenkov
Time-of-Flight

BAND

Calorimeter

e– beam

Target

Tracker

(e,e’p), (e,e’pp), (e,e’pn)
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Goal: Direct detection of 3N SRCs

Formation mechanism will lead to different structures:

Fomin, Higinbotham, Sargsian, Solvignon, Ann.Rev.Nucl.Part.Sci. 67 129 (2017) 
Day, Frankfurt, Sargsian, Strikman, arXiv:1803.07629 (2018) 
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SRC properties are consistent across 𝑄!.
Scale Dependence of SRC 
Measurements

z

0.55O78 < Q,$// < 0.7O78 0.7O78 < Q,$// < 0.85O78

# %, %,''
# %, %,'

# %, %,''
# %, %,'

N2LO 1.0fmN2LO 1.0fm

84

𝐴 𝑒, 𝑒!𝑝𝑝
𝐴(𝑒, 𝑒!𝑝)

Proton-proton pairing probability

𝑝"#$$: 550 – 700 MeV/c 𝑝"#$$: 700 – 850 MeV/c

Figure credit: Andrew Denniston

27



SRC properties are consistent across 𝑄!.
Scale Dependence of SRC 
Measurements

85

CoM momentum for pp-pairs

Figure credit: Andrew Denniston
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SRC pairing mechanism
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The 40Ca, 48Ca, 54Fe system can 
teach us about pairing mechanisms.

f7/2

f7/2

54Fe

48Ca
40Ca

Which nucleons pair?
Same shell? 
Different?

Z
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The 40Ca, 48Ca, 54Fe system can 
teach us about pairing mechanisms.

New Hall C data : CaFe (e,e’p)

+ 40% neutron
+ ~10% SRC

+ 30% proton
+ ~50% SRC 

Preliminary
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The 40Ca, 48Ca, 54Fe system can 
teach us about pairing mechanisms.

+ 40% neutron
+ ~10% SRC

+ 30% proton
+ ~50% SRC 

New Hall C data : CaFe (e,e’p)

Preliminary
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SRC pairing within the same shell
New Hall C data : CaFe (e,e’p)

Preliminary
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The 40Ca, 48Ca, 54Fe system can 
teach us about pairing mechanisms.

New data from RGM: (e,e’pp), (e,e’pn)

See Julian’s talk
34



SRC properties: probing universal 
Photo-producDon

JLab Hall D
(GlueX spectrometer)

Proton-Nucleus Scattering
JINR/GSI

(in inverse kinematics)

7

2018 Experiment at BM@N Setup / JINR

12C(p,2p)X
M. Patsyuk, JK et al., Nat. Phys. 17 (2021).
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SRC properties: probing universal 
Photo-production

JLab Hall D
(GlueX spectrometer)

Proton-Nucleus Scattering
JINR/GSI

(in inverse kinematics)
12C(p,2p)10BJ.R. Pybus et al.

Different probes for same observable and underlying physics: 
12C σ(c.m.) ~ 150 MeV/c in agreement with SRC model

Preliminary
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Summary:

§ High momentum nucleon 𝑘 > 𝑘-, predominantly belong to SRC pair.

§ SRC properties are universal cross nuclei, with high 𝑝./0 and lower 𝑝12
§ Narrow transition from MF to SRC 

§ SRC are predominantly np pairs, due to tensor force

§ Transition from tensor to scalar

§ Light nuclei measurement validates the model up to high momentum 
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(key) Open questions

2N SRC

● Scale dependence (Q2)

○ All observables

● Probe independence (e,p,𝛾)

○ Confirm factorization

● Pairing mechanisms

● Precision of interpretation in 

terms of ground state properties 

(theory)

● Neutron rich systems

3N SRC

● (e,e’) high Q2 x>2

● 3N KO (e,e’ppN)

Theory guidance:

● KinemaJcs 

● Ground state

● FactorizaJon

● Phenomenology 38
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