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Electron Scattering
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Definition: nucleon-nucleon interaction

Nuclear Shell Model:
• Pauli principle ⇒ the nucleus is not a dense system

• Nucleons far apart ⇒ strong nucleon-nucleon interaction is reduced

• Independent motion of the nucleons in the mean field created by the rest of the nucleusShell Model Picture

❖Weinberg angle

❖NuTeV anomaly

❖New Physics

❖PW Ratio

❖Experiment

❖Strange Quarks

❖CSV

❖Nuclear Effects

❖Finite Nuclei

❖NJL model

❖Nucleon

❖PDFs

❖Recall

❖Nuclear Matter

❖Eff. Potential

❖NuTeV result

❖Reassessment

❖PV-DIS

❖EMC effects

❖Conclusion
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● Fundamentally new way to do nuclear physics

✦ includes quark substructure of nucleons

✦ nucleon structure modified by medium

✦ quark dof are included➞ quark nuclear physics

The Nuclear Force
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● Fundamentally new way to do nuclear physics

✦ includes quark substructure of nucleons

✦ nucleon structure modified by medium

✦ quark dof are included➞ quark nuclear physics

Filled shell
=

greater stability

Simple picture is extremely successful.
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➡ Reconstruct initial proton binding energy (Em), momentum (pm)

➡ Proton (Em, pm) distribution modeled as sum of independent shell 
contributions

Limits of the Nuclear Shell Model
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30-40% missing 
strength

Mean field approximation:
the probe nucleon experiences 
the average force created by 

the rest of the nucleus

Mean Field Theory



Patricia Solvignon

The Nuclear Potential
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The Nuclear Potential
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constant ratio if seeing Short-Range 

Correlations (SRC)
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Quasi-Elastic Scattering:

• peak at x ≈ 1

• motion of the nucleon in the 
nucleus broadens the peak

• little strength from mean 
field above x=1.3

Inclusive scattering at large x
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Properties:

• 1N, 2N, 3N, …, contributions at x≤1,2,3,...

• Isospin independence = equal probability of np, pp & nn pairs

• Nuclear saturation

€ 

θ
e

e’

Nucleus A

QES
x=1

2N-SRC
1<x<2

3N-SRC
2<x<3

…
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SRC in nuclei
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SRC results from JLab

examined the high-momentum tail of the deuteron momen-
tum distribution and used target ratios at x > 1 to examine
the A and Q2 dependence of the contribution of 2N-SRCs.
The SRC contributions are extracted with improved statis-
tical and systematic uncertainties and with new corrections
that account for isoscalar dominance and the motion of the
pair in the nucleus. The 9Be data show a significant devia-
tion from predictions that the 2N-SRC contribution should
scale with density, presumably due to strong clustering
effects. At x > 2, where 3N-SRCs are expected to domi-
nate, our A=3He ratios are significantly higher than the
CLAS data and suggest that contributions from 3N-SRCs
in heavy nuclei are larger than previously believed.

We thank the JLab technical staff and accelerator divi-
sion for their contributions. This work supported by the
NSF and DOE, including contract DE-AC02-06CH11357
and contract DE-AC05-06OR23177 under which JSA,
LLC operates JLab, and the South African NRF.
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[9] E. Pace and G. Salmè, Phys. Lett. B 110, 411 (1982).
[10] D. B. Day et al., Phys. Rev. Lett. 59, 427 (1987).
[11] J. Arrington et al., Phys. Rev. Lett. 82, 2056 (1999).
[12] T. DeForest, Nucl. Phys. A392, 232 (1983).
[13] J. J. Kelly, Phys. Rev. C 70, 068202 (2004).
[14] J. Arrington, W. Melnitchouk, and J. A. Tjon, Phys. Rev. C

76, 035205 (2007).
[15] R. Arnold et al., Phys. Rev. Lett. 61, 806 (1988).
[16] C. Ciofi degli Atti, L. P. Kaptari, and D. Treleani, Phys.

Rev. C 63, 044601 (2001).
[17] K. Kim and L. Wright, Phys. Rev. C 76, 044613

(2007).
[18] A. Bussiere et al., Nucl. Phys. A 365, 349 (1981).
[19] C. Ciofi degli Atti and C. B. Mezzetti, Phys. Rev. C 79,

051302 (2009).
[20] X.-D. Ji and J. Engel, Phys. Rev. C 40, R497 (1989).
[21] C. Ciofi degli Atti and G. B. West, arXiv:nucl-th/9702009.
[22] J. Arrington, arXiv:nucl-ex/0306016.
[23] J. Arrington, arXiv:nucl-ex/0602007.
[24] C. Ciofi degli Atti and G. B. West, Phys. Lett. B 458, 447

(1999).
[25] C. Ciofi degli Atti, E. Pace, and G. Salme, Phys. Rev. C

43, 1155 (1991).
[26] L. L. Frankfurt, M. I. Strikman, D. B. Day, and M.

Sargsian, Phys. Rev. C 48, 2451 (1993).
[27] K. S. Egiyan et al., Phys. Rev. C 68, 014313 (2003).
[28] K. S. Egiyan et al., Phys. Rev. Lett. 96, 082501 (2006).
[29] J. Arrington et al., Phys. Rev. C 64, 014602 (2001).
[30] O. Benhar et al., Phys. Lett. B 343, 47 (1995).
[31] L. L. Frankfurt and M. I. Strikman, Phys. Rep. 160, 235

(1988).
[32] C. C. degli Atti and S. Simula, Phys. Lett. B 325, 276

(1994).
[33] C. C. degli Atti and S. Simula, Phys. Rev. C 53, 1689

(1996).
[34] C. B. Mezzetti, arXiv:1003.3650.
[35] C. B. Mezzetti, arXiv:1112.3185.
[36] R. Subedi et al., Science 320, 1476 (2008).
[37] J. Seely et al., Phys. Rev. Lett. 103, 202301 (2009).
[38] J. Arrington et al., Jefferson Lab Experiment E08-014

(2008), http://www.jlab.org/exp_prog/proposals/08/
PR-08-014.pdf.

[39] V. Stoks, R. Klomp, C. Terheggen, and J. de Swart, Phys.
Rev. C 49, 2950 (1994).

[40] M. Lacombe et al., Phys. Lett. B 101, 139 (1981).
[41] R. B. Wiringa, V. G. J. Stoks, and R. Schiavilla, Phys. Rev.

C 51, 38 (1995).

 0

 1

 2

 3

 4

 5

 1  1.5  2  2.5  3
x

(σ
H

e4
/4

)/
(σ

H
e3

/3
)

R(4He/3He)

CLAS
E02-019

FIG. 3 (color online). The 4He=3He ratios from E02-019
(Q2 ! 2:9 GeV2) and CLAS (hQ2i ! 1:6 GeV2); errors are
combined statistical and systematic uncertainties. For x > 2:2,
the uncertainties in the 3He cross section are large enough that a
one-sigma variation of these results yields an asymmetric error
band in the ratio. The error bars shown for this region represent
the central 68% confidence level region.

PRL 108, 092502 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending

2 MARCH 2012

092502-5

K. S. Egiyan et al., Phys. Rev. Lett. 96, 082501 (2006)
Hall B

Hall C
N. Fomin et al., Phys. Rev. Lett. 108, 092502 (2012)

 Good agreement in the 2N-SRC region
but

 potential difference in the 3N-SRC region

2N-SRC: first evidence at SLAC in Frankfurt, 
Strikman, Day, Sargsian, PRC48, 2451 (1993). 
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The EMC effect

€ 

θ

p n

γ∗

Nucleus at rest
(A nucleons = Z protons + N neutrons)

e-
e-

≠ γ∗ γ∗Z + N

EMC (Cu) 
BCDMS (Fe) 

E139 (Fe)

σ
A
/σ

D

 x

EMC effect

First measurement by the 
EMC collaboration (1983) 
found an excess of low-x 
quarks, deficit of high-x 
quarks in heavy nuclei
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Nucleon structure is modified in the nuclear medium  

or

Nuclear structure is modified due to hadronic effects

Models of the EMC effect

Many models but no complete, consistent picture

§ Dynamical rescaling
§ Nucleon ‘swelling’
§ Multiquark clusters (6q, 9q ‘bags’)

§ More detailed binding calculations
- Fermi motion + binding
- N-N correlations

§ Nuclear pions

12
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dependence on average 
density works well as for 
SLAC E139 data till ...
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like configurations    
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9Be has low average density, but 
large component of structure is 
2α+n: most nucleons in tight, α-
like configurations    

HallC E03-103 results
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Fit of the EMC ratio for 0.35<x<0.7 and 
look at A- and density dependence of 
the slope

New results on light nuclei suggest connection to local structure
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D. Higinbotham et al., arXiv:1003.4497

Q2 = 2.5 [GeV/c]2

EMC Slope

SRC Plateau

•  Scaling plateaus are likely due to proton-nucleon local density correlations 
•  So could the EMC slopes (xB<0.7) and SRC plateaus (xB>1.5) correlated?!

Putting everything together

16
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EMC slopes vs. SRC plateaux

EMC data = combined Hall C 
E03-103 and SLAC E139
SRC data =  Hall B SRC A/3He 
with 3He/d from SLAC data

The SRC scale factors determined from the isospin-
corrected per-nucleon ratio of the inclusive (e, e0) cross
sections on nucleus A and 3He, a2ðA=3HeÞ ¼ ð3=AÞ
½!AðQ2; xBÞ=!3HeðQ2; xBÞ% are listed in Table II using data

from [14].Weused the ratio of deuterium to 3He determined
in Ref. [14] primarily from the calculated ratio of their
momentum distributions above the scaling threshold
(pthresh ¼ 0:275& 0:025 GeV=c). We combined the statis-
tical and systematic uncertainties in quadrature to give the
total uncertainties shown in the table. The SRC scale factors
for nucleus A relative to deuterium, a2ðA=dÞ, are calculated
from the second column.

The value of the SRC scale factors was shown to be Q2

independent for 1:5 ' Q2 ' 2:5 GeV2 [13] and more re-
cently for 1:5 ' Q2 ' 5 GeV2 [26]. Similarly, the EMC
effect was shown to beQ2 independent for SLAC, BCDMS
and NMC data for 2 ' Q2 ' 40 GeV2 [3]. This Q2 inde-
pendence allows us to compare these quantities in their
different measured ranges.

Figure 1 shows the EMC slopes versus the SRC scale
factors. The two values are strongly linearly correlated,

( dREMC=dx ¼ ½a2ðA=dÞ ( 1% ) ð0:079& 0:006Þ: (1)

This implies that both stem from the same underlying
nuclear physics, such as high local density or large nucleon
virtuality (v ¼ P2 (m2 where P is the four-momentum).
This striking correlation means that we can predict the

SRC scale factors for a wide range of nuclei from Be to Au
using the linear relationship from Eq. (1) and the measured
EMC slopes (see Table II). Note that 9Be is a particularly
interesting nucleus because of its cluster structure and
because its EMC slope is much larger than that expected
from a simple dependence on average nuclear density [7].
The EMC slopes and hence the predicted SRC scale factors
may saturate for heavy nuclei but better data are needed to
establish the exact A dependence.
This correlation between the EMC slopes and the SRC

scale factors also allows us to extract significant informa-
tion about the deuteron itself. Because of the lack of a free
neutron target, the EMC measurements used the deuteron
as an approximation to a free proton and neutron system
and measured the ratio of inclusive DIS on nuclei to that of

TABLE II. The SRC scale factors for nucleus A with respect to
3He and to deuterium. The third column is calculated from the
second. The resulting uncertainties are slightly overestimated
since the uncertainty in the d=3He ratio of about 5% is added to
all of the other ratios. The predicted values (fourth column) are
calculated from the values in Table I and Eq. (1).

Measured Measured Predicted
Nucleus a2ðA=3HeÞ a2ðA=dÞ a2ðA=dÞ
Deuteron 0:508& 0:025 1
3He 1 1:97& 0:10
4He 1:93& 0:14 3:80& 0:34
12C 2:41& 0:17 4:75& 0:41
56Fe 2:83& 0:18 5:58& 0:45
9Be 4:08& 0:60
27Al 5:13& 0:55
40Ca 5:44& 0:70
108Ag 7:29& 0:83
197Au 6:19& 0:65

0 2 4 6

0.0

0.2

0.4

 / ndf 2χ  0.7688 / 3

a  0.006376± -0.07879 

 / ndf 2χ  0.7688 / 3

a  0.006376± -0.07879 

d

He3

He4

C12

Fe56

(A/d)2a

/d
x

E
M

C
-d

R

FIG. 1. The EMC slopes versus the SRC scale factors. The
uncertainties include both statistical and systematic errors added
in quadrature. The fit parameter is the intercept of the line and
also the negative of the slope of the line.

TABLE I. The measured EMC slopes dREMC=dx for 0:35 ' xB ' 0:7.

dREMC=dx dREMC=dx dREMC=dx
Nucleus (Ref. [7]) (Ref. [3]) (combined)

Deuteron 0
3He (0:070& 0:029 (0:070& 0:029
4He (0:199& 0:029 (0:191& 0:061 (0:197& 0:026
9Be (0:271& 0:029 (0:207& 0:037 (0:243& 0:023
12C (0:280& 0:029 (0:318& 0:040 (0:292& 0:023
27Al (0:325& 0:034 (0:325& 0:034
40Ca (0:350& 0:047 (0:350& 0:047
56Fe (0:388& 0:032 (0:388& 0:032
108Ag (0:496& 0:051 (0:496& 0:051
197Au (0:409& 0:039 (0:409& 0:039

PRL 106, 052301 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending

4 FEBRUARY 2011

052301-2

L. B. Weinstein et al, Phys. Rev. Lett. 06, 052301(2011)
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FIG. 13: (Color online) EMC slopes vs a2-1 (top) and R2N -
1 (bottom). The fit includes a constraint point with fi-
nite uncertainties for the deuteron (|dREMC/dx|=0±0.01;
a2=R2N=1±0.015).

their later work, including the new data from Ref. [7],712

yields 0.084±0.004 [33].713

We repeat this extraction to obtain the IMC slope for714

the deuteron, σd/(σp + σn), using our fits from Figs. 11-715

13 and taking the difference of the EMC slope extrapo-716

lated to the free nucleon (a2=R2N=0) and that for the717

deuteron. Note that this is equivalent to the slope pa-718

rameter, b, of the fits, and taking dRIMC(D) = b di-719

rectly accounts for the correlated errors in the EMC720

slopes for the deuteron and free nucleon. Similarly, one721

can obtain the IMC slope for A > 2 via dRIMC(A) =722

dREMC(A) + dRIMC(D). For both the LD and HV fits,723

the most reliable estimate of the uncertainty comes from724

the fits where the deuteron uncertainties are taken into725

account (HV-D and LD-D). These are significantly larger726

then the quoted uncertainties of the previous global fits.727

The HV approach yields slopes that are close to the ear-728

lier analyses, but only for fits where a constraint for the729

deuteron is applied. The LD fits all yield a smaller IMC730

slope for the deuteron, suggesting smaller nuclear effects.731

TABLE III: Summary of linear fits of EMC effect vs R2N

or a2, and extrapolations to the slopes of the EMC effect
for the deuteron, EMC(D), and IMC effect for the deuteron,
IMC(D).”-0” denotes a 1-parameter fit, forcing the line to
go through zero, corresponding to no EMC effect for the
deuteron. “-D” denotes a two parameter fit including a re-
alistic deuteron constraint described in the text. Number in
parentheses of the χ2

ν column includes the result of fitting
with smaller fractional errors from a2.

As Published χ2
ν EMC(D) IMC(D)

HV 1.08 -0.0503±0.037 0.1010±0.037
HV - 0 1.30 – 0.0854±0.004
HV - D 1.27 -0.0035±0.010 0.0864±0.010

LD 0.73 (0.88) 0.0036±0.031 0.0582±0.031
LD - 0 0.61 (0.73) – 0.0589±0.003
LD - D 0.61 (0.73) 0.0003±0.010 0.0589±0.010

The more recent analysis [33], examined variation of the732

IMC slope for the deuteron and found a range of results733

0.079 to 0.106, with the largest difference associated with734

the use of R2N rather than a2 from the SRC measure-735

ments. They never obtain the lower results of our local736

density extractions because they assume that only the737

high-momentum nucleons associated with the SRCs con-738

tribute to the EMC effect, while low-momentum short-739

distance pairs are included in our local density analysis.740

Thus, the use of this the SRC observables as a way741

to extrapolate measurements of the EMC effect to the742

free nucleon yields a large range of potential results, with743

IMC slopes for the deuteron from 0.059 to 0.101 in our744

analysis, even under the assumption that the correlation745

is perfectly linear. In addition, one must be careful in746

using this to obtain the free neutron structure function.747

As discussed in a recent evaluation of the model depen-748

dence of such extractions [10], extrapolations of the EMC749

effect to the deuteron neglect Fermi motion, which is the750

dominant effect at large x and is sensitive to the differ-751

ence between proton and neutron structure functions at752

smaller x values. Fermi motion effects start to become753

important for x > 0.6 and have a significant Q2 depen-754

dence in this region [60, 61], and thus extrapolations of755

the EMC effect are not expected to be quantitatively re-756

liable above x = 0.6. This may explain the change in757

the x dependence of the quark d(x)/u(x) ratio between758

the IMC-based extraction [62] and the result from the759

families of deuteron calculations examined in that work.760

SUMMARY AND CONCLUSIONS761

We examine the A dependence of both the EMC ef-762

fect and presence of short-range correlations in nuclei763

and find that the traditional models of a simple density764

or A dependence fail with the inclusion of the new data765

Including JLab E02-019 SRC data

Arrington, Daniel, Day, Fomin, Gaskell and 
Solvignon, to be submitted to PRC
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Patricia Solvignon

More measurements to come 
at JLab 12GeV

• Hall A: 

- E12-11-112: x>1 3He/3H

• Hall C:

- E12-10-108: EMC

- E12-11-107: In Medium Nucleon 
Structure Functions, SRC and the 
EMC effect
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Patricia Solvignon

Summary 
SRCs are an important component of the
nuclear structure:

๏~20% of nucleons in SRC
๏Very few (~1%) p-p, n-n pairs
๏Limited room for other things: 3N, 4N SRCs, 

           more exotic configurations (6q bag)

E03-103 suggests the EMC effect is sensitive to the detailed nuclear 
structure

Combined data shows the two reactions to be correlated and 
originating from local density effects. Or is it just a coincidence ?

Many experiments are planned at JLab 12 GeV to bring more 
insights to this question: new EMC (x<1) and SRC (x>1) experiments, 
including 3H & 3He.

R. Subedi et al., Science 320, 1476 (2008)
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