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The EMC Effect:

Nucleon structure changes in nuclei!
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The EMC Effect:

Nucleon structure changes in nuclei!
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The EMC Effect:

Nucleon structure changes in nuclei!
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The EMC Effect grows with nuclear size.

Gomez et al., PRD (1994), SLAC
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“Isoscalar corrections” are applied

to neutron-rich nuclei.
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The EMC Effect correlates with

short-range correlated pairs.
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What if only SRC nucleons

have significant modification?

?
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In my talk today:

?
The per-pair modification is universal.

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

The SRC-EMC hypothesis makes predictions for MARATHON.

E. P. Segarra et al., arXiv:1908.02223 (2019)

Direct tests with BAND and LAD experiments

Recoil spectator tagging at Jefferson Lab
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What are short-range correlated pairs?

Two nucleons in close proximity with high relative momentum.

High-momentum tails

Universal shape

Correlated emission of

partner

np-pairs dominant
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What are short-range correlated pairs?

Two nucleons in close proximity with high relative momentum.

High-momentum tails

Universal shape

Correlated emission of

partner

np-pairs dominant
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What are short-range correlated pairs?

Two nucleons in close proximity with high relative momentum.

High-momentum tails

Universal shape

Correlated emission of

partner

np-pairs dominant
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What are short-range correlated pairs?

Two nucleons in close proximity with high relative momentum.

High-momentum tails

Universal shape

Correlated emission of

partner

np-pairs dominant

Probing Cold Dense Nuclear Matter
R. Subedi,1 R. Shneor,2 P. Monaghan,3 B. D. Anderson,1 K. Aniol,4 J. Annand,5 J. Arrington,6
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J.-O. Hansen,11 D. W. Higinbotham,11* T. Holmstrom,17 H. Ibrahim,18 R. Igarashi,19
C. W. de Jager,11 E. Jans,20 X. Jiang,15 L. J. Kaufman,9,21 A. Kelleher,17 A. Kolarkar,22
G. Kumbartzki,15 J. J. LeRose,11 R. Lindgren,14 N. Liyanage,14 D. J. Margaziotis,4
P. Markowitz,10 S. Marrone,23 M. Mazouz,24 D. Meekins,11 R. Michaels,11 B. Moffit,17
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The protons and neutrons in a nucleus can form strongly correlated nucleon pairs. Scattering
experiments, in which a proton is knocked out of the nucleus with high-momentum transfer and
high missing momentum, show that in carbon-12 the neutron-proton pairs are nearly 20 times as
prevalent as proton-proton pairs and, by inference, neutron-neutron pairs. This difference
between the types of pairs is due to the nature of the strong force and has implications for
understanding cold dense nuclear systems such as neutron stars.

Nuclei are composed of bound protons (p)
and neutrons (n), referred to collectively
as nucleons (N). A standard model of the

nucleus since the 1950s has been the nuclear
shell model, in which neutrons and protons move
independently in well-defined quantum orbits in
the average nuclear field created by their mu-
tually attractive interactions. In the 1980s and
1990s, proton-removal experiments using elec-
tron beams with energies of several hundred

megaelectron volts showed that only 60 to 70%
of the protons participate in this type of inde-
pendent particle motion in nuclear valence states
(1, 2). At the time, it was assumed that this low
occupancy was caused by correlated pairs of
nucleons within the nucleus. The existence of nu-
cleon pairs that are correlated at distances of
several femtometers, known as long-range correla-
tions, has been established (3), but these accounted
for less than half of the predicted correlated nu-
cleon pairs. Recent high-momentum transfer mea-
surements (4–12) have shown that nucleons in
nuclear ground states can form pairs with large
relative momentum and small center-of-mass
(CM) momentum due to the short-range (scalar
and tensor) components of the nucleon-nucleon
interaction. These pairs are referred to as short-
range correlated (SRC) pairs. The study of these
SRC pairs allows access to cold dense nuclear
matter, such as that found in a neutron star.

Experimentally, a high-momentum probe can
knock a proton out of a nucleus, leaving the rest
of the system nearly unaffected. If, on the other
hand, the proton being struck is part of an SRC
pair, the high relative momentum in the pair
would cause the correlated nucleon to recoil and
be ejected as well (Fig. 1). High-momentum
knockout by both high-energy protons (8–10)
and high-energy electrons (12) has shown, for kin-
ematics far from particle-production resonances,
that when a proton with high missing momentum
is removed from the 12C nucleus, the momentum
is predominantly balanced by a single recoiling
nucleon. This is consistent with the theoretical
description that large nucleon momenta in the nu-
cleus are predominantly caused by SRC pairing
(13). This effect has also been shown when in-
clusive incident electron, scattered electron (e,e')
data were used (4, 5, 14), although that type of
measurement is not sensitive to the type of SRC
pair. Here we identify the relative abundance of
p-n and p-p SRC pairs in 12C nuclei.

We performed our experiment in Hall A of
the Thomas Jefferson National Accelerator Facil-
ity (JLab), using an incident electron beam of
4.627 GeV with a beam current between 5 and
40 mA. The beam was incident on a 0.25-mm-
thick pure 12C sheet rotated 70° to the beam line to
minimize the material through which the recoiling
protons passed.We used two high-resolution spec-
trometers (HRS) (15) to define proton-knockout
events for 12C(e,e'p). The left HRS detected
scattered electrons at a central scattering angle
(momentum) of 19.5° (3.724 GeV/c). These val-
ues correspond to the quasi-free knockout of a
single proton with transferred three-momentum
q= 1.65 GeV/c, transferred energy w = 0.865
GeV, Q2 = q2 − (w/c)2 = 2(GeV/c)2 (where Q2 is
the four-momentum, squared), and Bjorken
scaling parameter xB = Q2/2mw = 1.2, where m
is the mass of the proton. The right HRS detected
knocked-out protons at three different values for
the central angle (momentum): 40.1° (1.45GeV/c),
35.8° (1.42 GeV/c), and 32.0° (1.36 GeV/c).

Fig. 1. Illustration of the 12C(e,e'pN)
reaction. The incident electron beam
couples to a nucleon-nucleon pair via
a virtual photon. In the final state,
the scattered electron is detected
along with the two nucleons that
are ejected from the nucleus. Typi-
cal nuclear density is about 0.16
nucleons/fm3, whereas for pairs the
local density is approximately five
times larger.
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What are short-range correlated pairs?

Two nucleons in close proximity with high relative momentum.

High-momentum tails

Universal shape

Correlated emission of

partner

np-pairs dominant

While the current analysis uses the SCX calculations of
Ref. [31] and the formalism detailed in the Supplemental
Material [48], other calculations for these corrections can
be applied in the future. See Supplemental Material [48]
for details on the numerical evaluation of Eq. (2) and its
uncertainty.
These SCX-corrected pp=pn ratios agree within uncer-

tainty with the ratios previously extracted from Aðe; e0ppÞ
and Aðe; e0pÞ events [3], which assumed that all high-
missing momentum nucleons belong to SRC pairs. In
addition, the SCX-corrected pp=np ratio is in better
agreement with the GCF contacts fitted here but is not
inconsistent with those determined in Ref. [28]. This is a
significant achievement of the GCF calculations that opens
the way for detailed data-theory comparisons. This will be
possible using future higher statistics data that will allow
finer binning in both recoil and missing momenta.
The pp=np ratios measured directly in this work are

somewhat lower than both previous indirect measurements
on nuclei from C to Pb [3], and previous direct measure-
ments on C [20]. This is due to the more sophisticated
SCX calculations used in this work [31] compared to the
previous ones [57]. This is consistent with the lower values
of the pp to np contact extracted from GCF calculations fit
to these data mentioned above.
To conclude, we report the first measurements of high

momentum-transfer hard exclusive np and pp SRC pair
knockout reactions off symmetric (12C) and medium and

heavy neutron-rich nuclei (27Al, 56Fe, and 208Pb). We find
that the reduced cross-section ratio for proton-proton to
proton-neutron knockout equals ∼6%, consistent with
previous measurements off symmetric nuclei. Using
model-dependent SCX corrections, we also extracted the
relative abundance of pp- to pn-SRC pairs in the measured
nuclei. As expected, these corrections reduce the pp-to-np
ratios to about 3%, so that the measured reduced cross-
section ratios are an upper limit on the relative SRC pairs
abundance ratios.
The data also show good agreement with GCF calcu-

lations using phenomenological as well as local and non-
local chiral NN interactions, allowing for a higher precision
determination of nuclear contact ratios and a study of their
scale and scheme dependence.While the contact-term ratios
extracted for phenomenological and local-chiral interactions
are consistent with each other, they are larger than those
obtained for the nonlocal chiral interaction examined here.
Forthcoming data with improved statistics will allow map-
ping the missing and recoil momentum dependence of the
measured ratios. This will facilitate detailed studies of the
origin, implications, and significance of such differences.
Previous work [3] measured Aðe; e0pÞ and Aðe; e0ppÞ

events and derived the relative probabilities of np and pp
pairs assuming that all high-missing momentum Aðe; e0pÞ
events were due to scattering from SRC pairs. The agree-
ment between the pp=np ratios directly measured here and
those of the previous indirect measurement, as well as with
the factorized GCF calculations, strengthens the np-pair
dominance theory and also lends credence to the previous
assumption that almost all high-initial-momentum protons
belong to SRC pairs in nuclei from C to Pb.

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 Pazy 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 l’Energie Atomique the French-American Cultural
Exchange, the Italian Istituto Nazionale di Fisica
Nucleare, the National Research Foundation of Korea,
and the UK’s 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. The raw data from
this experiment are archived in Jefferson Lab’s mass
storage silo.
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FIG. 3. Extracted ratios of pp- to np-SRC pairs plotted versus
atomic weight A. The filled green circles show the ratios of pp- to
np-SRC pairs extracted from ðe; e0ppÞ=ðe; e0pnÞ cross-section
ratios corrected for SCX using Eq. (2). The shaded regions mark
the 68% and 95% confidence limits on the extraction due to
uncertainties in the measured cross-section ratios and SCX
correction factors (see Supplemental Material [48] for details).
The magenta triangle shows the carbon data of Ref. [20], which
were also corrected for SCX. The open black squares show the
indirect extraction of Ref. [3]. The uncertainties on both previous
extractions mark the 68% (i.e., 1σ) confidence limits. The
horizontal dashed lines show the 12C GCF-calculated contact
ratios for different NN potentials using contact values fitted
directly to the measured cross-section ratios. See text for details.

PHYSICAL REVIEW LETTERS 122, 172502 (2019)

172502-6

M. Duer, A. Schmidt, J. R. Pybus et al., PRL

(2019)

15



CLAS EG2: simultaneous SRC-EMC

measurement

work by Barak Schmookler

MIT PhD 2018
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We measured the EMC Effect and pair densities. LETTER RESEARCH

We also constrained the internal structure of the free neutron using 
the extracted universal modification function and we concluded that 
in neutron-rich nuclei the average proton structure modification will 
be larger than that of the average neutron.

We analysed experimental data taken using CLAS (CEBAF Large 
Acceptance Spectrometer)23 at the Thomas Jefferson National 
Accelerator Facility (Jefferson Laboratory). In our experiment, a  
5.01-GeV electron beam impinged upon a dual target system with a 
liquid deuterium target cell followed by a foil24 of either C, Al, Fe or 
Pb. The scattered electrons were detected in CLAS over a wide range of 
angles and energies, which enabled the extraction of both quasi-elastic 
and DIS reaction cross-section ratios over a wide kinematical region 
(see Supplementary Information section I).

The electron scattered from the target by exchanging a single virtual 
photon with momentum q and energy ν, giving a four-momentum trans-
fer of Q2 = |q|2 – ν2. We used these variables to calculate the invariant 
mass of the nucleon plus virtual photon, W2 = (m + ν)2 − |q|2 (where 
m is the nucleon mass), and the Bjorken scaling variable xB = Q2/(2mν).

We extracted cross-section ratios from the measured event yields by 
correcting for effects of the experimental conditions, acceptance and 
momentum reconstruction, as well as reaction effects and bin-centring 
effects (see Supplementary Information section I). To our knowledge, 
this was the first precision measurement of inclusive quasi-elastic scat-
tering for SRCs in both Al and Pb, as well as the first measurement of 
the EMC effect on Pb. For other measured nuclei our data are consistent 
with previous measurements, but with reduced uncertainties.

The DIS cross-section on a nucleon can be expressed as a function 
of a single structure function, F2(xB, Q2). In the parton model, xB  
represents the fraction of the nucleon momentum carried by the  
struck quark. F2(xB, Q2) describes the momentum distribution of the 
quarks in the nucleon, and the ratio / / /F x Q A F x Q[ ( , ) ] [ ( , ) 2]2

A
B

2
2
d

B
2  

describes the relative quark momentum distributions in a nucleus A 
with mass number A and deuterium2,7 (d). For brevity, we often omit 
explicit reference to xB and Q2—that is, we write /F F2

A
2
d—with the 

understanding that the structure functions are being compared at iden-
tical xB and Q2 values. Because the DIS cross-section is proportional to 
F2, experimentally the cross-section ratio of two nuclei is assumed to 
equal their structure-function ratio1,2,6,7. The magnitude of the EMC 
effect is defined by the slope of either the cross-section ratios or the 
structure-function ratios for 0.3 ≤ xB ≤ 0.7 (see Supplementary 
Information sections IV and V).

Similarly, the relative probability for a nucleon to belong to an SRC 
pair is interpreted as equal to a2, which denotes the average ratio 
of the inclusive quasi-elastic electron scattering cross-section per 
nucleon of nucleus A to that of deuterium at momentum transfer1,11–15 
Q2 > 1.5 GeV2 and 1.45 ≤ xB ≤ 1.9 (see Supplementary Information 
section III).

Other nuclear effects are expected to be negligible. The contribu-
tion of three-nucleon SRCs should be an order of magnitude smaller 
than the SRC-pair contributions. The contributions of two-body cur-
rents (called ‘higher-twist effects’ in DIS) should also be small (see 
Supplementary Information section VIII).

Figure 1 shows the DIS and quasi-elastic cross-section ratios for 
scattering off a solid target relative to deuterium as a function of xB. 
The red lines are fits to the data that are used to determine the EMC-
effect slopes or SRC scaling coefficients (see Extended Data Tables 1, 2). 
Typical 1σ cross-section-ratio normalization uncertainties of 1%–2% 
directly contribute to the uncertainty in the SRC scaling coefficients but 
introduce negligible uncertainty in the EMC slope. None of the ratios 
presented has isoscalar corrections (cross-section corrections for une-
qual numbers of protons and neutrons), in contrast to much published 
data. We did not apply such corrections for two reasons: (1) to focus 
on asymmetric nuclei and (2) because isoscalar corrections are model- 
dependent and differ among experiments9,10 (see Extended Data Fig. 1).

The DIS data were cut at Q2 > 1.5 GeV2 and W > 1.8 GeV, which 
is just above the resonance region25 and higher than the W > 1.4 GeV 
cut used in previous Jefferson Laboratory measurements10. The 
extracted EMC slopes are insensitive to variations in these cuts over 
Q2 and W ranges of 1.5−2.5 GeV2 and 1.8−2 GeV, respectively (see 
Supplementary Information Table 7).

Motivated by the correlation between the magnitude of the EMC 
effect and the SRC-pair density (a2), we model the modification of the 
nuclear structure function, F2

A, as entirely caused by the modification 
of np SRC pairs. F2

A is therefore decomposed into contributions from 
unmodified mean-field protons and neutrons (the first and second 
terms in equation (1)) and np SRC pairs with modified structure func-
tions (third term):

= − + − + +

= + + ∆ + ∆

∗ ∗F Z n F N n F n F F

ZF NF n F F

( ) ( ) ( )

( )
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p n p n

2
A

SRC
A

2 SRC
A

2 SRC
A

2 2

2 2 SRC
A

2 2

This work
Ref. 11

xB

0.8 1.0 1.2 1.4 1.6 1.8 2.0 0.8 1.0 1.2 1.4 1.6 1.8 2.0

m

12C 27Al

56Fe56Fe 208Pb

e

g

f

h

0.8

0.9

1.0

1.1

This work
Ref. 9

Ref. 10

0.2 0.3 0.4 0.5 0.6

0.8

0.9

1.0

1.1

0.2 0.3 0.4 0.5 0.6

12C 27Al

208Pb

xB

a b

c d

8

6

4

2

8

6

4

2

(V
A
/A

)/(
V d

/2
)

(V
A
/A

)/(
V d

/2
)

Fig. 1 | DIS and quasi-elastic (e,e′) cross-section ratios. a–d, Ratio 
of the per-nucleon electron scattering cross-section of nucleus A 
(A = 12C (a), 27Al (b), 56Fe (c) and 208Pb (d)) to that of deuterium for DIS 
kinematics (0.2 ≤ xB ≤ 0.6 and W ≥ 1.8 GeV). The solid points show 
the data obtained in this work, the open squares show SLAC (Stanford 
Linear Accelerator Center) data9 and the open triangles show Jefferson 

Laboratory data10. The red lines show a linear fit. e, f, Corresponding 
ratios for quasi-elastic kinematics (0.8 ≤ xB ≤ 1.9). The solid points show 
the data obtained in this work and the open squares the data of ref. 11. The 
red lines show a constant fit. The error bars shown include both statistical 
and point-to-point systematic uncertainties, both at the 1σ or 68% 
confidence level. The data do not include isoscalar corrections.
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We measured the EMC Effect and pair densities.LETTER RESEARCH

We also constrained the internal structure of the free neutron using 
the extracted universal modification function and we concluded that 
in neutron-rich nuclei the average proton structure modification will 
be larger than that of the average neutron.

We analysed experimental data taken using CLAS (CEBAF Large 
Acceptance Spectrometer)23 at the Thomas Jefferson National 
Accelerator Facility (Jefferson Laboratory). In our experiment, a  
5.01-GeV electron beam impinged upon a dual target system with a 
liquid deuterium target cell followed by a foil24 of either C, Al, Fe or 
Pb. The scattered electrons were detected in CLAS over a wide range of 
angles and energies, which enabled the extraction of both quasi-elastic 
and DIS reaction cross-section ratios over a wide kinematical region 
(see Supplementary Information section I).

The electron scattered from the target by exchanging a single virtual 
photon with momentum q and energy ν, giving a four-momentum trans-
fer of Q2 = |q|2 – ν2. We used these variables to calculate the invariant 
mass of the nucleon plus virtual photon, W2 = (m + ν)2 − |q|2 (where 
m is the nucleon mass), and the Bjorken scaling variable xB = Q2/(2mν).

We extracted cross-section ratios from the measured event yields by 
correcting for effects of the experimental conditions, acceptance and 
momentum reconstruction, as well as reaction effects and bin-centring 
effects (see Supplementary Information section I). To our knowledge, 
this was the first precision measurement of inclusive quasi-elastic scat-
tering for SRCs in both Al and Pb, as well as the first measurement of 
the EMC effect on Pb. For other measured nuclei our data are consistent 
with previous measurements, but with reduced uncertainties.

The DIS cross-section on a nucleon can be expressed as a function 
of a single structure function, F2(xB, Q2). In the parton model, xB  
represents the fraction of the nucleon momentum carried by the  
struck quark. F2(xB, Q2) describes the momentum distribution of the 
quarks in the nucleon, and the ratio / / /F x Q A F x Q[ ( , ) ] [ ( , ) 2]2

A
B

2
2
d

B
2  

describes the relative quark momentum distributions in a nucleus A 
with mass number A and deuterium2,7 (d). For brevity, we often omit 
explicit reference to xB and Q2—that is, we write /F F2

A
2
d—with the 

understanding that the structure functions are being compared at iden-
tical xB and Q2 values. Because the DIS cross-section is proportional to 
F2, experimentally the cross-section ratio of two nuclei is assumed to 
equal their structure-function ratio1,2,6,7. The magnitude of the EMC 
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pair is interpreted as equal to a2, which denotes the average ratio 
of the inclusive quasi-elastic electron scattering cross-section per 
nucleon of nucleus A to that of deuterium at momentum transfer1,11–15 
Q2 > 1.5 GeV2 and 1.45 ≤ xB ≤ 1.9 (see Supplementary Information 
section III).

Other nuclear effects are expected to be negligible. The contribu-
tion of three-nucleon SRCs should be an order of magnitude smaller 
than the SRC-pair contributions. The contributions of two-body cur-
rents (called ‘higher-twist effects’ in DIS) should also be small (see 
Supplementary Information section VIII).

Figure 1 shows the DIS and quasi-elastic cross-section ratios for 
scattering off a solid target relative to deuterium as a function of xB. 
The red lines are fits to the data that are used to determine the EMC-
effect slopes or SRC scaling coefficients (see Extended Data Tables 1, 2). 
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terms in equation (1)) and np SRC pairs with modified structure func-
tions (third term):
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Fig. 1 | DIS and quasi-elastic (e,e′) cross-section ratios. a–d, Ratio 
of the per-nucleon electron scattering cross-section of nucleus A 
(A = 12C (a), 27Al (b), 56Fe (c) and 208Pb (d)) to that of deuterium for DIS 
kinematics (0.2 ≤ xB ≤ 0.6 and W ≥ 1.8 GeV). The solid points show 
the data obtained in this work, the open squares show SLAC (Stanford 
Linear Accelerator Center) data9 and the open triangles show Jefferson 

Laboratory data10. The red lines show a linear fit. e, f, Corresponding 
ratios for quasi-elastic kinematics (0.8 ≤ xB ≤ 1.9). The solid points show 
the data obtained in this work and the open squares the data of ref. 11. The 
red lines show a constant fit. The error bars shown include both statistical 
and point-to-point systematic uncertainties, both at the 1σ or 68% 
confidence level. The data do not include isoscalar corrections.
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We measured the EMC Effect and pair densities.
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Barak’s data show excellent agreement with

previous EMC measurements.
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The SRC-EMC hypothesis predicts

“Universal Modification”

The modification of an SRC pair should be independent of nuclear

structure.
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Isolating the modification of an individual pair:

Assume only np pairs

FA2 = (Z − nASRC)F p2 + (N − nASRC)F n2 + nASRC(F p∗2 + F n∗2 )

abc
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Isolating the modification of an individual pair:

Assume only np pairs

FA2 = ZF p2 + NF n2 + nASRC(∆F p2 + ∆F n2 )

abc
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Isolating the modification of an individual pair:

Assume only np pairs

FA2 = ZF p2 + NF n2 + nASRC(∆F p2 + ∆F n2 )

F n2 = F d2 − F p2 − ndSRC(∆F p2 + ∆F n2 )
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Isolating the modification of an individual pair:

ndsrc(∆F p2 + ∆F n2 )

F d2
=

[
REMC −

2(Z − N)

A

F p2
F d2
− 2N

A

]
/ [a2 − 2N/A]
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Isolating the modification of an individual pair:

ndsrc(∆F p2 + ∆F n2 )
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Isolating the modification of an individual pair:

ndsrc(∆F p2 + ∆F n2 )
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Isolating the modification of an individual pair:

ndsrc(∆F p2 + ∆F n2 )

F d2
=
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REMC −
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EMC Data vary significantly by nucleus.
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The modification of SRC pairs is universal!
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In my talk today:

?
The per-pair modification is universal.

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

The SRC-EMC hypothesis makes predictions for MARATHON.

E. P. Segarra et al., arXiv:1908.02223 (2019)

Direct tests with BAND and LAD experiments

Recoil spectator tagging at Jefferson Lab
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We extracted the universal modification

from EMC and SRC data.

work by Efrain Segarra (MIT)

arXiv:1908.02223
3

POSTERIOR PARAMETER SAMPLES

FIG. 2: Correlation matrix of the parameters of our universal function. On the diagonal are 1D distributions of each
parameter, showing the most likely value for that parameter. Each o↵-diagonal plot is then a correlation plot between
two parameters. The full 31 parameter space (↵,�, �, � for the universal function funiv, ↵d,�d, �d, �d for Rpd(x), sd

for the normalization re-scaling parameter for the input data set of Rpd, each extracted a2 for all nuclei used as input,
and all normalization re-scaling parameters for each data set used as input) can be accessed via the supplied text file
with the supplementary materials.
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MARATHON made a once-in-a-generation

DIS measurement on tritium.
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SRC-EMC model makes predictions for

the A = 3 EMC Effect.

(predictions agree with MARATHON prelim. results.)

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

xB

0.8

0.9

1.0

1.1

1.2

1.3

1.4

E
M

C
 R

a
ti

o

0.8

1.2
1.0

2009 Hall C Data

Helium-3 / Deut.

Tritium / Deut.

Helium-3 / T
ritium

0.8
1.0
1.2

34



MARATHON aims to extract F n2 /F
p
2 at large x .

Using isospin symmetry:

F n2
F p2

=
2R− F

3He
2

F
3H
2

2
F
3He
2

F
3H
2

−R

Requires the ratio of EMC Effects:

R ≡ F
3He
2

2F p2 + F n2
/
F
3H
2

F p2 + 2F n2
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Hopefully model dependence of R is small.
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Figure 5: The “super-ratio” R of nuclear EMC ratios for 3He and 3H nuclei, with the nucleon

momentum distribution calculated from the Faddeev (PEST, RSC, Yamaguchi) and variational

(RSC) wave functions [45].

shadowing), NN correlations and 6-quark clusters, however, these are generally confined to

either the small-x [48], or very large-x (x > 0.9) [49] regions.

In the high-Q2 limit the distribution f(y) of nucleons in the nucleus is related to the

nucleon spectral function S(p) by [29]:

f(y) =
∫

d3p⃗

(
1 +

pz

p0

)
δ

(
y − p0 + pz

M

)
S(p) , (18)

where p is the momentum of the bound nucleon (for a generalization to finite Q2 see for

example Ref. [46]). For an A = 3 nucleus the spectral function is evaluated from the three-

body nuclear wave function, calculated by either solving the homogeneous Faddeev equation

with a given two-body interaction [44, 50] or by using a variational technique [51]. The model

dependence of the distribution function can be examined by using several different potentials.

In Refs. [44, 45] a number of potentials were used, including the “EST” (Ernst-Shakin-
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Figure 7: Ratio of nuclear EMC ratios for 3He and 3H with the Paris (EST) wave functions,

using various nucleon structure function parametrizations [44] (see text): CTEQ (solid), GRV (dot-

dashed), BBS (dotted), and DL (dashed).

Despite the seemingly strong dependence on the nucleon structure function input at

very large x, this dependence is actually artificial. In practice, once the ratio F
3He
2 /F

3H
2 is

measured, one can employ an iterative procedure to eliminate this dependence altogether.

Namely, after extracting F n
2 /F p

2 from the data using some calculated R, the extracted F n
2

can then be used to compute a new R, which is then used to extract a new and better value

of F n
2 /F p

2 . This procedure is iterated until convergence is achieved and a self-consistent

solution for the extracted F n
2 /F p

2 is obtained. Both Afnan et al. [44] and Pace et al. [55] have

independently confirmed the convergence of this procedure.

As an illustration, we show in Figure 8 the result from Afnan et al. [45] for different

numbers of iterations using as input F n
2 /F p

2 = 1. The convergence is relatively rapid — by

the third iteration the extracted function is almost indistinguishable from the exact result.

Although the effect on R from the present lack of knowledge of the nucleon structure function

18

Iterative procedure: use measured F n2 to recalculate R
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Hopefully model dependence of R is small.
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Iterative procedure: use measured F n2 to recalculate R
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Hopefully model dependence of R is small.
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Iterative procedure: use measured F n2 to recalculate R
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The EMC-SRC Model predicts leveling at

F n2 /F
p
2 ≈ 0.47.

3

FIG. 1: The extracted universal modification function (UMF)
from the Nuclear-EMC e↵ect analysis performed here. The
width of the band shows the 68% confidence interval. Data
points show the data-driven extractions of Ref. [19], based
on individual measurements of F A

2 /F d
2 in a variety of nuclei.

Open and closed data points show measurements at W 2 > 2
GeV2 and W 2 < 2 GeV2 respectively.

adds, at most, a 5% systematic shift at xB ⇠ 0.8 (see
online supplementary materials).

The Nuclear-DIS analysis reproduced all the FA
2 /F d

2

data over the entire measured xB range (see online sup-
plementary materials). The resulting global UMF is com-
pared in Fig. 1 with the point-by-point extracted UMFs
for individual nuclei. The global UMF has very small
uncertainty and agrees well with the individual nuclear
UMFs extracted in Ref [19].

The extracted UMF extends up to xB ⇠ 0.95. As
discussed below, for xB > 0.8 the available data is pri-
marily at W 2 < 2 GeV2, well below the deep inelastic
region [39]. In addition, at xB � 0.9, the experimental
data is less accurate and likely more Q2-dependent, in
particular due to quasi-elastic contamination.

The posterior prefers the measured 3He EMC ratio [36]
be re-scaled by about 2%, which is at the higher end
of its normalization uncertainty and consistent with the
independent renormalization of Ref. [40].

We further note that the neglection of pp and nn SRC
pairs in Eqs. 2 and 3 does not cahnge the UMF extracted
from symmetric nuclei data and could change it only by
a few percent for asymmetric nuclei.

EXTRACTION OF F n
2 /F p

2 AND dv/uv

Using Eq. 2 to model nuclear e↵ects in F d
2 we express

Fn
2 /F p

2 as:

Fn
2

F p
2

=
1 � funiv

F p
2 /F d

2

� 1. (4)

We extract Fn
2 /F p

2 using the funiv and F p
2 /F d

2 parameter-
izations from the Nuclear-DIS analysis discussed above

FIG. 2: Neutron-to-proton structure function ratio F n
2 /F p

2 .
Data points show the d(e, e0pS) tagged-DIS measurement [41].
The blue band labeled ‘Nuclear-DIS’ shows the results of the
this work compared to CT14 [15] (red band), CJ15 [13] (green
band), and Arrington et al. [16] (yellow band), which have dif-
fering treatments of nuclear e↵ects in A  2 DIS data (see text
for details).The labels show dv/uv predictions at xB = 1 prop-
agated to F n

2 /F p
2 using Eq. 1, such as SU(6) symmetry [42],

perturbative QCD (pQCD) [1], Dyson-Schwinger Equation
(DSE) [6] and Scalar Diquark models [43, 44]. All extrac-
tions were consistently evolved to the same value of Q2 based
on the kinematics of the MARATHON experiment [45], i.e.
Q2 = (14 GeV2) ⇥ xB .

(see Fig. 2). Our results are consistent with the exper-
imental extraction using tagged d(e, e0pS) DIS measure-
ments on the deuteron [41].

The extracted Fn
2 /F p

2 decreases steadily for xB � 0.2
and becomes approximately constant at xB ⇡ 0.65. The
limit of Fn

2 /F p
2 as xB ! 1 is about 0.47. Removing

the W 2 < 2 GeV2 data from the Nuclear-DIS analysis
limits our extraction to xB ⇠ 0.8. However, it has little
e↵ect for xB < 0.8. As Fn

2 /F p
2 becomes constant at

xB ⇡ 0.65, removing the low-W data does not change our
conclusions. Similarly, we verified that evolving F p

2 /F d
2

from Q2
0 = 12 GeV2 to Q2 = 5 GeV2 does not have

a significant impact to our extraction of Fn
2 /F p

2 up to
xB ⇠ 0.8 (< 5%, see online supplementary materials).

Our Nuclear-DIS analysis gives larger values of Fn
2 /F p

2

(and using Eq. 1 dv/uv ) than several previous extrac-
tions that do not use A > 2 nuclear-DIS data. Fig. 2
shows a comparison with three such extractions: (A)
CTEQ global analysis (CT14), which uses high-W (> 3.5
GeV) and high-Q2 (> 2 GeV2) DIS data for A  2 (with
no corrections for any nuclear e↵ects in the deuteron)
combined with various other reactions such as Drell-
Yan and jet production, (B) CTEQ-JLab global analysis
(CJ15), which uses lower kinematic cuts on the DIS data
(W > 1.7, Q2 > 1.3), recently published W -boson charge
asymmetries from D; [46] and additional corrections for
deuterium o↵-shell, higher-twist, and target-mass e↵ects,
and (C) Arrington et al., which includes only A  2 DIS
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Reasonable assumptions can lead to wide

variation in R.
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. . . and care must be taken in extracting F n2 .
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. . . and care must be taken in extracting F n2 .
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Even A = 3 can be messy!

R. Cruz-Torres et al., Phys. Lett. B 797 134890 (2019)

Jefferson Lab Hall A Tritium Collaboration / Physics Letters B 797 (2019) 134890 5

pmiss of about 270 MeV/c. By contrast, the 3He/3H ratio is about 
three at the smallest measured pmiss and decreases to about 1.5 at 
pmiss ≈ 250 MeV/c, with a possible rise after that. This is consistent 
with the low-pmiss expectation of 2.5 to 3 and slightly higher than 
the SRC-based high-pmiss expectation of one. The change in the ra-
tios is much smaller than the four order-of-magnitude decrease in 
the calculated momentum distributions (see online supplementary 
information).

Both measured 3He/d and 3H/d ratios are about 20% larger than 
the PWIA spectral-function based SIMC calculation. This indicates 
that FSI effects are the same for both ratios. For the same miss-
ing momentum range, the measured and calculated 3He/3H ratios 
agree within the measurement accuracy of about 3%. This is a 
clear indication for cancellation of FSI effect in the 3He/3H ratio. 
At higher missing-momentum (pmiss > 250 MeV/c), the measured 
3He/3H ratios are about 20 − 50% larger than the calculation.

To extract the experimental cross-section ratio, σ3He(e,e′ p)/
σ3H(e,e′ p)(pmiss), we corrected the measured yield ratios using 
SIMC for radiative and bin-migration effects as well as for the finite 
Emiss acceptance of the spectrometers. The finite Emiss correction 
equals the calculated momentum distribution ratio divided by the 
calculated ratio of spectral functions integrated over the missing 
energy acceptance. The individual and total corrections were all 
less than 10% for all pmiss values. We apply a point-to-point sys-
tematic uncertainty of 20% of the resulting correction factors. See 
Table 1 and online supplementary material for details.

We also calculated the final state interaction effects of single 
rescattering of the knocked-out proton with either of the two other 
nucleons in the three-body-breakup reaction in the generalized 
Eikonal approximation [47,48] using a computer code developed 
by M. Sargsian [49 ]. For each bin we calculated both the PWIA and 
FSI cross section and integrated over the experimental acceptance. 
FSI changed the individual 3He and 3H(e, e′ p) cross-sections by be-
tween 10% and 30%. However, they largely cancelled in the double 
ratio

R F S I = σF S I/σP W I A |3He

σF S I/σP W I A |3H
, (5)

producing at most a 5% effect at the highest pmiss . This reinforces 
the claim that FSI effects are very small in the cross-section ra-
tio. We did not correct the data for FSI. See online supplementary 
materials for more information.

We tested the cross section factorization approximation by 
comparing the factorized spectral function approach used in SIMC 
with an unfactorized calculation by J. Golak [50–52]. The difference 
between the factorized and non-factorized calculations was about 
5%, which is not enough to explain the data-calculation discrep-
ancy at high pmiss .

Fig. 3 shows the pmiss dependence of the extracted 3He/3H
(e, e′ p) cross-section ratio. In the simplest model, this ratio should 
equal two, the relative number of protons in 3He and 3H. However, 
at large pmiss the ratio should equal one, the relative number of np
SRC pairs in 3He and 3H [53–61]. These SRC pairs will shift equal 
amounts of cross-section strength from low pmiss to high pmiss in 
both nuclei, increasing the 3He to 3H ratio at low pmiss to more 
than two. The measured ratio follows this simple model of a tran-
sition from independent nucleons at the lowest pmiss to np-SRC 
pairs at higher pmiss , decreasing from almost three at low pmiss
towards about 1.5 at pmiss = 250 MeV/c. At larger pmiss the mea-
sured ratio is approximately flat, with a possible rise at the largest 
pmiss .

With the missing-energy acceptance correction for 3He/3H and 
the small expected FSI effects, the resulting cross-section ratios 
should be sensitive to the ratio of momentum distributions. We 

Fig. 3. The measured 3He to 3H cross-section ratio, σ3He(e,e′ p)/σ3H(e,e′ p)(pmiss), plot-
ted vs. pmiss compared with different models of the corresponding momentum 
distribution ratio. The filled circle and square markers correspond to the low and 
high pmiss settings respectively. Uncertainties shown include both statistical and 
point-to-point systematical uncertainties. The overall normalization uncertainty of 
about 1.8% is not shown (see Table 1). Horizontal bars indicate the bin sizes and 
are shown for only the first and last points in each kinematical setting as all other 
points are equally spaced. The bottom panel shows the double ratio of data to differ-
ent calculated momentum distribution ratios, with the grey band showing the data 
uncertainty. The theoretical calculations are done using different local and non-local 
interactions, as well as different techniques for solving the three-body problem. See 
text for details.

therefore compare in Fig. 3 the measured cross-section ratios di-
rectly with the ratio of various single-nucleon momentum dis-
tributions. The momentum distribution calculations are obtained 
using either the variational Monte Carlo (VMC) technique with 
local interactions [46,62] or the Hyperspherical Harmonics (HH) 
method [63,64] with non-local interactions.

The local interactions used include the phenomenological 
AV18 [2] two-nucleon potential augmented by the Urbana X 
(UX) [65] three-nucleon force and the chiral EFT potentials at N2LO 
(including two- and three-body contributions), using a coordinate-
space cutoff of 1 fm and different parametrizations of the three-
body contact term Eτ and E1 [10,66–69 ]. Non-local interactions 
include the meson-theoretic CD-Bonn [70] two-nucleon potential, 
together with the Tucson-Melbourne [71] (TM) three-nucleon po-
tential, or the latest chiral two-body potentials from NLO to N4LO 
[72], including three-nucleon interactions. The main contribution 
to the latter, namely the one arising from two-pion exchange, is 
effectively included at the same chiral order as the two-nucleon 
interaction, as explained in Refs. [64,72]. In these calculations, the 
momentum-space cutoff # is kept fixed at 500 MeV. The VMC cal-
culations using the AV18 and UX interactions produce equivalent 
results as the HH calculations using the AV18 plus Urbana IX [73]
interactions.

For completeness, Fig. 3 also shows the momentum-distribution 
ratio calculated by integrating over the missing energy in the spec-
tral functions of Ref. [42] and Ref. [74], obtained using the AV18 
two-nucleon only and the AV14 [75] two- and the Urbana VIII [76]
(UVIII) three-nucleon interactions, respectively.

All calculated momentum-distribution ratios shown agree with 
the data up to pmiss ≈ 250 MeV/c. At larger pmiss , the theoreti-
cal predictions obtained by integrating the spectral functions or by 
calculating the momentum distribution ratio with local potentials 
or with the CD-Bonn/TM model disagree with the data by 20–50%. 
In the case of the non-local chiral potential models, the calcula-
tions show significant order dependence.

Note that, while momentum distributions calculated with local 
chiral-interactions depend strongly on the cutoff parameter, these 
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In my talk today:

?
The per-pair modification is universal.

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

The SRC-EMC hypothesis makes predictions for MARATHON.

E. P. Segarra et al., arXiv:1908.02223 (2019)

Direct tests with BAND and LAD experiments

Recoil spectator tagging at Jefferson Lab
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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 SRC configuration

Need to measure 200–700 MeV/c spectators!
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What we want to measure:

F2(x
′,Q2, αs)bound
F2(x ,Q2)free

≈ σDIS(x ′,Q2, αs)bound
σDIS(low x ′,Q20 , αs)bound

×σDIS(low x ,Q20 )free
σDIS(x ,Q2)free

×RFSI

. Tagged DIS measurement Input ≈ 1

At low x, the EMC effect should be small:

σDIS(low x ′,Q20 , αs)bound ≈ σDIS(low x ,Q20 )free
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The SRC hypothesis predicts more modification

with larger spectator virtuality.
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Two upcoming experiments at Jefferson Lab

will complement each other.

BAND

quarks in protons

detect recoil neutrons

JLab Hall B

Data taking started this spring!

LAD

quarks in neutrons

detect recoil protons

JLab Hall C

to be scheduled. . .
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DCJLab Hall B

CLAS12

Beamline
SVT

CTOF

Solenoid
FTOF

PCal/ECal

LTCC

Torus
HTCC



“Backward Angle Neutron Detector”

detects recoiling spectator neutrons

scattered
electron

jet from 
struck quark

Deuterium

Spectator
neutron

BAND

11 GeV e–

CLAS12

JLab Hall B
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BAND is made up of modular bars

made of scintillating plastic.

2 m

52



BAND is made up of modular bars

made of scintillating plastic.
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BAND assembly (2018)
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BAND assembly (2018)
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We already see a clear neutron signal.

Hauenstein | 03/23/2019
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All long bars in BAND, e’ from CLAS, ~3h run

Neutrons!

tL + tR
2 − tStart  [ns]

Photons!

40 ns ≈ 250 MeV/c

σγ ≈ 0.3  [ns]
with photon path length correction
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ry 

prel
im

ina
ry

57



The SRC hypothesis predicts more modification

with larger spectator virtuality.
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The SRC hypothesis predicts more modification
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“Large Acceptance Detector”

will detect recoiling spectator protons.

scattered
electron

jet from 
struck quark

Deuterium

LAD
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spectator
proton

JLab Hall C
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LAD is three panels of scintillator bars,

reused from the original CLAS.

4/18/17	 6	

Large	
Double	
Panels	
#2	

Large	
Double	
Panels	
#1	

Large	
Single	
Panel	
#3	

EMC-SRC	Detectors	
Detectors	at	the	different	planes	from	Target	
Panels	overlap	reducing	or	eliminaIng	gap	

Detector	Supports	to	be	
designed	to	clear	Flex	Line	
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GEMs will be a huge help in background

reduction.

scattered
electron

jet from 
struck quark

Deuterium

LAD
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GEMs
spectator
proton

JLab Hall C
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The SRC hypothesis predicts increasing

modification with nucleon momentum.
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The SRC hypothesis predicts increasing

modification with nucleon momentum.
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To recap:

Universal Modification

MARATHON Predictions

BAND and LAD
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To recap:

Universal Modification

MARATHON Predictions

BAND and LAD

3

FIG. 1: The extracted universal modification function (UMF)
from the Nuclear-EMC e↵ect analysis performed here. The
width of the band shows the 68% confidence interval. Data
points show the data-driven extractions of Ref. [19], based
on individual measurements of F A

2 /F d
2 in a variety of nuclei.

Open and closed data points show measurements at W 2 > 2
GeV2 and W 2 < 2 GeV2 respectively.

adds, at most, a 5% systematic shift at xB ⇠ 0.8 (see
online supplementary materials).

The Nuclear-DIS analysis reproduced all the FA
2 /F d

2

data over the entire measured xB range (see online sup-
plementary materials). The resulting global UMF is com-
pared in Fig. 1 with the point-by-point extracted UMFs
for individual nuclei. The global UMF has very small
uncertainty and agrees well with the individual nuclear
UMFs extracted in Ref [19].

The extracted UMF extends up to xB ⇠ 0.95. As
discussed below, for xB > 0.8 the available data is pri-
marily at W 2 < 2 GeV2, well below the deep inelastic
region [39]. In addition, at xB � 0.9, the experimental
data is less accurate and likely more Q2-dependent, in
particular due to quasi-elastic contamination.

The posterior prefers the measured 3He EMC ratio [36]
be re-scaled by about 2%, which is at the higher end
of its normalization uncertainty and consistent with the
independent renormalization of Ref. [40].

We further note that the neglection of pp and nn SRC
pairs in Eqs. 2 and 3 does not cahnge the UMF extracted
from symmetric nuclei data and could change it only by
a few percent for asymmetric nuclei.

EXTRACTION OF F n
2 /F p

2 AND dv/uv

Using Eq. 2 to model nuclear e↵ects in F d
2 we express

Fn
2 /F p

2 as:

Fn
2

F p
2

=
1 � funiv

F p
2 /F d

2

� 1. (4)

We extract Fn
2 /F p

2 using the funiv and F p
2 /F d

2 parameter-
izations from the Nuclear-DIS analysis discussed above

FIG. 2: Neutron-to-proton structure function ratio F n
2 /F p

2 .
Data points show the d(e, e0pS) tagged-DIS measurement [41].
The blue band labeled ‘Nuclear-DIS’ shows the results of the
this work compared to CT14 [15] (red band), CJ15 [13] (green
band), and Arrington et al. [16] (yellow band), which have dif-
fering treatments of nuclear e↵ects in A  2 DIS data (see text
for details).The labels show dv/uv predictions at xB = 1 prop-
agated to F n

2 /F p
2 using Eq. 1, such as SU(6) symmetry [42],

perturbative QCD (pQCD) [1], Dyson-Schwinger Equation
(DSE) [6] and Scalar Diquark models [43, 44]. All extrac-
tions were consistently evolved to the same value of Q2 based
on the kinematics of the MARATHON experiment [45], i.e.
Q2 = (14 GeV2) ⇥ xB .

(see Fig. 2). Our results are consistent with the exper-
imental extraction using tagged d(e, e0pS) DIS measure-
ments on the deuteron [41].

The extracted Fn
2 /F p

2 decreases steadily for xB � 0.2
and becomes approximately constant at xB ⇡ 0.65. The
limit of Fn

2 /F p
2 as xB ! 1 is about 0.47. Removing

the W 2 < 2 GeV2 data from the Nuclear-DIS analysis
limits our extraction to xB ⇠ 0.8. However, it has little
e↵ect for xB < 0.8. As Fn

2 /F p
2 becomes constant at

xB ⇡ 0.65, removing the low-W data does not change our
conclusions. Similarly, we verified that evolving F p

2 /F d
2

from Q2
0 = 12 GeV2 to Q2 = 5 GeV2 does not have

a significant impact to our extraction of Fn
2 /F p

2 up to
xB ⇠ 0.8 (< 5%, see online supplementary materials).

Our Nuclear-DIS analysis gives larger values of Fn
2 /F p

2

(and using Eq. 1 dv/uv ) than several previous extrac-
tions that do not use A > 2 nuclear-DIS data. Fig. 2
shows a comparison with three such extractions: (A)
CTEQ global analysis (CT14), which uses high-W (> 3.5
GeV) and high-Q2 (> 2 GeV2) DIS data for A  2 (with
no corrections for any nuclear e↵ects in the deuteron)
combined with various other reactions such as Drell-
Yan and jet production, (B) CTEQ-JLab global analysis
(CJ15), which uses lower kinematic cuts on the DIS data
(W > 1.7, Q2 > 1.3), recently published W -boson charge
asymmetries from D; [46] and additional corrections for
deuterium o↵-shell, higher-twist, and target-mass e↵ects,
and (C) Arrington et al., which includes only A  2 DIS
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The SRC-EMC hypothesis will be directly confronted

by data in the next few years!

?
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