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EMC Effect in 2016



Ideas: ~1000 papers 3 ideas
• Proper treatment of known  effects: binding, 

Fermi motion, pionic- NO nuclear 
modification of internal nucleon/pion quark 
structure 

• Quark based- high momentum suppression 
implies larger confinement volume   

•   bound nucleon is larger than free one- a 
mean field effect 

•  multi-nucleon clusters - beyond the mean 
field  
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Progress in Quark Nuclear 
Physics
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significant pion content and an enhanced sea in the nucleus.
Explicit calculations show that the pionic content associated
with the tensor potential is very small (Miller, 2014).
Subsequent work has confirmed that an intrinsic modifi-

cation of the nucleon structure function is needed to explain
the EMC effect (Kulagin and Petti, 2006, 2010, 2014;
Frankfurt and Strikman, 2012; Hen et al., 2013). This result
had been expected for some time, as stated explicitly “The
change of the structure functions in nuclei (EMC effect) gives
direct evidence for the modification of quark properties in the
nuclear medium” (Walecka, 2005). The following sections
discuss specific proposals for such modifications.

D. Beyond conventional nuclear physics: Nucleon modification

The failure of the nucleon-only or nucleon + pion models to
explain the EMC and Drell-Yan data indicates that the
structure of a nucleon bound in a nucleus significantly differs
from that of a free nucleon. The medium modifies the nucleon.
This is not surprising, as there are evident simple examples.

A free neutron undergoes β decay, so it can be thought of as
having a jpe−νi component. When bound in a stable nucleus,
the neutron is stable. This “medium modification” suppresses
the jpe−νi component. Additionally, in the ðe; e0pÞ reaction
shown in Fig. 28, four-momentum conservation shows that the

square of the initial four-momentum of the struck nucleon p
cannot satisfy p2 ¼ M2. Thus the form factor of a nucleon
bound in the nucleus cannot be the same as that for a free
nucleon; it is instead the amplitude for a transition between a
virtual nucleon of mass

ffiffiffiffiffi
p2

p
and a physical nucleon of

mass M.
Now we must ask: what is the origin of the medium

modification? This question is coupled to the broader ques-
tions listed in Sec. I and more deeply to the very nature of
confinement.
The parton model interpretation of the large-xB part of the

EMC effect is that the medium reduces the nuclear structure
functions for large xB, so that there are fewer high-momentum
quarks in a nucleus than in free space. This momentum
reduction leads, via the uncertainty principle, to the notion that
quarks in nuclei are confined in a larger volume than that of a
free nucleon.
There are two general ways to realize this simple idea:

mean-field effects cause bound nucleons to be larger than free
ones, or nucleon-nucleon interactions at close range cause the
nucleon structure to be modified, by including either NN$

configurations or six-quark configurations that are orthogonal
to the two-nucleon wave functions. All of the papers seeking
to explain the EMC effect using medium modification use one
of the two ideas (that are sketched in Fig. 29).

FIG. 26. The Drell-Yan process. A quark with momentum
fraction x1 from the incident proton annihilates with an antiquark
from the nuclear target with momentum fraction x2 to form a
timelike virtual photon which decays to a μþμ− pair. Adapted
from Bickerstaff, Birse, and Miller, 1986.

FIG. 27. Drell-Yan experimental results. Ratio of Drell-Yan
cross sections as a function of the momentum fraction x2 of a
quark in the nucleus. The version of the rescaling model does not
reproduce the nuclear deep inelastic scattering data (Bickerstaff,
Birse, and Miller, 1985, 1986). Adapted from Alde et al., 1990.

FIG. 28. The Aðe; e0pÞ reaction in the plane wave impulse
approximation. A nucleus of four-momentum P emits a nucleon
of four-momentum p that absorbs a virtual photon of four-
momentum q to make a nucleon of four-momentum pþ q, with
ðpþ qÞ2 ¼ M2, where M is the nucleon mass. The blob
represents the in-medium electromagnetic form factors.

FIG. 29. Evolution of nuclear physics from structureless nucle-
ons in the 1940s to independent three-quark nucleons in the
1970s to the modified nucleons of today, either modified single
nucleons (left) or modified two-nucleon configurations (right).

Hen et al.: Nucleon-nucleon correlations, short-lived …

Rev. Mod. Phys., Vol. 89, No. 4, October–December 2017 045002-22



One thing I learned since ‘85
• Nucleon/pion  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 k+ 
   k+=MN-8 MeV, Not much 

spread  
   F2A/A~F2N no EMC effect

Binding  causes no 
EMC effect

Momentum sum rule-  
matrix element of energy 
momentum tensor
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Bertsch, Frankfurt, Strikman“crisis”  
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MA
p

p2 6= M2

Nucleus A-1

p+ q
q

�⇤

On mass shell

Off-mass shell

a A-1   nucleus is low-lying state 
is form factor of  
“large”  proton

b A- 1 nucleus is 1 fast nucleon +A-2 nucleus 
the struck nucleon is part of correlated pair SRC 

If Nucleus A-1 is highly excited,  then p2 �M2 is big

Such large virtuality occurs from two nearby  correlated nucleons  
Highly virtually nucleon is not a nucleon- different quark config.

       Nucleon in nucleus
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Schematic  
two-component 
nucleon model

... ...+ ✏✏

... ...+ ✏✏M

Free nucleon Suppression of Point Like Configurations
Frankfurt Strikman

Blob-like config:BLC 
Point-like config: PLC

PLC smaller, fewer quarks 
high x

Bound  nucleon

A-2

1 1Medium interacts with BLC 
energy denominator increases 

PLC Suppressed   

|✏M | < |✏|U
N



Quark structure of nucleon
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... ...+ ✏

Schematic  
two-component 
nucleon model: 
Blob-like config:BLC 
Point-like config: PLC

BLC
PLC

gives high x 
q(x)

EFT: Chen et al  ‘16

Free nucleon : H0 =


E

B

V
V E

P

�
, V > 0

|Ni = |Bi+ ✏|P i, ✏ = V

EB�EP
< 0

In nucleus (M) : H =


E

B

� |U | V
V E

P

�

|Ni
M

= |Bi+ ✏
M

|P i, |✏
M

| < |✏|, PLC suppressed, ✏
M

� ✏ > 0 amplitude e↵ect!

|Ni
M

� |Ni / (✏
M

� ✏) / U =

p

2�m

2

2M Shroedinger eq.

q
M

(x) = q(x) + (✏
M

� ✏)f(x) q(x), df

dx

< 0, x � 0.3 PLC suppression

R =

qM

q

;

dR

dx

= (✏
M

� ✏) df

dx

< 0 Reproduces EMC e↵ect - like every model

Why this model??? Large e↵ect if v = p2 �m2
is large, it is

1

U (in MeV) Ciofi degli Atti et al. 2007 A U = hv(p, E)i/2M
3H = e -34.59
4He -69.40
12C -82.28
16O -79.68
40Ca -84.54
56Fe -82.44
208Pb -92.20

Large values from two-

nucleon correlations

Cioffi degli Atti ‘07

large values from 
two nucleon 
correlations Simula

PLC does not 
interact with  
nucleus

Frankfurt- 
Strikman

e
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FIG. 1: The EMC ratio F2A/F2D (Eq. 64) at x = 0.5 corresponding to the values given in

Table VI. Note that the SLAC fit [38] to the experimental data Rexp = 1.009A−0.0234 does not

include systematic and statistic errors and has a tendency to underestimate the effect for 4He.

38

Dependence of the wave function of a bound nucleon on its 
momentum and the EMC effect 
C. Ciofi degli Atti, L. L. Frankfurt, L. P. Kaptari, and M. I. Strikman 
Phys. Rev. C 76, 055206 



Implications of model
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The two state model has a ground state |Ni and an excited state |N⇤i

|NiM = |Ni+ (✏M � ✏)|N⇤i

The nucleus contains excited states of the nucleon

These configurations are the origin of high x EMC ratios

Previously missing in models of the EMC effect- 
same model predicts some other effect



A(e,e’) at x>1 shows dominance of 2N SRC 
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x goes from 1 to A

A(e,e’) at x>1  is the simplest reaction to check dominance of 2N, 3N SRC 
and to measure absolute probability of SRC 

Define

x=1 is exact  kinematic limit for all Q2 for the scattering off a free nucleon; 
x=2 (x=3) is exact  kinematic limit for all Q2 for the scattering off a A=2(A=3) 
system (up to <1% correction due to nuclear binding)

Scientists believe that the crushing forces
in the core of neutron stars squeeze nucle-
ons so tightly that they may blur together.
Recently, an experiment by Kim Egiyan and
colleagues in Hall B at the US Department
of Energy’s Jefferson Lab caught a glimpse
of this extreme environment in ordinary
matter here on Earth. Using the CEBAF
Large Acceptance Spectrometer (CLAS)
during the E2 run, the team measured
ratios of the cross-sections for electrons
scattering with large momentum transfer
off medium, and light nuclei in the kine-
matic region that is forbidden for low-
momentum scattering. Steps in the value
of this ratio appear to be the first direct
observation of the short-range correlations
(SRCs) of two and three nucleons in nuclei,
with local densities comparable to those in
the cores of neutron stars.

SRCs are intimately connected to the
fundamental issue of why nuclei are dilute
bound systems of nucleons. The long-range attraction between nucle-
ons would lead to a collapse of a heavy nucleus into an object the
size of a hadron if there were no short-range repulsion. Including a
repulsive interaction at distances where nucleons come close
together, ≤0.7 fm, leads to a reasonable prediction of the present
description of the low-energy properties of nuclei, such as binding
energy and saturation of nuclear densities. The price is the prediction
of significant SRCs in nuclei.

For many decades, directly observing SRCs was considered an
important, though elusive, task of nuclear physics; the advent of
high-energy electron–nucleus scattering appears to have changed
all this. The reason is similar to the situation encountered in particle
physics: though the quark structure of hadrons was conjectured in
the mid-1960s, it took deep inelastic scattering experiments at SLAC
and elsewhere in the mid-1970s to prove directly the presence of
quarks. Similarly, to resolve SRCs, one needs to transfer to the
nucleus energy and momentum ≥1 GeV, which is much larger than
the characteristic energies/momenta involved in the short-distance
nucleon–nucleon interaction. At these higher momentum transfers,
one can test two fundamental features of SRCs: first, that the shape
of the high-momentum component (>300 MeV/c) of the wave func-
tion is independent of the nuclear environment, and second, the
balancing of a high-momentum nucleon by, predominantly, just one
nucleon and not by the nucleus as a whole.

An extra trick required is to select kinematics where scattering off

low-momentum nucleons is strongly sup-
pressed. This is pretty straightforward at
high energies. First, one needs to select
kinematics sufficiently far from the regions
allowed for scattering off a free nucleon,
i.e. x = Q2/2q0mN < 1, and for the scatter-
ing off two nucleons with overall small
momentum in the nucleus, x < 2. (Here Q2

is the square of the four momenta trans-
ferred to the nucleus, and q0 is the energy
transferred to the nucleus.) In addition,
one needs to restrict Q2 to values of less
than a few giga-electron-volts squared; in
this case, nucleons can be treated as par-
tons with structure, since the nucleon
remains intact in the final state due to final
phase-volume restrictions.

If the virtual photon scatters off a two-
nucleon SRC at x > 1, the process goes as
follows in the target rest frame. First, the
photon is absorbed by a nucleon in the
SRC with momentum opposite to that of

the photon; this nucleon is turned around and two nucleons then fly
out of the nucleus in the forward direction (figure 1). The inclusive
nature of the process ensures that the final-state interaction with
the rest of the nucleus does not modify the cross-section. Accord-
ingly, in the region where scattering off two-nucleon SRCs domi-
nates (which for Q2≥1.4 GeV2 corresponds to x > 1.5), one predicts
that the ratio of the cross-section for scattering off a nucleus to that
off a deuteron should exhibit scaling, namely it should be constant
independent of x and Q2 (Frankfurt and Strikman 1981). In the
1980s, data were collected at SLAC for x > 1. However, they were in
somewhat different kinematic regions for the lightest and heavier
nuclei. Only in 1993 did the sustained efforts of Donal Day and col-
laborators to interpolate these data to the same kinematics lead to
the first evidence for scaling, but the accuracy was not very high.

The E2 run of the CLAS detector at Jefferson Lab was the first exper-
iment to take data on 3He and several heavier nuclei, up to iron, with
identical kinematics, and the collaboration reported their first find-
ings in 2003 (Egiyan et al. 2003). Using the 4.5 GeV continuous
electron beam available at the lab’s Continuous Electron Beam
Accelerator Facility (CEBAF), they found the expected scaling behav-
iour for the cross-section ratios at 1.5 ≤ x ≤ 2 with high precision.

The next step was to look for the even more elusive SRC of three
nucleons. It is practically impossible to observe such correlations in
intermediate energy processes. However, at high Q2, it is straightfor-
ward to suppress scattering off both slow nucleons and two-nucleon

NUCLEAR PHYSICS

1CERN Cour ier November 2005

Close nucleon encounters
Jefferson Lab may have directly observed short-range nucleic correlations, with densities

similar to those at the heart of a neutron star. Mark Strikman explains.

Fig. 2. Scattering of a virtual photon off a
three-nucleon correlation, x > 2, before (left)
and after (right) absorption of the photon.

Fig. 1. Scattering of a virtual photon off a two-
nucleon correlation, x > 1.5, before (left) and
after (right) absorption of the photon.

▲▲

1<x<2

two nucleons of SRC are fast 

x = A

Q

2

2q0mA

4

x =
Q

2

2M⌫

Two nucleons cluster 

M Strikman 
picture



How/why nucleons in nuclei 
cluster 
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one pion exchange between n and p 

huge 
from  
S. eq.

⇡

 (k) ⇠ 1

k2

300MeV/c < k < 500MeV/c

Supports highmomentum transfer

Not e↵ective range

Two nucleons are 
stuck/struck  together

May explain why pionless EFT works so well 
van Kolck

(�3)2 = 9
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(e,e’) at high x

Fomin et al 
‘11

a2

a2

Egiyan ‘06

1 < x < 1 leading term:

2
A�(x,Q2) ⇡ a2(A)�2(x,Q2) ⇡ a2(A)�D(x,Q2)

2
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(A/d)2a
1 2 3 4 5

/d
x

EM
C

-d
R

0

0.1

0.2

0.3

0.4  / ndf 2χ  5.673 / 5
a         0.003658± -0.07004 

 / ndf 2χ  5.673 / 5
a         0.003658± -0.07004 

d

He3

He4
Be9

C12 Fe56

Au197

Seely et al 2009 

get slope

DIS

Fomin et al 
 2012
a2

Hen et al 2013

Linear relation 
accident?



Common cause of dR/dx and a2(A): 
large virtuality 
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p2-M2 large p

Given Q

2
, x, p?

4-momentum conservation determines 2

p+

P+
D

⌘ ↵ and v = p

2 �M

2

��� ��� ��� ��� ����

���

���

���
�

1

M

|U| is large v is large 
can only get this from  
short range correlation
large v is responsible for 
both dR/dx and a2(A)

Q2 = 2.7GeV2, p? = 0 Sees wave function at ↵ ⇡ 1.2

U=v/(2M)



Implications for nuclear physics
• Nucleus modifies nucleon electroweak 

form factors   
• Nucleon excited states exist in nuclei 
• Medium modifications in deuteron 

influence extracted neutron F2   
• spectator tagging  
• …..
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The word both had been largely missing from models of EMC 
effect 
many models have been ad hoc. The PLC suppression model 
is not.
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Three phenomena
related by common
ideas of correlations
related to high virtuality


