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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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Suppression of Point Like Con gurations
Frankfurt Strikman 1985

+ ✏✏

..

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

+ ✏✏M

..

PLC smaller, fewer quarks
high x
Medium interacts with BLC
energy denominator increases
PLC Suppressed

|✏M | < |✏|

U

A-2
fi

4
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1

Bound nucleon

N

Schematic
two-component
nucleon model

1

..
..

Free nucleon

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

FIG. 1:
EMC ratio a
F BLC,
/F (Eq. 64)
at x = 0.5
corresponding
to the values given in
Questions
-isThethere
PLC,
what
is x-dependence
of BLC,
Table VI. Note that the SLAC fit [38] to the experimental data R
= 1.009 A
does not
PLC, how
do neutrons and protons differ?
2A

2D

exp

−0.0234

include systematic and statistic errors and has a tendency to underestimate the effect for 4 He.
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5
Remainder of talk: towards quantitative treatment

2
Flavor-Independent, Two-State BLC (Blob-like configuration)-PLC Point-like configuration Model

Free nucleon : H0 =

Eigenstates : |Ni = p
✏=



EB V
V EP

, B = BLC, P = PLC, EP > EB

1
(|Bi + ✏|Pi),
1 + ✏2
2V

q1
2
1+ 1+ 4V2

,

|Xi = p

= EP

1
( ✏|Bi + |Pi).
1 + ✏2

EB > 0

Deep inelastic scattering operator = ODIS , acts only 1 quark:
q(x) =

1
hB|ODIS |Bi + ✏2 hP |ODIS |P i ,
2
1+✏
q(x) =

hP |ODIS |P i ⌘ f (x)hB|ODIS |Bi,

1
hB|ODIS |Bi(1 + ✏2 f (x)).
2
1+✏

Basic idea: ✏ reduced in nuclei
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Universality of Generalized Parton Distributions in Light-Front Holographic QCD
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ABSTRACT

(https://www.altmetric.com/details.php?domain=journals.aps.org&citation_id=32401716)

The structure of generalized parton distributions is determined from light-front holographic QCD up to a universal reparametrization
function w(x) which
Moreincorporates Regge behavior at small x and inclusive counting rules at x → 1. A simple ansatz for w(x) that fulfills
these physics constraints with a single-parameter results in precise descriptions of both the nucleon and the pion quark distribution
functions in comparison with global fits. The analytic structure of the amplitudes leads to a connection with the Veneziano model and

REVIEW
120, 182001
(2018)
hence
a nontrivial connection
with Regge
theory and the hadron spectrum.
Articleto LETTERS

w(x) is not unique

ly the Drellcorrespond-This site uses cookies. To find out more, read our Privacy Policy (https://www.aps.org/about/privacy.cfm).
This site uses cookies. To find out more, read our Privacy Policy (https://www.aps.org/about/privacy.cfm).
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Holographic QCD inputs Free nucleon
F3 (Q2 ) ⇠

q3 = 3-quark system (PLC) P q4 = BLC B,

1
Q4

1
Q6

F4 (Q2 ) ⇠

u(x) = 32 q3 (x) + 12 q4 (x), d(x) = q4 (x),
excellent reproduction of measured structure functions, elastic form factors obtained!
q3 (x)/q4 (x) = 1/(1

w(x)
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5
Medium e↵ects- flavor independent intro-Nucleon in Nucleus feels interaction U

N and Z dependence


U 0
EB |U | V
H1 =
,H=
,
q0 0
V
EP
2 + 4V 2
✏2p = 1, ✏2n = 1/3 ! 2Vp,n /
p,n
Only BLC feels interaction. Energy denominator increased, PLC probability goes down
Medium-modified nucleon & excited state: |N iM and |XiM , ! + |U |
2Vp
2Vn
3
= 1; 1
=
.
(1)
1
5
p
|N iMp = p
(|Bi
+
✏
|P
i),
|Xi
=
(
✏
|Bi
+
|P
i)
n
M
M
M
1 + ✏2M
1 + ✏2M
e values of either Vp,n or p,n must be obtained. This is done by equating the proton and
. The masses in the two state model are given by:
1
qM (x)
|U |
f (x) 1
2
p
qM (x) =
hB|O
|Bi(1
+
✏
f
(x)),
1
=
2|✏|
DIS
M
2 + 4V 2 (1 + ✏2 )2
p ✏2
n
1+
q(x)
M p =
(2)
n,
2
2
|
Next: relate U & virtuality = V. Use Schroedinger equation: V = 2|U
M
2
2
. (1) yields:

≡ (p − M )/M 2

= 0.728 n .
VM
|✏|
qM (x) = q(x) + p
(f (x)
hat Eq. (1) takes on separate forms for neutrons n and2 +
protons
4V 2 (1p:+ ✏2 )2

1)q(x),

• V < 0 determined by kinematics
Vp,n
|✏p,n |
qM p,n (x) = qp,n (x) +
(f (x) 1)qp,n (x),
2 )2
(1
+
✏
p,nfrom idea that BLC important for high x
• qM (x) < q(x) if f (x) > p,n
1 expected
• x-dependence of modification independent of nuclear A

known numbers
gives
• 2 parameters

𝒱

(3)

p

, V for neutron and 2 for proton

qM p (x) = qp (x) + 0.686

Vp

(f (x)

1)qp (x),

(f (x)

1)qn (x),

n

qM n (x) = qn (x) + 0.441

Vn
n

(4)

Neutron mass=proton mass
ϵp, ϵn : 1 parameter
9
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Correlated Pairs
B. Schmookler, M. Duer, A. Schmidt, O. Hen, S. Gilad, E. Piasetzky, M. Strikman, L.B. Weinstein et al.
(The CLAS Collaboration)

2004.12065

The atomic nucleus is made of protons and neutrons performed by the European Muon Collaboration (EMC)
(nucleons), that are themselves composed of quarks at CERN [8]. These showed a decrease of the DIS crossand gluons. Understanding how the quark-gluon section ratio of iron to deuterium in a kinematical region
univ
structure of a nucleon bound in an atomic nucleus 208
is corresponding to moderate- to high-momentum quarks in
b)
0.05modified by the surrounding nucleons is an the bound nucleons. The EMC effect has been confirmed
outstanding challenge. Although evidence for such
197 by subsequent measurements on a wide variety of nuclei,
0.5
0.6
0.8 a large
0.9
modification, known as the EMC effect, was first using both0.3muons0.4and electrons
[9, 10],0.7and over
observed over 35 years ago, there is still no generally
56 range of transferred momenta, see reviews in [1, 2, 6, 7].
accepted explanation of its cause [1–3]. Recent The maximum reduction in the DIS cross-section ratio of
to -0.05
a nucleus relative to deuterium increases from about 10%
0observations suggest that the EMC effect is related 27
close-proximity Short Range Correlated (SRC) A for 4He to about 20% for Au.
nucleon pairs in nuclei [4, 5]. Here we report the first
12 The EMC effect is now largely accepted as evidence that
simultaneous, high-precision, measurements of the -0.10
quark momentum distributions are different in bound
EMC effect and SRC abundances. We show that the
nucleons relative to free nucleons [1, 2, 7]. However,
9
-0.05EMC data can be explained by a universal there is still no consensus as to the underlying nuclear
modification of the structure of nucleons in neutrondynamics driving it.
4
Median norm. uncertainty
proton (np) SRC pairs and present the first data- Currently, there are two leading approaches for
driven extraction of this universal modification
describing the EMC effect, which are both consistent
3
0.2
0.4
0.6
0.8
function. This implies that, in heavier nucleixBwith with data: (A) all nucleons are slightly modified when
many more neutrons than protons, each proton is bound in nuclei, or (B) nucleons are unmodified most of
s. The EMC
effect for different nuclei, as observed in (a) ratios
more likely than each neutron to belong to an SRC the time, but are modified significantly when they
odification of
SRC
pairs,toashave
described
Eq. 2.distorted.
Different colors
pair
and hence
its quarkby
structure
fluctuate into SRC pairs. See Ref. [1] for a recent review.
We
study
nuclear
and
nucleon
structure
by
scattering
or scale on the right. The open circles show SLAC data [9]SRC
and pairs are temporal fluctuations of two stronglyp nuclearnbehavior
high-energy electrons from
targets. The energy interacting nucleons in close proximity, see e.g. [1, 11].
The nucleus-independent
(universal)
of the SRC
and momentum transferred from the electron to the target Electron scattering experiments in QE kinematics have
model, is clearly
observed.
The error
barsofonthethe
symbols
determines
the space-time
resolution
reaction,
and show
shown that SRC pairing shifts nucleons from lowobjects
are probed
or bands
momentum nuclear shell-model states to high-momentum
ties, both atthereby,
the 1σwhich
or 68%
confidence
level(i.e.,
and quarks
the gray
nucleons).
To study the structure of nuclei in terms of states with momenta greater than the nuclear Fermi
are not isoscalar
corrected.
10 /10
individual nucleons, we scatter electrons in quasi-elastic momentum. This “high-momentum tail”
has a similar
(QE) kinematics where the transferred momentum shape for all nuclei. The relative abundance of SRC pairs

E . Segarra

d
nSRC

F2p + F2n
F2d

f

Current idea normalized

=

? If so np dominance exists

𝒱

𝒱

Does

(

(∗

Spares follow

11

..

Quark structure of nucleon

BLC

PLC

..

+✏

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

gives high x
q(x) PLC does not



FrankfurtStrikman

Cioffi degli Atti ‘07

EB V
interact with
Free nucleon : H0 =
,V > 0
V
E
U (in MeV)P Ciofi degli Atti et al.nucleus
2007

A
U = hv(p, E)i/2M
3
H=e
-34.59
|N i = |Bi + ✏|P i, ✏ = EB V EP < 0
e
4
He
-69.40

12
C
-82.28
EB |U | V
In nucleus (M) : H =
16
V
EP
O
-79.68
40
Ca
-84.54
56
Fe
-82.44
|N iM = |Bi + ✏M |P i, |✏M | < |✏|, PLC suppressed, ✏M ✏ > 0 amplitude e↵ect!
208
Pb
-92.20
2
2
nucleon correlations
|N iM |N i / (✏M ✏) / U = p 2Mm Shroedinger eq.
qM (x) = q(x) + (✏M
R=

qM
q

;

dR
dx

= (✏M

✏)f (x) q(x),

df
dx

< 0, x

0.3 PLC suppression

df
✏) dx
< 0 Reproduces EMC e↵ect - like every model

Why this model??? Large e↵ect if v = p2

m2 is large, it is

large values from
two nucleon
correlations Simula
12

EFT: Chen et al ‘16

La

Implications of model
The two state model has a ground state |N i and an excited state |N ⇤ i
|N iM = |N i + (✏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 effectsame model predicts some other effect

13

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

Close nucleon encounte
Define

22
Q
Q
x=
A
x = 2q m
0 ⌫A
2M

x goes from 1 to A

x=1 is exact kinematic limit for all Q2 for the scattering off a free nucleon;
x=2 (x=3)
is exact
kinematic
limit forshort-range
all Q2 for the
scattering
off a A=2(A=3)
ferson
Lab may
have directly
observed
nucleic
correlations,
with de
system (up to <1% correction due to nuclear binding)

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

M Strikman

tists believe that the crushing forces
low-momentum nucleons is s
1<x<2
core of neutron stars squeeze nuclepressed.picture
This is pretty straig
o tightly that they may blur together.
high energies. First, one nee
ntly, an experiment by Kim Egiyan and
kinematics sufficiently far from
Two
nucleons
cluster
gues in Hall
B at the US Department
allowed for scattering off a fr
ergy’s Jefferson Lab caught a glimpse
i.e. x = Q2/2q0mN < 1, and for
ing off two nucleons with o
s extreme environment in ordinary
r here on Earth. Using the CEBAF Fig. 1. Scattering of a virtual photon off a two- momentum in the nucleus, x <
two
nucleons
SRC are
fast square of the four mom
is the
before
(left)of
and
Acceptance Spectrometer (CLAS) nucleon correlation, x > 1.5,
ferred to the nucleus, and q0 i
of the photon.
g the E2 run, the team measured after (right) absorption
4
transferred to the nucleus.)
of the cross-sections for electrons
one needs to restrict Q2 to va
ering with large momentum transfer
than a few giga-electron-volts
edium, and light nuclei in the kinethis case,14nucleons can be tre
region that is forbidden for lowtons with structure, since t
entum scattering. Steps in the value
remains intact in the final state
s ratio appear to be the first direct

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

⇡
huge
from
S. eq.

( 3)2 = 9

1
k2
300 MeV/c < k < 500 MeV/c
(k) ⇠

Supports high momentum transfer
Not e↵ective range

Two nucleons are
stuck/struck together

May explain why pionless EFT works
so well
15
van Kolck

(e,e’) at high x

1 < x < 21 leading term:
2
A

(x, Q2 ) ⇡ a2 (A)

2
(x,
Q
) ⇡ a2 (A)
2

a2

2
(x,
Q
)
D

Fomin et al
‘11
a2

16

Egiyan ‘06

Hen et al 2013
-dREMC/dx

DIS
0.4

χ2 / ndf
a

197

5.673 / 5

Au

-0.07004 ± 0.003658

0.3

56

12

C

9

0.2

4

0.1

0

3

Fe

Be

He

Linear relation
accident?

He

d
1

2

3

4

5

a2(A/d)

Fomin et al
2012
a2
Seely et al 2009
get slope
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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
a• bound nucleon is larger than free one- a
Cloet Thomas …..
mean field effect
b• multi-nucleon clusters - beyond the mean

field
18

One thing I learned since ‘85
• Nucleon/pion model is not cool

Deep Inelastic scattering from nucleinucleons 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 rulematrix element of energy
momentum tensor

Common cause of dR/dx and a2(A):
large virtuality
p
Given Q2 , x, p?

p2-M2 large

+

U=v/(2M)

4-momentum conservation determines 2 Pp + ⌘ ↵ and v = p2

M2

D

Q2 = 2.7 GeV2 , p? = 0

1
M

Sees wave function at ↵ ⇡ 1.2

|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)
20

The word both had been largely missing from models of EMC
effect
many models have been ad hoc. The PLC suppression model
is not.

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
• …..
21
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s to be studied further. Furthermore, as yet there is no
ate calculation of the numerator term of Eq. (13), i.e., the
nuclear cross section for the ðe; e0 Þ reaction at large
s of xB .
ysics at large values of xB .—The next step is to use the
sive ðe; e0 Þ cross section to look for the effects of SRC
in nuclei by choosing kinematics where mean-field
eons cannot contribute to the reaction. This is done by
g xB > 1. Just as conservation of four-momentum ensures
xB ¼ 1 is the kinematic limit for scattering from a single
eon, xB ¼ 2 is the kinematic limit for scattering from a
er of two nucleons and xB ¼ 3 is the kinematic limit for
ering from a three-nucleon cluster.
a result, we can expand the ðe; e0 Þ cross section into
s due to electrons scattering from nucleons in two-, threed more-nucleon SRCs (Frankfurt and Strikman, 1981,
; Frankfurt et al., 1993)
σðxB ; Q2 Þ ¼

A
X
j¼2

aj ðAÞσ j ðxB ; Q2 Þ;

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.

ð14Þ

e σ j ðxB ; Q2 Þ ¼ 0 for xB > j and the faj ðAÞg are proporl to the probability of finding a nucleon in a j-nucleon
er. This is analogous to treating the nuclear structure in
s of independent nucleons, independent nucleon pairs,
Equation (14) is based on the lack of interference between
itudes arising from scattering by clusters of different
eon number that occurs because the important final states
ifferent. Its importance lies in the fact that in a given
matic region the ratio of cross sections can be used to
mine information about short-range correlations.
we consider only the a2 term, then we can write
a2 ðAÞ ¼

2 σ A ðxB ; Q2 Þ
:
A σ d ðxB ; Q2 Þ

ð15Þ

approximation should be valid for 1.5 < xB ≤ 2. The
t of neglecting clusters of three or more nucleons has
r been studied.
the momentum distribution for jyj > pFermi is dominated
ucleons in SRC pairs, then we expect that the momentum
butions for nucleus A and for deuterium should be almost
ical. This similarity should show up as a plateau in the per
eon cross-section ratio of the two nuclei. Figure 15 shows
tch of this process.
e cross-section ratio of nucleus A to deuterium or to 3He
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Two nucleon correlations
n(k)

FIG. 4: The nucleon momentum distributions n0 (k)
(dashed line) and n(k) (solid line) plotted versus
momentum in fm 1 for the deuteron, 4 He, 12 C and
56
Fe. Figure adapted from (Ciofi degli Atti and Simula,
1996a).

he nucleon momentum distributions n0 (k)
ne) bers
andofn(k)
(solid line) plotted versus
the deuteron (S = 1, T = 0), a neutron-proton

Chen et al ‘16

FIG. 5: Scaled two-body distribution function ⇢A
2,1 (
(see Eq. (81)) for nuclei with A = 2, 3, 4. A correla
hole is seen for all of these nuclei. The two sets of cu
are obtained with the AV18+UIX
(left) and N2 L
25
(right) potentials. Figure adapted from (Chen et a
2016). The meaning of R0 is discussed in the tex

Probability to find
nucleons separated
by r

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
26
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inserting a θ-function impact parameter dependence into

not so different from the Miller-Spencer Jastrow function.
Figure 1 shows a typical nuclear-matter example, follow(2)
ing the calculations of Ref. [13], alongside
1 the 2MillerSpencer function and the effective scaling function, obtained from the ratio of calculations with and without
short-range correlations, that appears in the Bruecknerz1 based work
(2)of Ref. [9] All the functions go to unity at
large
r,
but
the 1
Brueckner-based
has a2sizeable
2
1 function
2
1 ”overshoot”
near r = 1 fm. The Miller-Spencer function 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 0νββ2matrix element. 1The variational
2 nuclear-matter resembles the Miller-Spencer function but has essentially no
2 and so if applied like that function via Eq. (2)
overshoot,
1
2
it will produce an even smaller matrix element.

All approaches need two-nucleon density: ⇢
Compute thickness function
R1
R
(2)
T (b) = 1 dz1
dz ⇢

(r , r ) ⌘ hA|

(b = b, z ; b = b, z )

Usual approximation
⇢(2) (b1 = b, z1 ; b2 = b, z ) ⇡ ⇢(b, z )⇢(b, z )
⇣R
⌘
1
1
(2)
T (b) = 2
dz⇢(b, z) = 2 T (b)
1

tegral of 0.006. Substituting the pair distribution function g01 would only make the problem here worse. The
Miller-Spencer Jastrow
1 function
i yields2a little bit
j of overi6=j
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 effective functions that result must therefore look different

The use of the F from Eq. (4) to multiply a two-body
operator as in Eq. (2) is often called the two-body cluster approximation, because all terms are discarded except
those in which the transition operator and the correlators
2act on the same pair
1 of particles.
2 This approximation
1 appears to be reasonably good for number-conserving two1
body densities. The dot-dashed line in Fig. 1 displays the
0 g01 (r) in the S = 0, T = 1 channel, followdistribution
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 either there or here.

But ⇠ 20% of nucleons are in a correlated pair
⇢(2) (b1 = b, z1 ; b2 = b, z ) = ⇢(b, z )⇢(b, z )(1 + C(|z
R
T (2) (b) ⇡ T (b)2 RlcA , lc = 2
dz C(z)
10-20% reduction depending on nucleus!

P

(r

r ) (r

r )|Ai

Engel, Carlson, Wiringa ‘11

z2 |))

lc/2
Shadowing effects are overestimated by significant amounts
In ββ decay, the picture must be different, however.
see why, neglect
consider the charge-changing
analog of
of thecorrelations
in all approachesTothat
effects

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.
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Implication 1 for EIC?

Why are EMC ratios independent of Q2?

• Is the medium modification for matrix elements
yielding higher-twist effects same as for
M. Strikman
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 30
ramped up
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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).

Progress in Quark Nuclear
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FIG. 29. Evolution of nuclear physics from structureless nucle-
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