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Short-range correlations are
a universal feature of nuclei.

• All nuclei have them.
• High-momentum nucleons
• Back-to-back momenta
• ≈10–20% of nucleons
• Primarily np pairs, spin 1
• Driven by tensor force
• Persists in asymmetric nuclei
• Changes with momentum range 𝑘 > 𝑘!



Short-range correlations play a role in many 
open questions of nuclear, hadronic physics.

1. Nuclear structure
• How do correlations form?
• Are there 3N correlations?
• SRCs influence nuclear properties.

• have the majority of kinetic energy
• e.g. double beta decay matrix elements
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Short-range correlations 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



Quick announcements
Caveats:

• Other people did the impressive work.
• Experimental focus
• Opinions are solely my own.

• Check out the Short-Range Correlations Parallel Session!
• 2 PM, Orchestra A



In my talk today:

• Short-range correlations is asymmetric nuclei
• How does size, neutron-proton imbalance affect pairing?
• See Dien Nguyen’s, Burcu Duran’s talk

• Factorization: probe- and scale-independence
• How can we separate what we learn about pairs, from hard scattering?
• See Tim Kolar’s talk

• Short-range correlations and the EMC Effect
• What roles to SRCs play in medium modification?
• See Florian Hauenstein’s talk
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Quasi-elastic electron scattering has been 
the tool of choice. 
CLAS, JLab Hall B

eg2 Experiment (2004)
• 5 GeV beam
• d, C, Al, Fe, Pb targets
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Quasi-elastic electron scattering has been 
the tool of choice. 
CLAS, JLab Hall B

eg2 Experiment (2004)
• 5 GeV beam
• d, C, Al, Fe, Pb targets

e – beam

Scintillators (timing)
Drift chambers

(tracking)

Calorimeters
(energy)

Cherenkov (e– ID)

Target

�8m

electron

spectator proton

proton

Very specific kinematics!
to suppress final state interactions

• “Anti-parallel kinematics”
• 𝑥! > 1
• Large 𝑄"
• 𝒑#$%% anti-parallel to �⃗�



The SRC regime still has equal numbers of 
protons and neutrons.

SRC nucleons

Non-correlated nucleons

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

Meytal Duer



Correlated protons are predominantly in 
neutron-proton pairs.

M. Duer et al., PRL 122, 172502 (2019)
O. Hen et al., Science 346, p. 614 (2014)

Meytal Duer



Inclusive scattering at high 𝑥! can also tell 
you about short-range correlations.
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At 𝑥! ≳ 1.5, inclusive cross sections scale,
indicating correlations.

D. Nguyen et al., PRC 102, 064004 (2020) 

Dien Nguyen

N. Fomin et al., PRL 108, 092502 (2012) 



Inclusive scattering can reveal relative 
pairing between pn and pp pairs.

Compare isospin mirror nuclei.
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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

Helium-3Tritium



Preference for np pairs is less strong in the 
A=3 system.

S. Li et al. (Hall A), Nature 609 p. 41 (2022)
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By rejecting non-QE background, scaling 
can even persist down to 𝑥! = 1.

I. Korover, A. Denniston et al. (CLAS), arXiv:2209.01492 (2022)

(𝑒, 𝑒0𝑝) data from CLAS

Andrew Denniston

Igor Korover



This technique allows the study of 
the MF to SRC transition region.

I. Korover, A. Denniston et al. (CLAS), arXiv:2209.01492 (2022)

Andrew Denniston

Igor Korover

(𝑒, 𝑒0𝑝) data from CLAS



New data on asymmetric nuclei are under 
analysis!
• Hall C
• Experiments this year covered Be, B, 40Ca, 48Ca, 54Fe
• Inclusive x>1 experiment
• CaFe (𝑒, 𝑒0𝑝) experiment
• See Dien and Burcu’s talks later today

• CLAS-12
• Nuclear targets experiment, 2021–22
• 40Ca, 48Ca targets
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about pairing mechanisms.
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Data are well-described by a high-momentum 
factorized picture.

Generalized Contact Formalism
(see Ronen Weiss’s talk this afternoon)
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Data are well-described by a high-momentum 
factorized picture.

Generalized Contact Formalism
(see Ronen Weiss’s talk this afternoon)
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J. R. Pybus et al., Phys. Lett B 805, 135429 (2020)
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3.3. Radiative effects

Comparison with measured electron scattering data requires 
accounting for radiative effects beyond the Born approximation. 
We use a Monte Carlo approach similar to those proposed in 
Ref. [40], employing the peaking approximation—energy radiated 
by bremsstrahlung is only emitted in the incoming and outgo-
ing electron directions—as well using exponentiation to describe 
the multi-photon radiated energy distribution. First, the energy ra-
diated by the incoming electron and the energy radiated by the 
outgoing electron are randomly sampled according to the proba-
bility distribution:

P (Erad.) = λ

Ek(′)

(
Erad.

Ek(′)

)λ−1

, (17)

λ = α

π

[

log

(
4E2

k(′)

m2
e

)

− 1

]

, (18)

where Erad. is the total energy radiated by an electron leg in the 
Feynman diagram, Ek(′) is the energy carried by the electron leg 
prior to radiation, me is the electron mass, and α is the fine-
structure constant. The GCF cross-section is calculated using the 
modified electron kinematics, i.e., after initial state radiation but 
before final state radiation. The event weights are multiplied by a 
further radiative correction factor given by

wrad. = (1 − δhard) ×
(

Ek√
Ek Ek′

)λi

×
(

Ek + E f
rad.√

Ek Ek′

)λ f

, (19)

with

δhard = 2α

π

[−13
12

log
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Q 2

m2
e

)
+ 8

3

]
. (20)

This approach to radiative corrections is equivalent to the “pure 
peaking approximation” approach of Ref. [40], but further neglect-
ing non-peaked bremsstrahlung strength and bremsstrahlung from 
any nucleon.

3.4. Reaction mechanism effects

Following Refs. [19,22,26], we account for the main reaction ef-
fects relevant for the kinematics of the data being analyzed here. 
Due to the anti-parallel nature of the measured reaction, these in-
clude flux reduction due to hard rescattering (Transparency) and 
isospin changes in the final state due to (n, p) and (p, n) SCX re-
actions.

We account for these effects by constructing an approximate 
‘experimental equivalent’ cross-section expressions from the GCF 
PWIA calculated cross-sections, e.g.:

σ Exp
A(e,e′ pN) =σ GC F

A(e,e′ pN) · P pN
A · T A+

σ GC F
A(e,e′nN) · P [n]N

A · T A+
σ GC F

A(e,e′ pN ′) · P p[N ′]
A · T A,

(21)

where T A and P A are respectively Transparency and SCX probabil-
ities, taken from reaction calculations [41], which agree well with 

Fig. 1. Measured and GCF-calculated event yield distribution of the cosine of the 
opening angle between #precoil and #pmiss for 4He(e, e′ pn) events. Insert: same for 
the missing mass distribution. See Sec. 4 for details.

experimental data [42–44]. The use of ‘[N]’ in the SCX supscript 
marks the nucleon in the pair that undergoes SCX into a differ-
ent isospin state. We assume that the transparency of nucleons 
following SCX is the same as for nucleons that did not undergo 
SCX. We further note that the single nucleon transparency is cal-
culated to be only slightly larger than that of a pair of nucleons. 
See Ref. [22,45] for details.

All comparisons to data in this work are made using the ‘ex-
perimental equivalent’ cross-sections defined here.

3.5. Model systematic uncertainties

The cross-section Eqs. (5), (12) and (21) require several input 
parameters. While their values have been determined by previous 
works, their uncertainty leads to an uncertainty in the calculated 
cross-section. We estimate this uncertainty by performing the cal-
culation many times, while simultaneously varying all of the input 
parameters according to a prior probability distribution. For the 
results shown in this work, we indicate the median value of the 
calculations as well as a band which contains 68% of the sample 
parameter combinations.

The following parameters were varied according to a Gaussian 
distribution unless otherwise indicated:

• σC M , the width of the SRC pair c.m. momentum distribution, 
which was assumed to equal 100 ± 20 MeV/c, as extracted 
from the original analysis [18],

• Cα
ab , the nuclear contacts, which were taken from momentum-

space VMC calculations in Ref. [15],
• P SC X

A = 1.5 ± 1.5%, the SCX probability, which was taken from 
the original analysis [18,45], with negative values excluded,

• T A = 0.7, the nuclear transparency, which was taken from the 
original analysis [18,45] with an assumed ±20% uncertainty,

• kcut-off, the momentum cut-off in the universal two-body func-
tion above which SRCs begin to dominate, which was varied 
from a uniform distribution between 200–300 MeV/c,

• E∗ , the excitation energy of the residual A − 2 nucleus, which 
was varied uniformly between 0–10 MeV.

The systematic uncertainty bands presented in Figs. 1–4 ac-
count for correlated effects through simultaneous variation all 
model parameters. The impact of each individual model parame-
ter can be found in online supplementary materials tables I–IV, 
though these estimates necessarily neglect correlated effects.

3.6. Event selection and comparison with data

Pseudo-events from the event generator were analyzed in an 
identical fashion to the events measured in the experiment. We 
applied a model for the spectrometer acceptances to reject any 

The CLAS Collaboration Physics Letters B 820 (2021) 136523

Fig. 1. Background-subtracted angular correlation between the reconstructed (e, e′ p)

missing momentum vector ("pmiss) and recoil neutron momentum vector ("precoil ), 
for data events passing 12C(e, e′ pn) cuts (points), compared with GCF predictions 
based on the AV18 and N2LO N N interactions (darker and lighter bands, respec-
tively). Insert shows the background-subtracted missing mass distribution for the 
same events and calculation. The width of the bands corresponds to the 68% confi-
dence interval due to uncertainties in the model parameters.

The xB > 1.1 selection is consistent with that used in Refs. [19,
21,28,39,41] and is slightly lower than the xB > 1.2 selection used 
by Refs. [20,29,40]. The lower cut value is chosen to increase statis-
tics; we verified that this change does not impact our agreement 
with the published (e, e′ pp) / (e, e′ p) ratio of Ref. [29] that used 
xB > 1.2 (supplementary materials Fig. S27).

Fig. 1 shows the cosine of the angle between "pmiss and the 
“recoil” neutron momentum "precoil for 12C(e, e′pn) events, after 
random coincidence background subtraction. While the recoil neu-
tron selection criteria do not place any angular requirements, the 
measured distribution shows a clear back-to-back correlation char-
acteristic of SRC breakup events.

The measured distributions show good agreement with theo-
retical predictions based on the GCF [13,14,30,31] using both the 
AV18 [42] and N2LO(1.0) [43] N N interaction models.

The GCF assumes scale-separation between the short-distance 
interactions within an SRC pair, and the long-range interactions 
between the pair and the rest of the nucleus, as well as their mu-
tual separation from the ultra-short distance scale associated with 
the high-energy virtual photon probe. With this in mind, Ref. [30]
suggested a factorized approximation for the correlated continuum 
region of the nuclear spectral function, that can be used in fac-
torized models of the scattering cross-section at large momentum 
transfer kinematic [44]. Here the hard break-up of an SRC pair is 
assumed to proceeds via a reaction in which the virtual photon is 
absorbed by a single nucleon in an SRC pair, knocking it out of the 
nucleus and leaving its correlated partner nucleon to recoil from 
the nucleus [30,31].

For completeness we note that beyond the use of the spe-
cific GCF model for the spectral function, the reaction model used 
herein adopts a high-resolution theoretical description of high-
momentum transfer reactions where the reaction is modeled using 
one-body operators and correlation effects are embedded in the 
nuclear wave function. While constituting a valid simple reaction 
picture that is consistent with both data and various ab initio 
calculations, it is not the only possible description of our data. 
Unitary freedom allows shifting the explicit effects of two-body 
correlations from nuclear wave functions to the interaction op-
erators while keeping the calculated cross-section invariant [45]. 
Thus, theoretical studies can also use our data to study com-
plementary factorized models [26] and/or constrain many-body 

reaction operators used in low-resolution nuclear theory calcula-
tions.

Several ingredients are necessary to construct the GCF based 
factorized cross-section [31]. We used the off-shell electron-
nucleon cross-section from Ref. [46]. Nuclear contacts [13,14,30], 
and the possible excitation range of the residual A − 2 nuclear 
system E∗ are the same as in Ref. [29]. The pair CM momentum 
distribution is assumed to be a three-dimensional Gaussian [11,47]
with a characteristic width taken from Ref. [40]. Additionally, 
we accounted for Final State Interactions (FSIs) including Sin-
gle Charge Exchange (SCX) and nuclear transparency using the 
Glauber approximation from Ref. [48]. The transparency correc-
tion is a simple overall scale factor and was previously shown to 
well-reproduce experimental data [49–51]. However, the SCX cor-
rections affect the missing-momentum dependence of the data, 
are less certain, and were not validated experimentally. There-
fore, obtaining a consistent picture from analysis of both (e, e′ pn)
and (e, e′ pp) data with minimal and maximal SCX sensitivity, re-
spectively, is crucial for a reliable interpretation of experimental 
data.

Systematic model uncertainties associated with the GCF predic-
tions were estimated by repeating the theoretical calculations with 
randomly sampled model parameters from a distribution centered 
around the parameter’s nominal value with a width defined by its 
uncertainty. We also considered two different prescriptions for the 
off-shell electron-nucleon cross-section known as cc1 and cc2 from 
Ref. [46].

Supplementary materials Fig. S35 shows comparisons between 
the GCF calculations and the measured pmiss-dependence of the 
12C(e, e′pn) / 12C(e, e′p), 12C(e, e′ pp) / 12C(e, e′ p) and 12C(e, e′pp)
/ 12C(e, e′pn) yield ratios. The data are corrected for nuclear trans-
parency. Since this correction has no pmiss-dependence, it only 
changes the overall scale. The data and calculations are in good 
agreement.

To extract cross-section ratios from the ratios of measured 
event yields, we corrected for SCX effects, nuclear transparency, 
experimental acceptance, and the efficiency of the event selec-
tion criteria. These corrections were determined by comparing the 
GCF cross-section to a detailed Monte Carlo simulation that used 
the GCF cross-section as input. Simulated events were propagated 
through a model of the CLAS detector that included acceptance, ef-
ficiency, and resolution effects, and were then required to pass the 
exact same event selection criteria. The detector and detector+SCX 
correction factors are shown in supplementary materials Fig. S36. 
Further details can be found in Ref. [31].

The uncertainty on the acceptance correction combined the sys-
tematic uncertainty of the GCF model, described above, with un-
certainty on the acceptance coming from limited knowledge of the 
spectrometer momentum resolution. This was treated by varying 
the detector model’s momentum resolutions for electrons, protons, 
and neutrons within uncertainties in the same manner as the GCF 
model parameters.

Fig. 2 shows the resulting 12C(e, e′pn) / 12C(e, e′ p), 12C(e, e′pp)
/ 12C(e, e′p), and 12C(e, e′pp)/2 / 12C(e, e′pn) cross-section ratios 
as a function of pmiss. The data are compared with GCF calcula-
tions. For pmiss > 400 MeV/c the calculations agree well with the 
measured data for either N N potential. This agreement supports 
the validity of the GCF description of the nuclear ground state at 
high-momentum. For 300 < pmiss < 400 MeV/c, especially for the 
12C(e, e′pp)/2 / 12C(e, e′pn) ratio, the AV18 calculation agrees well 
with the data but the N2LO calculation does not. This missing-
momentum region is most sensitive to the details of the dip in the 
pp wave function which is absent for spin-1 pn pairs due to the 
tensor interaction [23–25]. This dip has slightly different character-
istics for AV18 and N2LO, possibly owing to the N2LO interaction’s 
short-distance regulator [14]. On the other hand the GCF is an 

4

I. Korover et al., Phys. Lett B 820, 136523 (2021)



Data are well-described by a high-momentum 
factorized picture.
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The two-nucleon knockout cross-section can be factorized similarly 
to equation (1) by replacing the single-nucleon spectral function with 
the two-nucleon decay function that defines the probability of finding 
nucleons with momenta pi and precoil such that the system of A−1 nucle-
ons (the A−2 nucleus plus the recoil proton; A, atomic mass of nucleus 
A) has energy Er (refs. 9,15,17). See Supplementary Information for details.

Ab initio many-body calculations of the nuclear spectral and decay 
functions are currently computationally unfeasible1. However, for the 
specific case of interacting with SRC pairs (that is, pi ≈ pmiss > kF), we can 
efficiently approximate these functions using the generalized contact 

formalism (GCF)22–25 which assumes that at very high momenta, the 
nuclear wavefunction can be described as consisting of an SRC pair and 
a residual A−2 system. The abundance of SRC pairs is given by nuclear 
contact terms extracted from ab initio many-body calculations of pair 
momentum distributions24,25.

Therefore, in the GCF, the high-momentum proton spectral function 
of equation (1) is approximated by a sum over pp and pn SRC pairs, which 
enables the calculation of the cross-sections of (e, e′p) and (e, e′pp) 
using different nuclear interaction models as input13,22.

We consider two commonly used NN interaction models: the phe-
nomenological Argonne V18 (AV18)4 and the χEFT local next-to-next-to-
leading-order (N2LO)5 interactions, as well as the simplified, tensor-less, 
Argonne V4′ (AV4′) interaction. The χEFT potentials considered here 
include explicit cut offs at distances of 1.0 fm and 1.2 fm, correspond-
ing to momentum cut offs of about 400–500 MeV/c (ref. 26). We do not 
expect these interactions to work well above this cut off (see Methods 
for details).

We compared the GCF cross-sections to experimental data using 
Monte Carlo integration, accounting for the acceptance, resolu-
tion and residual reaction effects (radiation, transparency and 
single-charge exchange) of CLAS. The systematic uncertainty of 
the calculation was estimated by varying the GCF and detector 
model parameters. See Methods for details on the GCF model and 
its implementation.

Measurement results
Figure 2 shows the measured (e, e′pp)/(e, e′p) event yield ratio as a func-
tion of pmiss for carbon, aluminium, iron and lead. The ratio increases 
linearly from 400 to about 650 MeV/c and then appears to flatten out 
for all measured nuclei. The observed increase in this ratio—that is, the 
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Fig. 3 | Missing-momentum and energy dependence of one- and two-proton 
knockout reaction yields. a–j, Measured 12C(e, e′p) (a, c–f) and 12C(e, e′pp) 
(b, g–j) event yields shown as a function of the (e, e′p) missing momentum (a, b) 
and missing energy (c–j). The data are compared with theoretical calculations 
based on the GCF framework, using different models of the NN interaction. The 

arrows mark the expected missing energy for interacting with a stationary pair 
with relative momentum equal to the mean of each missing-momentum bin. 
The width of the bands and the data error bars show the systematic 
uncertainties of the model and the statistical uncertainties of the data, 
respectively, each at the 1σ confidence level.

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



The detection of hadrons is complicated by 
final-state interactions.
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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
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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) 

10,000s of 2N SRC Events, hopefully a few hundred 3N SRC events 



Goal: direct detection of 3N SRCsUnderstanding the Kinematics

Lead

Lead

Lead

Lead

9( = 2:;<(
Different 3N structures lead to very different kinematics.

Figure credit: Andrew Denniston



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

z

0.55O78 < Q,$// < 0.7O78 0.7O78 < Q,$// < 0.85O78
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Proton-proton pairing probability
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Final alignments, detector calibrations are on-going. Figure credit: Andrew Denniston



SRC properties are consistent across 𝑄".

CoM momentum for pp-pairs

Final alignments, detector calibrations are on-going. Figure credit: Andrew Denniston

Scale Dependence of SRC 
Measurements
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CLAS12 has significantly improved
neutron detection capabilities.

PRELIMINARY

Neutrons in Central Neutron Detector

Erin Seroka
GWU



GCF assumes that the probe-nucleon 
interaction factorizes.

Proton-Nucleus Scattering
JINR/GSI

(in inverse kinematics)

Photo-production
JLab Hall D

(GlueX spectrometer)
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2018 Experiment at BM@N Setup / JINR

12C(p,2p)X
M. Patsyuk, JK et al., Nat. Phys. 17 (2021).
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Tagging the nuclear remnant suppresses 
final-state interactions.LETTERS NATURE PHYSICS

The experiment took place at the Joint Institute for Nuclear 
Research (JINR) using a 4 GeV c–1 per nucleon ion beam from the 
Nuclotron accelerator, a stationary liquid-hydrogen target, and a 
modified Baryonic Matter at Nuclotron (BM@N) experimental 
setup, as shown in Fig. 1a.

The beam was monitored upstream of the target using thin 
scintillator-based beam counters (BCs) used for charge identifica-
tion (Extended Data Fig. 1), a veto BC for beam-halo rejection and 
two multiwire proportional chambers (MWPCs) for event-by-event 
beam tracking. The BC closer to the target was also used to define 
the event start time t0.

A two-arm spectrometer (TAS) was placed downstream of 
the target to detect the two protons from the (p, 2p) reaction that 
emerge between 24° and 37°, corresponding to 90° QE scattering 
in the two-protons centre-of-mass (c.m.) frame. Each spectrometer 
arm consisted of two scintillator trigger counters (TCs), a gas elec-
tron multiplier (GEM) station and a multigap resistive plate cham-
ber (RPC) wall.

Proton tracks were reconstructed using their hit location in the 
GEM and RPC walls. We only consider events where the distance 
of closest approach between the proton tracks is smaller than 4 cm 
and the interaction vertex of each proton is reconstructed within 
the central 26 cm of the target (Extended Data Fig. 2). The time dif-
ference between the RPC and t0 signals define the proton time of 
flight (TOF), which is used to determine its momentum from the 
measured track length, assuming a proton mass.

As the protons of interest for our analysis have momenta between 
1.5 and 2.5 GeV c–1 (0.85 < β < 0.935), we conservatively reject events 
with proton tracks having β > 0.96 or β < 0.8.

Signals from the TC were combined with the BCs upstream of 
the target to form the main 12C(p, 2p) reaction trigger for the experi-
ment. Additional triggers were set up for monitoring and calibra-
tion purposes. See Supplementary Information for details.

Nuclear fragments following the (p, 2p) reaction are emitted 
with momentum similar to the nuclear beam momentum and at 
small angles with respect to the incident beam. Three silicon (Si) 
planes and two MWPCs were placed in the beamline downstream 
of the target to measure the fragment scattering angle. Following the 
MWPCs, the fragments enter a dipole magnet with a large accep-
tance of 2.87 T ⋅ m. Two drift chambers (DCHs) are used to measure 
the fragment trajectory after the magnet.

The fragment momenta are determined from their measured 
trajectories through the dipole magnet. Fragments are identified 

from the combination of their rigidity (P/Z) in the magnet and 
energy deposition in the two scintillator-based BCs placed between 
the target and magnet entrance (Fig. 1b). The latter is proportional 
to the sum of all fragment charges squared (;
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Supplementary Information provides additional details on the 

experimental setup and data analysis procedures.
We identify exclusive 12C(p, 2p)11B events by requiring the detec-

tion of a 11B fragment in coincidence with two charged particle 
tracks in the TAS. Energy and momentum conservation for this 
reaction can be expressed as
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are the incident beam ion and target proton four-momentum vec-
tors, respectively. Here Q̄
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 are the four-momentum 
vectors of the detected protons and 11B fragment. Assuming QE 
scattering off a nucleon moving in a mean-field potential, we 
can approximate Q̄
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 is the initial proton 
four-momentum inside the 12C ion. Substituting this into equation 
(1), we obtain
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where Q̄
NJTT

 is the measured missing four-momentum of the reac-
tion and is only equal to Q̄

J

 in the case of unperturbed (no ISI/FSI) 
QE scattering. Throughout the text, the missing-momentum vector 
is shown and discussed after being boosted from the lab frame to 
the incident 12C-ion rest frame.

Figure 2 shows the measured missing-energy distribution, 
Emiss ≡ mp − emiss (where emiss is the energy component of Q̄

NJTT

 in the 
12C rest frame), and its correlation with the lab-frame two-proton 
in-plane opening angle, θ1 + θ2, for inclusive 12C(p, 2p) (left) and 
exclusive 12C(p, 2p)11B (right) events. Both distributions show two 
distinct regions: (1) low missing energy and large in-plane open-
ing angles that correspond to QE scattering and (2) high miss-
ing energy and small in-plane opening angles that correspond to  
IE scattering.

As seen in the Emiss projections, the inclusive 12C(p, 2p) events are 
contaminated by ISI/FSI backgrounds around and underlying both 
IE and QE regions that distort their distribution. This background is 
not evident in the 12C(p, 2p)11B case, which is the first indication that 
requiring the coincidence detection of 11B fragments selects a unique 
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Fig. 1 | Experimental setup and fragment identification. a, Carbon nuclei travelling at 48!GeV!c–1 hit protons in a liquid-hydrogen target, knocking out 
individual protons from the beam ion. Position- and time-sensitive detectors, including MWPC, GEM, RPC, Si trackers and DCH, are used to track the 
incoming ion beam, knockout protons and residual nuclear fragments, as well as determine their momenta. Signals from scintillator-based TCs and BCs 
are used to identify an interaction and record the detector data. b, The bend of the nuclear fragments in the large dipole magnet indicates the fragment 
magnetic rigidity P/Z, which—combined with the effective charge Zeff measured by the BCs—allows identification of the various fragments. In this work, 
we refer to events with the detected 11B, 10B and 10Be heavy fragments; see the text for details.
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of single-step scattering reactions25. Extended Data Fig. 6 shows 
that the Glauber calculation effectively reproduces the measured 
12C(p, 2p)11B QE reaction missing-momentum distribution, but fails 
to do the same for the measured inclusive 12C(p, 2p) QE reaction 
composed of QE-like multistep processes that are highly model 
dependent and are not included in the calculation. The Glauber 
calculation follow the procedure mentioned in ref. 25. They predict 
a negligible fraction of second-order multiple scattering processes 
(<1%) and a cross-section ratio of 12C(p, 2p)11B/12C(p, 2p) single-step 
processes of 0.7. This calculated ratio is ~1.6 times higher than the 
measured ratio of (����± ��� (TUBU)

+���

−���

(TZT))%. This difference 
implies that the QE-like multistep processes, which are in the data 
but not included in the calculation, account for 37.6 ± 8.4% of the 
measured inclusive 12C(p, 2p) cross-section. Most of this strength is 
in the observed 31% enhancement in the measured 12C(p, 2p) QE 
event distribution at high missing momentum beyond the Glauber 
calculation. See Supplementary Information for details.

Thus we conclude that the 11B post-selection selects single-step 
scattering processes, which suppresses ISI/FSI distortions that 
account for a large fraction of the measured 12C(p, 2p) QE reac-
tion and are highly challenging to model. This provides access to 
ground-state distributions, at the price of enhanced attenuation. At 
high energies of the current measurement setup, this attenuation 
can be well modelled using Glauber calculations25.

Next we study SRCs by measuring the 12C(p, 2p)10B and 
12C(p, 2p)10Be reactions. SRC breakup reactions produce 10B and 
10Be fragments when interacting with a proton–neutron (pn) or 
proton–proton (pp) pair, respectively. While pair breakup processes 
are more complex than single nucleon removal, fragment selection 
also helps reduce contributions by secondary scattering processes 
and restricts the excitation energy of the residual A – 2 system to 
below its nucleon separation energy. Furthermore, fragment detec-
tion offers a direct experimental probe for the interaction between 
the SRC pair nucleons and the residual A − 2 nucleons.

While 10B and 10Be fragments can be produced in the SRC 
breakup reaction, they can also be produced following the (p, 2p) 
interactions involving the mean-field nucleons. As discussed 
above, ~10% of the measured inclusive mean-field 12C(p, 2p) QE 
events produce excited 11B fragments that decay into 10B and 10Be 
via nucleon emission. These processes can be suppressed by requir-
ing ∣pmiss∣ > 350 MeV c–1, which selects protons with initial momenta 
that are well above the nuclear Fermi level where SRCs predomi-
nate over mean-field nucleons13. See Supplementary Information 
for details.

High pmiss
12C(p, 2p)10B and 12C(p, 2p)10Be events can also result 

from IE interactions that produce additional particles. Such reactions 
can involve mean-field nucleons and will not be suppressed by the 
high pmiss requirement. However, as shown in Fig. 2, they can be sup-
pressed by restricting the missing energy of the reaction and requiring 
a large in-plane opening angle between the measured (p, 2p) protons.

To guide this selection, we used the generalized contact for-
malism (GCF)14 to simulate (p, 2p) scattering events off the SRC 
pairs (see Supplementary Information for details). Following these 
calculations, we select SRC breakup reactions by requiring an 
in-plane opening angle larger than ~63° and −110 ≤ Emiss ≤ 240 MeV 
(Extended Data Fig. 7). We further use the total energy and momen-
tum conservation to ensure exclusivity and suppress the IE contri-
butions by requiring a missing nucleon mass in the entire reaction: 
.
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 where mN is 
the nucleon mass and Mmiss,excl. is the exclusive reaction missing mass 
(Extended Data Fig. 8).

Applying these selection cuts, we measured twenty-three 
12C(p, 2p)10B and two 12C(p, 2p)10Be events. The large 10B/10Be event 
yield ratio is generally consistent with the previously observed pre-
dominance of pn over pp SRC pairs10,12,13,26,27. This measured ratio 
of 11.5 ± 2.5 is in full agreement with the GCF-calculated 10B/10Be 
yield ratio of 12.1, obtained using input from ab initio many-body 
calculations14. The observed 10B dominance also contradicts an 
expectation of similar 10B and 10Be yields if the measured reactions 
were dominated by mean-field QE scattering followed by FSI with a 
single nucleon in 11B.

Figure 4a–c shows the missing-energy and missing-momentum 
distributions of the selected SRC 12C(p, 2p)10B events. The measured 
distributions show good agreement with the GCF predictions. 
Additional kinematical distributions are shown and compared with 
the GCF in Extended Data Figs. 9 and 10. We specifically note that 
the distributions of the z component of the missing momentum is 
not centred around zero and is shifted towards the incident-beam 
direction (Extended Data Fig. 9c). This is expected because of the 
strong s dependence of the large-angle elementary pp elastic scat-
tering cross-section. See discussion in Supplementary Information.

Next we examine the angular correlations between the nucle-
ons in the pair and between the pair and the 10B fragment. Figure 
4d shows the distribution of the cosine of the angle between the 
missing momentum (equation (2)) and the reconstructed unde-
tected recoil neutron momentum. A clear back-to-back correla-
tion is observed, as expected for strongly correlated nucleon pairs. 
The width of the distribution is driven by the pair c.m. motion and 
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Vastly different reaction, but still consistent 
with factorized GCF picture.

M. Patsyuk et al., Nature Physics 17, p. 693 (2021)
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detection resolutions. It shows good agreement with the GCF pre-
diction that assumes a three-dimensional Gaussian c.m. momen-
tum distribution14,28.

An independent determination of the SRC pair c.m. momentum 
distribution can be obtained from the 10B momentum distribution 
that is measured here (Extended Data Fig. 9e–h). From these data, 
we extract an SRC pair c.m. momentum distribution with a Gaussian 
width of σc.m. = (156 ± 27) MeV c–1 (see Supplementary Information 
for extraction details), which is in agreement with previous electron 
scattering measurements28.

Last, we examine the factorization of the measured SRC pairs 
from the residual nuclear system. The strong two-body interaction 
between the nucleons in the pair was predicted9,14,23 to allow model-
ling its distribution as independent functions of the pair relative and 
c.m. motion, with no correlation between them. Such factorization 
dramatically simplifies the SRC calculations and should be evident 
experimentally by a lack of correlation between the pair c.m. and 
relative momenta.

Figure 4e shows the distribution of the cosine of the angle 
between the 10B fragment momentum (that is, pair c.m. momen-
tum) and the pair relative momentum given by prel = (pmiss − pn)/2, 
where pn is the reconstructed recoil neutron momenta. The GCF 
assumes the above-mentioned factorization and therefore predicts 
a flat distribution, which is slightly shaped by the acceptance of our 
detectors. These data are in full agreement with this assumption.

Therefore, by investigating SRC pairs with the detection of the 
residual-bound A − 2 nucleons system, we are able to provide direct 
experimental evidence for the factorization of SRC pairs from the 
many-body nuclear medium.

The dominant contributions of ISI/FSI to nucleon knockout 
scattering measurements have been a major difficulty for experi-
mentally extracting nucleon distributions in the nuclei9,13,29–31. Even 
in high-energy electron scattering at selected kinematics that mini-
mize their contributions, the remaining FSI effects lead to attenu-
ation, which is effectively modelled theoretically25, and distortions 
whose modelling is more challenging and introduce an interpreta-
tion uncertainty to the obtained results, especially at large missing 
momentum9,13,31,32.

At lower beam energies, the method of quasi-free proton-induced 
nucleon knockout in inverse kinematics has been recently  

developed and applied to study the single-particle structure of 
exotic nuclei4,5,22,24. The data analysis and interpretation of these 
results heavily relies on the assumption that the extracted particle 
distributions are free from FSI distortions, for both QE and IE reac-
tions, which has not been experimentally proven to date.

Our findings, however, clearly demonstrate the feasibility of 
accessing properties of single nucleons and SRC nucleon pairs 
in short-lived nuclei, particularly neutron-rich nuclei, using 
high-energy radioactive beams, produced at upcoming accelerator 
facilities such as Facility for Rare Isotope Beams (FRIB) and Facility 
for Antiproton and Ion Research (FAIR). With this method, we 
accomplished a big step towards realizing the goal of such facilities, 
which is exploring the formation of visible matter in the Universe in 
the laboratory. The presented experimental method thus provides 
a basis to approximate—as closely as possible—the dense, cold 
neutron-rich matter in neutron stars in the laboratory.

Online content
Any methods, additional references, Nature Research report-
ing summaries, source data, extended data, supplementary infor-
mation, acknowledgements, peer review information; details of 
author contributions and competing interests; and statements of 
data and code availability are available at https://doi.org/10.1038/
s41567-021-01193-4.

Received: 18 August 2020; Accepted: 4 February 2021;  
Published online: 29 March 2021

References
 1. Jacob, G. & Maris, T. A. J. Quasi-free scattering and nuclear structure. Rev. 

Mod. Phys. 38, 121–142 (1966).
 2. Kelly, J. J. Nucleon knockout by intermediate energy electrons. Adv. Nucl. 

Phys. 23, 75–294 (1996).
 3. Gade, A. et al. Reduction of spectroscopic strength: weakly-bound and 

strongly-bound single-particle states studied using one-nucleon knockout 
reactions. Phys. Rev. C 77, 044306 (2008).

 4. Kobayashi, T. et al. (p, 2p) reactions on 9–16C at 250 MeV/A. Nucl. Phys. A 
805, 431–438 (2008).

 5. Wakasa, T., Ogata, K. & Noro, T. Proton-induced knockout reactions with 
polarized and unpolarized beams. Prog. Part. Nucl. Phys. 96, 32–87 (2017).

 6. Duer, M. et al. Probing high-momentum protons and neutrons in 
neutron-rich nuclei. Nature 560, 617–621 (2018).

pmiss (GeV c –1)

–0.2

0

0.2

E m
iss

 (G
eV

)

0.4

Co
un

ts
10Be

0.4 0.6
0

5

10

0.8

26

BM@N

–0.5 0 0.5

eb

c –1.0 –0.5 0
cos(θpmiss,pn

) cos(θp10B
,p rel

)

0

5

10

Co
un

ts

d

12C(p,2p)10B SRC12C(p,2p)10B
pn θpmiss,pn

pmiss

BM@Na

0

400

800

1,200

1,600

Counts (a.u.)

–prel

–pc.m.

prel

θp10B,prel

n p n
10B

p

Fig. 4 | Selection of SRC breakup events and angular correlations. a, Correlation between the missing energy Emiss and missing momentum pmiss for the 
measured 12C(p,!2p)10B (upwards-facing purple triangles) and 12C(p,!2p)10Be (downwards-facing brown triangles) SRC events, on top of the GCF simulation 
(the colour scale is only relative as the absolute scale is set by the simulation statistics). The vertical white dashed line shows our event-selection cut of 
pmiss!≥!350!MeV!c–1. b–e, One-dimensional distributions of the measured (black points) and GCF-simulated (orange line) 12C(p,!2p)10B events as a function 
of the missing energy (b), missing momentum (c), cosine of the angle between the recoil nucleon and missing momentum cos(Ȇ

Q

NJTT

Q

O

) (d) and angle 
between the 10B fragment and pair relative momentum cos(Ȇ

Q

��

#

Q

SFM

) (e). The width of the orange bands and the data error bars show the systematic 
uncertainties of the model and the data statistical uncertainties, respectively, each at the 1σ confidence level.

NATURE PHYSICS | VOL 17 | JUNE 2021 | 693–699 | www.nature.com/naturephysics 697



Vastly different reaction, but still consistent 
with factorized GCF picture.
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Follow up experiment conducted at JINR in Fall 2021
• Data are currently under analysis

Complementary program at GSI
• Possibility of studying SRCs in radioactive nuclei in the future.
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Can we learn about SRCs through 
photoproduction reactions?  Reaction (γn → ρ−p)

• Measure exclusive SRC breakup, 
with final-state  

• Distinctive topology and exclusive 
detection helps to reduce 
background 

• We require: 

• PWIA predictions 

• Clean SRC breakup data

(π−π0pp)
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γ
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• Vastly different kinematics, sensitivity to final-state effects
• Study SRC neutrons without having to detect them



Hall D Short-Range Correlations experiment 
ran in Fall, 2021.

Target Days
Luminosity [pb–1]
𝑬𝜸 > 𝟔 GeV

Deuterium 4 18.0

Helium-4 10 16.7

Carbon-12 14 8.6

Experimental Setup

• 10.8 GeV electron beam incident on 
diamond radiator 

• Photon emitted via coherent 
bremsstrahlung; scattered electron tagged 

• Real photon incident on nuclear targets: 
2H, 4He, 12C 

• Final-state particles detected in large-
acceptance GlueX detector

11

GlueX Spectrometer



A wide range of final states are possible

A
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(q,�=q)
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�

Nlead

Nrecoil

Motivation - Test of Foundamentals

� Using photoproduction we can test foundamental assumptions

� Different photoproduction reactions available
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Preliminary analysis shows GCF working for 
high-energy photoproduction.Cut on  meson massρ−
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Other topics that we’ll address

• Color transparency in photo-production

• Photon structure

• Tests of Regge theory on bound neutrons

• Branching ratio modification

• Axion-like dark matter search

Figure 24: The expected count rate for 10 days running as a function of |t| for Deuterium
(left) and 12C (right) targets in mean-field kinematics for two di↵erent reactions.

0.4

0.5

0.6

0.7

0.8

5 10 15

4He Glauber + CT

Glauber

T

-t (GeV2)

0.4

0.5

0.6

0.7

0.8

30 60 90 120 150

4He Glauber + CT

Glauber

T

Θc.m. (deg)

0.3

0.4

0.5

0.6

0.7

5 10 15

12C
Glauber + CT

Glauber

T

-t (GeV2)

0.3

0.4

0.5

0.6

0.7

30 60 90 120 150

12C
Glauber + CT

Glauber

T

Θc.m. (deg)

Figure 25: Expected uncertainties (statistical + systematical) for the measurement of the
� + n ! ⇡� + p reaction o↵ 4He (upper row), and 12C (lower row).
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In my talk today:

• Short-range correlations is asymmetric nuclei
• How does size, neutron-proton imbalance affect pairing?
• See Dien Nguyen’s, Burcu Duran’s talk

• Factorization: probe- and scale-independence
• How can we separate what we learn about pairs, from hard scattering?
• See Tim Kolar’s talk

• Short-range correlations and the EMC Effect
• What roles to SRCs play in medium modification?
• See Florian Hauenstein’s talk



The EMC Effect shows the modification of 
quark distributions in bound nucleon.
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The frequency of SRC pairs correlates with 
the strength of the EMC Effect.

Relative density of SRC pairs

Magnitude of
the EMC Effect

Weinstein et al., PRL 106, 052301 (2011)
Hen et al., PRC 85, 047301 (2012)
Arrington et al., PRC 68, 065204 (2012)



The modification per SRC pair appears to 
be universal.

The modification per pairs appears universal.

Modification per nucleon Modification per SRC pair
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The modification per pairs appears universal.

Modification per nucleon Modification per SRC pair
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Models of the EMC Effect

Free Medium Modi�cation
Hypothesis

Short-Range Correlation
Hypothesis



We can isolate SRC nucleons by “tagging” 
the correlated spectator.

scat
tere

d el
ectr

on

recoiling spectator nucleon
fragments of

struck nucleon

• Detecting the electron         ---->  momentum of the struck quark
• Detecting the recoil nucleon  ----> initial state of the struck nucleon



We can isolate SRC nucleons by “tagging” 
the correlated spectator.

• Detecting the electron         ---->  momentum of the struck quark
• Detecting the recoil nucleon  ----> initial state of the struck nucleon

scat
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struck nucleon



The Backward Angle Neutron Detector (BAND) 
was built to detect recoiling neutrons.

scattered
electron

jet from 
struck quark

Deuterium

Spectator
neutron
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Our neutron signal sits on top of 
random background.

BAND background subtraction
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Figure 6-1: Time-of-flight spectrum for coincident BAND signals with a DIS electron.
d(e, e

0
) DIS electrons are selected with all cuts discussed in the previous chapter. All

BAND signals here have Edep,n > 10 MeV, but no other kinematic cuts for tagged
DIS are used. The red region highlights one region where random neutrons are read-
ily identifiable. The green region indicates the signal region of coincident neutrons
contaminated by random neutrons. The “bumpy” substructure is the beam bunch
structure - bunches of electrons are delivered to the hall every 4.008 ns.

to be estimated. This section will describe the “event-mixing” approach in order

to remove background contamination. It is emphasized that the random neutron

background must be estimated and understood before event selection cuts are made.

These cuts will distort the ToF spectrum and make it impossible to identify the

remaining background contribution.

6.1.1 Random neutrons

As seen in Fig. 6-1, BAND measures both signal neutrons (coincident with the electron

trigger) and random neutrons. The latter, as mentioned, are flat in ToF and readily

identified by looking at the region where ToF is less than zero. In other words, these

are signals in BAND that could not have coincided with the electron trigger since

they came before the electron trigger (the red region in Fig. 6-1).

While the random background is flat in ToF and easily identified, the background

170

• Event-mix off-time neutrons with 
inclusive electrons  

• Account for 4.008 beam bunch structure 
• Normalize event-mixed sample to 
number of off-time background events

Signal
Off-time

16

𝛾
PRELIMINARY



We use event-mixing to estimate and subtract it.

BAND event mixing validation

Direct comparison of variables 
not sensitive to TOF

17

PRELIMINARY



Expected precision
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See Florian Hauenstein’s
talk this afternoon



The complementary LAD experiment will 
tag spectator protons.
With BAND, pin-down flavor dependence of EMC Effect.
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I. Friščić, D. Nguyen, J.R. Pybus et al. Physics Letters B 823 (2021) 136726

Fig. 6. A direct comparison of An
1 extracted from inclusive measurements (blue band) and tagged measurements (black square) which are superimposed on the blue band. The 

left plot is for x ≤ 0.1 and the right plot is for x ≥ 0.1. The blue points are the A
3He
1 measured values from inclusive measurements from which the blue band is extracted. 

The uncertainties for both the techniques are compared in the bottom box where the blue (black inverted) triangles are the absolute uncertainties of inclusive (tagged) 
measurements. The data points were located at the average value for each xB bin. The asymmetry calculation for each data point corresponds to the average value of Q 2 for 
each xB bin.

which makes the contribution of δA
3He(n)
⊥ to δA

3He(n)
1 small 

(< 1%). Thus, for this measurement if the transverse integrated 
luminosity was only 10 fb−1 it would not significantly effect 
the results.

• Using the obtained value of A
3He
1 from the previous step, Ap

1
from [14], F p

2 and F D
2 from fit NMC E155 [41], and P p(n)

from [42], we extract An
1 using Eq. (3). The total An

1 uncer-
tainty (shown as a blue band in Fig. 6) is propagated from 
the statistical uncertainty of A

3He
1 , and systematic uncertainty 

from Ap
1 , F n

2 , F D
2 and P p(n) .

• Double tagged events are selected using DIS cuts and requir-
ing a condition on these two spectator protons with additional 
cut on |%ps1 + %ps2| < 0.1 GeV/c in the fixed target frame. The 
uncertainty of An

1 from the double tagging simulation is sta-
tistical and calculated using Eq. (4). F n

2 can also be obtained 
directly using the same double spectator approach but we use 
the value obtained from F n

2 = F D
2 − F p

2 in the extraction for 
simplicity.

• The An
1 obtained from a traditional extraction using a fixed 

target as well as the one obtained directly from the double 
spectator tagging method are shown in Fig. 6. A comparison 
of the associated uncertainties using these two methods is 
shown in a box at the bottom of Fig. 6. For equal integrated 
luminosity, the tagged measurements provide a significant im-
provement on the statistical uncertainty as well as overall un-
certainty from the extraction procedure, which is dominated 
by model dependent uncertainties from F n

2 , P p and Ap
1 for the 

fixed-target case.

The advantage of the double spectator tagging approach is that 
this method minimizes the uncertainty in the proton polarization, 
P p which is typically model dependent and ∼ 10%. While there 
is a good overlap (0.4 < xB < 0.65) with the An

1 measurement 
conducted in Hall C at Jefferson Lab [45], this work provides a 
complementary measurement at much higher Q 2 values thereby 
expanding the available world data on An

1.

9. Radiative and electroweak corrections

The effects of electromagnetic radiation on this measurement 
were studied using the DJANGOH event generator [46,47], which 
includes full radiative cross section calculations for DIS events, 
including the emission of radiative photons distorting the mea-
sured (leptonic) values of xB and Q 2 from those of the vertex 
(hadronic). Using the nuclear Parton Distribution Functions for 3He 
from nCTEQ15 [48], an inclusive sample of DIS events from 3He 
was generated and the effects of experimental acceptance and res-
olution was applied using Eic-smear. The simulated yields were 

Fig. 7. The ratio between the simulated yield in hadronic xB for the DJANGOH sam-
ples with and without radiative effects included. The ratio is shown both for the 
full sample of events and for the subset of events resulting from leading neutrons, 
though the effects of spectator acceptance were not included in these simulations.

compared for the case with radiative generation and the case with 
radiation disabled, for both the full event sample and the subset of 
events resulting from an initial-state neutron.

The primary effect of single-photon emission was found to be 
to lower the leptonic value of xB from that of the interaction, as 
well as to smear the leptonic value of Q 2. This has an apparently 
large effect on the measured distributions, particularly inflating the 
yield in the lowest-xB kinematic bins. However, the primary con-
cern for measurements of An

1 is the coverage in the hadronic kine-
matic variables. The effect of radiation on the coverage of hadronic 
xB , shown in Fig. 7, was found to be significantly smaller, compris-
ing a < 10% impact on yield over the measured bins and therefore 
a < 5% impact on statistical precision. This was found to be the 
case both for the full set of simulated DIS events and for those 
events which resulted from a leading neutron, indicating a simi-
larly small effect for both the inclusive and tagged measurements.

In an analysis of this data, which would include such radia-
tive effects, it would be necessary to compare with physics models 
such as DJANGOH which fully calculate the impact of radiation 
on the interaction, with the addition of the spectator system for 
fully tagged events. By including possible models for A1 in the 
event generation and using realistic detector models, all physics 
and experimental effects can be convoluted into pseudodata for 
comparison with measured data, both for the inclusive and tagged 
case. This method avoids possible model-dependencies in the An

1
extraction which would result from attempting to correct data for 
radiative effects and would allow inference on fit parameters for 
the model of An

1.
Finally, while the simulations in this work use pure electro-

magnetic structure functions, real data in these EIC kinematics 

6

Tagging is growing in importance and will 
be a big part of physics at the EIC.
Fixed-target tagging 
experiments

• BoNUS12
• ALERT
• TDIS @ SBS
• BAND/LAD

Example EIC tagging concept:
3𝐻𝑒 𝑒, 𝑒"𝑝#𝑝# 𝑋

I. Friscic, D. Nguyen, J.R. Pybus et al., PLB 823, 136726 (2021) 



To Recap:

• Asymmetric nuclei teach us 
about which nucleons correlate.

S. Li et al. (Hall A), Nature 609 p. 41 (2022)

𝑛𝑝
𝑝𝑝

= 4.34*+.-+.+.-/



To Recap:

• Asymmetric nuclei teach us 
about which nucleons correlate.



To Recap:

• Asymmetric nuclei teach us 
about which nucleons correlate.

• New probes can teach us about 
factorization.

7

2018 Experiment at BM@N Setup / JINR

12C(p,2p)X
M. Patsyuk, JK et al., Nat. Phys. 17 (2021).



To Recap:

• Asymmetric nuclei teach us 
about which nucleons correlate.

• New probes can teach us about 
factorization.

• Spectator tagging will tell us 
the role SRCs play in the EMC 
Effect.
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Conclusions

• Balance between “inclusive” and “exclusive” approaches.
• Inclusive: clean observables, difficulty in interpretation
• Exclusive: messy observables, direct interpretation

• I’m excited for new data:
• Hall C campaign on Be, B, Ca, Fe
• CLAS12 Run Group M
• Hall D Short-Range Correlations Experiment

• Spectator-tagging is the way to make progress on the EMC Effect.
• BAND, LAD, and others, building to the EIC!
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Shell-model orbitals are not fully occupied.
ticularly the fully relativistic current operator and the upper
components of the Dirac spinors. Of the three curves, the
dotted line resulted from a calculation where only the bound-
nucleon spinor distortion was included, the dashed line re-
sulted from a calculation where only the scattered-state
spinor distortion was included, and the dashed-dotted line
resulted from a calculation where undistorted spinors (essen-
tially identical to a factorized calculation) were considered.
Clearly, the inclusion of the bound-nucleon spinor distortion
is more important than the inclusion of the scattered-state
spinor distortion, but both are necessary to describe the data.
The effects of variations in the ingredients to the calcula-

tions of the left-right asymmetry ALT for the 1p1/2-state only
are shown in Fig. 13. Note that the data are identical to those
presented in Fig. 12, as are the solid curves. In the top panel,
the EDAI-O optical potential and NLSH bound-nucleon
wave function were used for all the calculations, but the
choice of current operator was varied between CC1 (dashed),
CC2 (solid), and CC3 (dashed-dotted), resulting in a change
in both the height and the pmiss-location of the ripple in ALT.
In the middle panel, the current operator CC2 and EDAI-O
optical potential were used for all the calculations, but the
choice of bound-nucleon wave function was varied between
NLSH-P (dashed), NLSH (solid), and HS (dashed-dotted),
resulting in a change in the pmiss-location of the ripple, but a
relatively constant height. In the bottom panel, the current
operator CC2 and NLSH bound-nucleon wave function were
used for all the calculations, but the choice of optical poten-
tial was varied between EDAD1 (dashed), EDAI-O (solid),
and EDAD2 (dashed-dotted), resulting in a change in the
height of the ripple, but a relatively constant pmiss-location.

More high-precision data, particularly for
150!pmiss!400 MeV/c, are clearly needed to accurately
and simultaneously determine the current operator, the
bound-state wave function, the optical potential, and of
course the normalization factors. This experiment has re-
cently been performed in Hall A at Jefferson Lab by Saha et
al. [104], and the results are currently under analysis.

2. Comparison to RDWIA, ROMEA, and RMSGA calculations
considering single-nucleon currents

In this section, the data are compared to RDWIA and bare
ROMEA and RMSGA calculations (which take into consid-
eration single-nucleon currents only—no MEC or IC). The
basic options employed in the calculations are summarized

TABLE VIII. A summary of the basic options which served as
input to the single-nucleon current RDWIA, ROMEA, and RMSGA
comparison calculations. Results are shown in Figs. 14–16.

Input parameter RDWIA ROMEA
and RMSGA

Bound-nucleon wave function NLSH HS
Optical Model EDAI-O EDAI-O

Nucleon spinor distortion Relativistic Relativistic
Electron distortion Yes Yes
Current operator CC2 CC2

Nucleon form factors GK Dipole
Gauge Coulomb Coulomb

FIG. 13. Left-right asymmetry ALT together with RDWIA cal-
culations for the removal of protons from the 1p1/2-state of 16O as a
function of pmiss for Ebeam=2.442 GeV. Uncertainties are statistical.
The solid curves in all three panels are the same and are identical to
those shown for the removal of protons from the 1p1/2-state of 16O
in Figs. 12 and 15.

FIG. 14. Measured cross-section data for the removal of protons
from the 1p-shell of 16O as a function of pmiss as compared to
relativistic calculations at Ebeam=2.442 GeV. Uncertainties are sta-
tistical and, on average, there is an additional ±5.6% systematic
uncertainty associated with the data. The solid line is the RDWIA
calculation, while the dashed and dashed-dotted lines are, respec-
tively, the bare ROMEA and RMSGA calculations.

DYNAMICS OF THE QUASIELASTIC 16O!e ,e!p". . . PHYSICAL REVIEW C 70, 034606 (2004)

034606-15

data analysis. For the sake of completeness, a subset of the
aforementioned information is presented here.

A. Timing corrections and particle identification

The identification of coincidence !e ,e!p" events was in
general a straightforward process. Software corrections were
applied to remove timing variations induced by the trigger-
scintillator circuit and thus sharpen all flight-time peaks.
These included corrections to proton flight times due to
variations in the proton kinetic energies, and corrections for
variations in the electron and proton path lengths through the
spectrometers. Pion rejection was performed using a flight-
time cut for !+s in the HRSh and the Gas Čerenkov for !−s
in the HRSe. A sharp, clear, coincidence Time-of-Flight
(TOF) peak with a FWHM of 1.8 ns resulted (see Fig. 3).
High-energy correlated protons which punched through the
HRSh collimator ("10% of the prompt yield) were rejected
by requiring both spectrometers to independently reconstruct
the coincidence-event vertex in the vicinity of the same wa-
ter film. The resulting prompt-peak yields for each water film
were corrected for uncorrelated (random) events present in
the peak-time region on a bin-by-bin basis as per the method

suggested by Owens [62]. These per-film yields were then
normalized individually.

B. Normalization

The relative focal-plane efficiencies for each of the two
spectrometers were measured independently for each of the
three water films at every spectrometer excitation used in the
experiment. By measuring the same single-arm cross section
at different locations on the spectrometer focal planes, varia-
tions in the relative efficiencies were identified. The position
variation across the focal plane was investigated by system-
atically shifting the central excitation of the spectrometer
about the mean momentum setting in a series of discrete
steps such that the full momentum acceptance was
“mapped”. A smooth, slowly varying dip-region cross sec-
tion was used instead of a single discrete peak for continuous
coverage of the focal plane. The relative-efficiency profiles
were unfolded from these data using the program RELEFF
[63] by Baghaei. For each water film, solid-angle cuts were
then applied to select the “flat” regions of the angular accep-
tance. These cuts reduced the spectrometer apertures by
roughly 20% to about 4.8 msr. Finally, relative-momentum
cuts were applied to select the flat regions of momentum
acceptance. These cuts reduced the spectrometer momentum
acceptance by roughly 22% to −3.7%"#"3.3%. The re-
sulting acceptance profile of each spectrometer was uniform
to within 1%.
The absolute efficiency at which the two spectrometers

operated in coincidence mode was given by

$ = $e · $p · $coin, !1"

where $e was the single-arm HRSe efficiency, $p was the
single-arm HRSh efficiency, and $coin was the coincidence-
trigger efficiency. The quantity !$p ·$coin" was measured at
%pq=0° and Ebeam=0.843 GeV using the 1H!e ,e" reaction. A
0.7 msr collimator was placed in front of the HRSe. In these
kinematics, the cone of recoil protons fit entirely into the
central flat-acceptance region of the HRSh. The number of
1H!e ,e" events where the proton was also detected was com-
pared to the number of 1H!e ,e" events where the proton was
not detected to yield a product of efficiencies !$p ·$coin" of
98.9%. The 1.1% effect was due to proton absorption in the
waterfall target exit windows, spectrometer windows, and
the first layer of trigger scintillators. Since the central field of
the HRSh was held constant throughout the entire experi-
ment, this measurement was applicable to each of the hadron
kinematics employed. A similar method was used to deter-
mine the quantity !$e ·$coin" at each of the three HRSe field
settings. Instead of a collimator, software cuts applied to the
recoil protons were used to ensure that the cone of scattered
electrons fit entirely into the central flat-acceptance region of
the HRSe. This product of efficiencies was &99%. Thus, the
coincidence efficiency $coin was firmly established at nearly
100%. A nominal systematic uncertainty of ±1.5% was at-
tributed to $.
The quantity !L ·$e", where L is the luminosity (the prod-

uct of the effective target thickness and the number of inci-
dent electrons) was determined to ±4% by comparing the

FIG. 3. Yield spectrum obtained at Ebeam=0.843 GeV and %pq
=+8°, corresponding to pmiss=148 MeV/c. Pion rejection has been
performed, and all timing corrections have been applied. The top
panel shows a scatterplot of pmiss versus Emiss. The dark vertical
bands project into the peaks located at 12.1 and 18.3 MeV in the
bottom panel. These peaks correspond to protons knocked-out of
the 1p1/2- and 1p3/2-states of 16O, respectively. The Emiss resolution
was roughly 0.9 MeV FWHM, which did not allow for separation
of the 2s1/21d5/2-doublet located at Emiss=17.4 MeV from the
1p3/2-state at 18.3 MeV. The bump located at roughly 23 MeV is a
negative-parity doublet which was not investigated. The insert
shows the corresponding optimized coincidence TOF peak which
has a FWHM of 1.8 ns. The signal-to-noise ratio was about 8:1 in
these kinematics.

FISSUM et al. PHYSICAL REVIEW C 70, 034606 (2004)

034606-6

Fissum et al., PRC 70, 034606 (2004)



The nucleon momentum distribution has a 
long tail above the Fermi momentum.

3

this experiment. If SRCs are dominated by np pairs, the
cross section ratio would be unity for isoscalar nuclei and
slightly lower for non-isoscalar nuclei [21–24].

Je↵erson Lab experiment E08-014 [19] ran during the
Spring of 2011. A 3.356 GeV continuous wave electron
beam was directed onto a variety of targets, including
2H, 3He, 4He, 12C and targets of natural calcium (mainly
40Ca) and an enriched target of 90.04% 48Ca (referred to
as the 40Ca and 48Ca targets, respectively). The scat-
tered electrons were detected at angles of ✓=21�, 23�,
25�, and 28�, though no Calcium data was taken at
28�. The data presented here cover a kinematic region of
1.3 < Q2 < 1.9 GeV2 and 1 < x < 3.

The inclusive scattered electrons were detected using
two nearly identical left and right high resolution spec-
trometers (LHRS and RHRS). Each spectrometer was
equiped with a detector package consisting of of two ver-
tical drift chambers (VDC) for tracking information [25],
a Gas Cerenkov counter [26] and two layers of lead glass
calorimeters for particle identification (PID), and two
scintillator counter planes for triggering [27].

The accumulated charge for each experimental run was
measured by beam current monitors with an uncertainty
of 0.5%. The dead-time due to the inability of the data
acquisition system to accept new triggers while process-
ing another event was corrected for each run using the
trigger scaler information. The main trigger for data col-
lection requires a coincidence of signals from two scin-
tillator planes and the Cerenkov, which had a local in-
e�ciency. The Cerenkov e�ciency was calculated as a
function of x and applied to the measured yield for each
bin. Pions were rejected (with negligible remaining pion
contamination) by applying additional cuts on both the
Cerenkov counter and the lead glass calorimeter with e�-
ciencies of 99.5% and 99.6% respectively, with a tracking
e�ciency of 98.5%. Detailed descriptions of the experi-
mental setup and data analysis can be found in [28, 29].

The angle and momentum of the scattered electron
were reconstructed from the detected track at the VDCs
using a set of optics matrices. The optics from another
experiment [30], having the identical magnetic tune as
this experiment, was used for the LHRS. The tune for the
RHRS had to be modified because the third quadrupole
couldn’t run at the required field, and lack of a com-
plete set of optics data led to a reduced resolution in the
RHRS. The reduced resolution impacts the extraction of
the cross section at large x values where the cross section
falls extremely rapidly, requiring larger correction. Be-
cause the RHRS was typically taking data in the same
kinematics as the LHRS, we use only the data from the
LHRS except for the 21� data, where the largest x val-
ues were measured only in the RHRS. For this setting we
include the ratios from the RHRS, as the smearing has a
negligible impact on the cross section ratios in the region
where the ratio is flat.

The yield for the experiment is simulated using a de-

tailed model of the HRS optics and acceptance, with
events generated uniformly and weighted by a radia-
tive cross section model [29, 31]. The model uses a y-
scaling fit [32, 33] for quasi-elastic cross section (initially
based on previous data, and iteratively updated to match
the extracted cross sections from this experiment) and a
global fit [34] for the inelastic contribution. The Born
cross section is extracted by taking the model cross sec-
tion and correcting it by the ratio of measured to sim-
ulated yield. Comparing the results extracted with the
final model and the model before being adjusted to match
our data indicates a model uncertainty of 0.5% in both
the absolute cross sections and the target ratios.
The cross section ratio obtained from the enriched

and natural Calcium targets are then corrected to yield
48Ca/40Ca ratio, based on the isotopic analysis of the tar-
gets. No correction was applied to the natural Calcium,
while the enriched Calcium target had a 9.96% contri-
bution of 40Ca and 90.04% 48Ca (by number of atoms).
Thus, the cross section for 48Ca was obtained by correct-
ing the enriched Ca target data using the measured 40Ca
cross sections; the correction is typically 2%.
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FIG. 1.
48
Ca and

40
Ca cross sections for three di↵erent angle

settings, along with the cross section model used in the analy-

sis. Uncertainties shown include statistical and point-to-point

systematic uncertainties; an additional normalization uncer-

tainty of 2.7% for
40
Ca and 3.0% for

48
Ca is not shown.

The measured cross sections are presented in Figure 1.
For the cross sections, the point-to-point systematic un-
certainty is estimated to be 1.9%, with dominant con-
tributions coming from the acceptance (1.5%), radiative
corrections (1%), and the model dependence of the cross
section extraction (0.5%). In addition, there is an overall
normalization uncertainty of 2.7%, coming mainly from
the acceptance (2%), radiative correction (1%), and tar-
get thickness (1%). These are the uncertainties for the
40Ca target, while the dilution correction used to extract
the 48Ca cross section increases these, giving 2.1% point-
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