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Simple patterns emerge in nuclear structure.

Calculating all pair-wise
interactions is hard.
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Simple patterns emerge in nuclear structure.

Calculating all pair-wise
interactions is hard.

Approximate with non-interacting
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Evidence for short-range correlations (SRCs)
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Evidence for short-range correlations (SRCs)
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Evidence for short-range correlations (SRCs)
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Evidence for short-range correlations (SRCs)

Depletion of shell-model orbitals
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Evidence for short-range correlations (SRCs)
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SRC pairs are predominantly T = 0,S = 1,

i.e., np-dominance
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SRC pairs are predominantly T = 0,S = 1,

i.e., np-dominance
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There is still much we do not know about SRCs

1 What are the mechanisms by which correlations form?

Which nucleons are correlating?

2 How do correlations depend on nuclear mass, p/n asymmetry?

Do np pairs still predominate in very neutron-rich nuclei?

3 What about 3N correlations?

Or 4N?

4 How universal are our findings?

Can they be corroborated in other scattering reactions?
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SRCs affect double beta decay matrix elements.
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SRCs affect double beta decay matrix elements.

2020 Double Beta Decay APPEC Committee Report
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SRCs may be driving the EMC Effect.
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SRCs may be driving the EMC Effect.

L. B. Weinstein et al., PRL 106, 052301 (2011)
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SRCs may be driving the EMC Effect.
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SRCs may be driving the EMC Effect.
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SRCs affect nuclear matter equation of state.

B.-J. Cai, B.-A. Li, Y.-G. Ma, arXiv:2512.04206
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Answering these questions requires a team effort.
Some of my collaborators

Or Hen, MIT

Tyler Kutz, Mainz

Dien Nguyen, Tennessee

Eli Piasetzky, Tel Aviv

Holly Szumila-Vance, Florida Intl.

Larry Weinstein, Old Dominion

Jefferson Lab

Dave Gaskell

Florian Hauenstein

Doug Higinbotham

Sasha Somov

Additional JLab experiments led by:

John Arrington, LBL

Nadia Fomin, Tennessee

Burcu Duran, New Mexico State

Experiments around the world

Tom Aumann, GSI

Maria Patsyuk, JINR

Zhihong Ye, Tsinghua/HIAF

Satoru Terashima, RCNP
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My group at George Washington University

Dr. Marshall ScottProf. Axel Schmidt

Prof. Bill Briscoe Prof. Igor Strakovsky

Phoebe Sharp Sara Ratliff Olivia Nippe-Jeakins

Marlena PegoloAugust FriebolinPayton Arber
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George Washington University in Washington, DC
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George Washington University in Washington, DC
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In my talk today:

1 Preliminary Results from the CaFe Experiment

Cross-shell pairing appears suppressed.

Evidence for quantum number selectivity.

2 Recently conducted experiments

Hall D SRC/CT Experiment tests universality

CLAS12 Run Group M expands available nuclei and stats.

BAND/LAD test the SRC-EMC connection
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There are two general approaches

for studying SRCs in e− scattering.

Inclusive measurements
Detector

Pros:

Higher rates

Minimal FSIs

Cons:

Little information about struck nucleon.

Interpretation is not 100% straightforward.
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There are two general approaches

for studying SRCs in e− scattering.

Exclusive measurements
Detector

Detector

Detector

Pros:

Isospin information

More info about momentum

Cons:

Need large acceptance

Final-state interactions.
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Exclusive measurements are always affected by

final state interactions.In e– scattering, SRC break-up competes with 
other final state effects.
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To reduce the impact of FSIs,

measure in anti-parallel kinematics.

p'1
q

p1

p2

Lead nucleonInitial mom.

recoiling spectator

Missing momentum

p⃗miss ≡ p⃗′1 − q⃗

is a proxy for the initial momentum.

In practice:

pmiss > kF

xB ≫ 1
Large Q2

p⃗miss ↿⇂ q⃗
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Which nucleons are forming pairs?

Can we tell from C.o.M. momentum?

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

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

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

p⃗rel ¼
1

2
ðp⃗miss − p⃗recoilÞ: ð4Þ

We use a coordinate system where ẑ is parallel to p̂miss, and
x̂ and ŷ are transverse to it and defined by: ŷkq⃗ × p⃗miss
and x̂ ¼ ŷ × ẑ.
Figure 2 shows the number of Aðe; e0ppÞ events plotted

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

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

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

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

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

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

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

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

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

PHYSICAL REVIEW LETTERS 121, 092501 (2018)

092501-4

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].

We acknowledge the efforts of the staff of the
Accelerator and Physics Divisions at Jefferson Lab that
made this experiment possible. We are also grateful for
many fruitful discussions with L. L. Frankfurt, M.
Strikman, J. Ryckebusch, W. Cosyn, M. Sargsyan, and
C. Ciofi degli Atti. The analysis presented here was carried
out as part of the Jefferson Lab Hall B data-mining project
supported by the U.S. Department of Energy (DOE). The
research was supported also by the National Science
Foundation, the Israel Science Foundation, the Chilean
Comisin Nacional de Investigacin Cientfica y Tecnolgica,
the French Centre National de la Recherche Scientifique
and Commissariat a lEnergie Atomique the French-
American Cultural Exchange, the Italian Istituto
Nazionale di Fisica Nucleare, the National Research
Foundation of Korea, and the UKs 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 Contract No. DE-AC05-
06OR23177. E. O. Cohen would like to acknowledge the
Azrieli Foundation.
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Which nucleons are forming pairs?

Can we tell from C.o.M. momentum?

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

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

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

p⃗rel ¼
1

2
ðp⃗miss − p⃗recoilÞ: ð4Þ

We use a coordinate system where ẑ is parallel to p̂miss, and
x̂ and ŷ are transverse to it and defined by: ŷkq⃗ × p⃗miss
and x̂ ¼ ŷ × ẑ.
Figure 2 shows the number of Aðe; e0ppÞ events plotted

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

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

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

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

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

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

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

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

FIG. 2. The number of Aðe; e0ppÞ events plotted versus the
components of p⃗c:m: perpendicular to p⃗miss. The red and blue
histograms show the x̂ and ŷ directions, respectively. The data are
shown before corrections for the CLAS detector acceptance.
The dashed lines show the results of Gaussian fits to the data. The
widths in parentheses with uncertainties are corrected for the
CLAS acceptance as discussed in the text.
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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. 3. The nuclear mass dependence of the one-dimensional
width of the c.m. momentum distribution. The data points
obtained in this work (red full circles) are compared to previous
measurements (blue full squares and triangles) [5,7,9] and
theoretical calculations by Ciofi and Simula (open stars) [14],
Colle et al., considering all mean-field nucleon pairs (dashed line)
and only 1S0 pairs (solid line) [35] and a Fermi-gas prediction
[63] considering all possible nucleon pairs. See text for details.
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We have lacked a way to disentangle size

and asymmetry effects.

Nuclei studied prior to 2019:
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The XEM2 experiment has measured a swath

of light and heavy targets.

Spokespeople: J. Arrington,
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The CaFe Experiment studied 40Ca, 48Ca, 54Fe,

to test pn pairing across the 1d/1f gap.
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The CaFe Experiment studied 40Ca, 48Ca, 54Fe,

to test pn pairing across the 1d/1f gap.
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The CaFe Experiment

Jefferson Lab E12-17-005

Spokespeople: O. Hen,
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By detecting the proton, Ca-Fe is sensitive

specifically to proton pairing.

Electron (Undetected)
Correlated
nucleon

Knocked-out

proton

Super
High Momentum
Spectrometer

High Momentum
Spectrometer
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CaFe Kinematics
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Cross-section ratios scale,

indicating SRC-dominated sample
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We see very little cross-shell pairing.

Currently under peer review!
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In my talk today:

1 Preliminary Results from the CaFe Experiment

Cross-shell pairing appears suppressed.

Evidence for quantum number selectivity.

2 Recently conducted experiments

Hall D SRC/CT Experiment tests universality

CLAS12 Run Group M expands available nuclei and stats.

BAND/LAD test the SRC-EMC connection
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Hall D SRC/Color-Transparency Experiment:

probing SRCs with photoproduction reactions

Nov.–Dec., 2021

> 90 billion triggers

Targets: D, 4He, 12C

Peak flux at 8.5 GeV

GlueX Spectrometer

Axion-like particle search: J. R. Pybus et al., Phys. Lett. B 855, 138790 (2024)

Subthreshold J/ψ production: J. R. Pybus et al., Phys. Rev. Lett. 134, 201903 (2025)
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Does the probe-nucleon interaction factorize

from the nuclear ground state?In e– scattering, SRC break-up competes with 
other final state effects.

A
A–2

e–

e–

Nlead

Nrecoil

(q,

Plane wave QE scattering Plane-wave photo-production

56



We see angular correlations in multiple reaction

channels.

γn(p)→ ρ−pp

Credit: Jackson Pybus, MIT

γp(p)→ ρ0pp

Credit: Phoebe Sharp, GW
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CLAS12 Run Group M is a dedicated

high-statistics SRC experiment.

Nov. 2021–Feb. 2022

300 fb−1

10× more than CLAS
Targets: H, D, 4He, 12C,
40,48Ca, 120Sn

2, 4, 6, GeV beams

CLAS12 Spectrometer

Cherenkov
Time-of-Flight

BAND

Calorimeter

e– beam

Target

Tracker
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We can isolate SRC nucleons by

“tagging” a correlated partner.

scat
tere

d el
ectr

on

recoiling spectator nucleon
fragments of

struck nucleon

1 Mom. of the scattered e− −→ determine quark momentum
2 Mom. of the spectator −→ determine if correlated
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“Backward Angle Neutron Detector”

was built to detect recoiling spectator neutrons.

scattered
electron

jet from 
struck quark

Deuterium

Spectator
neutron

BAND

11 GeV e–

CLAS12

JLab Hall B
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LAD collected data this past summer

tagging spectator protons.

scattered
electron

jet from 
struck quark

Deuterium

LAD

11 GeV e–

SHMS

HMS

GEMs
spectator
proton

JLab Hall C
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We see coincident protons in LAD!

Credit: Lucas Ehinger, MIT
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To recap:

SRCs are pairs of

high-momentum strongly

interacting nucleons.

Relevant for key problems in

nuclear physics

Disentangling size/asymmetry

has been a challenge

CaFe shows minimal cross-shell

pairing

Lots of new data being

analyzed!
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Wiringa et al.
PRC 89 024305 (2014)

Nucleons in 12C
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Recent Documents by the SRC Community

EPJA Topical Issue on SRCs

May 21, 2025

Guest editors: Or Hen, Douglas

Higinbotham, Eli Piasetzky, Axel

Schmidt

Long-range outlook for short-range
correlations

January 14, 2026

arXiv:2601.09568
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Back-Up
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Mining CLAS data

CLAS eg2 Experiment (2004)

5 GeV beam

d, C, Al, Fe, Pb targets

large acceptance

spectrometer

e – beam

Scintillators (timing)
Drift chambers

(tracking)

Calorimeters
(energy)

Cherenkov (e– ID)

Target

≈8m

electron

protonneutron
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Until 2020, most SRC studies were

conducted by data mining.

Publications:

Hen et al., PLB 722, p. 63 (2013)

Hen et al., Science 346 p. 614 (2014)

Duer et al., Nature 560, p. 617 (2018)

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

Duer et al., PLB 797, 134792 (2019)

Schmookler et al., Nature 566, p. 354 (2019)

Duer et al., PRL 122, 172502 (2019)

Schmidt et al., Nature 578, p. 540 (2020)

Korover et al., PLB 820, 136523 (2021)

Korover et al., PRC 107, L061301 (2023)
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Sub-threshold J/ψ photoproduction on nuclei

J. R. Pybus et al., PRL 134, 201903 (2025)

3.25σ when allowing the signal parameters to vary; when
fixing the signal shape to that of the above-threshold mass
peak, the significance is slightly reduced to 2.86σ.
Theoretical calculations—In order to construct a theo-

retical model for the quasielastic process ðγ; J=ψpÞ, we
used the plane-wave impulse approximation (PWIA),
assuming a factorized cross section given by [24]

dσðγA→ J=ψpXÞ
dtd3p⃗idEi

¼ vγi ·
dσ
dt

ðγp→ J=ψpÞ ·Sðpi;EiÞ; ð3Þ

where pi ¼ ðEi; p⃗iÞ is the four-momentum of the struck
proton i inside the nucleus, pγ is the four-momentum of the
incoming beam photon, vγi ¼ pγ · pi=ðEγEiÞ is the relative
velocity between the photon and the struck proton, and the
differential cross section dσ=dt for the exclusive process
ðγp → J=ψpÞ is taken from a fit to GlueX data [16]. The
spectral functions Sðpi; EiÞ for helium and carbon are
provided by Ref. [37] for mean-field (low-momentum)
protons and the generalized contact formalism [38–40] for
the SRC protons, calculated using the phenomenological
AV18 interaction [41]. The momentum distribution for
deuterium is taken from Ref. [42], again calculated using
the AV18 interaction. The produced J=ψ is assumed to
decay to eþe− in a helicity-conserving manner.
We performed a Monte-Carlo simulation of quasielastic

J=ψ production from 2H, 4He, and 12C, in order to compare
with distributions in data as well as estimate the event
detection efficiency. Generated events were simulated
using the GEANT model of the GlueX detector [29] and
reconstructed in the same manner as the measured data.
This simulated detector response was superimposed with
randomly triggered samples of data, in order to account for
photon tagger accidentals and detector pileup. These
simulations were used to extract the reconstruction effi-
ciency for J=ψp events, found to be ∼13% with little

variation as a function of beam-photon energy or nucleus.
Following a recent study of the QED Bethe-Heitler process
with GlueX [16] that found the experimental eþe−p
efficiency to be 85% 2% of that predicted by simulation,
we rescaled our simulated efficiency by that factor to arrive
at an estimated average efficiency of ∼11%.
Results—We calculate the total cross section as a

function of the incoming photon energy as

σðEγÞ ¼
YJ=ψ ðEγÞ

LðEγÞϵðEγÞTABðJ=ψ → eþe−Þ
; ð4Þ

where YJ=ψ is the extracted yield of J=ψ → eþe− decays, L
is the tagged photon luminosity, ϵ is the reconstruction
efficiency as determined from Monte Carlo simulations, TA
is the proton transparency for nucleus A [43–46] (detailed
in Sec. III of the Supplemental Material [36]), and
BðJ=ψ → eþe−Þ ≈ 5.97% 0.03% is the branching fraction
of J=ψ into eþe− [47].
For the total cross section extraction, YJ=ψ is determined

by performing an unbinned likelihood fit on the light-cone
mass distribution, assuming an exponential background.
For the differential cross sections, it is determined by
performing sideband subtraction using the light-cone mass
distribution region of 2.7 < mlight-cone < 3.4 GeV as a
measure of the background contribution, excluding the
signal region of %3σ around the J=ψ → eþe− peak.
The dominant point-to-point systematic uncertainty is

due to the event selection cuts, determined by varying the
values of the lepton PID and energy balance cuts and then
taking the resulting variance on the extracted cross
section, accounting for both the change in measured yield
and the simulated reconstruction efficiency. We also
considered the uncertainty in the energy dependence of
the measured luminosity resulting from the acceptance of
the PS, the uncertainty in the efficiency as a function of
final-state kinematics, and the uncertainty on the method
used to extract the J=ψ yield given the shape of the eþe−

background.
Normalization uncertainty was determined for each

nucleus and ranges from 20% to 24%. This uncertainty
is dominated by the uncertainty on the Monte Carlo
efficiency calculations; Ref. [16] estimated a 19.5%
uncertainty using eþe− production from the Bethe-
Heitler process and simulation to benchmark the exclusive
measurement γp → J=ψp, and we refer to this estimate.
Additional sources of normalization uncertainty include
the proton transparency and the target thickness and
density.
Table I lists the total measured and PWIA-calculated

cross section for each nucleus. Both the measurement and
calculation are averaged over the energy-dependent photon
luminosity for each target, which is given in Sec. II of the
Supplemental Material [36]; the energy-dependence of the
PWIA cross sections is also shown in the same section.

FIG. 1. Main figure: Light-cone mass distribution for the
combined data of helium and carbon, fit using an exponential
background and a Gaussian signal. Inset: Light-cone mass
distribution for events in the “subthreshold” region
Eγ < 8.2 GeV. In both cases, the J=ψ decay can be clearly seen.
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Figure 2 shows the energy dependence of the measured
cross sections for 4He and 12C, where the result has been
combined in a luminosity-weighted fashion to improve the
statistical precision:

σavg ¼
YJ=ψ ;He þ YJ=ψ ;C

ðLHeϵHeTHe þ LCϵCTCÞBðJ=ψ → eþe−Þ
: ð5Þ

Data are compared with PWIA calculations, separating the
contributions from photon interaction with the mean field
and short-range correlated nucleons. We observe that both
the A dependence (given in Table I) and the energy
dependence of the measured cross sections are largely
consistent with the predictions of plane-wave calculations.
We also find that we are able to measure the cross section in
the subthreshold energy region Eγ < 8.2 GeV, marking the
first such measurement of J=ψ production below the proton
energy threshold. The subthreshold cross section appears to
somewhat exceed the plane-wave predictions, indicating
the possibility of more exotic mechanisms at play, though
higher statistics data are needed to make a more defini-
tive claim.

In order to further understand the role of nuclear effects
present in the reaction, we examine the differential cross
section as a function of the struck proton “missing” four-
momentum:

pmiss ¼ peþ þ pe− þ pp − pγ: ð6Þ

Specifically, we consider the “light-cone momentum frac-
tion”

αmiss ¼
Emiss − pz;miss

mA=A
ð7Þ

of the proton, previously used in Ref. [48], which gives a
measure of the internal nuclear momentum and is well
measured in the GlueX spectrometer.
Figure 3 shows the differential cross section, extracted

separately in the subthreshold (7 < Eγ < 8.2 GeV) and
above-threshold (8.2 < Eγ < 10.6 GeV) energy regions.
We note that the limited statistics of the data and the
necessity of background subtraction can result in negative

TABLE I. Total per-proton cross sections for Aðγ; J=ψpÞX
luminosity-averaged over the energy range 7 < Eγ < 10.6 GeV.
Data also include a common 20% normalization uncertainty (not
shown); other normalization uncertainties differ across nuclei and
are incorporated into the total cross sections here.

Nucleus
Plane-wave
cross section

Measured
cross section

Statistical
uncertainty

Systematic
uncertainty

2H 0.24 nb 0.23 nb 0.07 nb 0.04 nb
4He 0.22 nb 0.33 nb 0.06 nb 0.05 nb
12C 0.24 nb 0.25 nb 0.05 nb 0.05 nb

FIG. 2. Luminosity-weighted average of the Aðγ; J=ψpÞX
cross section for 4He and 12C, compared with plane-wave
calculations for this average. The measured cross section (black)
is compared with plane-wave calculations, including the mean-
field (dotted red) and SRC (dashed blue) contributions as well as
the total (dot-dashed gray). Data also include a common 23%
normalization uncertainty (not shown).

FIG. 3. Differential Aðγ; J=ψpÞX cross section as a function of
light-cone momentum fraction αmiss, for 4He and 12C, separated
into the above-threshold (top) and below-threshold (bottom)
energy regions. Insets shows the differential cross section as a
function of momentum transfer jtj. Measured data (black points)
are compared with plane-wave calculations (blue solid line), as
well as calculations assuming a modified proton density (orange
dashed) and a modified form factor (green dot-dashed). Data also
include a common 23% normalization uncertainty (not shown).
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Figure 2 shows the energy dependence of the measured
cross sections for 4He and 12C, where the result has been
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the A dependence (given in Table I) and the energy
dependence of the measured cross sections are largely
consistent with the predictions of plane-wave calculations.
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the subthreshold energy region Eγ < 8.2 GeV, marking the
first such measurement of J=ψ production below the proton
energy threshold. The subthreshold cross section appears to
somewhat exceed the plane-wave predictions, indicating
the possibility of more exotic mechanisms at play, though
higher statistics data are needed to make a more defini-
tive claim.

In order to further understand the role of nuclear effects
present in the reaction, we examine the differential cross
section as a function of the struck proton “missing” four-
momentum:

pmiss ¼ peþ þ pe− þ pp − pγ: ð6Þ

Specifically, we consider the “light-cone momentum frac-
tion”

αmiss ¼
Emiss − pz;miss
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ð7Þ

of the proton, previously used in Ref. [48], which gives a
measure of the internal nuclear momentum and is well
measured in the GlueX spectrometer.
Figure 3 shows the differential cross section, extracted

separately in the subthreshold (7 < Eγ < 8.2 GeV) and
above-threshold (8.2 < Eγ < 10.6 GeV) energy regions.
We note that the limited statistics of the data and the
necessity of background subtraction can result in negative

TABLE I. Total per-proton cross sections for Aðγ; J=ψpÞX
luminosity-averaged over the energy range 7 < Eγ < 10.6 GeV.
Data also include a common 20% normalization uncertainty (not
shown); other normalization uncertainties differ across nuclei and
are incorporated into the total cross sections here.
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Measured
cross section

Statistical
uncertainty
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4He 0.22 nb 0.33 nb 0.06 nb 0.05 nb
12C 0.24 nb 0.25 nb 0.05 nb 0.05 nb

FIG. 2. Luminosity-weighted average of the Aðγ; J=ψpÞX
cross section for 4He and 12C, compared with plane-wave
calculations for this average. The measured cross section (black)
is compared with plane-wave calculations, including the mean-
field (dotted red) and SRC (dashed blue) contributions as well as
the total (dot-dashed gray). Data also include a common 23%
normalization uncertainty (not shown).

FIG. 3. Differential Aðγ; J=ψpÞX cross section as a function of
light-cone momentum fraction αmiss, for 4He and 12C, separated
into the above-threshold (top) and below-threshold (bottom)
energy regions. Insets shows the differential cross section as a
function of momentum transfer jtj. Measured data (black points)
are compared with plane-wave calculations (blue solid line), as
well as calculations assuming a modified proton density (orange
dashed) and a modified form factor (green dot-dashed). Data also
include a common 23% normalization uncertainty (not shown).
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