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The EMC Effect in DIS ScatteringThe EMC e↵ect still puzzles.
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EMC Effect in Different Nuclei
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EMC Models
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A = 3 System and EMC Effect

• Mirror Nuclei 
• High Asymmetry A/2Z = 1.5 
• Isospin Doublet 

• First time 3H EMC data 
• 3He EMC @ HallC (E03103)           

(Seely et al.,PRL 103, 202301 (2009)) 
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FIG. 3: (Color online) EMC ratio for 3He [10]. The upper
squares are the raw 3He/2H ratios, while the bottom circles
show the isoscalar EMC ratio (see text). The triangles are the
HERMES results [11] which use a different isoscalar correc-
tion. The solid (dashed) curves are the SLAC A-dependent
fits to Carbon and 3He.

be applied to the nuclear ratios, and in the end, yields
a significantly smaller correction at large x, where the
uncertainty in the neutron structure function is largest.

While applying the isoscalar correction to the 3He
data, using the smeared F2n/F2p ratio, yields a more re-
liable result, there is still some model dependence to this
correction due to the uncertainty in our knowledge of the
neutron structure function. Ref. [14] demonstrated that
much of the inconsistency between different extractions
of the neutron structure function comes from compar-
ing fixed-Q2 calculation to data with varying Q2 values,
rather than from the underlying assumptions of nuclear
effects in the deuteron. Nuclear effects beyond what is
included in Ref. [14], such as the off-shell contribution
δ(off) of Ref. [15], yield a 1–2% decrease to the pro-
ton’s contribution to the deuteron thus increasing the ex-
tracted F2n/F2p ratio by 0.01–0.02. This yields a slightly
reduce correction for 3He which would raise the isoscalar
EMC ratio for 3He by 0.3–0.6% at our kinematics.

The observed nuclear effects are clearly smaller for 3He
than for 4He and 12C. This is again consistent with mod-
els where the EMC effect scales with the average density,
as the average density for 3He is roughly half that of the
12C. However, the results of 9Be are not consistent with
the simple density-dependent fits. The observed EMC
effect in 9Be is essentially identical to what is seen in
12C, even though the density of 9Be is much lower. This
suggests that both the simple mass- or density-scaling
models break down for light nuclei.

One can examine the nuclear dependence based on the
size of the EMC ratio at a fixed x value, but the normal-
ization uncertainties become a significant limiting factor.
If we assume that the shape of the EMC effect is univer-

sal, and only the magnitude varies with target nucleus,
we can compare light nuclei by taking the x dependence
of the ratio in the linear region, 0.35 < x < 0.7, using
the slope as a measure of the relative size of the EMC ef-
fect that is largely unaffected by the normalization. The
slopes are shown for light nuclei in Fig. 4 as a function of
average nuclear density. The average density is calculated
from the ab initio GFMC calculation of the spatial dis-
tributions [16]. Because we expect that it is the presence
of the other (A − 1) nucleons that yields the modifica-
tion to the nuclear structure function, we choose to scale
down this density by a factor of (A − 1)/A, to remove
the struck nucleon’s contribution to the average density.
The EMC effect for 3He is roughly one third of the effect
in 4He, in contrast to the A-dependent fit to the SLAC
data [2], while the large EMC effect in 9Be contradicts a
simple density-dependent effect.
One explanation for the anomalous behavior of 9Be is

that it can be described as a pair of tightly bound alpha
particles plus one additional neutron [17]. While most of
the nucleons are in a dense environment, similar to 4He,
the average density is much lower, as the alphas (and ad-
ditional neutron) ‘orbit’ in a larger volume. This suggests
that it is the local density that drives the modification.
The strong clustering of nucleons in 9Be leads to a special
case where the average density does not reflect the local
environment of the bulk of the protons and neutrons.

FIG. 4: (Color online) The circles show the slope of the
isoscalar EMC ratio for 0.35 < x < 0.7 as a function of nu-
clear density. Error bars include statistical and systematic
uncertainties.

Another possibility is that the x dependence of the
EMC effect is different enough in these light nuclei that
we cannot use the falloff with x as an exact measure of
the relative size of the EMC effect. This too suggests that
the EMC effect is sensitive to the details of the nuclear
structure, which would require further theoretical exami-
nation. At the moment, there are almost no calculations
for light nuclei that include detailed nuclear structure.
In conclusion, we have measured the nuclear depen-

dence of the structure functions for a series of light nu-

No ISO correction

With ISO correction

Not shown - 1.84% norm. error
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MARATHON Target 
MARATHON experiment

Four gas target cells:

• Hydrogen 1H

• Deuterium 2H

• Tritium 3H
(filled by Savannah River)

• Helium 3He

• Empty cell
(for background measurement)

Measure DIS cross section ratios:

• 3H/3He for Fn
2 /F p

2
extraction

• Tritium EMC ratio 3H/2H

• Helium EMC ratio 3He/2H

• 2H/1H (at low x only) for Fn
2 /F p

2

normalization

6 / 20

• Tritium 
• Helium-3 
• Deuterium 
• Hydrogen 
• Empty Cell 

• Sealed cell 
• 25cm long 
• 40K cold gas 
• 1kCu Tritium 

e-
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Electrons from CEBAF

A

MARATHON Experiment

CEBAF

The Continuous Electron Beam Accelerator Facility (CEBAF) at Thomas
Je↵erson Accelerator Facility.

Jason Bane (UTK) EFB24 2 September 2019 8 / 24

• 10.6 GeV energy 
• 22.5uA current 
• 2x2mm2 rastered beam 

MARATHON

Tritium Safety Requirements

Harp and BPM Check!

Ion Chamber functionality test

Beam Center

Raster Size calibration.

Jason Bane (UTK) F
n

2 /F
p

2 August 12, 2019 17 / 29
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HallA Spectrometer

•  p/p:  5% 
• In-plane angle:  30 mrad 
• Out-plane angle:  60 mrad 
• Electron Trigger: Scintillators (S0&S2) && Gas Cherenkov 

Δ ±
±

±

MARATHON Experiment

Hall A & The HRSs

Jason Bane (UTK) EFB24 2 September 2019 9 / 24
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MARATHON Data 
• 10.6 GeV beam energy 
• LHRS momentum 3.1 GeV 
• RHRS momentum 2.9 GeV (due to magnet problems) 
• HRS angles between 17˚ to 36˚ 
• 0.19 < x < 0.83 

xB xB

Q2 W2

RHRS

LHRS
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Tritium Decay
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Target Background from Endcaps

Systematic Studies: Endcaps

Tong Su Tong Su

McClellan MARATHON: A = 3 DIS at JLab September 11, 2018 16 / 22
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• Background around 2-3% 
• Similar for all targets

Credit: Tong Su



Hauenstein  | 09/19/2019  12

Target Boiling

(a) 3H Density Analysis. (b) 3He Density Analysis.

(c) 2H Density Analysis. (d) 1H Density Analysis.

Figure 11: Shown is local density of the 3H, 3He, 2H and 1H targets as a function of beam current.
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atic a↵ects cancel in the ratio, these uncertainties are slightly smaller then the
absolute density change determinations.
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3H 3He

• Beam heats target —> Density changes due to boiling 
• Larger boiling for Tritium than Helium 
• Correction factor for each run file

S.N. Santiesteban, S. Alsalmi et al., NIM A950, 351 (2019)
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Positron Contamination

MARATHON Systematic Studies

Charge Symmetric back ground

� decay into an e+e� pairs

Pair produced � by detecting e+

Extraction based on fit to
Exponential function

Pair Production

Tritium positron contamination. Credit: Tong Su

Jason Bane (UTK) EFB24 2 September 2019 13 / 24

•  decay to e+e- pairs 
• Measure positrons to account for pairs 
• HRS measurement in low-x kinematics 
• Exponential fit to extrapolate to high-x

γ

e+/e- (3H)

xB



Hauenstein  | 09/19/2019  14

Results
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Raw EMC Ratios
MARATHON Results

EMC E↵ect

Jason Bane (UTK) EFB24 2 September 2019 17 / 24

• No normalizations  
• No Isoscaler corrections 
—> 3He EMC from MARATHON and HallC agrees
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Isoscalar EMC Results with Normalization

• 3H normalized by -0.4%  
• 3He normalized by 2.4% 
• Isoscalar correction from MARATHON F2(n/p) 

All following plots from MARATHON have these normalizations!
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3He EMC Isoscalar Corrections

• MARATHON Isoscalar 
corrections applied to both 
data sets

• different Isoscalar corrections 
from Marathon and HallC
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3He EMC

• MARATHON Isoscaler corrections applied  
• HallC data scaled as in KP paper (PRC82, 054614 (2010))
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A = 3 EMC - Comparison with Theories

• No isoscalar correction applied 
• No scaling on Seely data (crosses) 

E. Segarra et al., arXiv:1908.02223 (2019)
A. Tropiano et al., PRC 99, 035201 (2019)

3H 3He



Hauenstein  | 09/19/2019  20

  RatioF3He
2 /F3H

2

E. Segarra et al., arXiv:1908.02223 (2019)
A. Tropiano et al., PRC 99, 035201 (2019)

 a2(3He) = a2(3H)
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Back up slides
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Target Boiling - All targets

(a) 3H Density Analysis. (b) 3He Density Analysis.

(c) 2H Density Analysis. (d) 1H Density Analysis.

Figure 11: Shown is local density of the 3H, 3He, 2H and 1H targets as a function of beam current.
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3He EMC: Same Normalization Factor



Hauenstein  | 09/19/2019  24

3He: Isoscalar Corrections Comparison
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Full Predictions from Nuclear-DIS model

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

4

QCD [1] and the Dyson-Schwinger Equation (DSE) [6]
and is inconsistent predictions such as the Scalar Diquark
model prediction [43, 44]. Thus, accounting for the mod-
ification of nucleons bound in deuterium increases the
d-quark contribution to the proton at high-xB . While in
this work dv/uv is calculated following Eqn. 1, see online
supplementary materials for a discussion on target-mass
and next-to-leading order corrections.

Removing the W 2 < 2 GeV2 data from the Nuclear-
DIS analysis limits our extraction to xB ⇠ 0.8. However,
it does not change the functional form of the extraction
for xB < 0.8. As Fn

2
/F p

2
becomes constant xB ⇡ 0.65, re-

moving the low W data does not change our conclusions.
Similarly, we verified that evolving F p

2
/F d

2
extracted at

Q2

0
= 12 GeV2/c2 down to Q2 = 5 GeV2/c2 does not

impact our extraction of Fn
2
/F p

2
up to xB ⇠ 0.8. See

online supplementary materials for details.

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

2

and dv/uv than previous extractions. Fig. 2 shows our re-
sults compared with three previous extractions that used
only proton and deuterium data: (A) CTEQ global anal-
ysis (CT14) which uses high-W data (> 3.5 GeV) with
no corrections for any nuclear e↵ects in the deuteron,
(B) CTEQ-JLab global analysis (CJ15) which uses lower-
W data (> 1.73 GeV) and includes corrections for both
Fermi motion and binding and for structure-modification
of the bound nucleon structure within a nucleon swelling
model, and (C) Arrington et al., which includes only
corrections for Fermi motion and binding but not for
structure-modification of the bound nucleon. The com-
parison with CJ15 is particularly interesting as that ex-
traction of d(xB)/u(xB) is predominantly constrained by
the D; W± boson asymmetry data [13, 46], correspond-
ing to Q2 = m2

W . This may indicate a tension between
our low Q2 results and results of the CJ15 analysis of
the D; dataset at xB � 0.6. We emphasize that the
CJ15 Fn

2
/F p

2
band was calculated using their extracted

d/u with Eq. 1.

Our analysis also di↵ers in its treatment of medium
modification e↵ects in the deuteron, which is largely
driven by the heavy nuclei data. As the deuteron is a
special case (only few percent SRC, very small binding
energy, etc.) we performed a separate analysis where we
scaled the deuteron modification by a factor � 2 [0, 1],
which was added to the model as an additional fit pa-
rameter. This exercise resulted in identical extraction up
to xB ⇠ 0.8 and only a very small variation above it. See
online supplemental materials for details.

Previous studies have shown that accounting for
structure-modification of the bound nucleon structure in-
creases Fn

2
/F p

2
at high-xB , see e.g. Ref. [3, 8, 47–49].

However, the magnitude of this increase is smaller for
the analyses that only use deuterium data as compared
with our nuclear-DIS analysis that consistently accounts
for nuclear target data from deuterium to lead.

FIG. 3: Nuclear-DIS analysis results for 2F
3
He

2 /3F d
2 ,

2F
3
H

2 /3F d
2 and F

3
He

2 /F
3
H

2 (full bands). The width of the
bands show the 68% confidence intervals of our analysis.
The three black line types show the Nuclear-DIS analy-

sis predictions for di↵erent assumptions on n
3
H

SRC/n
d
SRC =

C ⇥ n
3
He

SRC/n
d
SRC . Symbols show the 2F

3
He

2 /3F d
2 measure-

ment of Ref. [36] and labeled lines show previous extractions

of F
3
He

2 /F
3
H

2 by Tropiano et al. [18] (TEMS [green, purple,
orange, assuming di↵erent o↵-shell corrections]) and Kulagin
and Petti [40, 50] (KP [red]). See text for details.

dv/uv: EXTRACTION FROM A = 3
MIRROR-NUCLEI DATA

Another independent extraction of Fn
2
/F p

2
will be done

by the MARATHON experiment that recently measured
DIS o↵ d, 3He and 3H [45]. They plan to extract Fn

2
/F p

2

from the measured F
3
He

2
/F

3
H

2
ratio using [45]:

Fn
2

F p
2

=
2R� F

3
He

2
/F

3
H

2

2F
3He

2
/F

3H
2

�R
, (5)

whereR is a measure of the cancellation of nuclear e↵ects
in the F

3
He

2
/F

3
H

2
ratio:

R ⌘ F
3
He

2

2F p
2
+ Fn

2

⇥ F p
2
+ 2Fn

2

F
3H
2

, (6)

and is taken from theoretical calculations.
We used our universal function to predict the ex-

pected DIS ratios for [F
3
He

2
/3]/[F d

2
/2], [F

3
H

2
/3]/[F d

2
/2]

and F
3
He

2
/F

3
H

2
(see Fig. 3). Since n

3
H

SRC/n
d
SRC is not

yet published, we calculated the expected results for
three possibilities, n

3
H

SRC/n
d
SRC = C ⇥ n

3
He

SRC/n
d
SRC with

C = 0.8, 1.0 and 1.2. The results show little sensitivity
to the value of C.
We compare our predictions for the F

3
He

2
/F

3
H

2
ratio

to those of other theoretical models, shown as colored
lines in Fig. 3. Our prediction is similar to that of Ku-
lagin and Petti [40, 50], and only slightly disagrees for
xB > 0.8. The Tropiano et al. (TEMS) analysis [18], has
three predictions that combine the CJ15 global PDF fits

• HallC data normalized by 1.4% 
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TEMS Predictions
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Nucleon off-shell corrections

since helium-3 is more sensitive to proton than neutron,
fit proton off-shell function and extract neutron from
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• The CJ lines were plotted before and in Segarra et al. 
• CJnon-iso curve is from δf p ≠ δf n
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Fig. 4: The slope of the EMC effect, dR/dx for 0.3 < x < 0.7 with R = F2
A/F2

D, is plotted                                       
versus the magnitude of the observed x > 1 plateaus, denoted as a2, for various nuclei.                             
For data that were taken by completely different groups, the linearity is striking and has                           
caused renewed interest in understanding the cause of both effects. The inset cartoons                       
illustrate the kinematic difference of deep inelastic EMC effect scatterings and the                     
scattering from a correlated pair in x > 1 kinematics.
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EMC and SRC Correlation

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