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Virtuality is the EMC effect

• No virtuality = no EMC effect 
• Average virtuality is small, average binding 

energy =8 MeV per nucleon,  
• EMC effect is in the fluctuations 
• Virtuality connects (e,e’) high x to DIS
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Schematic  
two-component 
nucleon model

... ...+ ✏✏

... ...+ ✏✏M

Free nucleon Suppression of Point Like Configurations
Frankfurt Strikman 1985

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
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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 

Questions -is there a BLC, PLC, what is x-dependence of BLC, 
PLC, how do neutrons and protons differ?
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2

Flavor-Independent, Two-State BLC (Blob-like configuration)-PLC Point-like configuration Model

Free nucleon : H0 =


EB V

V EP

�
, B = BLC, P = PLC, EP > EB

Eigenstates : |Ni =
1

p
1 + ✏2

(|Bi+ ✏|Pi), |Xi =
1

p
1 + ✏2

(�✏|Bi+ |Pi).

✏ = �
2V
�

1

1+
q

1+ 4V 2

�2

, � = EP � EB > 0

Deep inelastic scattering operator = ODIS, acts only 1 quark:

q(x) =
1

1 + ✏2

�
hB|ODIS|Bi+ ✏

2
hP |ODIS|P i

�
, hP |ODIS|P i ⌘ f(x)hB|ODIS|Bi,

q(x) =
1

1 + ✏2
hB|ODIS|Bi(1 + ✏

2
f(x)).

Basic idea: ✏ reduced in nuclei
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Good fits to pion and nucleon structure functions 
Based on 2-component models

we find qτðxÞ ∼ ð1 − xÞ2τ−3, which is precisely the Drell-
Yan inclusive counting rule at x → 1 [63–65], correspond-
ing to the form factor behavior at large Q2 (3).
From Eq. (10), it follows that the conditions (13) are

equivalent to f0ð1Þ ¼ 0 and f00ð1Þ ≠ 0. Since logðxÞ∼
1 − x for x ∼ 1, a simple ansatz for fðxÞ consistent with
(7), (11), and (13) is

fðxÞ ¼ 1

4λ

!
ð1 − xÞ log

"
1

x

#
þ að1 − xÞ2

$
; ð14Þ

with a being a flavor-independent parameter. From (10),

wðxÞ ¼ x1−xe−að1−xÞ
2
; ð15Þ

an expression that incorporates Regge behavior at small x
and inclusive counting rules at large x.
Nucleon GPDs.—The nucleon GPDs are extracted from

nucleon FF data [66–70] choosing specific x and t depend-
ences of the GPDs for each flavor. One then finds the best
fit reproducing the measured FFs and the valence PDFs. In
our analysis of nucleon FFs [56], three free parameters are
required: these are r, interpreted as an SU(6) breaking
effect for the Dirac neutron FF, and γp and γn, which
account for the probabilities of higher Fock components
(meson cloud) and are significant only for the Pauli FFs.
The hadronic scale λ is fixed by the ρ-Regge trajectory [28],
whereas the Pauli FFs are normalized to the experimental
values of the anomalous magnetic moments.
Helicity nonflip distributions: Using the results from [56]

for the Dirac flavor FFs, we write the spin nonflip valence
GPDs Hqðx; tÞ ¼ qðxÞ exp ½tfðxÞ& with

uvðxÞ ¼
"
2 −

r
3

#
qτ¼3ðxÞ þ

r
3
qτ¼4ðxÞ; ð16Þ

dvðxÞ ¼
"
1 −

2r
3

#
qτ¼3ðxÞ þ

2r
3
qτ¼4ðxÞ; ð17Þ

for the u and d PDFs normalized to the valence content of
the proton:

R
1
0 dxuvðxÞ ¼ 2 and

R
1
0 dxdvðxÞ ¼ 1. The PDF

qτðxÞ and the profile function fðxÞ are given by (9) and
(10), and wðxÞ is given by (15). Positivity of the PDFs
implies that r ≤ 3=2, which is smaller than the value r ¼
2.08 found in [56]. We shall use the maximum value
r ¼ 3=2, which does not change significantly our results
in [56].
The PDFs (16) and (17) are evolved to a higher

scale μ with the Dokshitzer-Gribov-Lipatov-Altarelli-
Parisi (DGLAP) equation [71–73] in the M̄S scheme using
the HOPPET toolkit [74]. The initial scale is chosen at the
matching scale between LFHQCD and perturbative QCD
(pQCD) as μ0 ¼ 1.06'0.15 GeV [75] in the M̄S scheme at
next-to-next-to-leading order (NNLO). The strong cou-
pling constant αs at the scale of the Z-boson mass is set to

0.1182 [76], and the heavy quark thresholds are set with
M̄S quark masses as mc¼ 1.28 GeV and mb¼ 4.18 GeV
[76]. The PDFs are evolved to μ2 ¼ 10 GeV2 at NNLO to
compare with the global fits by the MMHT [5], CT [6], and
NNPDF [77] collaborations as shown in Fig. 1. The value
a ¼ 0.531' 0.037 is determined from the first moment of
the GPD,

R
1
0 dxxH

q
vðx; t ¼ 0Þ ¼ Aq

vð0Þ from the global data
fits with average values Au

vð0Þ ¼ 0.261' 0.005 and
Ad
vð0Þ ¼ 0.109' 0.005. The model uncertainty (red band)

includes the uncertainties in a and μ0 [78]. We also indicate
the difference between our results and global fits in Fig. 2.
The t dependence of Hq

vðx; tÞ is illustrated in Fig. 3.
Since our PDFs scale as qðxÞ ∼ x−1=2 for small x, the
Kuti-Weisskopf behavior for the nonsinglet structure
functions F2pðxÞ − F2nðxÞ ∼ x½uvðxÞ − dvðxÞ& ∼ x1=2 is
satisfied [79,80].
Helicity-flip distributions: The spin-flip GPDsEq

vðx; tÞ ¼
eqvðxÞ exp ½tfðxÞ& follow from the flavor Pauli FFs in [56]
given in terms of twist-4 and twist-6 contributions

eqvðxÞ ¼ χq½ð1 − γqÞqτ¼4ðxÞ þ γqqτ¼6ðxÞ&; ð18Þ

normalized to the flavor anomalous magnetic momentR
1
0 dxeqvðxÞ ¼ χq, with χu ¼ 2χp þ χn ¼ 1.673 and
χd ¼ 2χn þ χp ¼ −2.033. The factors γu and γd are

FIG. 1. Comparison for xqðxÞ in the proton from LFHQCD (red
bands) and global fits: MMHT2014 (blue bands) [5], CT14 [6]
(cyan bands), and NNPDF3.0 (gray bands) [77]. LFHQCD
results are evolved from the initial scale μ0 ¼ 1.06'0.15 GeV.

FIG. 2. Difference between our PDF results and global fits.

PHYSICAL REVIEW LETTERS 120, 182001 (2018)

182001-3

w(x) is not unique
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3

Holographic QCD inputs Free nucleon

q3 = 3-quark system (PLC) P q4 = BLC B, F3(Q
2
) ⇠

1
Q4 F4(Q

2
) ⇠

1
Q6

u(x) =
3
2q3(x) +

1
2q4(x), d(x) = q4(x),

excellent reproduction of measured structure functions, elastic form factors obtained!

q3(x)/q4(x) = 1/(1� w(x)) = f(x)
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4

Medium e↵ects- flavor independent intro-Nucleon in Nucleus feels interaction U

H1 =


U 0

0 0

�
, H =


EB � |U | V

V EP

�
,

Only BLC feels interaction. Energy denominator increased, PLC probability goes down

Medium-modified nucleon & excited state: |NiM and |XiM , � ! �+ |U |

|NiM =
1p

1 + ✏
2
M

(|Bi+ ✏M |P i), |XiM =
1p

1 + ✏
2
M

(�✏M |Bi+ |P i)

qM (x) =
1

1 + ✏
2
M

hB|ODIS|Bi(1 + ✏
2
Mf(x)),

qM (x)

q(x)
� 1 = �2|✏|

|U |
p
�2 + 4V 2

f(x)� 1

(1 + ✏2)2

Next: relate U & virtuality = V. Use Schroedinger equation: V =
�2|U |
M

qM (x) = q(x) +
VM

p
�2 + 4V 2

|✏|

(1 + ✏2)2
(f(x)� 1)q(x),

• V < 0 determined by kinematics

• qM (x) < q(x) if f(x) > 1 expected from idea that BLC important for high x

• x-dependence of modification independent of nuclear A

• 2 parameters �, V for neutron and 2 for proton Neutron mass=proton mass 
 : 1 parameterϵp, ϵn

𝒱 ≡ (p2 − M2)/M2

5

N and Z dependence

✏
2
p = 1, ✏

2
n = 1/3 ! 2Vp,n/

q
�2 + 4V 2

p,n

2Vp

�p
= �1;

2Vn

�n
= �

3

5
. (1)

To proceed, the values of either Vp,n or �p,n must be obtained. This is done by equating the proton and

neutron masses. The masses in the two state model are given by:

�p

2
��p =

�n

2
��n, (2)

which using Eq. (1) yields:

�p = 0.728�n. (3)

This means that Eq. (1) takes on separate forms for neutrons n and protons p:

qMp,n(x) = qp,n(x) +
Vp,n

�p,n

|✏p,n|

(1 + ✏2p,n)
2
(f(x)� 1)qp,n(x),

(4)

Putting in the known numbers gives

qMp(x) = qp(x) + 0.686
Vp

�n
(f(x)� 1)qp(x),

qMn(x) = qn(x) + 0.441
Vn

�n
(f(x)� 1)qn(x),

(5)

All inputs except
Vp,n

�n
are determined within the model. The np dominance hypothesis can be tested by

assuming that Vp = Vn. In that case, the protons have a larger EMC e↵ect than neutrons. Previous estimates

from Strikman &Frankfurt give �n (independent of nucleus) in the range of 500 MeV, but it could be larger.

The results of Eq. (5) provide a prediction of the universal function found by Schmookler et al.

The nuclear structure functions are obtained by taking N neutron and Z protons. Fermi motion should be

included for the largest values of x.

I. SUMMARY & DISCUSSION

ACKNOWLEDGEMENTS

This work was supported by the U. S. Department of Energy O�ce of Science, O�ce of Nuclear Physics

under Award Number DE-FG02-97ER-41014.
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Fig 2 | Universality of SRC pair quark distributions. The EMC effect for different nuclei, as observed in (a) ratios 
of 90!#/3; 90!$/2;8  as a function of xB and (b) the modification of SRC pairs, as described by Eq. 2. Different colors 
correspond to different nuclei, as indicated by the color scale on the right. The open circles show SLAC data [9] and 
the open squares show Jefferson Lab data [10]. The nucleus-independent (universal) behavior of the SRC 
modification, as predicted by the SRC-driven EMC model, is clearly observed. The error bars on the symbols show 
both statistical and point-to-point systematic uncertainties, both at the 1σ or 68% confidence level and the gray bands 
show the median normalization uncertainty.  The data are not isoscalar corrected. 
 
at momentum transfer Q2 > 1.5 GeV2 and 1.45 ≤ xB ≤ 1.9 
[1, 11-15] (see Supplementary Information section III). 
Other nuclear effects are expected to be negligible. The 
contribution of three-nucleon SRCs should be an order of 
magnitude smaller than the SRC pair contributions. The 
contributions of two-body currents (called “higher-twist 
effects” in DIS scattering) should also be small (see 
Supplementary Information section VIII). 
Figure 1 shows the DIS and QE cross-section ratios for 
scattering off the 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 Table I and II). Typical 
1= cross-section ratio normalization uncertainties of 1 – 
2% directly contribute to the uncertainty in the SRC 
scaling coefficients but introduce a negligible EMC slope 
uncertainty. None of the ratios presented have isoscalar 
corrections (cross-section corrections for unequal 
numbers of protons and neutrons), in contrast to much 
published data. We do this for two reasons, (1) to focus 
on asymmetric nuclei and (2) because the isoscalar 
corrections are model-dependent and differ among 
experiments [9, 10] (see Extended Data Fig. 1). 
The DIS data was cut on Q2 >1.5 GeV2 and W > 1.8 GeV, 
which is just above the resonance region [25] and higher 
than the W > 1.4 GeV cut used in previous JLab 
measurements [10]. 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 VII). 
Motivated by the correlation between the size of the EMC 
effect and the SRC pair density (a2), we model the 
modification of the nuclear structure function, 0!#, as due 
entirely to the modification of np-SRC pairs. 0!# is 
therefore decomposed into contributions from unmodified 
mean-field protons and neutrons (the first and second 
terms in Eq. 1), and np-SRC pairs with modified structure 
functions (third term): 

0!# = 9> − ?%&'# ;0!( + 9@ − ?%&'# ;0!) + ?%&'# 90!(∗ +
0!)∗;                   Eq. 1 

= >0!( +@0!) + ?%&'# 9Δ0!( + Δ0!);, 
where ?%&'#  is the number of np-SRC pairs in nucleus A, 
0!((-" , $!) and 0!)(-" , $!) are the free proton and 
neutron structure functions, 0!(∗(-" , $!) and 0!)∗(-" , $!) 
are the average modified structure functions for protons 
and neutrons in SRC pairs, and Δ0!) = 0!)∗ − 0!) (and 
similarly for Δ0!(). 0!(∗ and 0!)∗ are assumed to be the 
same for all nuclei. In this simple model, nucleon motion 
effects [1–3], which are also dominated by SRC pairs due 
to their high relative momentum, are folded into Δ0!( and 
Δ0!). 
This model resembles that used in [26]. However, that 
work focused on light nuclei and did not determine the 
shape of the modification function. Similar ideas using 
factorization were discussed in [1], such as a model-
dependent ansatz for the modified structure functions 
which was shown to be able to describe the EMC data 
[27]. The analysis presented here is the first data-driven 
determination of the modified structure functions for 
nuclei from 3He to lead. 
Since there are no model-independent measurements of 
0!), we apply Eq. 1 to the deuteron, rewriting 0!) as 0!$ −
0!( − ?%&'$ 9Δ0!( + Δ0!);. We then rearrange Eq. 1 to get: 

																?%&'
$ 9Δ0!( + Δ0!);

0!$

=
0!#
0!$

− (> − @) 0!
(

0!$
−@

(3/2)B! −@
,																			Eq. 2 

where 0!( 0!$⁄  was previously measured [28] and B! is the 
measured per-nucleon cross-section ratio shown by the 
red lines in Fig. 1b. Here we assume B! approximately 
equals the per-nucleon SRC-pair density ratio of nucleus 
A and deuterium: 9?%&'# /3; 9?%&'$ /2;8  [1, 11-15]. 
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Modified	Structure	of	Protons	and	Neutrons	in	
Correlated	Pairs 

B. Schmookler, M. Duer, A. Schmidt, O. Hen, S. Gilad, E. Piasetzky, M. Strikman, L.B. Weinstein et al. 
(The CLAS Collaboration) 
 
The atomic nucleus is made of protons and neutrons 
(nucleons), that are themselves composed of quarks 
and gluons. Understanding how the quark-gluon 
structure of a nucleon bound in an atomic nucleus is 
modified by the surrounding nucleons is an 
outstanding challenge. Although evidence for such 
modification, known as the EMC effect, was first 
observed over 35 years ago, there is still no generally 
accepted explanation of its cause [1–3]. Recent 
observations suggest that the EMC effect is related to 
close-proximity Short Range Correlated (SRC) 
nucleon pairs in nuclei [4, 5]. Here we report the first 
simultaneous, high-precision, measurements of the 
EMC effect and SRC abundances. We show that the 
EMC data can be explained by a universal 
modification of the structure of nucleons in neutron-
proton (np) SRC pairs and present the first data-
driven extraction of this universal modification 
function. This implies that, in heavier nuclei with 
many more neutrons than protons, each proton is 
more likely than each neutron to belong to an SRC 
pair and hence to have its quark structure distorted. 
We study nuclear and nucleon structure by scattering 
high-energy electrons from nuclear targets. The energy 
and momentum transferred from the electron to the target 
determines the space-time resolution of the reaction, and 
thereby, which objects are probed (i.e., quarks or 
nucleons). To study the structure of nuclei in terms of 
individual nucleons, we scatter electrons in quasi-elastic 
(QE) kinematics where the transferred momentum 
typically ranges from 1 to 2 GeV/c and the transferred 
energy is consistent with elastic scattering from a moving 
nucleon. To study the structure of nucleons in terms of 
quarks and gluons, we use Deep Inelastic Scattering 
(DIS) kinematics with larger transferred energies and 
momenta. 
Atomic nuclei are broadly described by the nuclear shell 
model, in which protons and neutrons move in well-
defined quantum orbitals, under the influence of an 
average mean-field created by their mutual interactions. 
The internal quark-gluon substructure of nucleons was 
originally expected to be independent of the nuclear 
environment because quark interactions occur at shorter-
distance and higher-energy scales than nuclear 
interactions. However, DIS measurements indicate that 
quark momentum distributions in nucleons are modified 
when nucleons are bound in atomic nuclei [1, 2, 6, 7], 
breaking down the scale separation between nucleon 
structure and nuclear structure. 
This scale separation breakdown in nuclei was first 
observed thirty-five years ago in DIS measurements 

performed by the European Muon Collaboration (EMC) 
at CERN [8]. These showed a decrease of the DIS cross-
section ratio of iron to deuterium in a kinematical region 
corresponding to moderate- to high-momentum quarks in 
the bound nucleons. The EMC effect has been confirmed 
by subsequent measurements on a wide variety of nuclei, 
using both muons and electrons [9, 10], and over a large 
range of transferred momenta, see reviews in [1, 2, 6, 7]. 
The maximum reduction in the DIS cross-section ratio of 
a nucleus relative to deuterium increases from about 10% 
for 4He to about 20% for Au. 
The EMC effect is now largely accepted as evidence that 
quark momentum distributions are different in bound 
nucleons relative to free nucleons [1, 2, 7]. However, 
there is still no consensus as to the underlying nuclear 
dynamics driving it. 
Currently, there are two leading approaches for 
describing the EMC effect, which are both consistent 
with data: (A) all nucleons are slightly modified when 
bound in nuclei, or (B) nucleons are unmodified most of 
the time, but are modified significantly when they 
fluctuate into SRC pairs. See Ref. [1] for a recent review. 
SRC pairs are temporal fluctuations of two strongly-
interacting nucleons in close proximity, see e.g. [1, 11]. 
Electron scattering experiments in QE kinematics have 
shown that SRC pairing shifts nucleons from low-
momentum nuclear shell-model states to high-momentum 
states with momenta greater than the nuclear Fermi 
momentum. This “high-momentum tail” has a similar 
shape for all nuclei. The relative abundance of SRC pairs 
in a nucleus relative to deuterium approximately equals 
the ratio of their inclusive (e,e′) electron scattering cross-
sections in selected QE kinematics [12–15]. 
Recent studies of nuclei from 4He to Pb [16–22], showed 
that SRC nucleons are “isophobic”; i.e., similar nucleons 
are much less likely to pair than dissimilar nucleons, 
leading to many more np SRC pairs than neutron-neutron 
(nn) and proton-proton (pp) pairs. The probability for a 
neutron to be part of an np-SRC pair is observed to be 
approximately constant for all nuclei, while that for a 
proton increases approximately as N/Z, the relative 
number of neutrons to protons [22]. 
The first experimental evidence supporting the SRC-
modification hypothesis as an explanation for the EMC 
effect came from comparing the abundances of SRC pairs 
in different nuclei with the size of the EMC effect. Not 
only do both increase from light to heavy nuclei, but there 
is a robust linear correlation between them [4, 5]. This 
suggests that the EMC effect might be related to the high-
momentum nucleons in nuclei. 
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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 =


EB V

V EP

�
, V > 0

|Ni = |Bi+ ✏|P i, ✏ = V
EB�EP

< 0

In nucleus (M) : H =


EB � |U | V

V EP

�

|NiM = |Bi+ ✏M |P i, |✏M | < |✏|, PLC suppressed, ✏M � ✏ > 0 amplitude e↵ect!

|NiM � |Ni / (✏M � ✏) / U = p2�m2

2M Shroedinger eq.

qM (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 = p
2 �m

2 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
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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
Q2

2q0mA

4

x =
Q2

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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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  

18

a

b

Cloet Thomas …..



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



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

Given Q2, x, p?

4-momentum conservation determines 2 p+

P+
D

⌘ ↵ and v = p2 �M2

��� ��� ��� ��� ����

���

���

���
�

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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related to y, the minimum momentum of the struck nucleon.
The approximate equality shown in Eq. (13) holds for 1.3 ≤
αtn ≤ 1.7 and p > pF. The second approximate equality
appearing in Eq. (13) is obtained using the relation
jpj ≈ Mj1 − αtnj=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
αtnð2 − αtnÞ

p
. Measured ratios should be

less sensitive to the influence of final state interactions, as
discussed next. Nevertheless, the accuracy of replacing cross-
section ratios by ratios of densities, as shown in Eq. (13),
needs to be studied further. Furthermore, as yet there is no
separate calculation of the numerator term of Eq. (13), i.e., the
basic nuclear cross section for the ðe; e0Þ reaction at large
values of xB.
Physics at large values of xB.—The next step is to use the

inclusive ðe; e0Þ cross section to look for the effects of SRC
pairs in nuclei by choosing kinematics where mean-field
nucleons cannot contribute to the reaction. This is done by
using xB > 1. Just as conservation of four-momentum ensures
that xB ¼ 1 is the kinematic limit for scattering from a single
nucleon, xB ¼ 2 is the kinematic limit for scattering from a
cluster of two nucleons and xB ¼ 3 is the kinematic limit for
scattering from a three-nucleon cluster.
As a result, we can expand the ðe; e0Þ cross section into

pieces due to electrons scattering from nucleons in two-, three-
, and more-nucleon SRCs (Frankfurt and Strikman, 1981,
1988; Frankfurt et al., 1993)

σðxB;Q2Þ ¼
XA

j¼2

ajðAÞσjðxB;Q2Þ; ð14Þ

where σjðxB; Q2Þ ¼ 0 for xB > j and the fajðAÞg are propor-
tional to the probability of finding a nucleon in a j-nucleon
cluster. This is analogous to treating the nuclear structure in
terms of independent nucleons, independent nucleon pairs,
etc. Equation (14) is based on the lack of interference between
amplitudes arising from scattering by clusters of different
nucleon number that occurs because the important final states
are different. Its importance lies in the fact that in a given
kinematic region the ratio of cross sections can be used to
determine information about short-range correlations.
If we consider only the a2 term, then we can write

a2ðAÞ ¼
2

A
σAðxB;Q2Þ
σdðxB;Q2Þ

: ð15Þ

This approximation should be valid for 1.5 < xB ≤ 2. The
effect of neglecting clusters of three or more nucleons has
never been studied.
If the momentum distribution for jyj > pFermi is dominated

by nucleons in SRC pairs, then we expect that the momentum
distributions for nucleus A and for deuterium should be almost
identical. This similarity should show up as a plateau in the per
nucleon cross-section ratio of the two nuclei. Figure 15 shows
a sketch of this process.
The cross-section ratio of nucleus A to deuterium or to 3He

has been measured at SLAC (Frankfurt et al., 1993) and at
Jefferson Lab (Egiyan et al., 2003, 2006; Fomin et al., 2012).
They have all observed a plateau in the cross-section ratio at
Q2 > 1.4 GeV2 and in the range 1.5 ≤ xB ≤ 1.9; see Fig. 16.
This corresponds to y ≥ pthresh ¼ 275$ 25 MeV=c, which is

FIG. 15. Electron quasielastic scattering from a nucleon in
deuterium (left) and from a nucleon in a SRC pair in a heavier
nucleus (right). The labels ΓNN and ΓA refer to the deuteron and
nuclear vertex functions, respectively.

FIG. 16. Inclusive per nucleon cross-section ratios of (top)
nuclei to 3He at 1.4 < Q2 < 2.6 GeV2 and (bottom) nuclei to
deuterium at Q2 ¼ 2.7 GeV2. Adapted from (top) Egiyan et al.,
2006, and (bottom) Fomin et al., 2012.

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

Rev. Mod. Phys., Vol. 89, No. 4, October–December 2017 045002-15
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FIG. 16: The relative fraction of np and pp SRC pairs
(excluding nn pairs) derived from A(e, e0

p) and
A(e, e0

pp) measurements on a range of nuclei (Hen
et al., 2014b).

is still dominated by scattering o↵ SRC pairs and ex-
tracted the relative fraction of np- and pp-SRC pairs.
Fig. 16 shows that SRC pairs are predominantly np-SRC
pairs even in heavy neutron rich nuclei.

D. Universal Properties of Short Range Correlations in
Nuclei

The combined results from the inclusive and exclusive
measurements described in Sections II.B and II.C lead to
a universal picture of SRC pairs in nuclei. In the conven-
tional momentum space picture, the momentum distri-
bution for all nuclei and nuclear matter can be divided
into two regimes, above and below the Fermi-momentum
(see Fig. 17). The region below the Fermi momentum
accounts for about 80% of the nucleons in medium and
heavy nuclei (i.e., A � 12) and can be described using
mean-field approximations. The region with momenta
greater than the Fermi momentum accounts for about
20–25% of the nucleons (see the pie chart in Fig. 12) and
is dominated by nucleons belonging to NN -SRC, pre-
dominantly pn-SRC.

The SRC dominance of the high-momentum tail im-
plies that the shape of the momentum distributions of all
nuclei at high momenta is determined by the short range
part of the fundamental NN interaction. The magnitude
of the distribution (i.e., the average number of SRC pairs)
comes from the average e↵ects of the nuclear medium.

The specific predominance of pn-SRC over pp- and
nn-SRC is largely associated with the large contribu-
tion of the tensor part of the NN interaction at short-
distances (Alvioli et al., 2008; Sargsian et al., 2005b; Schi-
avilla et al., 2007), implying that the high-momentum
distribution in heavier nuclei is approximately propor-
tional to the deuteron momentum distribution. Experi-
mental and theoretical studies of the latter show that, for
300  k  600 MeV/c, n(k) / 1/k

4 (Hen et al., 2015a).
This specific functional form follows directly from the
dominance of the tensor force acting in second order, see
Section IX.A for details.

The predominance of np-SRC pairs implies that, even
in asymmetric nuclei, the ratio of protons to neutrons in

FIG. 17: A qualitative sketch of the dominant features
of the nucleon momentum distribution in nuclei. At

k < kF , the nucleon momentum is balanced by that of
the other A � 1 nucleons and can be described by mean

field models. At k > kF , the nucleon belongs to a
pn-SRC pair and its momentum is balanced by that of

one other nucleon.

SRC pairs will equal 1. This, in turn, implies that in
neutron rich nuclei, a larger fraction of the protons will
be in an SRC pair (Hen et al., 2014b; Sargsian, 2014a),
i.e., that a minority nucleon (e.g., a proton) has a higher
probability of belonging to a high-momentum SRC-pair
than a majority nucleon (e.g., a neutron). This e↵ect
should grow with the nuclear asymmetry and could pos-
sibly invert the kinetic energy sharing such that the mi-
nority nucleons move faster on average then the majority.
This asymmetry could have wide ranging implications
for the NuTeV anomaly (Zeller et al., 2002, 2003) (see
Sects III.D.1,VI.A.5), the nuclear symmetry energy and
neutron star structure and cooling rates (Hen et al., 2016,
2015c), neutrino-nucleus interactions in Liquid-Argon de-
tectors (Acciarri et al., 2014; Weinstein et al., 2016) and
more. The study of the nuclear asymmetry dependence
of the number of SRC pairs and their isospin structure is
a important topic that could be studied in future high-
energy radioactive beam facilities.

III. Deep Inelastic Scattering (DIS) and the EMC e↵ect

Basic models of nuclear physics describe the nucleus as
a collection of free nucleons moving non-relativistically
under the influence of two-nucleon and three-nucleon
forces, which can be treated approximately as a mean
field. In such a picture, the partonic structure functions
of bound and free nucleons should be identical. There-
fore, it was generally expected that, except for nucleon
motion e↵ects, Deep Inelastic Scattering (DIS) experi-
ments which are sensitive to the partonic structure of
the nucleon would give the same result for all nuclei.

NN= np  -Hen talk
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FIG. 16: The relative fraction of np and pp SRC pairs
(excluding nn pairs) derived from A(e, e0

p) and
A(e, e0

pp) measurements on a range of nuclei (Hen
et al., 2014b).
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SRC pairs will equal 1. This, in turn, implies that in
neutron rich nuclei, a larger fraction of the protons will
be in an SRC pair (Hen et al., 2014b; Sargsian, 2014a),
i.e., that a minority nucleon (e.g., a proton) has a higher
probability of belonging to a high-momentum SRC-pair
than a majority nucleon (e.g., a neutron). This e↵ect
should grow with the nuclear asymmetry and could pos-
sibly invert the kinetic energy sharing such that the mi-
nority nucleons move faster on average then the majority.
This asymmetry could have wide ranging implications
for the NuTeV anomaly (Zeller et al., 2002, 2003) (see
Sects III.D.1,VI.A.5), the nuclear symmetry energy and
neutron star structure and cooling rates (Hen et al., 2016,
2015c), neutrino-nucleus interactions in Liquid-Argon de-
tectors (Acciarri et al., 2014; Weinstein et al., 2016) and
more. The study of the nuclear asymmetry dependence
of the number of SRC pairs and their isospin structure is
a important topic that could be studied in future high-
energy radioactive beam facilities.

III. Deep Inelastic Scattering (DIS) and the EMC e↵ect

Basic models of nuclear physics describe the nucleus as
a collection of free nucleons moving non-relativistically
under the influence of two-nucleon and three-nucleon
forces, which can be treated approximately as a mean
field. In such a picture, the partonic structure functions
of bound and free nucleons should be identical. There-
fore, it was generally expected that, except for nucleon
motion e↵ects, Deep Inelastic Scattering (DIS) experi-
ments which are sensitive to the partonic structure of
the nucleon would give the same result for all nuclei.
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FIG. 4: The nucleon momentum distributions n0(k)
(dashed line) and n(k) (solid line) plotted versus

momentum in fm�1 for the deuteron, 4He, 12C and
56Fe. Figure adapted from (Ciofi degli Atti and Simula,

1996a).

bers of the deuteron (S = 1, T = 0), a neutron-proton
system.

The two nucleons in 2N -SRC have a typical distance of
about 1 fm which means that their local density is a few
times higher than the average. The relative momentum
of the two nucleons in the pair can be a few times the
Fermi momentum, kF . Therefore the 2N -SRC are tem-
porary local density and momentum fluctuations of size
equal to a few times the mean values. SRC of more than
two nucleons probably also exist in nuclei, and might
have higher density than that of the 2N -SRC. However
their probability is expected to be significantly smaller
than the probability of 2N -SRC (Bethe, 1971).

The 2N -SRC are isospin-dependent fluctuations. For
example, the deuteron is the only bound two-nucleon sys-
tem. We know now that density fluctuations involving
one neutron and one proton occur more often than those
involving like-nucleons, see Sect. IIC. Therefore we ex-
amine the deuteron first.

The simplest nucleus, the deuteron has spin S = 1,

isospin T = 0, and J
⇡ = 1+. The relevant quantity

for electron scattering is n(k) which is the probability of
finding a nucleon of momentum between k and k + dk.
This function is the sum of two terms, one arising from
the l = 0 (s-wave), and the other from the l = 2 (d-
wave). At momenta of interest for short range correlated
pairs (i.e., p significantly greater than pF ⇡ 250 MeV/c,
where pF is the typical Fermi momentum for medium and
heavy nuclei), the otherwise-small d-wave becomes very
important. This is especially true at p ⇡ 400 MeV/c
where there is a minimum in the s-wave. In the Argonne

FIG. 5: Scaled two-body distribution function ⇢
A

2,1(r)/A
(see Eq. (81)) for nuclei with A = 2, 3, 4. A correlation
hole is seen for all of these nuclei. The two sets of curves

are obtained with the AV18+UIX (left) and N2LO
(right) potentials. Figure adapted from (Chen et al.,
2016). The meaning of R0 is discussed in the text.

V18 potential (Wiringa et al., 2014b) the d-wave compo-
nent is due to the pion exchange tensor force. The com-
bination of d- and s-waves leads to a “broad shoulder”
in the deuteron momentum distribution, which extends
from about 300 to 1400 MeV/c in the AV18 potential.
See Sect. IX for an explanation. This broad shoulder is
also a dominant feature in the tail of the single-nucleon
momentum distributions in A  12 nuclei calculated with
the AV18 potential (Wiringa et al., 2014b), see Fig. 4

We can also consider the spatial wave function of the
nucleus. The short range part of the NN interaction
gives a correlation hole at small NN relative distances,
see Fig. 5. Precise definitions are given in Sect. IX. Cal-
culations with various bare realistic interactions show
that, apart from a normalization factor depending upon
the di↵erent number of pairs in di↵erent nuclei, the rela-
tive two-nucleon density ⇢rel(r) and its spin-isospin com-
ponents ⇢

N1N2
ST

(r) at r  1.5 fm exhibit similar correla-
tion holes, generated by the interplay of the short-range
repulsion and the intermediate-range tensor attraction of
the NN interaction, with the tensor force governing the
overshooting at r ' 1.0 fm. The correlation hole is uni-
versal, in that it is almost independent of the mass A of
the nucleus (C. Ciofi degli Atti, 2015). The depth of the
correlation hole depends on the short-distance behaviorof
the potential. The value of R0 shown in Fig. 5 refers to
the cuto↵ on the short distance N2LO nucleon-nucleon
potential, as defined in (Gezerlis et al., 2014). A corre-
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Final summary

• EMC effect is related to NN correlations in 
two theories. Mechanism: PLC 
suppression enhanced by correlations 

• Correlations  account for high x plateau 
seen in several experiments 

• Correlations are important in nuclear 
shadowing, important for EIC studies of 
nuclear gluons 
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Table 5. Key measurements in e + A collisions at an EIC to explore the dynamics of quarks and gluons in a nucleus in the
non-saturation regime.

Deliverables Observables What we learn

Collective Ratios R2 Q2 evolution: onset of DGLAP violation, beyond DGLAP

nuclear effects from inclusive DIS A-dependence of shadowing and antishadowing

at intermediate x Initial conditions for small-x evolution

Transport Production of light Color neutralization: mass dependence of hadronization

coefficients in and heavy hadrons, Multiple scattering and mass dependence of energy loss

nuclear matter and jets in SIDIS Medium effect of heavy quarkonium production

Nuclear density Hadron production Transverse momentum broadening of produced hadrons

and its fluctuation in SIDIS Azimuthal φ-modulation of produced hadrons

0.6

0.7

0.8

0.9

1

1.1

1.2

0.0001 0.001 0.01 0.1 1

F 2C
a / F

2D

x

EIC

EMC      E136

NMC      E665

0.5

Fig. 56. The ratio of nuclear over nucleon F2 structure func-
tion, R2, as a function of Bjorken x, with data from existing
fixed target DIS experiments at Q2 > 1GeV2, along with the
QCD global fit from EPS09 [176]. Also shown is the expected
kinematic coverage of the inclusive measurements at the EIC.
The purple error band is the expected systematic uncertainty
at the EIC assuming a ±2% (a total of 4%) systematic er-
ror, while the statistical uncertainty is expected to be much
smaller.

high-energy proton collisions with a momentum transfer
larger than 2GeV (corresponding to hard scatterings tak-
ing place at a distance less than one tenth of a femtome-
ter).

Are the quarks and gluons in a nucleus confined within
the individual nucleons? Or does the nuclear environment
significantly affect their distributions? The EMC experi-
ment at CERN [213] and experiments in the following two
decades clearly revealed that the momentum distribution
of quarks in a fast-moving nucleus is not a simple super-
position of their distributions within nucleons. Instead,
the measured ratio of nuclear over nucleon structure func-
tions, as defined in eq. (23), follows a non-trivial function
of Bjorken x, significantly different from unity, and shows
the suppression as x decreases, as shown in fig. 56. The ob-
served suppression at x ∼ 0.01, which is often referred to
as the phenomenon of nuclear shadowing, is much stronger
than what the Fermi motion of nucleons inside a nucleus
could account for. This discovery sparked a worldwide ef-

fort to study the properties of quarks and gluons and their
dynamics in the nuclear environment both experimentally
and theoretically.

Using the same very successful QCD formulation at
the leading power in Q for proton scattering, and using
the DGLAP evolution for the scale dependence of par-
ton momentum distributions, several QCD global analy-
ses have been able to fit the observed non-trivial nuclear
dependence of existing data, attributing all observed nu-
clear dependences —including its x-dependence and nu-
clear atomic weight A-dependence— to a set of nucleus-
dependent quark and gluon distributions at an input scale
Q0 ! 1GeV [176,178,179]. As an example, the fitting re-
sult of Eskola et al. is plotted along with the data on the
ratio of the F2 structure function of calcium divided by
that of deuterium in fig. 56, where the dark blue band
indicates the uncertainty of the EPS09 fit [176]. The suc-
cess of the QCD global analyses clearly indicates that the
response of the nuclear cross-section to the variation of
the probing momentum scale Q ! Q0 is insensitive to the
nuclear structure, since the DGLAP evolution itself does
not introduce any nuclear dependence. However, it does
not answer the fundamental questions: Why are the par-
ton distributions in a nucleus so different from those in a
free nucleon at the probing scale Q0? How do the nuclear
structure and QCD dynamics determine the distributions
of quarks and gluons in a nucleus?

The nucleus is a “molecule” in QCD, made of nucleons
—which, in turn, are bound states of quarks and gluons.
Unlike the molecule in QED, nucleons in the nucleus are
packed next to each other, and there are many soft gluons
inside nucleons when probed at small x. The DIS probe
has a high resolution in transverse size ∼ 1/Q. But its
resolution in the longitudinal direction, which is propor-
tional to 1/xp ∼ 1/Q, is not necessarily sharp in com-
parison with the Lorentz contracted size of a light-speed
nucleus, ∼ 2RA(m/p), with nuclear radius RA ∝ A1/3

and the Lorentz contraction factor m/p and nucleon mass
m. That is, when 1/xp > 2RA(m/p), or at a small
x ∼ 1/2mRA ∼ 0.01, the DIS probe could interact coher-
ently with quarks and gluons of all nucleons at the same
impact parameter of the largest nucleus moving nearly
at the speed of light, p # m. The destructive interfer-
ence of the coherent multiple scattering could lead to a
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evolution at high parton densities, combined with a re-
alistic b-dependence, is better captured in the bCGC
model [10, 11]. Both the IPsat model and the bCGC
model provide excellent fits to a wide range of HERA
data for x ≤ 0.01 [11, 12]. We will now discuss the pos-
sibility that DIS off nuclei can distinguish respectively
between these “classical CGC” and “quantum CGC” mo-
tivated models.

A straightforward generalization of the dipole formal-
ism to nuclei is to introduce the coordinates of the indi-
vidual nucleons {b⊥i}. One obtains in the IPsat model,

dσA
dip

d2b⊥

= 2
[

1 − e−r2F (x,r)
PA

i=1 Tp(b⊥−b⊥i)
]

, (4)

where F is defined in Eq. (3). The positions of
the nucleons {b⊥i} are distributed according to the
Woods-Saxon distribution TA(b⊥i). We denote the
average of an observable O over {b⊥i} by 〈O〉N ≡
∫

∏A
i=1 d2b⊥iTA(b⊥i)O({b⊥i}). The average differen-

tial dipole cross section is well approximated by[9]

〈

dσA
dip

d2b⊥

〉

N

≈ 2

[

1 −

(

1 −
TA(b⊥)

2
σp

dip

)A
]

(5)

where, for large A, the expression in parenthesis can be

replaced by exp
(

−ATA(b⊥)
2 σp

dip

)

[13]. All parameters of

the model come from either fits of the model to ep-data
or from the Woods-Saxon distributions; no additional pa-
rameters are introduced for eA collisions. The same ex-
ercise is repeated for the bCGC model.

In Fig. 1 (left), we compare the prediction of the IP-
sat and bCGC models with the experimental data [25]
on nuclear DIS from the NMC collaboration [14]). Fig-
ure 1 (right) shows that the x dependence of shadow-
ing for fixed Q2 in the IPsat model is very flat. This is
because the best fit to ep-data in DGLAP-based dipole
models [8, 9] is given by a very weak x-dependence at

the initial scale µ2
0. A stronger x-dependence also for

large dipoles, such as in the in the GBW or bCGC mod-
els, gives a stronger x-dependence of shadowing at fixed
Q2. As shown in Fig. 1 (center), both the IPsat and
bCGC models predict strong Q2-dependence (at fixed x)
for shadowing. It is this latter effect which is primar-
ily responsible for the shadowing effect seen in the NMC
data. Precision measurements of FA

2 /AF p
2 would shed

more light on the relative importance of Q2 and x evolu-
tion in this regime.

We now turn to a discussion of the A and x dependence
of the saturation scale. In a simple GBW type model,
inserting a θ-function impact parameter dependence into

Eq. (5) yields the estimate Q2
s,A ≈ A1/3 R2

pA2/3

R2
A

Q2
s,p ≈

0.26A1/3Q2
s,p for 2πR2

p ≈ 20 mb and RA ≈ 1.1 A1/3 fm.
The smallness of Q2

s,A/Q2
s,p, due to the constant factor

∼ 0.26 has sometimes been interpreted [9, 15, 16] as a
weak nuclear enhancement of Qs. We will argue here
that detailed considerations of QCD evolution and the
b-dependence of the dipole cross section result in a sig-
nificantly larger nuclear enhancement of Qs.

The effect of QCD evolution on Qs,A in the IPsat nu-
clear dipole cross section is from the DGLAP-like growth
of the gluon distribution. The increase in the gluon den-
sity with increasing Q2 and decreasing (dominant) dipole
radius r causes Qs grow even faster as a function of A.
This is seen qualitatively for two different nuclei, A and
B (with A > B), in a “smooth nucleus” approximation

of Eq. (4) whereby
∑A

i=1 Tp(b⊥ − b⊥i) is replaced by
ATA(b⊥). We obtain

Q2
s,A

Q2
s,B

=
A

B

TA(b⊥)

TB(b⊥)

F (x, Q2
s,A)

F (x, Q2
s,B)

∼
A1/3

B1/3

F (x, Q2
s,A)

F (x, Q2
s,B)

. (6)

The scaling violations in F imply that, as observed in
Refs. [9, 17], the growth of Qs is faster than A1/3. Also,
because the increase of F with Q2 is faster for smaller x,
the A-dependence of Qs is stronger for higher energies. In
contrast, the dipole cross section in the bCGC model de-
pends only on the “geometrical scaling” combination [26]
rQs(x) without DGLAP scaling violations and therefore
does not have this particular nuclear enhancement [27].
Precise extraction of the A dependence of Qs will play an
important role in distinguishing between “classical” and
“quantum” evolution in the CGC.

A careful evaluation shows that because the density
profile in a nucleus is more uniform than that of the pro-
ton, the saturation scales in nuclei decrease more slowly
with b than in the proton. The dependence of the satu-
ration scale on the impact parameter is plotted in Fig. 2.
The saturation scale in gold nuclei at the median impact
parameter for the total cross section bmed. is about 70%
of the value at b = 0; in contrast, Q2

s,p(bmed.) is only
∼ 35% of the value at b = 0.

The A dependence of the saturation scale for various
x is shown in Fig. 3, for the IPsat model on the left and
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evolution at high parton densities, combined with a re-
alistic b-dependence, is better captured in the bCGC
model [10, 11]. Both the IPsat model and the bCGC
model provide excellent fits to a wide range of HERA
data for x ≤ 0.01 [11, 12]. We will now discuss the pos-
sibility that DIS off nuclei can distinguish respectively
between these “classical CGC” and “quantum CGC” mo-
tivated models.

A straightforward generalization of the dipole formal-
ism to nuclei is to introduce the coordinates of the indi-
vidual nucleons {b⊥i}. One obtains in the IPsat model,

dσA
dip

d2b⊥

= 2
[

1 − e−r2F (x,r)
PA

i=1 Tp(b⊥−b⊥i)
]

, (4)

where F is defined in Eq. (3). The positions of
the nucleons {b⊥i} are distributed according to the
Woods-Saxon distribution TA(b⊥i). We denote the
average of an observable O over {b⊥i} by 〈O〉N ≡
∫

∏A
i=1 d2b⊥iTA(b⊥i)O({b⊥i}). The average differen-

tial dipole cross section is well approximated by[9]

〈

dσA
dip

d2b⊥

〉

N

≈ 2

[

1 −

(

1 −
TA(b⊥)

2
σp

dip

)A
]

(5)

where, for large A, the expression in parenthesis can be

replaced by exp
(

−ATA(b⊥)
2 σp

dip

)

[13]. All parameters of

the model come from either fits of the model to ep-data
or from the Woods-Saxon distributions; no additional pa-
rameters are introduced for eA collisions. The same ex-
ercise is repeated for the bCGC model.

In Fig. 1 (left), we compare the prediction of the IP-
sat and bCGC models with the experimental data [25]
on nuclear DIS from the NMC collaboration [14]). Fig-
ure 1 (right) shows that the x dependence of shadow-
ing for fixed Q2 in the IPsat model is very flat. This is
because the best fit to ep-data in DGLAP-based dipole
models [8, 9] is given by a very weak x-dependence at

the initial scale µ2
0. A stronger x-dependence also for

large dipoles, such as in the in the GBW or bCGC mod-
els, gives a stronger x-dependence of shadowing at fixed
Q2. As shown in Fig. 1 (center), both the IPsat and
bCGC models predict strong Q2-dependence (at fixed x)
for shadowing. It is this latter effect which is primar-
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2 /AF p
2 would shed

more light on the relative importance of Q2 and x evolu-
tion in this regime.

We now turn to a discussion of the A and x dependence
of the saturation scale. In a simple GBW type model,
inserting a θ-function impact parameter dependence into

Eq. (5) yields the estimate Q2
s,A ≈ A1/3 R2

pA2/3

R2
A

Q2
s,p ≈

0.26A1/3Q2
s,p for 2πR2

p ≈ 20 mb and RA ≈ 1.1 A1/3 fm.
The smallness of Q2

s,A/Q2
s,p, due to the constant factor

∼ 0.26 has sometimes been interpreted [9, 15, 16] as a
weak nuclear enhancement of Qs. We will argue here
that detailed considerations of QCD evolution and the
b-dependence of the dipole cross section result in a sig-
nificantly larger nuclear enhancement of Qs.

The effect of QCD evolution on Qs,A in the IPsat nu-
clear dipole cross section is from the DGLAP-like growth
of the gluon distribution. The increase in the gluon den-
sity with increasing Q2 and decreasing (dominant) dipole
radius r causes Qs grow even faster as a function of A.
This is seen qualitatively for two different nuclei, A and
B (with A > B), in a “smooth nucleus” approximation

of Eq. (4) whereby
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All approaches need two-nucleon density: ⇢(2)(r1, r2) ⌘ hA|
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10-20% reduction depending on nucleus!

2

Jastrow method used traditionally, or whether it sup-
ports one or more of the approaches introduced recently.
We also point out that apparent differences between the
results of UCOM and Brueckner methods are largely fic-
titious.

Heavy nuclei are still too complicated for Monte-Carlo
methods in their current forms, so to evaluate many-body
Jastrow effects we look instead at a simplified version of
asymmetric nuclear matter. We make this choice with
the idea that short-range correlations are nearly univer-
sal in nature, depending little on longer-range structure
of the environment in which the correlated nucleons are
embedded, provided that environment has the correct
density.

II. TWO-BODY CLUSTER APPROXIMATION

In the S = 0 T = 1 channel that determines the con-
tribution of short distances to the ββ amplitude, realis-
tic variationally-determined correlation functions Fab are
not so different from the Miller-Spencer Jastrow function.
Figure 1 shows a typical nuclear-matter example, follow-
ing the calculations of Ref. [13], alongside the Miller-
Spencer function and the effective scaling function, ob-
tained from the ratio of calculations with and without
short-range correlations, that appears in the Brueckner-
based work of Ref. [9] All the functions go to unity at
large r, but the Brueckner-based function has a sizeable
”overshoot” near r = 1 fm. The Miller-Spencer func-
tion has a much smaller overshoot (occurring at larger r,
which is made less important by the radial falloff of the
0νββ operator) leading to a significantly smaller 0νββ-
matrix element. The variational nuclear-matter resem-
bles the Miller-Spencer function but has essentially no
overshoot, and so if applied like that function via Eq. (2)
it will produce an even smaller matrix element.

The use of the F from Eq. (4) to multiply a two-body
operator as in Eq. (2) is often called the two-body clus-
ter approximation, because all terms are discarded except
those in which the transition operator and the correlators
act on the same pair of particles. This approximation ap-
pears to be reasonably good for number-conserving two-
body densities. The dot-dashed line in Fig. 1 displays the
distribution g01(r) in the S = 0, T = 1 channel, follow-
ing Ref. [13], which incorporates the ful product over all
pair correlations of Eq. (4). This full g01(r) is somewhat
smaller than the corresponding F 2 because many-body
tensor correlations promote a fraction of the spin-singlet
pairs to spin-triplet pairs, so that the number of singlet
pairs is reduced. The reduction has also been seen in
light nuclei [14], though the corrections are not large ei-
ther there or here.

In ββ decay, the picture must be different, however.
To see why, consider the charge-changing analog of the

(spin-independent) two-body density:

PF (r) ≡ 〈f |
∑

a<b

δ (r − rab) τ
+
a τ

+
b |i〉 , (5)

where F stands for Fermi. If we weight this function
with HF (r), the radial part of the Fermi 0νββ operator
(given approximately by 1/r), and integrate, we get the
Fermi piece of the 0νββ matrix element. If we integrate
PF (r) without any weighting, we get 〈f |

∑

a<b τ
+
a τ

+
b |i〉,

which must vanish because the isospins of |i〉 and |f〉 are
different (in the very good approximation that isospin is
conserved), while the operator between them is propor-
tional to the square of the isospin-raising operator.
Figure 2 shows PF (r) for the shell-model calculation

of the ββ-decay of 82Se in Refs. [15] and [16]. The solid
curve contains no Jastrow function and has area of zero
beneath it. The dashed curve is the result of of the
Brueckner-based calculations in Ref. [8]. Its overshoot
at r just greater than one causes the integral to stay
very close to zero despite the suppression at very small
r. But the use of the two-body Jastrow function F01

à la Ref. [13] (dotted curve) suppresses contributions at
small r without an overshoot and thus leads to an in-
tegral of 0.006. Substituting the pair distribution func-
tion g01 would only make the problem here worse. The
Miller-Spencer Jastrow function yields a little bit of over-
shoot but not nearly enough, and results in an integral
of 0.0075.
It seems, then, that a realistic treatment of short-range

correlations must yield an overshoot in PF (r) if it is to
preserve isospin (The UCOM procedure does this exactly,
by construction). When Jastrow functions are extended
beyond the two-body cluster approximation, the effec-
tive functions that result must therefore look different

FIG. 1. (Color online) Squares of Jastrow functions Fab from
calculations following Ref. [13] (dotted black line, spin-singlet
only), from Miller and Spencer [3] (solid red line) and from a
fit to the results of a microscopic Brueckner-based calculation
[9] (dashed blue line). The purple dot-dashed line comes from
three- and more-body corrections to the dotted line.

Shadowing effects are overestimated by significant amounts  
in all approaches that neglect effects of correlations 
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Figure 19.4: The bands are x times the unpolarized parton distributions f(x)
(where f = uv, dv, u, d, s ! s̄, c = c̄, b = b̄, g) obtained in NNLO NNPDF2.3 global
analysis [45] at scales µ2 = 10 GeV2 and µ2 = 104 GeV2, with αs(M2

Z) = 0.118.
The analogous results obtained in the NNLO MSTW analysis [43] can be found in
Ref. [62].

where we have used F γ
2 = 2xF γ

T + F γ
L , not to be confused with F γ

2 of Sec. 19.2. Complete
formulae are given, for example, in the comprehensive review of Ref. 80.

The hadronic photon structure function, F γ
2 , evolves with increasing Q2 from

the ‘hadron-like’ behavior, calculable via the vector-meson-dominance model, to the
dominating ‘point-like’ behaviour, calculable in perturbative QCD. Due to the point-like
coupling, the logarithmic evolution of F γ

2 with Q2 has a positive slope for all values of x,
see Fig. 19.15. The ‘loss’ of quarks at large x due to gluon radiation is over-compensated
by the ‘creation’ of quarks via the point-like γ → qq̄ coupling. The logarithmic evolution
was first predicted in the quark–parton model (γ∗γ → qq̄) [81,82], and then in QCD in
the limit of large Q2 [83]. The evolution is now known to NLO [84–86]. The NLO data
analyses to determine the parton densities of the photon can be found in [87–89].

19.5. Diffractive DIS (DDIS)

Some 10% of DIS events are diffractive, γ∗p → X + p, in which the slightly deflected
proton and the cluster X of outgoing hadrons are well-separated in rapidity. Besides
x and Q2, two extra variables are needed to describe a DDIS event: the fraction xIP
of the proton’s momentum transferred across the rapidity gap and t, the square of the
4-momentum transfer of the proton. The DDIS data [90,91] are usually analyzed using
two levels of factorization. First, the diffractive structure function FD

2 satisfies collinear
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Why are EMC ratios independent of Q2? 

• Is the medium modification for matrix elements 
yielding higher-twist effects same as for 
leading twist? 

• Can EIC add by examining Q2 dependence  
• Large x is on the kinematic edge, but perhaps 

can do during a phase in which energy is 
ramped up
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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
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Bertsch, Frankfurt, Strikman“crisis”  


