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Theoretical overview of  the EMC Effect

The EMC effect was a surprise!
Q2 =100 GeV2

1/Q << internucleon spacing

The nucleus matters in Deep Inel Scatt

but not much, 10-15%



Deep Inelastic Scattering 
Experiments EMC(’82),SLAC,NMC
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x0 1.85   −

Nucleon structure is modified: valence quark momentum depleted, sea 
or gluon enhanced.  How do quarks work in a nucleus?

BUT EFFECTS ARE SMALL ~10%



Deep Inelastic Scattering 
Experiments EMC(’82),SLAC,NMC
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x0 1.85   −

Nucleon structure is modified: valence quark momentum depleted, sea 
or gluon enhanced.  How do quarks work in a nucleus?

BUT EFFECTS ARE SMALL ~10%

EMC – “Everyone’s Model is Cool (1985)



One thing I learned since ‘85

• One model is not cool



Deep Inelastic scattering from nuclei-
nucleons only free structure function

• Hugenholz van Hove 
theorem  nuclear 
stability implies (in rest 
frame) P+=P- =MA

• P+
   =A(MN - 8 MeV)

• average nucleon p+

   p+=MN-8 MeV, y 
   F2A/A~F2N no EMC effect

y=A k+/P+

Pb

Binding  causes no 
EMC effect 1

SLAC-E139

Smith Miller ‘02

Mean field models



Correlations matter!

6

CLASSICAL EUROPEAN-MUON-COLLABORATION EFFECT. . . R1271
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FIG. 2. The experimental A dependence of the EMC eAect

for x =0.6 [1], compared with theoretical predictions:

independent particl-e models (squares) and correlated nucleons

(asterisks). The dashed and dot-dashed lines have been drawn

in order to better show the trend of the theoretical results for

medium-weight nuclei.
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FIG. 3. The EMC eff'ect in He, ' C, Fe, and nuclear

matter. All theoretical curves have been obtained by using the

correlated many-body approach described in the text (see also

[6] and [7]). Experimental data from [1].

values of (T) and (E) arising from correlated nucleons are

used; however, a systematic discrepancy between theory

and experiment at x ~ 0.6 remains to be explained for all

nuclei in the range 4 ~ A ~ 197. It is not the aim of this
paper to discuss the origin of such a discrepancy; we

would only like to mention, in this regard, that (i) any
theoretical improvement should also concern the restora-

tion of the momentum sum rule, which is violated by bind-

ing effects if only nucleonic degrees of freedom are con-

sidered, and (ii) more precision data for isoscalar nuclei in
the region 0.6 ~ x ~ 0.9 would be highly necessary in or-

der to quantitatively determine the discrepancy between

theory and experiment and to better understand the A

dependence of the EMC effect. In closing this paper we

would like to point out the following.

(i) As already stressed, a calculation of the EMC effect
for nuclear matter has been presented in [10], where the

authors use the same formalism [viz. Eqs. (I) and (2)]
and the same spectral function (viz. the one of [9]) as in
the present paper; it is gratifying to observe that the re-

sults obtained in [10] are in very good agreement with the

ones presented in Fig. l.
(ii) A recent extrapolation of the available data to

IXI [14] has been performed which will allow a more

reliable comparison between data and theoretical calcula-

tions; however, with the extrapolated data, the overall

discrepancies found in the region x ~ 0.5 still persists.
(iii) Whereas at x ~ 1 the nuclear structure function

F2 (x) is not very sensitive to the details of the spectral

function, these details can very strongly affect the behav-

ior of F2 (x) at x & 1 [7,15]. Calculations with the exact
spectral function of [9], as well as with various approxi-

mate spectral functions, are in progress and will be pub-

lished elsewhere [16].
(iv) It is worth mentioning that in [17] the important

role of binding in producing the slope of the EMC effect

has been correctly emphasized; in that work, however, a

phenomenological nuclear model has been used, which

produced a good agreement with the experimental data

also in the region 0.5 ~ x ~ 0.9, at variance with the re-

sults reported in this paper and in [10],based on realistic

many-body spectral functions.
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No medium 
modifications
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Nucleons and pions
PA

+ = PN
+  + Pπ+  =MA

 Pπ+ /MA =.04, explain EMC
try Drell-Yan, Bickerstaff, Birse, Miller 84

proton(x1) nucleus(x2)

Phys.Rev.D33:3228,1986
Phys.Rev.Lett.53:2532,1984.  

x1

x2



Nucleons and pions
PA

+ = PN
+  + Pπ+  =MA

 Pπ+ /MA =.04, explain EMC
 Drell-Yan, E772

No one’s 
model is cool



Nucleons and pions
PA

+ = PN
+  + Pπ+  =MA

 Pπ+ /MA =.04, explain EMC
 Drell-Yan, E772

π 
fails

No one’s 
model is cool



Nucleons and pions
PA

+ = PN
+  + Pπ+  =MA

 Pπ+ /MA =.04, explain EMC
 Drell-Yan, E772

π 
fails

No one’s 
model is cool

Bertsch, Frankfurt, Strikman “crisis in nuclear 
theory” conventional physics does not work



Single nucleon modification by nuclei

• Does it make sense? It is inevitable.
• Neutron in nucleus is modified, lifetime  

changed from 15 minutes to forever
• Binding changes energy denominator, 

suppresses                component 
• Change energy denominator change wave fun 
• Also Strong fields polarize nucleons- analog of 

Stark effect

peν



(Ef , !p + !q)

Inevitability of medium modifications-(e,e’p)

10

MA
p

(Es,−!p)

(ν, "q)

Form factor modified
because p2 != M2

Feynman graph evaluation
in medium differs because 
propagators different.

Simonetta’s talk



Medium Modification Models

• chiral restoration:   
• Implement via bag model, Chiral instanton 

model, or NJL  Thomas, Cloet, Miller 
Smith

• Modified energy denominator –PLC 
suppression of Frankfurt Strikman

• Enhancement of blob-like configurations, 
QCD Stark color neutrality nucleon-
nucleon interaction depends on  

•

mq → mq − gσ

∑

q

(rq −RN )2



|φ1〉

attractive <0

U acts on so another way to formulate 
is enhancement of BLC

PLC suppression of FS

FS PLC

Denominator 
effect



Enhancement of BLC-Frank, 
Jennings, Miller ’95

13

U acts on |φ1〉
in nucleus H = HN + P 2

2MN
+ U

|Ψ〉 = |φ〉 + 1
E−H Λ1U |φ1〉

Λ1U |φ1〉 is a Blob Like Configuration
Wave function must be normalized
enhancement of BLC suppresses PLC
same result for high x DIS, other predictions differ

Free nucleon φ〉 = |φ1〉+ 1
E2−E1

V21|φ2〉, |φ2〉 is PLC
In medium |φ〉 → |Ψ〉

|



General to particular, Requirements 
-Goals

• Model the free distributions
• Good support
• Consistency with nuclear properties
• Describe deep inelastic and di-muon 

production data- valence plus sea
• Predict new phenomena
• New challenge- describe 

detailed A dependence



Nuclear matter

External fields 

Nucleon in medium- 5 models
1. QMC- quarks in nucleons 

(MIT bag) exchange 
mesons with  nuclear 
medium, quark mass

 2. Use NJL instead of bag 
 3. CQSM- quarks in 

nucleons (soliton) 
exchange infinite pairs of 
pions, vector  mesons 
with nuclear medium, mq

4. Suppression of point-like-
configurations, 

5.  Enhancement of blob-like 
configurations 
polarization

    

Cloét



• g
1n ,  g1p   in nuclei

• other way to 
enhance EMC?

Bentz, Cloet,  Thomas

Spin

Spin experiments-NJL in medium

ratio of g1 
medium to 
free



Chiral Quark Soliton Model –
Diakonov, Petrov, Polykov, quarks couple to vacuum instantons

• Vacuum dominated by 
instantons

• quarks with 
spontaneously generated 
masses interact with 
pions

• Nucleon is soliton in pion 
field

• M=420 MeV
• good nucleon properties, 

DIS and magnetic 
moments

Negele et al hep-lat/9810053
     spont. chir. symm breaking



Chiral Quark  Soliton Model of Nucleus-
Smith, Miller

2 π  exchange – attraction
ω (vector meson) exchange -
 repulsion

Double self consistency
profile function and kf

Mean field like 



 Results  Smith & Miller ’03,04,05

        
sea is not much modified

EMC ratio

Nuclear Drell Yan

 g1  ratio

full

valence only

About same as DIS, not larger



Enhancement  of Blob-like Configurations- Frank, 
Jennings, Miller Phys.Rev. C54 (1996) 920

place in medium: 

normal size components attracted energy goes 
down 

PLC does not interact- color screening-FS

BLC is enhanced

quarks lose momentum in medium

free



1995  Frank, Jennings, Miller



Enhancement of Blob-Like 
Configurations

energy denominator increased 

FS-PLC has NO 
int.  with medium

EMC ratio Frank,Jennings Miller ‘95 evaluated as 
QCD Stark, not 
modified energy 
denominator



Correlations in the 
EMC effect

Hen, Higenbotham, Miller, Piasetsky, Weinstein to appear soon

Goal:  Test hypothesis that medium 
modifications of nucleons in a correlated 
pair are responsible for the EMC effect,

also test alternate hypothesis that
modification of nucleons caused by

mean field give EMC effect
23



Nuclear dependence of quark distribution depends on local 
environment, Seely et al PRL 103,202301

Ref. [13] to yield the neutron-to-proton cross section ratio
in nuclei. Using the ‘‘smeared’’ proton and neutron cross
section ratios more accurately reflects the correction that
should 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 reliable
result, there is still some model dependence to this correc-
tion due to the uncertainty in our knowledge of the neutron
structure function. Ref. [13] demonstrated that much of the
inconsistency between different extractions of the neutron
structure function comes from comparing fixed-Q2 calcu-
lation 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. [13], such
as the off-shell contribution !ðoffÞ of Ref. [14], yield a 1%–
2% decrease to the proton’s contribution to the deuteron
thus increasing the extracted F2n=F2p ratio by 0.01–0.02.
This yields a slightly reduced 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 models
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
3He 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 universal,
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 effect 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 Greens Function Monte Carlo calculation of the
spatial distributions [15]. Because we expect that it is the
presence of the other (A# 1) nucleons that yields the
modification to the nuclear structure function, we choose
to scale down this density by a factor of ðA# 1Þ=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 [16]. While most of
the nucleons are in a dense environment, similar to 4He, the
average density is much lower, as the alphas (and addi-
tional 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 envi-
ronment of the bulk of the protons and neutrons.
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 struc-
ture, which would require further theoretical examination.
At the moment, there are almost no calculations for light
nuclei that include detailed nuclear structure.

FIG. 4 (color online). The circles show the slope of the iso-
scalar EMC ratio for 0:35< x< 0:7 as a function of nuclear
density. Error bars include statistical and systematic uncertain-
ties.
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FIG. 3 (color online). EMC ratio for 3He [17]. 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 [10] which use a different isoscalar correction.
The solid (dashed) curves are the SLAC A-dependent fits to
carbon and 3He.

PRL 103, 202301 (2009) P HY S I CA L R EV I EW LE T T E R S
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independent ofQ2 to lower values ofW2 forQ2 * 3 GeV2

[8]. A precise measurement of the target ratios in the
resonance region [9] for Q2 ¼ 3–4 GeV2 showed that the
nuclear dependence is identical to the high Q2 measure-
ments up to x " 0:8, even though the deep-inelastic scat-
tering region is limited to x < 0:5 for these Q2 values.

Because these data are at somewhat lower Q2 than
previous high-x results, typically Q2 ¼ 5 or 10 GeV2 for
SLAC E139 [2], extensive measurements were made to
verify that our result is independent of Q2. The structure
functions were extracted at several Q2 values and found to
be consistent with scaling violations expected from QCD
down to Q2 " 3 GeV2 for W2 # 1:5 GeV2, while the
structure functions ratios show no Q2 dependence.
Figure 1 shows the carbon to deuteron ratio for the five
highest Q2 settings (the lowest and middle Q2 values were
measured with a 5 GeV beam energy). There is no system-
atic Q2 dependence in the EMC ratios, even at the largest
x values, consistent with the observation of previous mea-
surements [3].

For all further results, we show the ratios obtained from
the 40$ data (filled squares in Fig. 1). While there are data
at 50$ (open circles) for all nuclei, the statistical precision
is noticeably worse, and there are much larger corrections
for charge-symmetric background and Coulomb distortion
(for heavier nuclei).

The EMC ratios for 12C, 9Be, and 4He are shown in
Fig. 2 along with results from previous SLAC extractions.
The 4He and 12C results are in good agreement with the
SLAC results, with much better precision for 4He in the
new results. While the agreement for 9Be does not appear
to be as good, the two data sets are in excellent agreement
if we use the same isoscalar correction as E139 (see below)
and take into account the normalization uncertainties in the
two data sets. In all cases, the new data extend to higher x,
although at lower W2 values than the SLAC ratios. The

EMC ratio for 4He is comparable to 12C, suggesting that
the modification is dependent on the average nuclear den-
sity, which is similar for 4He and 12C, rather than a function
of nuclear mass.
Figure 3 shows the EMC ratio for 3He, with the low-x

data from HERMES. Note that the HERMES 3He data
have been renormalized by a factor of 1.009 based on
comparisons of their 14N EMC effect and the New Muon
Collaboration 12C result [10]. We show both the measured
cross section ratio (squares) and the ‘‘isoscalar’’ ratio
(circles), where the 3He result is corrected for the proton
excess. Previous high-x EMC measurements used a cor-
rection based on an extraction of the F2n=F2p ratio for free
nucleons from high Q2 measurements of F2d=F2p. We use
global fits [11,12] to the free proton and neutron cross
sections evaluated at the kinematics of our measurement
and then broadened using the convolution procedure of
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FIG. 1 (color online). Carbon EMC ratios [17] for the five
highest Q2 settings (Q2 quoted at x ¼ 0:75). Uncertainties are
the combined statistical and point-to-point systematic. The solid
curve is the SLAC fit [2] to the Carbon EMC ratio.
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FIG. 2 (color online). EMC ratios for 12C, 9Be, and 4He [17],
compared to SLAC [2]. The 9Be results include a correction for
the neutron excess (see text). Closed (open) circles denote W2

above (below) 2 GeV2. The solid curve is the A-dependent fit to
the SLAC data, while the dashed curve is the fit to 12C.
Normalization uncertainties are shown in parentheses for both
measurements.
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e,e’ plateau and DIS
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Plateau associated with 
NN correlations a2

. 
Physics Opportunities with the 12 GeV Upgrade at Jefferson Lab 
Jozef Dudek, Rolf Ent, Rouven Essig, Krishna Kumar, Curtis Meyer, Robert McKeown, Zein Eddine Meziani, Gerald A. 
Miller, Michael Pennington, David Richards et al.. Aug 2012. 64 pp. 
Published in Eur.Phys.J. A48 (2012) 187
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Inclusive A(e,e!) measurements 

!  At high nucleon momentum,  
distributions are similar in shape for  
light and heavy nuclei:  SCALING. 
 

!  Short distance two-nucleon relative wave 
function same in all nuclei  .  

!  One can get the probability of 2N-SRC in any nucleus, from the 
scaling factor.  

  

      

)()( knCkn DAA !=

Adapted from 
 Ciofi degli Atti  
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Coincidence or not?

Short Range Correlations and the EMC Effect
L. B. Weinstein,1,* E. Piasetzky,2 D. W. Higinbotham,3 J. Gomez,3 O. Hen,2 and R. Shneor2

PRL106,052301



Are nucleons in the SRC modified?

• Need to start with a  nuclear model of SRC and 
compute resulting EMC effect caused by modified 
structure function

• Will try to do that here

• Strikman & Frankurt: EMC effect depends on two computable 
integrals, PLB 183, 254 (87) 

• Ciofi degli Atti & Simula, PRC53,1689 (96)-nuclear model

• Medium modification due the mean field (previously discussed  
models) alternate hypothesis

28



Review Frankfurt Strikman

1

A
F2A(x,Q

2) =

∫ A

0
αρA(α)F2N (x/α, Q2)dα,α ≡ Ak · q

pA · q ≈ k0 + k3

m− εA

εA : binding energy per nucleon,m : nucleon mass

ρA(α) =

∫
d4kPA(k,E = MA−k0)δ(α−

k0 + k3

mN
), PA(k,E) ≡ 〈A|a†kδ (E −H) ak|A〉

ρA(α) narrow about α = 1, expand F2N (x/α)

1

A
F2A(x,Q

2) ≈ F2N (x,Q2)I1 + xF ′
2NI2 + [xF ′

2N +
1

2
x2F ′′

2N (x,Q2)]I3

I1 ≡
∫

ρA(α)αdα = 1, I2 ≡
∫

ρA(α)α(1−α)dα, I3 ≡
∫

ρA(α)α(1−α)2dα

29

nA(k) ≡ 〈A|a†kak|A〉, I2 =
∫

d3knA(k)(
2εA

m
+

A− 4
A− 1

k2

6m2
), I3 ==

∫
d3knA(k)

k2

3m2
)

Last step uses Koltun sum rule Claudio, Simonetta

nA(k) =
∫

dEPA(k,E)



Ciofi degli Atti & Simula: spectral function arises from 
intermediate states below and above the continuum 

threshold:

nA(k) = n(0)
A (k) + n(1)

A (k)

(0): low energy mean field,  (1): high energy SRC

I1,2,3 = I(0)1,2,3 + I(1)1,2,3

Assumption: nucleons in high energy excited state 
are modified - have different structure function

F̃2N (x) != F2N(x)

I(0)1 = 0.80, I(1)1 = 0.20, I(0)2 = 0.011, I(1)2 = 0.009, I(0)3 = 0.008, I(1)3 = 0.014.

F2N → I(0)1 (A)F2N + I(1)1 F̃2N , etc.

Fe:

30
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30
OR F2N → I(0)

1 (A)F̃2N + I(1)
1 F2N Mean Field
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20 O. Hen et al.

Fig. 9: The ratios of free to bound structure functions for various nuclei, extracted
in the nucleus reference frame as detailed in eq. 6. Th solid red line is the result of
the medium-modification fit, assuming universal modification to SRC nucleons.

Medium modification in SRC
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x
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([1]* (x-[0])+[2]*(x-[0]) 2̂)/((1./56)*(5./9)*1.094*sqrt(x )*(26* 2* (1-x) 3̂+30*(9./8)* (1-x) 4̂)+(11./9)* 0.1857*(1-x)^ 7)

Fig. 8: The ratio of the modification term, ∆FN
! to the free nucleon structure

function, FN
! .

We next proceed by assuming that nucleons in high energy excited states (cor-
related nucleons) have a different structure function F̃!N (x) than free ones F!N (x).
Thus we make the replacements

I"(A)F!→ I # $%" (A)FN
! + I # "%" (A)F̃N

! = I # $ "%" (A)FN
! + I # "%" (A)∆F!N , etc, (16)

where

∆FN
!(xA) = F̃N

!(xA)− FN
!(xA). (17)

An alternate version in which the medium modification is associated with the mean-
field components of the density can be obtained by using

I"(A)FN
! → I # $%" (A)F̃N

! + I # "%" (A) = I"(A)FN
! + I # $%" (A)∆FN

! , etc. (18)

A condition on ∆FN
! derived from the baryon sum rule is that

∫!
$
dxA

∆FN
2 # xA%

xA
= 0.

This means that ∆FN
! must pass through 0 at some value of xA.

The analysis proceeds by calculating eq 10 with the supplement of eq 16 ( 18
for the case of Mean-Field modification), assuming ∆FN

!(xA) is a second order
polynomial in xA. The parameters of ∆FN

!(xA) are fitted to the xA corrected
EMC data (see Appendix A) for all nuclei for which momentum distributions are
available (i.e. &He, "!C, &$Ca, �ÿFe, and "ɏſAu). Note that the functional form
of ∆FN

!(xA) is assumed to be universal. The only thing that changed between
different nuclei is the relative amount of SRC nucleons in the nucleus.



Medium modification in Mean Field
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The results of the fits for individual nucleons are shown in the Fig. 9 ( 11 for the
case of Mean-Field modification). The description of the data is very good for all
nuclei with a χ2 per degree of freedom of ≈ 1 for both the SRC and Mean-Field fits.
These results were obtained using the parametrisation of Ref.20 for the free-nucleon
structure function, FN

2 . The modified-to-free structure function ratio is shown in
Fig 8 ( 10 for the case of Mean-Field modification).

The present results show that both universal Mean-Field and/or SRC modifi-
cation can fully explain the EMC effect. They do not prove, or disprove, that the
underlying cause of the EMC effect is the unique association with short ranged
correlations. As expected, in the Mean-Field scenario the required modification is
much smaller, on the order of a few percent. This is compared to few tens of percent
for the SRC case. Further nuclear experiments are needed to separate the medium
modifications of the mean field with those of short ranged correlations. For exam-
ple, quasi elastic electron scattering would be sensitive to the former but not the
latter.

x
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Fig. 10: Same as Fig 8, assuming universal modification to Mean-Field nucleons.
Note that it is assumed that deuterium has no Mean-Field component, see text for
details
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F ig. 11: Same as F ig 9, assuming universal modificat ion to M ean- F ield nucleons.
Note t hat i t is assumed t hat deu terium has no M ean- F ield component , see tex t for
det ails.

Much smaller 
∆F2



Other Ways to search for 
medium modification

• Quasi-elastic  scattering
• Quasi-elastic, recoil polarization-
• DIS on deuteron, detect spectator
• problem- modified nucleon is different for 

quasi-elastic and deep inelastic
•

33
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A A

 XOff-shell Off-shell

two off-shell nucleons



Summary
• nucleon structure is modified by nucleus
• can’t tell if associated with mean field or src
• if mean field -consistency ? how can mean 

field work if nucleons overlap in space
• better models are needed

• minimum model requirements- EMC, DY, 
nuclear saturation, A-dependence

• also predict new phenomena
• new experiments Jlab and others to 

find out how quarks work in a nucleus

eA→ e′XN


