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Momentum distribution
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Figure 2.1: Nucleon momentum distribution for various nuclei [28], where dotted lines are from a
mean field calculation, solid lines indluce SRC. Dots are from experimental data. The unit of the
momentum is fm�1 (1 fm�1 ' 0.1973 GeV/c). Figures are taken from Ref. [28].

NN interaction. These two processes allow highly correlated nucleons with momenta

significantly larger than the Fermi momentum (kF ) in the ground state. Knocking

out one of nucleons in this correlated state reveals the high momentum components

neglected in the IPSM. However, the total momentum of these correlated nucleons is

still very small and the nucleus remains in its ground state [23].

The asymptotic form of momentum distribution can be broken down into several

regions. At k  kF , the strength is mainly contributed by the mean field potential.

At the momentum range 300 < k < 600 MeV/c, the contribution of the mean field

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

 n(k) for k>kfermi exhibits the same shape for all nuclei

 similar shape to deuteron: 
NN interaction is isospin dependent

Ciofi, Pace, Salmè et al., PRC 43, 1155 (1991)
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Short-Range Correlations
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At  x ≈ 1: Quasi-Elastic Scattering  
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
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➡ Motion of  nucleon in the 
nucleus broadens the peak.
➡ little strength from QE above 
x ≈ 1.3
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A(e,e’) cross section ratios and SRC

Frankfurt & Strikman
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σj ! cross section from a j-nucleon 
correlation

aj(A) ∝ probability of finding a 
nucleon in a j-nucleon correlation

For x≥1.3:
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A(e,e’) cross section ratios and SRC

Ratio in plateau, 
proportional to the 
number of 2N SRCs

Frankfurt, Strikman, Day, Sargsian, PRC48, 2451 (1993)
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a2(3He)=1.7±0.3
a2(4He)=3.3±0.5
a2(12C)=5.0±0.5

a2(27Al)=5.3±0.6
a2(56Fe)=5.2±0.9

Evidence of  2N-SRC at x>1.5
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A(e,e’) cross section ratios and SRC

Ratio in plateau, 
proportional to the 
number of 2N SRCs

Frankfurt, Strikman, Day, Sargsian, PRC48, 2451 (1993)
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Saturation

Evidence of  2N-SRC at x>1.5
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A(e,e’) cross section ratios and SRC
Hall C

N. Fomin et al., Phys. Rev. Lett. 108, 092502 (2012)

Evidence of  2N-SRC at x>1.5

Dominance of  np pairs in SRC region leads 
us to drop the isoscalar correction. We 
correct for COM motion of  pair.

R2n : number of  np pairs relative to the 
deuteron

entirely from quasielastic scattering from a nucleon in an
n-p SRC at rest, then this ratio represents the contribution
of 2N-SRCs to the nuclear wave function, relative to the
deuteron, R2NðA;DÞ. However, the distribution of the high-
momentum nucleons in the SRC will be modified by the
motion of the pair in the nucleus. We use the convolution
calculation and realistic parameterizations for the c.m.
motion and for SRC distributions from Ref. [33] to calcu-
late this smearing and find that it generates an enhance-
ment of the high-momentum tail of approximately 20% for
Iron and roughly scales with the size of the total pair
momentum. To obtain R2NðA;DÞ, we use the inelastic-
subtracted cross section ratios and remove the smearing
effect of the center-of-mass (c.m.) motion of the 2N-SRC
pairs. The 20% correction for iron is scaled to the other
nuclei based on the A dependence of the pair motion.
To first order, the c.m. motion ‘‘smears out’’ the high-
momentum tail (which falls off roughly exponentially),
producing an overall enhancement of the ratio in the pla-
teau region. In a complete calculation, the correction can
also have some small x dependence in this region which
can potentially distort the shape of the ratio. However, both
the data and recent calculations [19,34,35] suggest that any
x dependence of the ratio in this region is relatively small.
When removing the effect of the c.m. motion, we apply an
uncertainty equal to 30% of the calculated correction (50%
for 3He) to account for the overall uncertainty in calculat-
ing the smearing effect, the uncertainty in our assumed A
dependence of the effect, and the impact of the neglected x
dependence on the extracted ratio.

After correcting the measured ratios for the enhance-
ment due to motion of the pair, we obtain R2N , given in
Table II, which represents the relative likelihood of a
nucleon in nucleus A to be in a high relative momentum
pair compared to a nucleon in the deuteron. It also
provides updated results from previous experiments after
applying c.m. motion corrections and removing the#15%

‘‘isoscalar’’ correction applied in the previous works. This
correction was based on the assumption that the high-
momentum tails would have greater neutron contributions
for N > Z nuclei, but the dominance of isosinglet pairs
[2,36] implies that the tail will have equal proton and
neutron contributions. The CLAS ratios are somewhat
low compared to the other extractions, which could be a
result of the lower !min values. If !2n is not high enough to
fully isolate 2N-SRCs, one expects the extracted ratio will
be somewhat smaller. Note that the previous data do not
include corrections or uncertainties associated with inelas-
tic contributions or Coulomb distortion, which is estimated
to be up to 6% for the CLAS iron data and similar for the
lower Q2 SLAC data.
Previous extractions of the strength of 2N-SRCs found a

slow increase of R2N with A in light nuclei, with little
apparent A dependence for A $ 12. The additional correc-
tions applied in our extraction of 2N-SRC contributions do
not modify these basic conclusions, but these corrections,
along with the improved precision in our extraction, fur-
nishes a more detailed picture of the A dependence. In a
mean-field model, one would expect the frequency for two
nucleons to be close enough together to form an 2N-SRC
to be proportional to the average density of the nucleus [3].
However, while the density of 9Be is similar to 3He, yet its
value of R2N is much closer to that of the denser nuclei 4He
and 12C, demonstrating that the SRC contributions do not
simply scale with density. This is very much like the
recently observed A dependence of the EMC effect [37],
where 9Bewas found to behave like a denser nucleus due to
its significant cluster structure. It seems natural that cluster
structure would be important in the short-range structure
and contribution of SRCs in nuclei, but this is the first such
experimental observation.
For A=3He ratios above x ¼ 2, one expects the 2N-SRC

contributions to become small enough that 3N-SRCs may
eventually dominate. 2N-SRCs are isolated by choosing x
and Q2 such that the minimum initial momentum of the
struck nucleon is larger than kF [26], but it is not clear what
kinematics are required to sufficiently suppress 2N-SRC
contributions [5], and larger Q2 values may be required to
isolate 3N-SRCs. Figure 3 shows the 4He=3He ratio at
"e ¼ 18&, along with the CLAS ratios [28] (leaving out
their isoscalar correction). The ratios in the 2N-SRC region
are in good agreement. Even with the large uncertainties, it
is clear that our ratio at x > 2:25 is significantly higher than
in the CLAS measurement. On the other hand, a similar
analysis using preliminary results from SLAC (Fig. 8.3
from Ref. [31]) found a 4He=3He cross section ratio that
is independent ofQ2 between 1.0 and 2:4 GeV2 and falls in
between our result and the CLAS data. A recently com-
pleted experiment [38] will map out the x and Q2 depen-
dence in the 3N-SRC region with high precision.
In summary, we have presented new, high-Q2 measure-

ments of inclusive scattering from nuclei at x > 1. We

TABLE II. Extracted values of R2NðAÞ from this work and the
SLAC [26] and CLAS [28] data, along with the c.m. motion
correction factor FCM we apply: R2NðAÞ ¼ rðA;DÞ=FCM. The
SLAC and CLAS results have been updated to be consistent with
the new extraction except for the lack of Coulomb correction and
inelastic subtraction (see text for details).

A R2N (E02-019) SLAC CLAS FCM

3He 1:93' 0:10 1:8' 0:3 ( ( ( 1:10' 0:05
4He 3:02' 0:17 2:8' 0:4 2:80' 0:28 1:19' 0:06
Be 3:37' 0:17 ( ( ( ( ( ( 1:16' 0:05
C 4:00' 0:24 4:2' 0:5 3:50' 0:35 1:19' 0:06
Cu(Fe) 4:33' 0:28 (4:3' 0:8) (3:90' 0:37) 1:20' 0:06
Au 4:26' 0:29 4:0' 0:6 ( ( ( 1:21' 0:06
hQ2i #2:7 GeV2 #1:2 GeV2 #2 GeV2

xmin 1.5 ( ( ( 1.5
!min 1.275 1.25 1.22–1.26

PRL 108, 092502 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending

2 MARCH 2012

092502-4

R2n:  number of (np) pairs, relative to the 
deuteron

1.9
3.8

4.5
4.8 (208Pb)

Ciofi/Simula

*

4.0

N. Fomin et al., Phys. Rev. Lett. 108, 092502 (2012)

Dominance of np pairs in SRC region leads us to drop the 
isocalar correction. We correct for COM motion of pair
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A(e,e’) cross section ratios and SRC

K. S. Egiyan et al., Phys. Rev. Lett. 96, 082501 (2006)

Hall B Hall C
N. Fomin et al., Phys. Rev. Lett. 108, 092502 (2012)

Evidence of  2N-SRC at x>1.5



Patricia Solvignon 12

A(e,e’) cross section ratios and SRC

K. S. Egiyan et al., Phys. Rev. Lett. 96, 082501 (2006)

Hall B Hall C
N. Fomin et al., Phys. Rev. Lett. 108, 092502 (2012)

Hint of  3N-SRC at x>2 ?
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A(e,e’) cross section ratios and SRC

K. S. Egiyan et al., Phys. Rev. Lett. 96, 082501 (2006)

Hall B Hall C
N. Fomin et al., Phys. Rev. Lett. 108, 092502 (2012)

examined the high-momentum tail of the deuteron momen-
tum distribution and used target ratios at x > 1 to examine
the A and Q2 dependence of the contribution of 2N-SRCs.
The SRC contributions are extracted with improved statis-
tical and systematic uncertainties and with new corrections
that account for isoscalar dominance and the motion of the
pair in the nucleus. The 9Be data show a significant devia-
tion from predictions that the 2N-SRC contribution should
scale with density, presumably due to strong clustering
effects. At x > 2, where 3N-SRCs are expected to domi-
nate, our A=3He ratios are significantly higher than the
CLAS data and suggest that contributions from 3N-SRCs
in heavy nuclei are larger than previously believed.

We thank the JLab technical staff and accelerator divi-
sion for their contributions. This work supported by the
NSF and DOE, including contract DE-AC02-06CH11357
and contract DE-AC05-06OR23177 under which JSA,
LLC operates JLab, and the South African NRF.
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FIG. 3 (color online). The 4He=3He ratios from E02-019
(Q2 ! 2:9 GeV2) and CLAS (hQ2i ! 1:6 GeV2); errors are
combined statistical and systematic uncertainties. For x > 2:2,
the uncertainties in the 3He cross section are large enough that a
one-sigma variation of these results yields an asymmetric error
band in the ratio. The error bars shown for this region represent
the central 68% confidence level region.
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A(e,e’) cross section ratios and SRC

K. S. Egiyan et al., Phys. Rev. Lett. 96, 082501 (2006)

Hall B Hall C
N. Fomin et al., Phys. Rev. Lett. 108, 092502 (2012)

examined the high-momentum tail of the deuteron momen-
tum distribution and used target ratios at x > 1 to examine
the A and Q2 dependence of the contribution of 2N-SRCs.
The SRC contributions are extracted with improved statis-
tical and systematic uncertainties and with new corrections
that account for isoscalar dominance and the motion of the
pair in the nucleus. The 9Be data show a significant devia-
tion from predictions that the 2N-SRC contribution should
scale with density, presumably due to strong clustering
effects. At x > 2, where 3N-SRCs are expected to domi-
nate, our A=3He ratios are significantly higher than the
CLAS data and suggest that contributions from 3N-SRCs
in heavy nuclei are larger than previously believed.

We thank the JLab technical staff and accelerator divi-
sion for their contributions. This work supported by the
NSF and DOE, including contract DE-AC02-06CH11357
and contract DE-AC05-06OR23177 under which JSA,
LLC operates JLab, and the South African NRF.
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FIG. 3 (color online). The 4He=3He ratios from E02-019
(Q2 ! 2:9 GeV2) and CLAS (hQ2i ! 1:6 GeV2); errors are
combined statistical and systematic uncertainties. For x > 2:2,
the uncertainties in the 3He cross section are large enough that a
one-sigma variation of these results yields an asymmetric error
band in the ratio. The error bars shown for this region represent
the central 68% confidence level region.
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SRC: isospin dependence
Simple SRC model assumes isospin independence

Data show large asymmetry between np, pp pairs:
Qualitative agreement with calculations; effect of tensor force. Huge violation of often assumed isospin symmetry
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R. Subedi et al, Science 320, 1476(2008) 
Two-nucleon knock-out experiment

Tensor Forces and the Ground-State Structure of Nuclei

R. Schiavilla,1,2 R. B. Wiringa,3 Steven C. Pieper,3 and J. Carlson4

1Jefferson Laboratory, Newport News, Virginia 23606, USA
2Department of Physics, Old Dominion University, Norfolk, Virginia 23529, USA
3Physics Division, Argonne National Laboratory, Argonne, Illinois 61801, USA

4Theoretical Division, Los Alamos National Laboratory, Los Alamos, New Mexico 87545, USA
(Received 10 November 2006; published 27 March 2007)

Two-nucleon momentum distributions are calculated for the ground states of nuclei with mass number
A ! 8, using variational Monte Carlo wave functions derived from a realistic Hamiltonian with two- and
three-nucleon potentials. The momentum distribution of np pairs is found to be much larger than that of
pp pairs for values of the relative momentum in the range "300–600# MeV=c and vanishing total mo-
mentum. This order of magnitude difference is seen in all nuclei considered and has a universal character
originating from the tensor components present in any realistic nucleon-nucleon potential. The correla-
tions induced by the tensor force strongly influence the structure of np pairs, which are predominantly in
deuteronlike states, while they are ineffective for pp pairs, which are mostly in 1S0 states. These features
should be easily observable in two-nucleon knockout processes, such as A"e; e0np# and A"e; e0pp#.

DOI: 10.1103/PhysRevLett.98.132501 PACS numbers: 21.30.Fe, 21.60.$n, 25.30.$c, 27.10.+h

The two preeminent features of the nucleon-nucleon
(NN) interaction are its short-range repulsion and inter-
mediate- to long-range tensor character. These induce
strong spatial-spin-isospin NN correlations, which leave
their imprint on the structure of ground- and excited-state
wave functions. Several nuclear properties reflect the pres-
ence of these features. For example, the two-nucleon den-
sity distributions !MS

TS "r# in states with pair spin S % 1 and
isospin T % 0 are very small at small internucleon separa-
tion r and exhibit strong anisotropies depending on the spin
projection MS [1]. Nucleon momentum distributions N"k#
[2,3] and spectral functions S"k; E# [4] have large high-
momentum and, in the case of S"k; E#, high-energy com-
ponents, which are produced by short-range and tensor
correlations. The latter also influence the distribution of
strength in response functions R"k;!#, which characterize
the response of the nucleus to a spin-isospin disturbance
injecting momentum k and energy! into the system [5,6].
Lastly, calculations of low-energy spectra in light nuclei
(up to mass number A % 10) have demonstrated that tensor
forces play a crucial role in reproducing the observed

ordering of the levels and, in particular, the observed
absence of stable A % 8 nuclei [7].

In the present study we show that tensor correlations also
impact strongly the momentum distributions of NN pairs
in the ground state of a nucleus and, in particular, that they
lead to large differences in the np versus pp distributions
at moderate values of the relative momentum in the pair.
These differences should be observable in two-nucleon
knockout processes, such as A"e; e0np# and A"e; e0pp#
reactions. This work goes beyond that of Ref. [7], which
did not address the momentum dependence of the ten-
sor force and induced correlations, by showing important
effects at relative momenta greater than 1:5 fm$1. These
effects, associated with small total and large relative
momenta in the NN pair, cannot be computed within the
vlow k framework [8] directly, but require the inclusion of
additional many-body, nonlocal, spin-isospin dependent
operators.

The probability of finding two nucleons with relative
momentum q and total momentum Q in isospin state TMT
in the ground state of a nucleus is proportional to the
density

 

!TMT
"q;Q# % A"A$ 1#

2"2J& 1#
X
MJ

Z
dr1dr2dr3 ' ' ' drAdr01dr02 

y
JMJ
"r01; r02; r3; . . . ; rA#e$iq'"r12$r012#e$iQ'"R12$R012#

( PTMT
"12# JMJ

"r1; r2; r3; . . . ; rA#; (1)

where r12 ) r1 $ r2, R12 ) "r1 & r2#=2, and similarly for
r012 and R012. PTMT

"12# is the isospin projection operator,
and  JMJ

denotes the nuclear wave function in spin and
spin-projection state JMJ. The normalization is

 

Z dq
"2"#3

dQ
"2"#3 !TMT

"q;Q# % NTMT
; (2)

where NTMT
is the number of NN pairs in state TMT .

Obviously, integrating !TMT
"q;Q# over only Q gives the

probability of finding two nucleons with relative momen-
tum q, regardless of their pair momentum Q (and vice
versa).

The present study of two-nucleon momentum distribu-
tions in light nuclei (up to A % 8) is based on variational
Monte Carlo (VMC) wave functions, derived from a real-
istic Hamiltonian consisting of the Argonne v18 two-

PRL 98, 132501 (2007) P H Y S I C A L R E V I E W L E T T E R S week ending
30 MARCH 2007

0031-9007=07=98(13)=132501(4) 132501-1  2007 The American Physical Society
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New results from Jefferson Lab
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JLab experiment E08-014
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52

GC,  main production triggers.  

T6&T7: S1 + S2m, for efficiencies and PID study. 

Kin3.1 
Kin3.2 

Kin4.1 Kin4.2 

Kin5.1 
Kin5.2 

Kin5.0 

Kin6.5 

Kin5.05 

E0 = 3.356GeV 

Figure 2.22: Kinematic coverage of E08-014 experiment.

be used to study the scaling function and momentum distribution at larger missing

momentum, as well the e↵ect of FSI. By taking the cross section ratio of heavy targets

to 2H or 3He, one can examine the xbj and Q2 dependence and SRC, and measure

the values of a
2

and a
3

. The relatively low Q2 setting allows the study of ↵
2N and

↵
3N in the scaling of SRC. The Calcium isotopes, 40Ca and 48Ca, were also used to

study the isospin dependence of 2N- and 3N-SRC. The experimental setup and the

data analysis will be given by details in this thesis and preliminary results will also

be presented.

Verify and define scaling regime for 3N-SRC

Isospin effects on SRCs: 48Ca vs. 40Ca

Spokespeople: P. Solvignon, J. Arrington, D. Day, D. Higinbotham
Ph.D student: Zhihong Ye
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Preliminary

a2n=5.08+/-0.01

SLAC: a2(12C)=5.0±0.5

Statistical errors only

12
C/

D
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Good agreement between the three experiments in the 2N-SRC region

3N-SRC region: very sensitive to acceptance edge effect and window contribution 
so no conclusion yet

E08-014 results at x>2
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3N-SRC region: very sensitive to acceptance edge effect and window contribution 
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E08-014 results at x>2
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Good agreement between the three experiments in the 2N-SRC region

3N-SRC region: very sensitive to acceptance edge effect and window 
contribution so no conclusion yet
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E08-014 results at x>2
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Advantages of this ratio:
1) less sensitive to the window contribution
2) 4He cross section doesn’t go to zero at x=3
3) CM motion of the 3N mainly cancels in the ratio

But still no sign of a 
3N-SRC plateau !
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Isolating 3N-SRCs

Onset of scaling for 2<x<3 
at which pmiss ?

(a)

(b)

1

1

2

2

3

3

p3 = p1+p2

p1 = p2 = p3

extremely large 
momentum

“Star-configuration”
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Isospin study from 48Ca/40Ca ratio
Theoretical predictions:
M. Vanhalst, J. Ryckebusch and W. Cosyn, PRC86, 044619 (2012)

MAARTEN VANHALST, JAN RYCKEBUSCH, AND WIM COSYN PHYSICAL REVIEW C 86, 044619 (2012)
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FIG. 12. (Color online) The computed values for the a2(A/D) for
various nuclei. The data are from Refs. [9,10,14]. The shaded region
is the prediction after correcting the computed values of a2(A/D) for
the c.m. motion of the pair. The correction factor is determined by
linear interpolation of the factors listed in Table I. The width of the
shaded area is determined by the error of the c.m. correction factors.

In Fig. 12, we compare our predictions computed with the
aid of Eq. (49) with the extracted values of a2(A/D). We
have opted to correct the predicted a2 coefficients and not
the data for c.m. motion. We stress that the c.m. correction
factor can not be computed in a model-independent fashion.
For light nuclei, our predictions tend to underestimate the
measured a2. This could be attributed to the lack of long-
range clustering effects in the adopted wave functions. Indeed,
it was pointed out in Ref. [54] that the high-density cluster
components in the wave functions are an important source of
correlation effects beyond the mean-field approach. For heavy
nuclei, our predictions for the relative SRC probability per
nucleon do not saturate as much as the data seem to indicate.
In Ref. [11], the authors estimated the mass dependence of
a2 by means of an expression of the type a2 ∼

∫
d3"r ρ2

MF("r).
Using Skyrme Hartree-Fock densities ρMF("r), a power law
of A0.12 emerged. After normalizing to the measured value for
a2(12C/D), the predicted power-law dependence agrees nicely
with the data.

We stress that final-state interactions (FSI) represent an-
other source of corrections which may induce an additional
A-dependent correction to the data. FSI of the outgoing
nucleons with the residual spectator nucleons could shift part
of the signal strength out of the cuts applied to the experimental
phase space (or likewise move strength in) and decrease (or
increase) the measured cross section and the corresponding a2
coefficient.

In Fig. 13, we display the magnitude of the EMC effect,
quantified by means of − dR

dxB
versus our predictions for the

quantity 2
A
Npn(S=1) or the “per nucleon probability for pn

SRC relative to the deuteron.” We stress that the numbers
which one finds on the x axis are the results of parameter-free
calculations. We consider the “per nucleon probability for pn
SRC relative to the deuteron” as a measure for the magnitude of
the proton-neutron SRC in a given nucleus. Obviously, there
is a nice linear relationship between the quantity which we
propose as a per nucleon measure for the magnitude of the
SRC and the magnitude of the EMC effect.

 0.15
 0.2

 0.25
 0.3

 0.35
 0.4

 0.45
 0.5

 0.55
 0.6

 1  2  3  4  5

-d
R

/d
x B

(2/A) Npn(S=1)

4He

9Be

12C
27Al

40Ca

56Fe

108Ag

197Au

FIG. 13. (Color online) The magnitude of the EMC effect versus
the computed per nucleon number of correlated pn pairs. The data are
from the analysis presented in Refs. [7,14,55]. The fitted line obeys the
equation − dR

dxB
= (0.108 ± 0.028) + 2

A
Npn(S=1) · (0.074 ± 0.010).

C. Three-body correlations

The measurements of Refs. [9,10] indicate that the ratio of
the inclusive cross sections

σA(xB,Q2)

σ
3He(xB,Q2)

(55)

approximately scales for 2.25 ! xB ! 3.0. Along similar lines
as those used in quantifying the 2N SRC in Sec. III B, it has
been suggested [9] to parametrize the inclusive A(e, e′) cross
section in the following form:

σA(2.25 ! xB ! 3,Q2) = A

3
a3(A/3He)σ3(xB,Q2), (56)

where σ3(xB,Q2) is the cross section for scattering from a
correlated 3N cluster which is once again assumed to be A
independent. Inserting Eq. (56) into (55), one obtains

a3(A/3He) = 3
A

σA(xB,Q2)

σ
3He(xB,Q2)

(2.25 ! xB ! 3.0). (57)

Notice that in the kinematic regime where 3N correlations are
expected to dominate (2.25 ! xB), the experimental situation
is unsettled. For example, the recently measured a3(4He/3He)
ratios [10] are significantly larger than those reported in
Ref. [9].

Similar to the per nucleon pn SRC of Eq. (53), we define
the per nucleon probability for a ppn SRC relative to 3He as

3
A

Nppn (A,Z)
Nppn (A = 3, Z = 2)

= 3
A

Nppn (A,Z) , (58)

where we used the fact that Nppn (A = 3, Z = 2) = 1 in our
framework. The results of the per nucleon probability of ppn
SRC are collected in Fig. 14.

The quantity of Eq. (58) can be linked to a3(A/3He) under
the condition that corrections stemming from c.m. motion of
the correlated ppn triples, FSI effects, etc., are small. Under
those idealized conditions, one would have

a3(A,3He) ≈ 3
A

Nppn(A,Z) . (59)

In the naive assumption that all 3N pairs contribute to the
a3(A/3He) ratio, one expects an A2 dependency. We suggest

044619-12

a2(40Ca) ≈ a2(48Ca)

Preliminary

Statistical errors only

“correlation operators generate the correlated part 
of the nuclear WF from that part of the mean-field 

WF where two nucleons are sufficiently close.”
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FIG. 2. The distribution of the cosine of the opening an-
gle � between the ~p

miss

and ~p

recoil

for the p

miss

= 625 and
750 MeV/c kinematics combined. The histogram (dashed dot-
ted, red online) shows the distribution of random events. The
solid curve is a simulation of scattering o↵ a moving pair with
a CM momentum having a width of 100 MeV/c. The insert
is the TOF spectrum for neutrons detected in HAND in coin-
cidence with the 4He(e, e0p) reaction in the highest missing-
momentum kinematics. The random background is shown as
a dashed line.

FIG. 3. The background-subtracted missing-mass distri-
bution for 4He(e, e0pp) events. The insert represents the
background-subtracted missing energy for the 4He(e, e0pp)
events. Note that subtracting the binding energy of the two
protons leaves the two neutrons residual system with a low
excitation energy.

4He(e, e0pn) reaction but with inferior resolution due to
the lower momentum resolution for neutrons.

Software cuts were applied to both BigBite and HAND
that limited their acceptances to ±14� in the ver-
tical direction, ±4� in the horizontal direction, and
300 � 900 MeV/c in momentum. We used a simulation
based on the measurements to correct the yield of the
4He(e, e0pN) events for the finite acceptances of the re-
coiling protons and neutrons in Bigbite and HAND. Fol-
lowing Ref. [1], the simulations assume that an electron

scatters o↵ a moving SRC pair with a CM momentum
relative to the A � 2 spectator system described by a
Gaussian distribution as in [17]. We assumed an isotropic
3-dimensional motion of the pair and varied the width of
the Gaussian motion equally in each direction until the
best agreement with the data was obtained. The nine
measured distributions (three components in each of the
three kinematic settings for np pairs) yield, within the
uncertainties, the same width with a weighted average of
100±20 MeV/c. This is in good agreement with the CM
momentum distribution calculated in Ref. [10]. Figure 2
compares the simulated and the measured distributions
of the opening angle between the knocked-out and re-
coiling nucleons. The fraction of events detected within
the finite acceptance was used to correct the measured
yield. The uncertainty in this correction was typically
15%, which dominates the systematic uncertainties of the
4He(e, e0pN) yield.

The measured
4He(e,e0pN)
4He(e,e0p) ratios are given by the

number of events in the background-subtracted triple-
coincidence TOF peak (as shown in the insert of Fig. 2)
corrected for the finite acceptance and detection e�-
ciency of the recoiling nucleons, divided by the number of
random-subtracted double coincidence 4He(e, e0p) events.
These ratios, as a function of pmiss in the 4He(e, e0p) re-
action, are displayed as full symbols in the two upper
panels of Fig. 4. Because the electron can scatter from
either proton of a pp pair (but only from the single pro-
ton of an np pair), we divided the 4He(e, e0pp) yield by
two. Also displayed in Fig. 4, as empty symbols with
dashed bars, similar ratios for 12C obtained from previ-
ous electron scattering [1, 2] and proton scattering [4]
measurements. In comparing the 12C and 4He data no-
tice that there is a di↵erence in the naive counting ratio
of NZ

Z(Z�1) between the two cases. The horizontal bars
show the overlapping momentum acceptance ranges of
the various kinematic settings. The vertical bars are the
uncertainties, which are predominantly statistical.

Because we obtained the 4He(e, e0pp) and 4He(e, e0pn)
data simultaneously and with the same solid angles and
momentum acceptances, we could also directly determine
the ratio of 4He(e, e0pp) to 4He(e, e0pn). In this ratio,
many of the systematic factors needed to compare the
triple-coincidence yields cancel out, and we need to cor-
rect only for the detector e�ciencies. This ratio as a
function of the missing momentum is displayed in the
lower panel of Fig. 4 together with the previously mea-
sured ratio for 12C [2].

To correct for final-state interactions (FSI), we calcu-
lated the attenuations of the leading and recoiling nu-
cleons as well as the probability for single charge ex-
change (SCX) using the Glauber approximation [18]. To
a good approximation the correction to the ratios due
to the leading-proton attenuation is small. The atten-
uation of the recoiling nucleon decreases the measured
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Experimental setup – continued
BigBite: Use of MWDC instead of auxiliary plane – Improve momentum resolution

HAND: Two additional scintillator planes

     Thinner lead wall

Three Kinematic settings:

“500” MeV/c, “625” MeV/c
 and “750” MeV/c

Increase neutron detection efficiency

4.454 GeV

3.6 GeV

Target: C
12

He
4

Less FSI and can be treated more easily theoretically 
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38Université Blaise Pascal/IN2P3, F-63177 Aubière, France
39Jozef Stefan Institute, Ljubljana, Slovenia

ar
X

iv
:1

40
1.

61
38

v2
  [

nu
cl

-e
x]

  1
3 

Fe
b 

20
14

I. Korover et al., arXiv:1401.6138

5

FIG. 4. Lower panel: The measured ratios 4He(e, e0pp)/ 4He(e, e0pn) are shown as solid symbols as a function of the 4He(e, e0p)
missing momentum. Each point is the result of a di↵erent spectrometers setting. The bands represent the data corrected for
FSI to obtain the pair ratios, see text for details. Also shown are calculations using the momentum distribution of [10] for
pairs with weighted-average CM momentum assuming arbitrary angles between it and the relative momentum in the pair (solid
black line). The middle panel shows the measured 4He(e, e0pp)/ 4He(e, e0p) and extracted #pp/#p ratios. The upper panel
shows the measured 4He(e, e0pn)/4He(e, e0p) and extracted #pn/#p ratios. The unphysical region above 100% obtained due
to statistical fluctuations is marked by white strips. Ratios for 12C are shown as empty symbols with dashed bars. The empty
star in the upper panel is the BNL result [4] for 12C(p, 2pn)/12C(p, 2p). See text for a comment on the 12C/ 4He naive counting
ratios.

triple/double coincidence ratios. Because the measured
4He(e, e0pn) rate is about an order of magnitude larger
than the 4He(e, e0pp) rate, 4He(e, e0pn) reactions fol-
lowed by a single charge exchange (and hence detected as
4He(e, e0pp)) increase the 4He(e, e0pp)/4He(e, e0pn) and
the 4He(e, e0pp)/4He(e, e0p) measured ratios.
The Glauber corrections (TL = 0.75 and TR = 0.66 �

0.73), with TL and TR the leading and recoil transparen-
cies, were calculated by the Ghent group [18]. We as-
sumed the uncertainties to be ±20% of these values. The
probability for SCX (PSCX) was assumed to be 1.5±1.5%
based on the SCX total cross section of 1.1 ± 0.2 mb
[19]. The pair fraction extracted from the measured ra-
tios with the FSI calculated corrections are shown in
Fig. 4 as bands (see appendix for details). The statis-
tical and systematic uncertainties of the measurements
and the calculated corrections were treated as indepen-
dent and combined by simulation to create the width of
the one standard deviation bands shown in Fig. 4.

The two-nucleon momentum distributions were cal-
culated for the ground states of 4He using variational
Monte-Carlo wave functions derived from a realistic
Hamiltonian with two- and three-nucleon potentials [10].
The number of pp-SRC pairs is much smaller than np-
SRC pairs for values of the relative nucleon momentum

Krel ⇡ 400 MeV/c. This is because the correlations in-
duced by the tensor force are strongly suppressed in the
case of the pp pairs, which are mostly in a 1

S0 state
[8–10, 20]. As the relative momenta increase, the ten-
sor force becomes less dominant, the role played by the
short-range repulsive force increases and with it the ratio
of pp/np pairs. The solid (black) curve in Fig. 4 was ob-
tained using the weighted average of the calculations [10]
with arbitrary angles between ~

Krel and ~

KCM , the CM
momentum or the pair. The calculation with KCM = 0,
which agrees quantitatively with the Perugia group calcu-
lation [20], is very little di↵erent from the average shown
in the figure. To compare the calculations to the data
in Fig. 4 we assumed that the virtual photon hits the
leading proton and pmiss = Krel (PWIA).
To summarize, measurements reported here facil-

itate the isospin decomposition of the 2N -SRC in
the high-momentum tail of the nucleon momentum
distribution. The small, relatively constant mea-
sured 4He(e, e0pp)/4He(e, e0p) ratio reflects a small con-
tribution from pp-SRC pairs, most probably domi-
nated by the repulsive short-range force. The large
4He(e, e0pn)/4He(e, e0p) ratio clearly shows np-SRC
dominance. The observed reduction in the fraction of
measured 2N-SRC contribution to the total (e, e0p) re-

Wiringa, Schiavilla, Pieper, 
Carlson, arXiv: 1309.3794

Observations:

#pp/#np increase with Pmiss
(as predicted by AV18)

#pp stays constant
(dominated by the repulsive core)

#np decrease with Pmiss
(FSI and/or 3N-SRC)

E07-006 results
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Future experiments at Jefferson Lab
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...

Main physics goals
Isospin-dependence

✓ Improved precision: extract R(T=1/T=0) to 3.8%
✓ FSI much smaller (inclusive) and expected to cancel in ratio

3N SRCs structure (momentum-sharing and isospin)

Improved A-dependence in light and heavy nuclei
✓ Average of 3H, 3He --> A=3 “isoscalar” nucleus
✓ Determine isospin dependence --> improved correction for N>Z nuclei, 
extrapolation to nuclear matter

Absolute cross sections (and ratios) for 2H, 3H, 3He: test calculations of FSI for 
simple, well-understood nuclei

 Spokespeople: P. Solvignon, J. Arrington, D. Day, D. Higinbotham

E12-11-112: 3He/3H at x>1
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E12-11-112: 3He/3H at x>1
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1.1% scale uncertainty 
not shown

At x>2,  3He/3H ≠ 1.4 implies
 isospin dependence

 AND 
non-symmetric momentum sharing

(a)

(b)

1

1

2

2

3

3

p3 = p1+p2

p1 = p2 = p3

extremely large momentum

“Star-configuration”
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QE data and Neutron Magnetic FF
Quasielastic data 

In PWIA, 3He/3H with 1.5% uncertainty corresponds to 3% on GM
n 

    * Limited to Q2≤1 GeV2, where QE peak has minimal inelastic 
contribution 
    * This is the region with ~8% discrepancy between the Anklin, Kubon 
data and the CLAS ratio and Hall A polarized 3He extractions 
 
Nuclear effects expected to be small, largely cancel in ratio 

Worlds 3H QE data: !
Q2 � 0.9 GeV2!

This experiment:!
 0.6-1.0 GeV2!

1.4,1.7 GeV2!

2.2-3.0 GeV2!

12 World 3H QE data: 
Q2 ≤ 0.9GeV2

This experiment: 
0.6, 0.8, 1.0, 1.4, 1.7,  
2.4, 2.7 and 3.0 GeV2

‣  Limited to Q2 ≤ 1 GeV2, where QE peak has 
minimal inelastic contribution
‣ This is the region with ~8% discrepancy between 
the Ankin, Kubon data and the CLAS ratio and the 
Hall A polarized 3He extraction.
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In PWIA, 3He/3H with 1.5% uncertainty corresponds to 
3% on GMn

Nuclear effects expected to be small, largely cancel in ratio

Projected precision
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EMC vs. SRC 3

FIG. 2: Left: Linear correlation between the strength of the EMC effect and the amount of 2N-SRC
in nuclei [9]. Right: Linear correlation between the strength of the EMC effect and the average
nucleon separation energy [10].

energy per proton and per neutron leads to an isospin-dependent Deep-Inelastic scattering

EMC effect and might be a natural explanation for the neutrino scattering NuTeV effect

[11]. In addition, the effect of the asymmetric energy term on the neutron star equation of

state and hence on neutrino cooling might be very significant [12].

B. Nucleon momentum distributions in light asymmetric nuclei

The results and interpretations discussed above can be confirmed in a unique way by

studying proton and neutron momentum distributions in 3He and 3H nuclei. Reliable mi-

croscopic calculations are available for both of these nuclei. Their asymmetries are larger

than those of any heavy asymmetric nucleus:

yA=3 =
N − Z

N + Z
= ±0.3 .

The high momentum part of the nuclear momentum distribution should be dominated by

the momentum distribution of the nucleons in correlated pairs. 3He and 3H both can form

two np-pairs. We therefore expect that in 3He the average kinetic energy of the neutron will

be greater than that of each proton and vice versa in 3H.

We know from prior experiments that ∼10% of nucleons in 3He are in NN -SRC pairs

[13], that np pairs are far more probable than nn or pp pairs [1, 14], and that the nucleon

momentum distribution is dominated by SRC pairs for momenta greater than some threshold

After combining results from E12-11-112 and MARATHON experiments 
(no error bar projected at this time)

Correlation between SRCs and EMC effect

O. Hen, et al, PRC 85, 047301 (2012)
L. Weinstein, et al., PRL 106, 052301 (2011)

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

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

JA, A. Daniel, D. Day, N. Fomin, D. Gaskell, 
P. Solvignon (in press, Phys. Rev. C)

EMC effect due to: 
high virtuality 

or 
 local density 

???

J. Arrington, A. Daniel, D. Day, 
N. Fomin, D. Gaskell and P. Solvignon, 
PRC 86, 065204 (2012)

No clear conclusion. 
Needs more data !
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E12-06-105

Main physics goals

A-dependence of 2N and 3N-SRCs at 
moderate Q2 values for large x

First studies of the size and importance of 
α-clusters in nuclei

Distribution of superfast quarks in nuclei: 
high sensitivity to non-hadronic components 
(6-q bags) 

 Spokespeople: J. Arrington, D. Day, N. Fomin, P. Solvignon

Inclusive Scattering from Nuclei at x > 1 in the quasielastic and deeply inelastic
regimes.

J. Arrington (Spokesperson), D.F. Geesaman, K. Hafidi, R. Holt,
D.H. Potterveld, P.E. Reimer, P. Solvignon

Argonne National Laboratory

D. Crabb, D.B. Day (Spokesperson), R. L. Lindgren, B. Norum
O. Rondon, K. Slifer, C. Smith, S. Tajima, K. Wang

University of Virginia

M. E. Christy, C. E. Keppel, L. Tang, V. Tvaskis
Hampton University

G. Niculescu, I. Niculescu
James Madison University

P.E. Bosted, R. Carlini, R. Ent, H. Fenker, D. Gaskell, T. Horn,
M.K. Jones, A.F. Lung, D.J. Mack, D.G. Meekins, J. Roche, G. Smith,

S. Wood, W. Vulcan, C. Yan
Thomas Jefferson National Accelerator Facility

B. Boillat, J. Jourdan, B. Krusche, G. Testa, R. Trojer
University of Basel

E.J. Beise, H. Breuer
University of Maryland

H. Mkrtchyan, V. Tadevosyan
Yerevan Physics Institute, Armenia

(Dated: July 7, 2006)

Inclusive scattering from nuclei at x > 1 is sensitive to the distribution of high momentum nucleons
at low Q2 values, and high momentum quarks at large Q2 values. Large x data at 4 and 6 GeV are
dominated by quasielastic and resonance production from high-momentum nucleons. With the 11
GeV beam, we propose to make measurements in the DIS region and provide clean measurements of
the quark distributions in light and heavy nuclei for x > 1. The distribution of these superfast quarks
(quarks carrying a momentum greater than that of a nucleon) is connected to the short distance
structure of nuclei, and this is a promising region to examine for the importance of the underlying
quark degrees of freedom in nuclear structure. In addition, data in the quasielastic region at very
large x values, up to and exceeding x = 3, will extend previous studies of short range correlations
in few-body and heavy nuclei.

Ratios of the structure functions at large x are are sensitive to both the distribution of high
momentum nucleons and possible medium modification. The previous 4 and 6 GeV measurements
and the extremely large x (x >

∼ 2) QE measurements included here will constrain the high momentum
nucleons and allow a study of the quark distributions in the kinematic region dominated by scattering
from SRCs, which is expected to be very sensitive to modification to the nucleon structure. Note that
both absolute quark distributions and EMC-style ratios for x >

∼ 1 will be useful in understanding
the EMC effect. While focussed on mapping out the distributions of superfast quarks and high
momentum nucleons, these data also provide the large x data necessary to extract the QCD moments
in nuclei at moderate to large Q2 values.

17

FIG. 14: The kinematic range in Q2 and the Bjorken x variable. The black symbols indicated the range with a 6 GeV from
E02-019, the red reflect that obtained in the CLAS ratio measurements. The blue symbols and line define the region accessible
at 11 GeV. The solid (dashed) blue curve indicates the region where the projected statistical uncertainties are 10% (5%) for
an x bin of 0.05.

measurements at 11 GeV will be able to make significantly improved measurements up to x = 3,
and provide a first look at larger x, where one might observe the dominance of scattering from
alpha-clusters (four-nucleon correlations) in nuclei.

C. Experimental Equipment

The experimental set-up for measurements with a 11 GeV beam would be performed using the
existing HMS and new SHMS which is part of the base equipment package for the 12 GeV upgrade.
The HMS would be used for the highest Q2 measurements at large angles and the SHMS would be
used for the intermediate angles, <∼ 30◦ providing the intermediate Q2 measurements for x <∼ 1.5,
and the modest Q2 but very large x measurements. Data would be taken in the HMS spectrometer
using the existing detector package which includes a threshold gas Čerenkov counter and a lead
glass shower counter for rejection of pion background. The SHMS will have a similar package of
nearly identical performance. Several nuclear targets (Be, C, Cu, and Au) would be used as well as
cryogenic targets. We will run at beam currents between 20 and 80 µA.

A cryogenic hydrogen target is necessary for calibration and a cryogenic deuterium target for
production data. These are currently part of the standard Hall C cryotarget system. 3He and
4He cells have been used in E02-019, and we found that these cells performed extremely well at
currents up to 80µA. In addition to the cryotargets, we will take data on several solid targets, Be,
C, Cu, and Au, which will allow us to measure the A dependence of the contributions from short
range correlations, the A dependence of the quark distributions at x > 1, as well as allowing for an
extrapolation to nuclear matter. The measurements would be done at several angles to cover the
full kinematic range, as shown in Fig. 14 and listed in Table II.

We assume an acceptance of 6.8msr for the HMS, and 3.8msr for the SHMS, and will take data
independently with both spectrometers throughout the run. The SHMS will make all of the mea-
surements for the very large x, where we are focussed on the short range correlations. For the data
focussed on extracting the distribution of superfast quarks, the HMS will take the largest Q2 mea-

super-fast quarks, 
quark distribution functions, 

medium modifications

SRC, n(k), FSI, σ
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Summary

33

SRCs are an important component to nuclear structure:
~20% of nucleons in SRC
Very few (~1%) p-p, n-n pairs

Inclusive scattering measurements from E08-014 and E12-11-112 will map out 
the 2N- and 3N-SRCs and produce a detailed study of their isospin dependence

--> E08-014: too early to conclude on the 3N-SRC and the isospin test
--> E12-11-112 is scheduled to run in Spring 2016 

E12-06-105 will probe quark distribution in SRC = EMC effect in SRCs
--> A part of the experiment is scheduled to run in 2017 

Several other experiments at 12 GeV to look at SRC and EMC and their possible 
link.
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EXTRA SLIDES
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3N-configuration

(a)

(b)

1

1

2

2

3

3

p3 = p1+p2

p1 = p2 = p3

extremely large momentum

“Star-configuration”

R ≠ 1.4 implies isospin dependence AND non-symmetric momentum sharing

(a) yields R(3He/3H) ≈ 3.0 if nucleon #3 is always the doubly-occurring nucleon
(a) yields R(3He/3H) ≈ 0.3 if nucleon #3 is always the singly-occurring nucleon
(a) yields R(3He/3H) ≈ 1.4 if configuration is isospin-independent, as does (b)
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Isolating 2N-SRCs

Where to look for SRC’s

x

p m
in 

(G
eV

/c
)

0.5

4.0

Appearance of plateaus is A dependent.
Kinematics: heavier recoil systems do not require as much energy to balance momentum 
of struck nucleon - hence pmin for a given x and Q2 is smaller.
Dynamics: mean field part in heavy nuclei persist in x to larger values

Have to go to higher x or Q2 to insure scattering is not from mean-field nucleon

17Friday, May 31, 13

Onset of plateaus is A dependent

Heavier recoil systems do not require as much energy to balance momentum of struck: 
pmin for a given x and Q2 is smaller

Mean field part in heavy nuclei persist in x to larger values

Have to go to higher x or 
Q2 to insure scattering is 

not from mean-field 
nucleon
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Light-cone fraction
SRC model: 1N, 2N, 3N, …, contributions at x≤1,2,3,…

Motion of SRCs: broaden the range of contribution 

Relativistic: x         α2N

€ 

α2N = 2 − q− + 2m
2m

1+
W 2 − 4m2

W

$ 

% 
& & 

' 

( 
) ) 

α2N is the light-cone variable for the interacting nucleon of the correlated nucleon pair
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E12-06-105

12C, 3.6, 16o

12C, 3.6, 30o

Return to A(e,e’) Inelastic contribution increases with Q2

2.2 (GeV/c)20.9 (GeV/c)2

Energy LossEnergy Loss

x = 1

x = 1Cr
os

s S
ec

tio
n

DIS begins to contribute at x > 1 
Convolution model

y = 0

y = 0

12C, 5.77, 50o

x = 1
y = 0

Cr
os

s S
ec

tio
n

7.4 (GeV/c)2

 We expect that as Q2 increases to 
see evidence (x-scaling) that we are 
scattering from a quark at x > 1

43Friday, May 31, 13



Patricia Solvignon 39

Isospin study from 3He/3H ratio

€ 

σ 3He
/3

σ 3H
/3

=
(2σ p +1σ n ) /3
(1σ p + 2σ n ) /3

σ p ≈3σ n$ → $ $ 1.40

€ 

σ 3H
/3

σ 3He
/3

=
(2pn +1nn) /3
(2pn +1pp) /3

=1.0

Simple mean field estimates for 2N-SRC
Isospin independent: n-p (T=0) dominance:
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0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
x

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

Q
2  (G

eV
2 )

Left HRS
Right HRS ("parasitic")
Left & Right HRS

17.0o
19.0o

24.5o

28.5o

30.3o

26.2o

22.0o
E = 2.2 GeV}

26.5o

3N2NQE

Beam current: 25 μA, unpolarized, Raster interlock 
Beam energy:
17.5 Days 4.4 GeV [main production]
1.5 days 2.2 GeV [checkout+QE]

E12-11-112: kinematics
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Isospin study from 48Ca/40Ca ratio
Simple mean field estimates for 2N-SRC

1) Isospin independent:

2) n-p (T=0) dominance:

3)For no extra T=0 pairs with f7/2 neutron:

Other predictions:

€ 

σ 48 /48
σ 40 /40

=
(20σ p + 28σ n ) /48
(20σ p + 20σ n ) /40

σ p ≈3σ n$ → $ $ 0.92

€ 

σ 48 /48
σ 40 /40

=
(20∗28) /48
(20∗20) /40

=1.17

25% difference isospin indep. vs. pn-
only (compare to 40% for 3He/3H)

€ 

σ 48 /48
σ 40 /40

=
σ 40 /48
σ 40 /40

= 0.83

M. Vanhalst, J. Ryckebusch and W. Cosyn, 
PRC86, 044619 (2012)

MAARTEN VANHALST, JAN RYCKEBUSCH, AND WIM COSYN PHYSICAL REVIEW C 86, 044619 (2012)
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FIG. 12. (Color online) The computed values for the a2(A/D) for
various nuclei. The data are from Refs. [9,10,14]. The shaded region
is the prediction after correcting the computed values of a2(A/D) for
the c.m. motion of the pair. The correction factor is determined by
linear interpolation of the factors listed in Table I. The width of the
shaded area is determined by the error of the c.m. correction factors.

In Fig. 12, we compare our predictions computed with the
aid of Eq. (49) with the extracted values of a2(A/D). We
have opted to correct the predicted a2 coefficients and not
the data for c.m. motion. We stress that the c.m. correction
factor can not be computed in a model-independent fashion.
For light nuclei, our predictions tend to underestimate the
measured a2. This could be attributed to the lack of long-
range clustering effects in the adopted wave functions. Indeed,
it was pointed out in Ref. [54] that the high-density cluster
components in the wave functions are an important source of
correlation effects beyond the mean-field approach. For heavy
nuclei, our predictions for the relative SRC probability per
nucleon do not saturate as much as the data seem to indicate.
In Ref. [11], the authors estimated the mass dependence of
a2 by means of an expression of the type a2 ∼

∫
d3"r ρ2

MF("r).
Using Skyrme Hartree-Fock densities ρMF("r), a power law
of A0.12 emerged. After normalizing to the measured value for
a2(12C/D), the predicted power-law dependence agrees nicely
with the data.

We stress that final-state interactions (FSI) represent an-
other source of corrections which may induce an additional
A-dependent correction to the data. FSI of the outgoing
nucleons with the residual spectator nucleons could shift part
of the signal strength out of the cuts applied to the experimental
phase space (or likewise move strength in) and decrease (or
increase) the measured cross section and the corresponding a2
coefficient.

In Fig. 13, we display the magnitude of the EMC effect,
quantified by means of − dR

dxB
versus our predictions for the

quantity 2
A
Npn(S=1) or the “per nucleon probability for pn

SRC relative to the deuteron.” We stress that the numbers
which one finds on the x axis are the results of parameter-free
calculations. We consider the “per nucleon probability for pn
SRC relative to the deuteron” as a measure for the magnitude of
the proton-neutron SRC in a given nucleus. Obviously, there
is a nice linear relationship between the quantity which we
propose as a per nucleon measure for the magnitude of the
SRC and the magnitude of the EMC effect.
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FIG. 13. (Color online) The magnitude of the EMC effect versus
the computed per nucleon number of correlated pn pairs. The data are
from the analysis presented in Refs. [7,14,55]. The fitted line obeys the
equation − dR

dxB
= (0.108 ± 0.028) + 2

A
Npn(S=1) · (0.074 ± 0.010).

C. Three-body correlations

The measurements of Refs. [9,10] indicate that the ratio of
the inclusive cross sections

σA(xB,Q2)

σ
3He(xB,Q2)

(55)

approximately scales for 2.25 ! xB ! 3.0. Along similar lines
as those used in quantifying the 2N SRC in Sec. III B, it has
been suggested [9] to parametrize the inclusive A(e, e′) cross
section in the following form:

σA(2.25 ! xB ! 3,Q2) = A

3
a3(A/3He)σ3(xB,Q2), (56)

where σ3(xB,Q2) is the cross section for scattering from a
correlated 3N cluster which is once again assumed to be A
independent. Inserting Eq. (56) into (55), one obtains

a3(A/3He) = 3
A

σA(xB,Q2)

σ
3He(xB,Q2)

(2.25 ! xB ! 3.0). (57)

Notice that in the kinematic regime where 3N correlations are
expected to dominate (2.25 ! xB), the experimental situation
is unsettled. For example, the recently measured a3(4He/3He)
ratios [10] are significantly larger than those reported in
Ref. [9].

Similar to the per nucleon pn SRC of Eq. (53), we define
the per nucleon probability for a ppn SRC relative to 3He as

3
A

Nppn (A,Z)
Nppn (A = 3, Z = 2)

= 3
A

Nppn (A,Z) , (58)

where we used the fact that Nppn (A = 3, Z = 2) = 1 in our
framework. The results of the per nucleon probability of ppn
SRC are collected in Fig. 14.

The quantity of Eq. (58) can be linked to a3(A/3He) under
the condition that corrections stemming from c.m. motion of
the correlated ppn triples, FSI effects, etc., are small. Under
those idealized conditions, one would have

a3(A,3He) ≈ 3
A

Nppn(A,Z) . (59)

In the naive assumption that all 3N pairs contribute to the
a3(A/3He) ratio, one expects an A2 dependency. We suggest
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a2(40Ca) ≈ a2(48Ca)


