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FIG. 3. The α3N dependence of the inclusive cross-section ratios
for 4He to 3He: triangles, JLAB data [9,37]; circles, ratios when
using a parametrization of SLAC 3He cross sections [35,36]. The
horizontal line at 1.3 ! α3N < 1.5 identifies the magnitude of the
2N SRC plateau. The line for α3N > 1.6 is Eq. (10) with a 10%
error introduced to account for the systematic uncertainty in a2(A, Z )
parameters across all measurements. The data correspond to Q2 ≈
2.5 GeV2 at x = 1, α3N = 1.

The status of the experimental observation of the scaling in
the ratio of Eq. (4) is as follows: The E02-109 experiment
[38] provided high-accuracy ratios, in the 2N SRC region,
at large momentum transfer for a wide range of nuclei [9].
This experiment covered some part of the 3N SRC kinematic
region with lesser quality of data (see also Refs. [37– 40]),
providing an indication of a plateau in the cross-section ratios
beginning at x > 2 once Q2 is sufficiently high.

In Ref. [29], it was pointed out that the above-mentioned
data [9,37,38] suffered from a collapse of the 3He cross
section between x = 2.68 and x = 2.85 due to difficulties with
the subtraction of the aluminum target walls. This issue arose
from the relatively small diameter of the target cell (4 cm)
combined with the fact that σ Al ≫ σ

3He at large x as σ
3He

must go to 0 at its kinematic limit, x = 3. The cross-section
ratio in Ref. [9] was made possible by the following: First,
the inverted ratio 3He/4He was formed and then rebinned,
combining three bins into one for x " 1.15. Subsequently, the
bins in the inverted ratio that had error bars falling below zero
were moved along a truncated Gaussian, such that the lower
edge of the error bar was at zero. The ratio was then inverted
to give the ratio for 4He/3He shown in Fig. 3 of Ref. [9] and as
the triangles in Fig. 3 below. The use of a truncated Gaussian
gave rise to the asymmetric error bars seen in the ratios.

As an alternative to the somewhat unconventional proce-
dure above, we have used the following approach to substitute
the 3He data of Refs. [9,37,38] in the 3N SRC region: We
have replaced the problematic data between x = 2.68 and
x = 2.85 (1.6 ! α3N ! 1.8), point by point, by employing a
y-scaling function F (y) [41– 43] fit to the SLAC data [35,36]
measured at a comparable Q2. A simple, two-parameter fit
F (y) = aexp(−bx), limited to the range 1.6(y = −0.7) !
α3N ! 1.8(y = −1.1), provides a good description of the
SLAC data [29]. We preserved the absolute error of the
E02019 data set [9,37,38] rather than the smaller errors from
the fit. The fit parameters are a = 0.296 and b = 8.241.

Note that the above approach was first used in Ref. [5],
which provided the first evidence of 2N SRCs through cross-
section ratios in inclusive scattering. The 2N SRC results
obtained have been confirmed by subsequent precision stud-
ies [7– 9] in which the ratios were measured in a single
experiment.

It is also worth mentioning that in the case of 2N SRC
the adopted approach was more complicated than the one
we employed in the current work. In Ref. [5], the data were
combined to form the cross-section ratios of nuclei (3He,
4He, C, Al, Fe, and Au) to the deuteron, covering a range
in Q2 from 0.9 to 3.2 (GeV/c)2. In the current analysis of
3N SRCs, we worked at a single value of Q2 ≈ 2.7 (GeV/c)2

and, incidentally, the 3He data used in 1993 is the same set we
employ here. The resulting ratios are displayed as red circles
in Fig. 3.

Figure 3 presents the results for the cross-section ratios
obtained within the two above described approaches. While
both give similar results, we consider the replacement of the
data points between x = 2.68 and x = 2.85 (1.6 ! α3N !
1.8) as the best alternative to the procedure adopted in Ref. [9]
in part because it allows a consistent treatment of the ratios for
all A.

In Fig. 3, the plateau due to 2N SRCs is clearly visible for
1.3 ! α3N ! 1.5. In this region, α3N ≈ α2N [29], where α2N
is the LC momentum fraction of the nucleon in the 2N SRC.
Because of this, we refer to the magnitude of this plateau as

R2(A, Z ) = 3σA(x, Q2)
Aσ3He(x, Q2)

∣∣∣∣
1.3!α3N!1.5

= a2(A)
a2(3He)

. (7)

The horizontal line in the region of 1.3 ! α3N ! 1.5 is
given by the right-hand side of Eq. (7), in which the values
of a2(3He) and a2(A) are taken from the last column of
Table II in Ref. [44], an average of the SLAC, JLAB Hall
C, and JLAB Hall B results. The magnitude of the horizontal
solid line in the region of 1.6 ! α3N ! 1.8 is the prediction of
R3N (A, Z ) ≈ R2

2N (A, Z ), which will be explained in the next
section. We assigned a 10% error to this prediction (dashed
lines) related to the uncertainty of a2(A, Z ) magnitudes across
different measurements.

As Fig. 3 shows, the data at α3N > 1.6 are consistent with
the prediction of the onset of the new plateau in the 3N-SRC
region and that its magnitude is proportional to R2

2N .
With a set of 3He data obtained in this approach, we are

able to estimate the ratios for other nuclei, including 9Be, 12C,
64Cu, and 197Au, albeit with larger uncertainties [29].

The large experimental uncertainties in evaluation of the
ratios for 4He (Fig. 3) and for heavier nuclei [29] do not allow
us to claim unambiguously the onset of the plateau at α3N "
1.6. However, one can evaluate the validity of such a plateau
by comparing one- and two-parameter fits to the experimental
ratios in the α3N " 1.6 region. The one-parameter fit in the
3N region gives the values (Rexp

3 ) of the plateaus as seen in
Fig. 4(a) along with our prediction of Eq. (10). Rexp

3 is also
listed in Table I. A two-parameter linear fit returns errors on
the parameters nearly as large as the parameters themselves
and a correlation matrix, indicating that the second parameter
is redundant, providing no additional information.
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FIG. 4. (a) The A dependence of the experimental evaluation of
R3 compared with the prediction of Eq. (10). (b) The A dependence
of a3(A, Z ) parameter compared to a2(A, Z ) of Ref. [9].

V. 3N SRCs AND THE pn DOMINANCE

In Fig. 1(b), the 3N SRC is produced in the sequence
of two short-range NN interactions in which the nucleon
with the largest momentum interacts with the external probe
[29,30]. The presence of short-range NN interactions in 3N-
SRC configurations tells us that the recently observed pn-SRC
dominance [12– 14] is critical to our understanding of 3N
SRCs.

For 3N SRCs, one expects that only pnp or npn con-
figurations to contribute, with the pn short-range interaction
playing role of a “catalyst” in forming a fast interacting
nucleon with momentum, pi [Fig. 1(b)]. For example, in the

TABLE I. Numerical values a2 [44], R2 [Eq. (7)], Rexp
3 (the

weighted average in the 3N region), and a3 [Eq. (6)].

A a2 R2 Rexp
3 a3

3 2.13 ± 0.04 1 NA NA
4 3.57 ± 0.09 1.68 ± 0.03 2.74 ± 0.24 3.20 ± 0.28
9 3.91 ± 0.12 1.84 ± 0.04 3.23 ± 0.29 3.77 ± 0.34
12 4.65 ± 0.14 2.18 ± 0.04 4.89 ± 0.43 5.71 ± 0, 50
64 5.21 ± 0.20 2.45 ± 0.04 5.94 ± 0.52 6.94 ± 0.77
197 5.13 ± 0.21 2.41 ± 0.05 6.15 ± 0.55 7.18 ± 0.64

case of pnp configuration, the neutron will play the role of
intermediary in furnishing a large momentum transfer to one
of the protons with two successive short-range pn interactions.
Quantitatively, such a scenario is reflected in the nuclear light-
front density matrix in the 3N-SRC domain, ρN

A(3N )(αN ), being
expressed through the convolution of two pn-SRC density
matrices, ρN

A(pn)(α, p⊥) as follows:

ρN
A(3N )(αN , p⊥) ≈

∑

i, j

∫
F (α′

i, pi⊥,α′
j, p j⊥)

× ρN
A(pn)(α

′
i, p′

i⊥)ρN
A(pn)(α

′
j, p′

j⊥)

× dαid2 p j⊥dαid2 p j⊥, (8)

where (α′
i/ j, p′

i/ j⊥) are the LC momentum fractions and trans-
verse momenta of spectator nucleons in the center of mass of
the pn SRCs. According to the pn dominance [17],

ρN
A(pn)(α, p⊥) ≈ a2(A, Z )

2XN
ρd(α, p⊥), (9)

where XN = Z/A or (A − Z )/A is the relative fraction of
the proton or neutron in the nucleus and ρd(α, p⊥) is the
light-front density function of the deuteron at α ! 1.3. The
factor F (α′

i, pi⊥,α′
j, p j⊥) is a smooth function of LC mo-

menta and accounts for the phase factors of nucleons in the
intermediate state between the sequential pn interactions with
0 < α′

i/ j < 2.
It follows from Eq. (8) and the expression of ρN

A(pn)(α, p⊥)
in Eq. (9) that the strength of 3N SRCs is ∝ a2

2(A, Z ). This is
evident by calculating R3 in Eq. (4) using the relation (3) and
the conjecture of Eq. (8), which leads to [29]

R3(A, Z ) = 9
8

(σep + σen)/2
(2σep + σen)/3

R2
2(A, Z ) ≈

[
a2(A, Z )
a2(3He)

]2

,

(10)

where σep ≈ 3σen in the considered Q2 ∼ 3 GeV2 range. As
Fig. 3 shows, the prediction of R3 ≈ R2

2 is in agreement with
the experimental per nucleon cross section ratios of 4He to
3He targets. There is a similar agreement for other nuclei
including 9Be, 12C, 64Cu, and 197Au [29].

To test the prediction of Eq. (10) quantitatively, we eval-
uated the weighted average of Rexp

3 (A, Z ) for α3N > 1.6 and
compared them with the magnitude of ( a2(A,Z )

a2(3He) )2 in which
a2(A, Z )’s are taken from Ref. [44]. The results in which the
3He cross section was taken from the F (y) fit to the SLAC
data are presented in Fig. 4(a) and Table I. They show good
agreement with the prediction of Eq. (10) for the full range of
nuclei. We investigated the sensitivity of the weighted average
of R3(A, Z ) on the lower limit of α3N (before rebinning) and
found that the results shown in Fig. 4(a) remain unchanged
within errors which grow with a larger α3N > 1.6 cut.

The agreement presented in Fig. 4(a) represents the
strongest evidence yet for the presence of 3N SRCs. If it
is truly due to the onset of 3N SRCs, then one can use
the measured Rexp

3 ratios and Eq. (6) to extract the a3(A, Z )
parameters characterizing the 3N SRC probabilities in the nu-
clear ground state. The estimates of a3(A, Z ) and comparisons
with a2(A, Z ) are given in Fig. 4(b) (see also Table I). These
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Correlation, in nuclear physics, is a word that refers to 
effects that are beyond mean field theories.


• Long-range: Nuclear collective phenomena such as giant resonances, 
vibrations and rotations - very well known: Scales are MeV and nuclear radii


• Short-range: Subject of intensive studies in nuclear physics

• Source is the strong repulsive core of the microscopic nucleon–nucleon 

interaction at short inter-nucleon distances. Attractive at long distances.

• Scales are nucleon radii and >> MeV


The search for nuclear phenomena exposing short-range correlations effects is 
one of the most discussed topics in the nuclear structure community today. In 
fact, the connection between SRCs and the EMC effect … have made it to Fox 
News!

Searching for three-nucleon 
short-range correlations 
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What we know about 2N-SRCs

4

• Spawned inescapably from character of NN potential

• the hard core and the tensor interaction

• Identical structure of high momentum components in light and heavy nuclei  - 

universality

• Kinematic regions in (e,e’): Q2 ⪞ 1.4 GeV/c2 and at large x ⪞ 1.5  such that pmin > 

kF;  inelastic processes and MECs are minimized

• Quantified as the strength relative to the deuteron, a2 = 2/A σA/σD 


• 2N-SRCs dominate the momentum distribution tail (300-600 MeV/c)

• Isospin dependence: 20 ± 5% 2N-SRCs - primarily np pairs (18:1 for pp) with 

large relative momenta and small com momentum

• 80 ± 5% mean field; 10 - 20% long range correlations


• Simple average density dependence of a2 violated  - the local density - also seen 
in the EMC effect, dR/dx


• Short distance interactions (i.e. high density) plausibly lead to modification of 
nucleon pdfs and to a credible connection to the EMC effect


• Isospin dependence of SRC and EMC (e,e’) - works in progress

• SRC-EMC connection is not fully understood.
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VNN

r

correlated wf 

uncorrelated wf

• The nucleon-nucleon (NN) interaction is 
singularly repulsive at short distances

•  Two nucleons rarely are at short distances 
Loss in configuration space components signals 
an increase of high-momentum components


• Both the correlation hole and the high-k 
components are absent in IPMs


• Taken together the loss of configuration space 
and the strengthening of high of momentum 
components are “correlations”.


• The NN tensor force also provides high-
momentum components;  required to obtain the 
quadrupole moment of the deuteron and 
predicts a isospin dependence of SRCs.

Case for Correlations

High enough to 
modify nucleon 
structure?

Densely packed - 

at small distances multiples 
of NM density

10 CHAPTER 1. INTRODUCTION AND OVERVIEW
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Figure 1.3: The scalar charge densities of two nucleons 1, 1.5 and 2 fm apart.

(BCC) solid, the particles have eight first neighbors at a distance
p

3 a/2, where a is the
length of the cube side, (a3/2) is the volume of the unit cell, and (a3/2)Ω0 = 1. At nuclear
matter density this distance is

BCC nearest neighbor distance =

s
3

4

√
2

Ω0

!1/3

' 2 fm . (1.14)

On the other hand, particles in uncorrelated gases have a nearest neighbor at a distance
ª r0. The mean nearest-neighbor distance in nuclei and nuclear matter is in between these
limits. It is of the order 1/mº ª 1.4 fm.

The radius of the proton distribution in a nucleus, denoted by RA,p

rms
, can be obtained

from the charge radius of that nucleus by correcting for the proton and neutron sizes. When
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The Pauli principle requires that two-nucleon states 
be antisymmetric wrt to exchange of the nucleons’ 
space, spin, and isospin coordinates

Possible Two Nucleon states
L S J � = �1L T(L+S+T odd) 2S+1LJ
0 0 0 + 1 1S0

0 1 1 + 0 3S1

1 0 1 - 0 1P1
1 1 0 - 1 3P0
1 1 1 - 1 3P1
1 1 2 - 1 3P2
2 0 2 + 1 1D2

2 1 1 + 0 3D1

2 1 2 + 0 3D2

2 1 3 + 0 3D3

Two-nucleon states

S1,2 = 3 (⇥�1 · r̂12) (⇥�2 · r̂12) � �1�2

Without the tensor contribution 
the deuteron would not be 
bound
And it only contributes to T=0 2N states

6

Explains the SRC ratios, isospin 
asymmetry
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Volume 76B, number 5 PHYSICS LETTERS 3 July 1978 
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2H/~ ~ F B H F  (4) Fig. 4. Momentum distributions from the RSC potential for 
different nuclei and approximations. GBHF: two body ap- 
proximation, FBHF(4): with partial inclusion of three- and 
four-body ter.ns. 

Also included in fig. 4 is the deuteron momentum distribution obtained from the Reid soft core potential by 
solution of the Schr6dinger equation. The general behaviour is quite similar to the one obtained for the closed 
shell nuclei. In the high momentum region, the only difference is one of normalization: going from 2H to 4He 
yields a factor of about six as the number of nucleon pairs in 4He is six times as large as the number of pairs in 2H. 
Going from 4He to 160 yields only a factor of four proportional to the mass number from the overall normaliza- 
tion as no more particles may move in relative S-states and no higher partial waves contribute significantly to the 
correlation amplitudes. 

We conclude that an experimental determination of only the order of magnitude of n(q) would already be suf- 
ficient to see significant influence of nucleon correlations. This is quite different from the conclusion reached for 
the form factor F(q) obtained via elastic electron scattering. Using exactly the same density matrices (3), no signifi- 
cant influence of correlations could be found [3]. This quite different behaviour is due to the fact that very differ- 
ent aspects of the nuclear density are tested: the form factor describes density fluctuations, 

1 ^ F(q) = -~ f dq f d 3r e iq'r p(r, r), 

whereas the momentum distribution describes density correlations, 

n(q) = f d 0 f d3r  f d3r ' e iq'(r-r') o(r,r'), 

where p(r, r ') = Zat a2 (rl~> (c~ 1 ID 1 I~ 2> (~2 It') is the one-body density in coordinate space. Neglecting again in the 
high momentum region the uncorrelated single-particle motion, we have 

n(q) o: JS2(q)l 2, f(q) f d3rl e iq'rl f d3r21S2(Ir I -r21)l 2. 

531 

7

Momentum Distributions Of Nucleons In Nuclei, Volume 76B, 
Physics Letters 3 July 1978, J.G. Zabolitzky and W. Ey

Long term quest for SRCs through n(k)

“For many years the quest for direct experimental 
evidence of nuclear correlations has not met much 
success. “

“The short-range correlations are found to modify 
significantly the independent particle shell model 
momentum density distribution for low momenta and 
to dominate it for high momenta”

Short-range correlations and the nuclear momentum density 
distribution for 16O: Van Orden, Truex, Banerjee, PRC 21 
(2628) 1980

High momentum tail resembles that of deuteron

A repulsive core ⇒ spatial correlations (a hole) ⇒ a correlation in momentum space ⇒ high momentum components
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Ciofi/Simula

What many calculations indicate is 
that the tail of n(k) for different 
nuclei has a similar shape - 
reflecting that the NN interaction, 
common to all nuclei, is the source 
of these dynamical correlations. 
Suggests isospin dependence - similar 
to deuteron k > 250 MeV/c

20% of nucleons
60% of KE

k < 250 MeV/c
80% of nucleons
40% of KE

Theory suggests a common feature for all nuclei

Isolate short range 
interactions (and SRC’s) 
by probing at high pm: 
(e,e’p) and (e,e’)

10Friday, May 31, 13

8

n(k) is A dependent at k < kf  yet has a universal shape at large 
k, reflecting the details of the NN interaction.

Cross sections mirror aspects of n(k)
Inclusive scattering at large x

➡ Motion of nucleon in the 
nucleus broadens the peak.
➡ little strength from QE 
above x ≈ 1.3.

High momentum tails accessible AND 
should yield constant ratio if seeing SRC

A(e,e’) E02019 Fomin et. al., 5.766, 18o

e

e’

Nucleus A

€ 

θ

At  x ≈ 1  

QE

Large x

€ 

θ

11Friday, May 31, 13

a plateau in ratios 

C. Ciofi degli Atti and S. Simula, Phys. Rev. C 53 (1996) 1689
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�e
�e0

MA M⇤
A�1, ��k

�k
W2 � (Mn + m�)

2

Inclusive Electron Scattering from Nuclei
Two distinct processes Quasielastic from the nucleons in the nucleus

Inelastic and DIS from the quark constituents of the nucleon.

�e
�e0

MA M⇤
A�1, ��k

�k
�k + �q, W2 = M2

d2�
d⌦d⌫

/
Z
d~k

Z
dE�ei Si(k, E)|Å}

Spectral function

�()
d2�
d⌦d⌫

/
Z
d~k

Z
dE W

(p,n)
1,2 Si(k, E)|Å}

Spectral function

9

In IA, S(k,E) describes the probability of finding a struck nucleon in the nucleus 
initially having missing momentum k and missing energy E. 

 



Center for Frontiers in Nuclear Science

3He

Spectral Function, S(k,E)

A ridge at approximately  
E = k2/(2m) reflects 
correlations in the gs

n(k) =
Z
dE S(k, E)

10



The cross section in inclusive electron scattering at high Q2 is factorized 
in the form

where σeN is the elementary cross section and ρAN(α) is the light-front 
density matrix at LC momentum fraction αN of probed nucleon.     
Starting from the above (see references below) we can predict the 
following.

)
2
A
�A(x, Q2)
�D(x, Q2)

= a2(A)

áàààÜ
1<x2

3
A

�A(x, Q2)
�A=3(x, Q2)

= a3(A)

áàààÜ
2<x3

In the ratios, off-shell effects 
and FSI largely cancel.

aj(A) is proportional
to probability of finding
a j-nucleon correlation

11

CS Ratios and SRC

L.L. Frankfurt and M.I. Strikman, Phys. Rep. 160, 235 (1988)

σeA ≈

∑

N

σeNρ
N
A(αN)

<latexit sha1_base64="qmPhxWiMVj+0Tz+P2/l4SxZ0gUY="></latexit><latexit sha1_base64="qmPhxWiMVj+0Tz+P2/l4SxZ0gUY="></latexit><latexit sha1_base64="qmPhxWiMVj+0Tz+P2/l4SxZ0gUY="></latexit><latexit sha1_base64="HijzuilwVa3CmM0tEPpF12DDxCY="></latexit>

L. Frankfurt, M. I. Strikman, D. B. Day, and M. Sargsyan, Phys. Rev. C 48, 2451 (1993).  



In the region where correlations 
should dominate, large x,

)
2
A
�A(x, Q2)
�D(x, Q2)

= a2(A)

áàààÜ
1<x2

3
A

�A(x, Q2)
�A=3(x, Q2)

= a3(A)

áàààÜ
2<x3
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Ratios and SRC

aj(A) is proportional to probability of 
finding a j-nucleon correlation
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Accounts for Q2 dependence

2
4
σ

4
He

σ
2H
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2N SRCs: Where to look in inclusive A(e,e’)

Look in kinematics that are forbidden to the stationary 
nucleon AND minimize DIS, MEC, and nucleon excitations:

• Q2 ≳ 1.5 and 1.4 < x < 1.9 (Q2 dependent)

• This insures that the struck nucleon momentum is greater 

than the mean-field kf.

• As A increases we have to higher x or Q2 to be confident 

scattering is not from mean-field nucleon 
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x > 1, low ω side of qep 

x < 1

Inelastic electron scattering 
from fluctuations in the nuclear 
charge distribution  
Wieslaw Czyż and Kurt Gottfried  
Annals of Physics 21, 47 (1963)
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2222

• CLAS - <Q2>≈1.5 GeV2


• E02-019 - Q2=2.7 GeV2

N. Fomin, et al., PRL 108 (2012) 092052
 Experimental observations:

• Clear evidence for 2N-SRC at x>1.5 

• Suggestion of 3N-SRC plateau(?)

• Isospin dependence ?

• Local Density dependence

K. Egiyan et al, PRL96, 082501 (2006)

14

SRC Ratios at Jlab

QCD$Fron)ers$2013$Slide&6&

New&Jefferson&Lab&EMC&Effect&Data&&
J. Seely et al., Phys, Rev. Lett. 103 (2009) 202301. 

•  Plot shows slope of ratio σA/σD at EMC region. 
•  EMC effect correlated with local density not average density. 

Simple SRC Model:

•  1N, 2N, 3N  dominate at x ≤ 1, 2, 3

• 2N, 3N configurations “at rest”

• Isospin independent

• Depends on  Average Density
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8

JLab E03-103: Light nuclei Consistent shape for all nuclei (curves show 
shape from SLAC fit)

12C

9Be

4He

If shape (x-dependence) is same for all nuclei: 

J. Seely, et al., PRL103, 202301 (2009) 

 Credit: P. Mueller, via John Arrington

Then the slope (0.35<x<0.7) can be used to study 
dependence on A

Ref. [13] to yield the neutron-to-proton cross section ratio
in nuclei. Using the ‘‘smeared’’ proton and neutron cross
section ratios more accurately reflects the correction that
should be applied to the nuclear ratios, and in the end,
yields a significantly smaller correction at large x, where
the uncertainty in the neutron structure function is largest.

While applying the isoscalar correction to the 3He data
using the smeared F2n=F2p ratio yields a more reliable
result, there is still some model dependence to this correc-
tion due to the uncertainty in our knowledge of the neutron
structure function. Ref. [13] demonstrated that much of the
inconsistency between different extractions of the neutron
structure function comes from comparing fixed-Q 2 calcu-
lation to data with varying Q 2 values, rather than from the
underlying assumptions of nuclear effects in the deuteron.
Nuclear effects beyond what is included in Ref. [13], such
as the off-shell contribution !ðoffÞ of Ref. [14], yield a 1%–
2% decrease to the proton’s contribution to the deuteron
thus increasing the extracted F2n=F2p ratio by 0.01–0.02.
This yields a slightly reduced correction for 3He which
would raise the isoscalar EMC ratio for 3He by 0.3%–0.6%
at our kinematics.

The observed nuclear effects are clearly smaller for 3He
than for 4He and 12C. This is again consistent with models
where the EMC effect scales with the average density, as
the average density for 3He is roughly half that of the 12C.
However, the results of 9Be are not consistent with the
simple density-dependent fits. The observed EMC effect in
3He is essentially identical to what is seen in 12C, even
though the density of 9Be is much lower. This suggests that
both the simple mass- or density-scaling models break
down for light nuclei.

One can examine the nuclear dependence based on the
size of the EMC ratio at a fixed x value, but the normal-

ization uncertainties become a significant limiting factor. If
we assume that the shape of the EMC effect is universal,
and only the magnitude varies with target nucleus, we can
compare light nuclei by taking the x dependence of the
ratio in the linear region, 0:35< x< 0:7, using the slope as
a measure of the relative size of the EMC effect that is
largely unaffected by the normalization. The slopes are
shown for light nuclei in Fig. 4 as a function of average
nuclear density. The average density is calculated from the
ab initio Greens Function Monte Carlo calculation of the
spatial distributions [15]. Because we expect that it is the
presence of the other (A # 1) nucleons that yields the
modification to the nuclear structure function, we choose
to scale down this density by a factor of ðA # 1Þ=A, to
remove the struck nucleon’s contribution to the average
density. The EMC effect for 3He is roughly one third of the
effect in 4He, in contrast to the A-dependent fit to the SLAC
data [2], while the large EMC effect in 9Be contradicts a
simple density-dependent effect.
One explanation for the anomalous behavior of 9Be is

that it can be described as a pair of tightly bound alpha
particles plus one additional neutron [16]. While most of
the nucleons are in a dense environment, similar to 4He, the
average density is much lower, as the alphas (and addi-
tional neutron) ‘‘orbit’’ in a larger volume. This suggests
that it is the local density that drives the modification. The
strong clustering of nucleons in 9Be leads to a special case
where the average density does not reflect the local envi-
ronment of the bulk of the protons and neutrons.
Another possibility is that the x dependence of the EMC

effect is different enough in these light nuclei that we
cannot use the falloff with x as an exact measure of the
relative size of the EMC effect. This too suggests that the
EMC effect is sensitive to the details of the nuclear struc-
ture, which would require further theoretical examination.
At the moment, there are almost no calculations for light
nuclei that include detailed nuclear structure.

FIG. 4 (color online). The circles show the slope of the iso-
scalar EMC ratio for 0:35< x< 0:7 as a function of nuclear
density. Error bars include statistical and systematic uncertain-
ties.

x

σ 3H
e/

σ D

E03103 Norm. (1.84%)

0.9

1

1.1

1.2

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

FIG. 3 (color online). EMC ratio for 3He [17]. The upper
squares are the raw 3He=2H ratios, while the bottom circles
show the isoscalar EMC ratio (see text). The triangles are the
HERMES results [10] which use a different isoscalar correction.
The solid (dashed) curves are the SLAC A-dependent fits to
carbon and 3He.

PRL 103, 202301 (2009) P HY S I CA L R EV I EW LE T T E R S
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EMC Effect and Local Nuclear Density
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Connection between SRCs and EMC effect:  
Importance of two-body correlations?

L. Weinstein, et al., PRL 106, 052301 (2011)

O. Hen, et al, PRC 85, 047301 (2012)

J. Seely, et al., PRL103, 202301 (2009) 
N. Fomin, et al., PRL 108, 092052 (2012)
J. Arrington,  A. Daniel, D. Day, N. Fomin, D. 
Gaskell, P. Solvignon, PRC 86 (2012) 065204

Virtuality or Local density?

Many body calculations 
connecting SRC and EMC are 
lacking 
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Q2 = 1.5

Q2 = 1.5

Integration limits over 
spectral functionQES

DIS

The limits on the integrals are determined by the 
kinematics. Specific (x, Q2) select specific pieces 
of the spectral function.
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Spectral function

Given the fact that EMC and SRC 
integrate over very different parts 
of the spectral function needs 
close examination
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Ciofi/Simula

What many calculations indicate is 
that the tail of n(k) for different 
nuclei has a similar shape - 
reflecting that the NN interaction, 
common to all nuclei, is the source 
of these dynamical correlations. 
Suggests isospin dependence - similar 
to deuteron k > 250 MeV/c

20% of nucleons
60% of KE

k < 250 MeV/c
80% of nucleons
40% of KE

Theory suggests a common feature for all nuclei

Isolate short range 
interactions (and SRC’s) 
by probing at high pm: 
(e,e’p) and (e,e’)

10Friday, May 31, 13

Common shape of n(k) 
tail reveals the shared 
NN potential of all 
nuclei -  the source of 
these dynamical 
correlations. And 
suggests an isospin 
dependence of the 
deuteronSARGSIAN, DAY, FRANKFURT, AND STRIKMAN PHYSICAL REVIEW C 100, 044320 (2019)

FIG. 1. (a) Geometry of 2N SRCs, pr ≈ −pi. Two configura-
tions of 3N SRCs: (b) Configuration in which recoil nucleon mo-
menta pr2 , pr3 ∼ −pi/2 and (c) configuration in which pr2 ∼ pr3 ∼
pi. Here ms is the invariant mass of the recoiling 2N system.

proton-proton and neutron-neutron SRCs [12]. This result was
subsequently confirmed in semi-inclusive electroproduction
reactions at JLab [13,14], and both are understood as arising
from the dominance of the tensor component in the NN inter-
action at distances |r1 − r2| ! 1 fm [15,16]. This reinforced
the conclusion that the nucleons have been isolated in SRCs
with separations much smaller than average internucleon dis-
tances. The dominance of the pn component in 2N SRCs
suggested a new prediction for momentum sharing between
high-momentum protons and neutrons in asymmetric nuclei
[17] where the minority component (say, protons in neutron-
rich nuclei) will dominate the high-momentum component
of the nuclear wave function. This prediction was confirmed
indirectly in A(e, e′ p)X and A(e, e′ pp)X experiments [18]
and directly in A(e, e′ p)X and A(e, e′n)X processes in which
proton and neutron constituents of 2N SRCs have been probed
independently [19,20]. The momentum sharing effects also
arise from variational Monte Carlo calculations for light
asymmetric nuclei [21] as well as in model calculations of
nuclear wave functions for medium to heavy nuclei [22].

In addition to measuring the isospin content of 2N SRCs,
several experimental analyses [11,14,23] established a de-
tailed “geometrical” picture of 2N SRCs consisting of two
overlapping nucleons having relative momentum between
250 and 650 MeV/c with back-to-back angular correlations
[Fig. 1(a)] and with moderate center of mass momentum,
!150 MeV/c, for nuclei ranging from 4He to 208Pb [23]. Sev-
eral recent reviews [2,3,24–26] have documented extensively
the recent progress in the investigation of 2N SRCs in a wide
range of atomic nuclei.

III. THREE-NUCLEON SHORT-RANGE
CORRELATIONS (3 N SRCs)

Despite an impressive progress achieved in studies of 2N
SRCs, the confirmation of 3N SRCs remains arguable. One
signature of 3N SRCs is the onset of the plateau in the ratio of
inclusive cross sections of nuclei A and 3He in the kinematic
region of x > 2 similar to the plateau observed for 2N SRCs
in the region of 1.5 < x < 2 and discussed above. The first
observation of a plateau at x > 2 was claimed in Ref. [8].
However, it was not confirmed by subsequent measurements
[9,27]. The source of this disagreement has been traced to the
poor resolution at x > 2 of the experiment of Ref. [8], which

led to bin migration [28], where events move from smaller to
higher x. Additionally, as it will be shown below, the absence
of a plateau is related to the modest invariant momentum
transfer, Q2, covered in Ref. [8].

To quantify the last statement, we first need to identify
the dominant structure of 3N SRCs in the nuclear ground
state. The problem is that while for 2N SRCs the correla-
tion geometry is straightforward [two fast nucleons nearly
balancing each other, Fig. 1(a)], in the case of 3N SRCs
the geometry of balancing three fast nucleons is not unique,
ranging from configurations in which two almost parallel
spectator nucleons with momenta, ∼− pi

2 balance the third
nucleon with momentum pi [Fig. 1(b)] to the configurations in
which all three nucleons have momenta pi with relative angles
≈120◦ [Fig. 1(c)]. The analysis of 3N systems in Ref. [15]
demonstrated that configurations in which two recoil nucleons
have the smallest possible mass, mS ∼ 2mN , dominate the 3N
SRC nuclear spectral function at lower excitation energy. This
allows us to conclude [29] that in inclusive scattering, which
integrates over the nuclear excitation energies, the dominant
contribution to 3N SRCs originates from arrangements similar
to Fig. 1(b) with mS " 2mN .

With the dominant mechanism of 3N SRCs identified, we
are able to develop the kinematic requirements to expose
3N correlations in inclusive eA scattering. We use the fact
that, due to relativistic nature of SRC configurations, the
most natural description is achieved through the light-cone
(LC) nuclear spectral functions [6,30] in which the correlated
nucleons are described by their nuclear light-cone momentum
fractions, αi, and transverse momentum, pi,⊥ . In inclusive
scattering, one probes the spectral function integrated over
the LC momenta of the correlated recoil nucleons, residual
nuclear excitation energy, and the transverse momentum of
the interacting nucleon. This corresponds to the LC density
matrix of the nucleus ρA(αN ), where αN is the LC momentum
fraction of the nucleus carried by the interacting nucleon. It
can be shown [31] that ρA(αN )/α is analogous to the partonic
distribution function in QCD, fi(x), where x describes the LC
momentum fraction of the nucleon carried by the interacting
quark.

To evaluate the LC momentum fraction, αN (henceforth
α3N ), describing the interacting nucleon in the 3N SRC, we
consider the kinematic condition of quasielastic scattering
from a 3N system: q+ 3mN = p f + pS, where q, p f , and
pS are the four momenta of the virtual photon, final struck
nucleon, and recoil two-nucleon system respectively. One
defines the LC momentum fraction of the interacting nucleon,
α3N = 3 − αS, where αS ≡ 3 ES−pz

S
E3N −pz

3N
is the light-cone fraction

of the two spectator nucleons in the center of mass of the
γ ∗(3N ) system with z||q. Using the boost invariance of the
light-cone momentum fractions, one arrives at the following
laboratory-frame expression (see Ref. [29] for details):

α3N = 3 − q− + 3mN

2mN

[
1 + m2

S − m2
N

W 2
3N

+
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Search for 3N SRCs in Hall A - E08014

Z. Ye, Phys. Rev. C 97, 065204 (2018)

▪ Better precision than Hall-B, similar to Hall C

▪ Small Q2 values (close to Hall-B)

▪ Data from 2H, 3He, 4He, 12C, 40Ca, 48Ca

▪ No any indication of 3N-SRC at x>2 in either 

4He/3He and 12C/3He ratios

▪ Also shows a Q2 dependence at x>2
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α3N
α3N=1.6

Where to look: The surface above the 
horizontal plane, α3N = 1.6, below or top 
right corner in right figure: pmin ≧ 600/700 
MeV/c, Q2 ≥ 3 or more ↵2N = 2 �

q� + 2MN
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3NSRC - Where to look

q− = qo − | ⃗q |invariant mass

Brief Article

The Author

January 22, 2020

To evaluate the LC momentum fraction, (↵3N ) of the interacting nucleon in the 3N-SRC, consider the kinematics

of quasielastic scattering from a 3N system: q+3mN = pf+pS , where q, pf and pS are the four momenta of the virtual

photon, final struck nucleon and recoil two-nucleon system respectively. One defines the LC momentum fraction of

the interacting nucleon, ↵3N = 3�↵S , where ↵S ⌘ 3
ES�pzS

E3N�pz3N
is the light-cone fraction of the two spectator nucleons

in the center of mass of the �⇤(3N) system with z||q. Using the boost invariance of the light-cone momentum fractions

one arrives at the following lab-frame expression

1

Day, Frankfurt, Sargsian, Strikman.  arXiv:1803.07629 [nucl-th]

Sargsian, Day, Frankfurt, Strikman, PRC 100, 044320 (2019) 
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struck nucleon 
balanced by 2 recoils 
w/momenta ≅ pm/2

M. M. Sargsian, T. V. Abrahamyan, M. I. Strikman, L. L. Frankfurt, 
Phys. Rev. C 71, 044614 (2005) and Phys. Rev. C 71, 044615 (2005)

3N-I SRC

3NSRC - not so simple

Day, Frankfurt, Sargsian, Strikman.  arXiv:1803.07629 [nucl-th]

Sargsian, Day, Frankfurt, Strikman, PRC 100, 044320 (2019) 


“Star Formation”

SARGSIAN, DAY, FRANKFURT, AND STRIKMAN PHYSICAL REVIEW C 100, 044320 (2019)

FIG. 1. (a) Geometry of 2N SRCs, pr ≈ −pi. Two configura-
tions of 3N SRCs: (b) Configuration in which recoil nucleon mo-
menta pr2 , pr3 ∼ −pi/2 and (c) configuration in which pr2 ∼ pr3 ∼
pi. Here ms is the invariant mass of the recoiling 2N system.

proton-proton and neutron-neutron SRCs [12]. This result was
subsequently confirmed in semi-inclusive electroproduction
reactions at JLab [13,14], and both are understood as arising
from the dominance of the tensor component in the NN inter-
action at distances |r1 − r2| ! 1 fm [15,16]. This reinforced
the conclusion that the nucleons have been isolated in SRCs
with separations much smaller than average internucleon dis-
tances. The dominance of the pn component in 2N SRCs
suggested a new prediction for momentum sharing between
high-momentum protons and neutrons in asymmetric nuclei
[17] where the minority component (say, protons in neutron-
rich nuclei) will dominate the high-momentum component
of the nuclear wave function. This prediction was confirmed
indirectly in A(e, e′ p)X and A(e, e′ pp)X experiments [18]
and directly in A(e, e′ p)X and A(e, e′n)X processes in which
proton and neutron constituents of 2N SRCs have been probed
independently [19,20]. The momentum sharing effects also
arise from variational Monte Carlo calculations for light
asymmetric nuclei [21] as well as in model calculations of
nuclear wave functions for medium to heavy nuclei [22].

In addition to measuring the isospin content of 2N SRCs,
several experimental analyses [11,14,23] established a de-
tailed “geometrical” picture of 2N SRCs consisting of two
overlapping nucleons having relative momentum between
250 and 650 MeV/c with back-to-back angular correlations
[Fig. 1(a)] and with moderate center of mass momentum,
!150 MeV/c, for nuclei ranging from 4He to 208Pb [23]. Sev-
eral recent reviews [2,3,24–26] have documented extensively
the recent progress in the investigation of 2N SRCs in a wide
range of atomic nuclei.

III. THREE-NUCLEON SHORT-RANGE
CORRELATIONS (3 N SRCs)

Despite an impressive progress achieved in studies of 2N
SRCs, the confirmation of 3N SRCs remains arguable. One
signature of 3N SRCs is the onset of the plateau in the ratio of
inclusive cross sections of nuclei A and 3He in the kinematic
region of x > 2 similar to the plateau observed for 2N SRCs
in the region of 1.5 < x < 2 and discussed above. The first
observation of a plateau at x > 2 was claimed in Ref. [8].
However, it was not confirmed by subsequent measurements
[9,27]. The source of this disagreement has been traced to the
poor resolution at x > 2 of the experiment of Ref. [8], which

led to bin migration [28], where events move from smaller to
higher x. Additionally, as it will be shown below, the absence
of a plateau is related to the modest invariant momentum
transfer, Q2, covered in Ref. [8].

To quantify the last statement, we first need to identify
the dominant structure of 3N SRCs in the nuclear ground
state. The problem is that while for 2N SRCs the correla-
tion geometry is straightforward [two fast nucleons nearly
balancing each other, Fig. 1(a)], in the case of 3N SRCs
the geometry of balancing three fast nucleons is not unique,
ranging from configurations in which two almost parallel
spectator nucleons with momenta, ∼− pi

2 balance the third
nucleon with momentum pi [Fig. 1(b)] to the configurations in
which all three nucleons have momenta pi with relative angles
≈120◦ [Fig. 1(c)]. The analysis of 3N systems in Ref. [15]
demonstrated that configurations in which two recoil nucleons
have the smallest possible mass, mS ∼ 2mN , dominate the 3N
SRC nuclear spectral function at lower excitation energy. This
allows us to conclude [29] that in inclusive scattering, which
integrates over the nuclear excitation energies, the dominant
contribution to 3N SRCs originates from arrangements similar
to Fig. 1(b) with mS " 2mN .

With the dominant mechanism of 3N SRCs identified, we
are able to develop the kinematic requirements to expose
3N correlations in inclusive eA scattering. We use the fact
that, due to relativistic nature of SRC configurations, the
most natural description is achieved through the light-cone
(LC) nuclear spectral functions [6,30] in which the correlated
nucleons are described by their nuclear light-cone momentum
fractions, αi, and transverse momentum, pi,⊥ . In inclusive
scattering, one probes the spectral function integrated over
the LC momenta of the correlated recoil nucleons, residual
nuclear excitation energy, and the transverse momentum of
the interacting nucleon. This corresponds to the LC density
matrix of the nucleus ρA(αN ), where αN is the LC momentum
fraction of the nucleus carried by the interacting nucleon. It
can be shown [31] that ρA(αN )/α is analogous to the partonic
distribution function in QCD, fi(x), where x describes the LC
momentum fraction of the nucleon carried by the interacting
quark.

To evaluate the LC momentum fraction, αN (henceforth
α3N ), describing the interacting nucleon in the 3N SRC, we
consider the kinematic condition of quasielastic scattering
from a 3N system: q+ 3mN = p f + pS, where q, p f , and
pS are the four momenta of the virtual photon, final struck
nucleon, and recoil two-nucleon system respectively. One
defines the LC momentum fraction of the interacting nucleon,
α3N = 3 − αS, where αS ≡ 3 ES−pz

S
E3N −pz

3N
is the light-cone fraction

of the two spectator nucleons in the center of mass of the
γ ∗(3N ) system with z||q. Using the boost invariance of the
light-cone momentum fractions, one arrives at the following
laboratory-frame expression (see Ref. [29] for details):

α3N = 3 − q− + 3mN
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The first (b) is referred as type 3N-I SRC, corresponds to the situation in which the probed fast 
nucleon is balanced by two fast spectator nucleons pr2, pr3 ∼ pm/2 which have small relative angle 
between them, thus small invariant mass, mS ∼ 2mN . The second case c), type 3N-II SRC corresponds 
to the symmetric situation in which all three nucleons have comparable momenta with relative angles 
θ ∼ 120o.

all 3 nucleons have 
comparable momenta 
with θ ≅ 1200 

3N-II SRC

2N-SRCs is simple [two fast nucleons nearly balancing each 
other]. Two extreme cases are possible for 3N-SRC 
configurations.

 


In the case of 3N SRCs the geometry of balancing three fast 
nucleons is not unique, ranging from configurations in which two 
almost parallel spectator nucleons with momenta, ≈ pi/2  balance 
the third nucleon with momentum pi  to the configurations in 
which all three nucleons have momenta pi with relative angles ≈ 
120  
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struck nucleon balanced by 
2 recoils w/momenta ≅ pm/2

all 3 nucleons have comparable 
momenta with θ ≅ 1200 
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M. M. Sargsian, T. V. Abrahamyan, M. I. Strikman, L. L. Frankfurt, Phys. Rev. C 71, 
044614 (2005) and Phys. Rev. C 71, 044615 (2005)

Decay function: the joint probability to find 
a nucleon in the nucleus with momentum pm 
(>= 700 MeV/c), missing energy Em, and the 
recoil nucleon with momentum pr2 (pr1, pr2 > 
kf)  in the decay product of the residual A − 
1 nucleus. 

The inclusive cross section is the result of the integration of the decay function - it is 
dominated by small Em and hence 3N-I SRC reactions prevail.

3N-I SRC 3N-II SRC

3NSRC - not so simple

Day, Frankfurt, Sargsian, Strikman.  arXiv:1803.07629 [nucl-th]

Sargsian, Day, Frankfurt, Strikman, PRC 100, 044320 (2019) 


“Star Formation”

Configurations with the smallest ms ≃ 2mN dominate 
the 3N nuclear spectral (decay) function at lower 
excitation energies,
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The pn dominance of SR interactions leads us to expect 3N-SRCs are due to successive pn short 
range interactions (blue circles in figure) and ms small ∼ 2mN. These 2 SR interactions give rise to 
the nucleon with the largest momentum, p1.


For this reason, the threshold for three-nucleon SRCs to appear is that the relative light cone 
momenta of the pairs should each satisfy the threshold condition for which short range two-
nucleon interactions occur, namely they should both be above the Fermi momentum kF.


 In addition we expect that 3N-SRCs  dominated by pnp or npn configurations;  ppp and nnn 
configurations are strongly suppressed


3N Correlations
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FIG. 1. (a) Geometry of 2N SRCs, pr ≈ −pi. Two configura-
tions of 3N SRCs: (b) Configuration in which recoil nucleon mo-
menta pr2 , pr3 ∼ −pi/2 and (c) configuration in which pr2 ∼ pr3 ∼
pi. Here ms is the invariant mass of the recoiling 2N system.

proton-proton and neutron-neutron SRCs [12]. This result was
subsequently confirmed in semi-inclusive electroproduction
reactions at JLab [13,14], and both are understood as arising
from the dominance of the tensor component in the NN inter-
action at distances |r1 − r2| ! 1 fm [15,16]. This reinforced
the conclusion that the nucleons have been isolated in SRCs
with separations much smaller than average internucleon dis-
tances. The dominance of the pn component in 2N SRCs
suggested a new prediction for momentum sharing between
high-momentum protons and neutrons in asymmetric nuclei
[17] where the minority component (say, protons in neutron-
rich nuclei) will dominate the high-momentum component
of the nuclear wave function. This prediction was confirmed
indirectly in A(e, e′ p)X and A(e, e′ pp)X experiments [18]
and directly in A(e, e′ p)X and A(e, e′n)X processes in which
proton and neutron constituents of 2N SRCs have been probed
independently [19,20]. The momentum sharing effects also
arise from variational Monte Carlo calculations for light
asymmetric nuclei [21] as well as in model calculations of
nuclear wave functions for medium to heavy nuclei [22].

In addition to measuring the isospin content of 2N SRCs,
several experimental analyses [11,14,23] established a de-
tailed “geometrical” picture of 2N SRCs consisting of two
overlapping nucleons having relative momentum between
250 and 650 MeV/c with back-to-back angular correlations
[Fig. 1(a)] and with moderate center of mass momentum,
!150 MeV/c, for nuclei ranging from 4He to 208Pb [23]. Sev-
eral recent reviews [2,3,24–26] have documented extensively
the recent progress in the investigation of 2N SRCs in a wide
range of atomic nuclei.

III. THREE-NUCLEON SHORT-RANGE
CORRELATIONS (3 N SRCs)

Despite an impressive progress achieved in studies of 2N
SRCs, the confirmation of 3N SRCs remains arguable. One
signature of 3N SRCs is the onset of the plateau in the ratio of
inclusive cross sections of nuclei A and 3He in the kinematic
region of x > 2 similar to the plateau observed for 2N SRCs
in the region of 1.5 < x < 2 and discussed above. The first
observation of a plateau at x > 2 was claimed in Ref. [8].
However, it was not confirmed by subsequent measurements
[9,27]. The source of this disagreement has been traced to the
poor resolution at x > 2 of the experiment of Ref. [8], which

led to bin migration [28], where events move from smaller to
higher x. Additionally, as it will be shown below, the absence
of a plateau is related to the modest invariant momentum
transfer, Q2, covered in Ref. [8].

To quantify the last statement, we first need to identify
the dominant structure of 3N SRCs in the nuclear ground
state. The problem is that while for 2N SRCs the correla-
tion geometry is straightforward [two fast nucleons nearly
balancing each other, Fig. 1(a)], in the case of 3N SRCs
the geometry of balancing three fast nucleons is not unique,
ranging from configurations in which two almost parallel
spectator nucleons with momenta, ∼− pi

2 balance the third
nucleon with momentum pi [Fig. 1(b)] to the configurations in
which all three nucleons have momenta pi with relative angles
≈120◦ [Fig. 1(c)]. The analysis of 3N systems in Ref. [15]
demonstrated that configurations in which two recoil nucleons
have the smallest possible mass, mS ∼ 2mN , dominate the 3N
SRC nuclear spectral function at lower excitation energy. This
allows us to conclude [29] that in inclusive scattering, which
integrates over the nuclear excitation energies, the dominant
contribution to 3N SRCs originates from arrangements similar
to Fig. 1(b) with mS " 2mN .

With the dominant mechanism of 3N SRCs identified, we
are able to develop the kinematic requirements to expose
3N correlations in inclusive eA scattering. We use the fact
that, due to relativistic nature of SRC configurations, the
most natural description is achieved through the light-cone
(LC) nuclear spectral functions [6,30] in which the correlated
nucleons are described by their nuclear light-cone momentum
fractions, αi, and transverse momentum, pi,⊥ . In inclusive
scattering, one probes the spectral function integrated over
the LC momenta of the correlated recoil nucleons, residual
nuclear excitation energy, and the transverse momentum of
the interacting nucleon. This corresponds to the LC density
matrix of the nucleus ρA(αN ), where αN is the LC momentum
fraction of the nucleus carried by the interacting nucleon. It
can be shown [31] that ρA(αN )/α is analogous to the partonic
distribution function in QCD, fi(x), where x describes the LC
momentum fraction of the nucleon carried by the interacting
quark.

To evaluate the LC momentum fraction, αN (henceforth
α3N ), describing the interacting nucleon in the 3N SRC, we
consider the kinematic condition of quasielastic scattering
from a 3N system: q+ 3mN = p f + pS, where q, p f , and
pS are the four momenta of the virtual photon, final struck
nucleon, and recoil two-nucleon system respectively. One
defines the LC momentum fraction of the interacting nucleon,
α3N = 3 − αS, where αS ≡ 3 ES−pz

S
E3N −pz

3N
is the light-cone fraction

of the two spectator nucleons in the center of mass of the
γ ∗(3N ) system with z||q. Using the boost invariance of the
light-cone momentum fractions, one arrives at the following
laboratory-frame expression (see Ref. [29] for details):

α3N = 3 − q− + 3mN

2mN

[
1 + m2

S − m2
N

W 2
3N

+

√(
1 − (mS + mN )2

W 2
3N

)(
1 − (mS − mN )2

W 2
3N

)]

, (1)

044320-2

3N-SRCs produced by a sequence of 2 SR interactions 
with the virtual photon interacting with the nucleon 
with the largest momentum
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3N SRCs due to successive pn short range 
interactions

3N Correlations

p

p p

2

1 1

V
^

p
3

x
x

k

k
k
k

k
k
3

1 1
2 2
3

3N

The α distribution of the light-front density matrix. 
Eur. Phys. J. C (2015) 75 :534 Page 9 of 28 534

α

10−21

10−19

10−17

10−15

10−13

10−11

10−9

10−7

10−5

10−3

10−1

101

d2
p T

f N
/A
(α

,p
T
)

Mean field
+2N SRCs
+3N SRCs

0.0 0.5 1.0 1.5 2 .0 2 .5 3 .0 0.0 0.5 1.0 1.5 2 .0 2 .5 3 .0
α

10−21

10−19

10−17

10−15

10−13

10−11

10−9

10−7

10−5

10−3

10−1

101

d2
p T

f N
/A
(α

,p
T
)

FS81 Model
Our Model

(a) (b)

Fig. 3 The α dependence of the nuclear light cone distribution for 208Pb. a Compares the mean field by itself to the light cone distribution with
2N and 3N SRCs. b Compares our model to the model in Chapter 5 of Ref. [3]

and Eq. (32) to be consistent would require that a3(A) ∝(
a2(A)
a2(3He)

)2
. Consequently, we have

f (3)N/A(α,pT ) =
{
a2(

3He)
}2 a3(A)

α

∫
dα3d2p3T

α3(3 − α − α3)

×
{

3 − α3

2(2 − α3)

}2

|ψd(k12)|2

× #(k12 − kF )|ψd(k23)|2 #(k23 − kF ). (33)

The experimental status of a three-nucleon scaling plateau
is, however, ambiguous. While observation of an x > 2
plateau was reported in Ref. [8] and in the analysis of SLAC
data [1], a later experiment at similar kinematics and better
resolution did not observe the plateau [13]. The discrepancy
may be due to a resolution issue, as argued in Ref. [46]. On
the theoretical side, one still needs to investigate whether
the kinematics covered by these experiments correspond to
high enough nucleon momentum that universality should be
expected to set in.

In lieu of experimental data for a3(A), we calculate
f (3)N/A(α,pT ) in this work using Eq. (31), which requires
knowing only the experimentally known quantity a2(A). In
Fig. 3, we present a calculation of the nuclear light cone dis-
tribution for 208Pb. In Fig. 3a, we compare the light cone
distribution using Eq. (24), considering only the mean field,
and two-nucleon and three-nucleon correlations in addition.
As our calculations show, 3N SRCs dominate starting only
at α ! 1.7.

In Fig. 3b, we have compared our model for the nuclear
light cone density to a model in Ref. [3]—in particular, in its
Eq. (5.11)—which we call the FS81 model. In this model,
the relative weight of j ≥ 3 SRCs was fixed based on a fit

of p + A → p + X data with 400 GeV protons [47]. Since
this model contains j ≥ 4-nucleon SRCs, it is expected to
exceed our model, as can be seen in Fig. 3b.

3.2 Medium modifications

Our next goal is to calculate PDFs for a bound nucleon,
f (b)i/N

( x
α ,α,pT , Q

2), which enter into Eq. (18). In doing
so we should take into account that the nuclear medium is
strongly interacting, and each nucleon has a high probabil-
ity (20–30 %) of being in a short-range correlation where
the nucleons themselves overlap. As a result, it should be
expected that the parton distributions for nucleons immersed
in the nuclear medium should be modified in some way.

Deviations of the nuclear PDFs from expectations based
on describing the nucleus as a system of unmodified nucleons
was first observed by the European Muon Collaboration [48]
in measurements of the ratio of cross sections for deeply
inelastic muon scattering for nuclear and deuteron targets,
i.e. in

REMC(x, Q2) = 2
A

σeA

σed
≈ 2

A
F (A)

2 (x, Q2)

F (d)
2 (x, Q2)

. (34)

The ratio was measured in DIS kinematics which allowed
the cross sections to be related to the structure function
F2(x, Q2). It was originally expected that, except for smear-
ing from Fermi motion at high x , the structure functions
should just be the structure functions for free nucleons, and
thus the ratio should be 1. However, there is a dip below 1 in
the range 0.3 < x < 0.7 that cannot be reproduced by nucle-
onic motion alone [49,50]. This phenomenon is commonly
referred to as the EMC effect.

123

Freese, Sargsian, Strikman, Eur. Phys. J. C (2015) 75:534

α3N(A) ∼ [α2N(A)]
2
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World data set at large  Q2 and  is limitedα3N

0

2

4

6

8

10

1 1.2 1.4 1.6 1.8 2

generated on 2020-01-21 /Users/dbd/Documents/production/yscaling

Q
2

α3N

4He - World Set Q2 > 1
α3N >= 1.5 Q2 > 1

α3N >= 1.5; DeltaW >50 MeV; Q2 > 1

0

2

4

6

8

10

1 1.2 1.4 1.6 1.8 2

generated on 2020-01-21 /Users/dbd/Documents/production/yscaling

Q
2

α3N

12C - World Set Q2 > 1
α3N >= 1.5 Q2 > 1

α3N >= 1.5; DeltaW >50 MeV; Q2 > 1

0

2

4

6

8

10

1 1.2 1.4 1.6 1.8 2

generated on 2020-01-21 /Users/dbd/Documents/production/yscaling

Q
2

α3N

3He - World Set Q2 > 1
α3N >= 1.5 Q2 > 1

α3N >= 1.5; DeltaW >50 MeV; Q2 > 1

0.0000

0.0001

0.0010

0.0100

0.1000

1.0000

10.0000

100.0000

-1 -0.8 -0.6 -0.4 -0.2  0  0.2  0.4

F(
y)

 (G
eV

/c
)-1

y (GeV/c)

SLAC E121
JLAB E02019

-0.0002

0.0000

0.0002

0.0004

0.0006

0.0008

0.0010

0.0012

0.0014

-1.1 -1.05 -1 -0.95 -0.9 -0.85 -0.8 -0.75 -0.7

3He 4He

12C

ΔW = M3He − W3N
ΔW > 50 MeV: stay away from elastic peak and FSI

W23N approaches (3M)2

σ
3He
Jlab ≤ 0

<latexit sha1_base64="RP2cBx3tjOWRem904gE3byKLCUg="></latexit><latexit sha1_base64="RP2cBx3tjOWRem904gE3byKLCUg="></latexit><latexit sha1_base64="RP2cBx3tjOWRem904gE3byKLCUg="></latexit><latexit sha1_base64="/ZC8Ri53DS74+L8OWGNPmwenD3w="></latexit>



Center for Frontiers in Nuclear Science

What was done
JLAB 3He data at x>> of  poor quality - very difficult to separate target walls from 3He events due to 
target cell design - a diameter of 4 cm.  Resulted in points with negative cross sections/negative going 
error bars. Also seen in 4He at extreme values of x

27

In originating publication, PRL 108, 092502 (2012), the ratio was treated, not the problematic 
3He data. First, the ratio 3He/4He was formed and then rebinned, combining three bins into one 
for x ︎> 1.15. Subsequently, the bins in that ratio with error bars falling below zero were moved 
along a truncated Gaussian, such that the lower edge of the error bar was at zero. The ratio 
was then inverted to give 4He/3He shown in a previous figure.  The use of a truncated Gaussian 
gave rise to the asymmetric error bars.


The main problem with this approach is that it would have to be repeated for each of the other 
ratios, 9Be/3He, 12C/3He, etc, separately with the result that the both the numerator and the 
denominator were modified in way that would be unique for each set. 
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What was done

28

1. Replace JLAB original set (fine bins) in the range 1.6 < α3N < 1.8 with σ's 
generated with scaling function F(y) fit to

a) SLAC data alone

b) SLAC and JLAB data together

c) JLAB data alone

d) JLAB data alone w/o negative points


2. Absolute error bar preserved as in JLAB data

3. The 3N-SRC parameter R3exp(A) was obtained by a weighted average of 
points for 1.6 < α3N < 1.8

a) All 4 weighted average from the different fits were constant within 
error bars.


4. The lower limit on the weighted average was varied from just less 
than α3N  = 1.6 to a maximum of 1.7 and the central value was found to 
be consistent within the growing error bars

To avoid this problem it seemed more reasonable to treat the main 
problem - the 3He data and leave the other cross sections alone
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3N-SRC prediction
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FIG. 3. The α3N dependence of the inclusive cross-section ratios
for 4He to 3He: triangles, JLAB data [9,37]; circles, ratios when
using a parametrization of SLAC 3He cross sections [35,36]. The
horizontal line at 1.3 ! α3N < 1.5 identifies the magnitude of the
2N SRC plateau. The line for α3N > 1.6 is Eq. (10) with a 10%
error introduced to account for the systematic uncertainty in a2(A, Z )
parameters across all measurements. The data correspond to Q2 ≈
2.5 GeV2 at x = 1, α3N = 1.

The status of the experimental observation of the scaling in
the ratio of Eq. (4) is as follows: The E02-109 experiment
[38] provided high-accuracy ratios, in the 2N SRC region,
at large momentum transfer for a wide range of nuclei [9].
This experiment covered some part of the 3N SRC kinematic
region with lesser quality of data (see also Refs. [37– 40]),
providing an indication of a plateau in the cross-section ratios
beginning at x > 2 once Q2 is sufficiently high.

In Ref. [29], it was pointed out that the above-mentioned
data [9,37,38] suffered from a collapse of the 3He cross
section between x = 2.68 and x = 2.85 due to difficulties with
the subtraction of the aluminum target walls. This issue arose
from the relatively small diameter of the target cell (4 cm)
combined with the fact that σ Al ≫ σ

3He at large x as σ
3He

must go to 0 at its kinematic limit, x = 3. The cross-section
ratio in Ref. [9] was made possible by the following: First,
the inverted ratio 3He/4He was formed and then rebinned,
combining three bins into one for x " 1.15. Subsequently, the
bins in the inverted ratio that had error bars falling below zero
were moved along a truncated Gaussian, such that the lower
edge of the error bar was at zero. The ratio was then inverted
to give the ratio for 4He/3He shown in Fig. 3 of Ref. [9] and as
the triangles in Fig. 3 below. The use of a truncated Gaussian
gave rise to the asymmetric error bars seen in the ratios.

As an alternative to the somewhat unconventional proce-
dure above, we have used the following approach to substitute
the 3He data of Refs. [9,37,38] in the 3N SRC region: We
have replaced the problematic data between x = 2.68 and
x = 2.85 (1.6 ! α3N ! 1.8), point by point, by employing a
y-scaling function F (y) [41– 43] fit to the SLAC data [35,36]
measured at a comparable Q2. A simple, two-parameter fit
F (y) = aexp(−bx), limited to the range 1.6(y = −0.7) !
α3N ! 1.8(y = −1.1), provides a good description of the
SLAC data [29]. We preserved the absolute error of the
E02019 data set [9,37,38] rather than the smaller errors from
the fit. The fit parameters are a = 0.296 and b = 8.241.

Note that the above approach was first used in Ref. [5],
which provided the first evidence of 2N SRCs through cross-
section ratios in inclusive scattering. The 2N SRC results
obtained have been confirmed by subsequent precision stud-
ies [7– 9] in which the ratios were measured in a single
experiment.

It is also worth mentioning that in the case of 2N SRC
the adopted approach was more complicated than the one
we employed in the current work. In Ref. [5], the data were
combined to form the cross-section ratios of nuclei (3He,
4He, C, Al, Fe, and Au) to the deuteron, covering a range
in Q2 from 0.9 to 3.2 (GeV/c)2. In the current analysis of
3N SRCs, we worked at a single value of Q2 ≈ 2.7 (GeV/c)2

and, incidentally, the 3He data used in 1993 is the same set we
employ here. The resulting ratios are displayed as red circles
in Fig. 3.

Figure 3 presents the results for the cross-section ratios
obtained within the two above described approaches. While
both give similar results, we consider the replacement of the
data points between x = 2.68 and x = 2.85 (1.6 ! α3N !
1.8) as the best alternative to the procedure adopted in Ref. [9]
in part because it allows a consistent treatment of the ratios for
all A.

In Fig. 3, the plateau due to 2N SRCs is clearly visible for
1.3 ! α3N ! 1.5. In this region, α3N ≈ α2N [29], where α2N
is the LC momentum fraction of the nucleon in the 2N SRC.
Because of this, we refer to the magnitude of this plateau as

R2(A, Z ) = 3σA(x, Q2)
Aσ3He(x, Q2)

∣∣∣∣
1.3!α3N!1.5

= a2(A)
a2(3He)

. (7)

The horizontal line in the region of 1.3 ! α3N ! 1.5 is
given by the right-hand side of Eq. (7), in which the values
of a2(3He) and a2(A) are taken from the last column of
Table II in Ref. [44], an average of the SLAC, JLAB Hall
C, and JLAB Hall B results. The magnitude of the horizontal
solid line in the region of 1.6 ! α3N ! 1.8 is the prediction of
R3N (A, Z ) ≈ R2

2N (A, Z ), which will be explained in the next
section. We assigned a 10% error to this prediction (dashed
lines) related to the uncertainty of a2(A, Z ) magnitudes across
different measurements.

As Fig. 3 shows, the data at α3N > 1.6 are consistent with
the prediction of the onset of the new plateau in the 3N-SRC
region and that its magnitude is proportional to R2

2N .
With a set of 3He data obtained in this approach, we are

able to estimate the ratios for other nuclei, including 9Be, 12C,
64Cu, and 197Au, albeit with larger uncertainties [29].

The large experimental uncertainties in evaluation of the
ratios for 4He (Fig. 3) and for heavier nuclei [29] do not allow
us to claim unambiguously the onset of the plateau at α3N "
1.6. However, one can evaluate the validity of such a plateau
by comparing one- and two-parameter fits to the experimental
ratios in the α3N " 1.6 region. The one-parameter fit in the
3N region gives the values (Rexp

3 ) of the plateaus as seen in
Fig. 4(a) along with our prediction of Eq. (10). Rexp

3 is also
listed in Table I. A two-parameter linear fit returns errors on
the parameters nearly as large as the parameters themselves
and a correlation matrix, indicating that the second parameter
is redundant, providing no additional information.
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FIG. 4. (a) The A dependence of the experimental evaluation of
R3 compared with the prediction of Eq. (10). (b) The A dependence
of a3(A, Z ) parameter compared to a2(A, Z ) of Ref. [9].

V. 3N SRCs AND THE pn DOMINANCE

In Fig. 1(b), the 3N SRC is produced in the sequence
of two short-range NN interactions in which the nucleon
with the largest momentum interacts with the external probe
[29,30]. The presence of short-range NN interactions in 3N-
SRC configurations tells us that the recently observed pn-SRC
dominance [12– 14] is critical to our understanding of 3N
SRCs.

For 3N SRCs, one expects that only pnp or npn con-
figurations to contribute, with the pn short-range interaction
playing role of a “catalyst” in forming a fast interacting
nucleon with momentum, pi [Fig. 1(b)]. For example, in the

TABLE I. Numerical values a2 [44], R2 [Eq. (7)], Rexp
3 (the

weighted average in the 3N region), and a3 [Eq. (6)].

A a2 R2 Rexp
3 a3

3 2.13 ± 0.04 1 NA NA
4 3.57 ± 0.09 1.68 ± 0.03 2.74 ± 0.24 3.20 ± 0.28
9 3.91 ± 0.12 1.84 ± 0.04 3.23 ± 0.29 3.77 ± 0.34
12 4.65 ± 0.14 2.18 ± 0.04 4.89 ± 0.43 5.71 ± 0, 50
64 5.21 ± 0.20 2.45 ± 0.04 5.94 ± 0.52 6.94 ± 0.77
197 5.13 ± 0.21 2.41 ± 0.05 6.15 ± 0.55 7.18 ± 0.64

case of pnp configuration, the neutron will play the role of
intermediary in furnishing a large momentum transfer to one
of the protons with two successive short-range pn interactions.
Quantitatively, such a scenario is reflected in the nuclear light-
front density matrix in the 3N-SRC domain, ρN

A(3N )(αN ), being
expressed through the convolution of two pn-SRC density
matrices, ρN

A(pn)(α, p⊥) as follows:

ρN
A(3N )(αN , p⊥) ≈

∑

i, j

∫
F (α′

i, pi⊥,α′
j, p j⊥)

× ρN
A(pn)(α

′
i, p′

i⊥)ρN
A(pn)(α

′
j, p′

j⊥)

× dαid2 p j⊥dαid2 p j⊥, (8)

where (α′
i/ j, p′

i/ j⊥) are the LC momentum fractions and trans-
verse momenta of spectator nucleons in the center of mass of
the pn SRCs. According to the pn dominance [17],

ρN
A(pn)(α, p⊥) ≈ a2(A, Z )

2XN
ρd(α, p⊥), (9)

where XN = Z/A or (A − Z )/A is the relative fraction of
the proton or neutron in the nucleus and ρd(α, p⊥) is the
light-front density function of the deuteron at α ! 1.3. The
factor F (α′

i, pi⊥,α′
j, p j⊥) is a smooth function of LC mo-

menta and accounts for the phase factors of nucleons in the
intermediate state between the sequential pn interactions with
0 < α′

i/ j < 2.
It follows from Eq. (8) and the expression of ρN

A(pn)(α, p⊥)
in Eq. (9) that the strength of 3N SRCs is ∝ a2

2(A, Z ). This is
evident by calculating R3 in Eq. (4) using the relation (3) and
the conjecture of Eq. (8), which leads to [29]

R3(A, Z ) = 9
8

(σep + σen)/2
(2σep + σen)/3

R2
2(A, Z ) ≈

[
a2(A, Z )
a2(3He)

]2

,

(10)

where σep ≈ 3σen in the considered Q2 ∼ 3 GeV2 range. As
Fig. 3 shows, the prediction of R3 ≈ R2

2 is in agreement with
the experimental per nucleon cross section ratios of 4He to
3He targets. There is a similar agreement for other nuclei
including 9Be, 12C, 64Cu, and 197Au [29].

To test the prediction of Eq. (10) quantitatively, we eval-
uated the weighted average of Rexp

3 (A, Z ) for α3N > 1.6 and
compared them with the magnitude of ( a2(A,Z )

a2(3He) )2 in which
a2(A, Z )’s are taken from Ref. [44]. The results in which the
3He cross section was taken from the F (y) fit to the SLAC
data are presented in Fig. 4(a) and Table I. They show good
agreement with the prediction of Eq. (10) for the full range of
nuclei. We investigated the sensitivity of the weighted average
of R3(A, Z ) on the lower limit of α3N (before rebinning) and
found that the results shown in Fig. 4(a) remain unchanged
within errors which grow with a larger α3N > 1.6 cut.

The agreement presented in Fig. 4(a) represents the
strongest evidence yet for the presence of 3N SRCs. If it
is truly due to the onset of 3N SRCs, then one can use
the measured Rexp

3 ratios and Eq. (6) to extract the a3(A, Z )
parameters characterizing the 3N SRC probabilities in the nu-
clear ground state. The estimates of a3(A, Z ) and comparisons
with a2(A, Z ) are given in Fig. 4(b) (see also Table I). These
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a3 is the probability of finding 3N SRCs in the nuclear ground state. 
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FIG. 4. (a) The A dependence of the experimental evaluation of
R3 compared with the prediction of Eq. (10). (b) The A dependence
of a3(A, Z ) parameter compared to a2(A, Z ) of Ref. [9].

V. 3N SRCs AND THE pn DOMINANCE

In Fig. 1(b), the 3N SRC is produced in the sequence
of two short-range NN interactions in which the nucleon
with the largest momentum interacts with the external probe
[29,30]. The presence of short-range NN interactions in 3N-
SRC configurations tells us that the recently observed pn-SRC
dominance [12– 14] is critical to our understanding of 3N
SRCs.

For 3N SRCs, one expects that only pnp or npn con-
figurations to contribute, with the pn short-range interaction
playing role of a “catalyst” in forming a fast interacting
nucleon with momentum, pi [Fig. 1(b)]. For example, in the

TABLE I. Numerical values a2 [44], R2 [Eq. (7)], Rexp
3 (the

weighted average in the 3N region), and a3 [Eq. (6)].

A a2 R2 Rexp
3 a3

3 2.13 ± 0.04 1 NA NA
4 3.57 ± 0.09 1.68 ± 0.03 2.74 ± 0.24 3.20 ± 0.28
9 3.91 ± 0.12 1.84 ± 0.04 3.23 ± 0.29 3.77 ± 0.34
12 4.65 ± 0.14 2.18 ± 0.04 4.89 ± 0.43 5.71 ± 0, 50
64 5.21 ± 0.20 2.45 ± 0.04 5.94 ± 0.52 6.94 ± 0.77
197 5.13 ± 0.21 2.41 ± 0.05 6.15 ± 0.55 7.18 ± 0.64

case of pnp configuration, the neutron will play the role of
intermediary in furnishing a large momentum transfer to one
of the protons with two successive short-range pn interactions.
Quantitatively, such a scenario is reflected in the nuclear light-
front density matrix in the 3N-SRC domain, ρN

A(3N )(αN ), being
expressed through the convolution of two pn-SRC density
matrices, ρN

A(pn)(α, p⊥) as follows:

ρN
A(3N )(αN , p⊥) ≈

∑

i, j

∫
F (α′

i, pi⊥,α′
j, p j⊥)

× ρN
A(pn)(α

′
i, p′

i⊥)ρN
A(pn)(α

′
j, p′

j⊥)

× dαid2 p j⊥dαid2 p j⊥, (8)

where (α′
i/ j, p′

i/ j⊥) are the LC momentum fractions and trans-
verse momenta of spectator nucleons in the center of mass of
the pn SRCs. According to the pn dominance [17],

ρN
A(pn)(α, p⊥) ≈ a2(A, Z )

2XN
ρd(α, p⊥), (9)

where XN = Z/A or (A − Z )/A is the relative fraction of
the proton or neutron in the nucleus and ρd(α, p⊥) is the
light-front density function of the deuteron at α ! 1.3. The
factor F (α′

i, pi⊥,α′
j, p j⊥) is a smooth function of LC mo-

menta and accounts for the phase factors of nucleons in the
intermediate state between the sequential pn interactions with
0 < α′

i/ j < 2.
It follows from Eq. (8) and the expression of ρN

A(pn)(α, p⊥)
in Eq. (9) that the strength of 3N SRCs is ∝ a2

2(A, Z ). This is
evident by calculating R3 in Eq. (4) using the relation (3) and
the conjecture of Eq. (8), which leads to [29]

R3(A, Z ) = 9
8

(σep + σen)/2
(2σep + σen)/3

R2
2(A, Z ) ≈

[
a2(A, Z )
a2(3He)

]2

,

(10)

where σep ≈ 3σen in the considered Q2 ∼ 3 GeV2 range. As
Fig. 3 shows, the prediction of R3 ≈ R2

2 is in agreement with
the experimental per nucleon cross section ratios of 4He to
3He targets. There is a similar agreement for other nuclei
including 9Be, 12C, 64Cu, and 197Au [29].

To test the prediction of Eq. (10) quantitatively, we eval-
uated the weighted average of Rexp

3 (A, Z ) for α3N > 1.6 and
compared them with the magnitude of ( a2(A,Z )

a2(3He) )2 in which
a2(A, Z )’s are taken from Ref. [44]. The results in which the
3He cross section was taken from the F (y) fit to the SLAC
data are presented in Fig. 4(a) and Table I. They show good
agreement with the prediction of Eq. (10) for the full range of
nuclei. We investigated the sensitivity of the weighted average
of R3(A, Z ) on the lower limit of α3N (before rebinning) and
found that the results shown in Fig. 4(a) remain unchanged
within errors which grow with a larger α3N > 1.6 cut.

The agreement presented in Fig. 4(a) represents the
strongest evidence yet for the presence of 3N SRCs. If it
is truly due to the onset of 3N SRCs, then one can use
the measured Rexp

3 ratios and Eq. (6) to extract the a3(A, Z )
parameters characterizing the 3N SRC probabilities in the nu-
clear ground state. The estimates of a3(A, Z ) and comparisons
with a2(A, Z ) are given in Fig. 4(b) (see also Table I). These
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Rise in 3N-SRC ratios to 3He?
Naive SRC model, where 2N- and 3N-SRCs are at rest,  the rise in the ratio 
as x → 3 as coming from the difference between stationary 3N-SRC in 3He 
and moving SRCs in heavier nuclei.


Violation of naive scaling picture, which predicts a plateau


This violation is also seen in ratios to 2H 2N-SRC region - as I have shown 


It is different as the motion of the 2N-SRC yields mainly a small 
enhancement of the plateau, with modest distortion until x > 1.9, where the 
deuteron cross section falls sharply with its exponential falloff with x


For 3N-SRCs, motion of the correlations would yield a sharp rise further 
from the kinematic limit at x = 3 due to the earlier onset of the rapid cross 
section falloff


Ratios to 4He in 3N-SRC region likely a better choice
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E12-06-105

2021?

E12-06-105:  Inclusive Scattering from Nuclei at x > 1 in the quasielastic and 
deeply inelastic regimes  [Hall C], Arrington, Day and Fomin
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Summary
• 2N SRC and their isospin dependence (anticipated by our 

understanding of the NN interaction)  is now firmly established in 
multiple observables, experiments projectiles, final states and nuclei


• Relation of SRC to EMC established - only lacking are calculations 
that fully exposes the underlying connection


• Refined theory and calculation are needed incorporating SRC, FSI,  
and off-shell behavior will advance understanding


• SRC demand high densities (momenta, virtuality) and, if these rare 
fluctuations can be captured, they should expose, potentially large, 
medium modifications


• Cross section ratios at large x (2.5 - 3) are indicative 3N SRCs

•  Higher Q2 needed, rates <<


• Next big opportunity in inclusive scattering (in my view) is the 
transition from QES to DIS at x > 1 at very large momenta 
transfer: SRCs will contribute here with the same impact.



Center for Frontiers in Nuclear Science

Extra

34



35
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FIGURE 2. SRC ratios for ^^C. The left plot shows the ratio to ^H and the right plot shows the ratio 
to ^He. The ratio for 1.4<x<2 is proportional to the abundance of the NN correlations in Carbon, and the 
ratio for x>2.4 is proportional to the abundance of 3N correlations. 

a nucleon in a y-nucleon correlation. Using ^H and ^He cross sections as well as a 
theoretical calculation for the fraction of nucleons in each of those that are in a 2- or 
3-N correlation, one can obtain SRCs for heavier targets, which show the abundance of 
correlations. For example, for ^^C, shown in Fig. 2 has a «20% and !=::;0.6% probability 
of a 2N and 3N SRC, respectively, which is in agreement with previous measurements 
m. 

INELASTIC SCATTERING 

As one can see from Fig. 1, j-scaling fails for j>0, where inelastic processes dominate. 
In this region, the cross section is described in terms of the nuclear structure functions: 

G 

dadE 
= CJ^o«[^2'(q,v)+2ri^(q,v)tan2(0/2)] (5) 

In the limit of high energy loss and momentum transfer in the DIS regime, the structure 
functions simplify to functions of x alone. When one examines the structure functions 
with the Nachtmann variable t, [2], which extends the scaling to lower values of g^, one 
expects to see the same scaling behavior as is seen for x in the same kinematic region. ^ 
reduces to x as g^ ^ oo (^ = 2x/(l + ^/\+AMh^^). 

Our analysis of the inelastic cross section is done through the study of the VW2 struc-
ture function, which can be extracted from the measured cross section in the following 
way: 

d^G V 
vW£ = ̂ ^ ^ ^ ' c T . . « [ l + 2 t a n 2 ( 0 A ) l ± ^ 

(6) 

where R is the ratio of the longitudinal cross section to the transverse [9]. 
Fig. 3 shows that the VW2 structure function scales in x in the DIS region. Since the ^ 

variable is analogous to x, we expect VW2 to scale in ^ as well, in this region. However, 
scaling is observed for all values of ^, including the quasielastic region. 
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As can be seen from these figures the data are in reasonable agreement with the prediction

of Eq.(27). The same prediction also explains the larger magnitude of the ratios observed

at ↵3N > 1.6 as compared to the same ratios in the 2N SRC region 1.3 < ↵3N < 1.5.

TABLE I: Numerical values of a2[50], R2, R
exp

2
, R2

2
, Rexp

3
(the weighted average in the 3N region)

and a3. a3 arises from Eq. 21, respectively. Rexp

3
should be compared to R

2

2
as is done in Fig. 16.

A a2 R2 R
exp

2
R

2

2
R

exp

3
a3

3 2.14 ±0.04 NA NA NA NA 1

4 3.66 ±0.07 1.71 ±0.026 1.722 ±0.013 2.924 ±0.29 3.034 ±0.23 4.55± 0.35

9 4.00 ±0.08 1.84 ±0.027 1.878 ±0.018 3.38 ±0.38 4.01 ±0.52 6.0± 0.78

12 4.88 ±0.10 2.28 ±0.027 2.301 ±0.021 5.2 ±0.5 5.78 ±0.71 8.7± 1.1

27 5.30 ±0.60 NA NA NA NA NA

56 4.75 ±0.29 NA NA NA NA NA

64 5.37 ±0.11 2.51 ±0.027 2.502 ±0.024 6.3 ±0.63 6.780 ±0.875 10.2± 1.3

197 5.34 ±0.11 2.46 ±0.028 2.532 ±0.026 6.05 ±0.6 7.059 ±0.970 10.6± 1.5

To obtain more quantitative estimates, in the top panel of Fig. 16 we compare the predic-

tion of Eq. 27 with the weighted average of the R3 data measured in 1.6 < ↵3N < 1.8 region.

As can been see the predictions and the data are in good agreement. We acknowledge that

our prediction is systematically underestimates the weighted average R3 and that the di↵er-

ence grows with A. We attribute this mainly to the omission of ppp and nnn contributions

in the prediction of Eq. 27. Such a contribution is expected to grow with A.

It is worth nothing that the A dependence of weighted average of R3 shows features

similar to that of a2. For this, in the bottom panel of Fig. 16 we present the experimental

values for a2 = 2�
A

A�2 collected in Ref. [50]. As one observes from the comparison of these

two figures, the magnitudes of R3 for 9Be and 4He are much closer than that of 9Be and

12C. The same feature is observed for a2(A,Z) which is attributed to the fact that a2(A,Z)

presents a local (rather than average) property of the nucleus[50]. Thus the A-dependencies,

in addition to the R3 ⇡ R
2

2
relation, strengthens our conclusion that these data indicate the

presence of 3N-SRC in nuclei that characterize their local property.

Finally, using Eq.(21) one can extract the a3(A,Z) parameters from the weighted aver-

26

3NSRCs

First hint

12C/3He
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3N-SRC Dynamics

38

pn dominance leads, inexorably, to expect that 3N-SRCs are produced by 
successive pn short-range interactions, the mass of the 3N spectator be 
small, ms ∼ 2mN.

p
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R2 =
3σeA(α3N)
AσeA(α3N)

in the region 1.3 ≤ α3N ≤ 1.5
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pn dominance leads, inexorably, to expect that 
3N-SRCs are produced by successive pn 
short-range interactions, the mass of the 3N 
spectator be small, ms ∼ 2mN.
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