
SRC and x > 1 at 12 GeV
What can we learn?

Short Range Correlations in Nuclei and Hard QCD 
Phenomena

ECT* Trento, November 14 - 18 2011

Donal Day
University of Virginia

Tuesday, November 15, 2011



Prologue

• Momentum distributions and the spectral function S(k,E).
• Short Range Correlations and Multi-Nucleon Correlations
• FSI
• Scaling (x, y, φ’, x, ξ ), and scale breaking
• Medium Modifications -- tests of  EMC; 6-quark admixtures
• Duality
• Superfast quarks =>  partons that have obtained momenta x > 1

Inclusive electron scattering  has not fallen out of fashion even in 
the presence of cw accelerators). 
Why?

Because it still provides a rich, albeit complicated, mixture of 
physics that has yet to be fully exploited. 

The inclusive nature of these studies make disentangling all the different pieces 
a challenge but experiments over a range of Q2 and with different A will help. 

Interpretation demands theoretical input
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Outline

• Short range Correlations

• Inelastic Electron Scattering

• Do FSI obstruct us from gleaning information about SRCs 
in inclusive electron scattering?

• Ratios and FSI
• Transition from the study of correlations in QES to 

correlations in DIS
• New experiments
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926 Negele: Mean-field theory of nuclear structure and dynamics

measured cross sections and their experimental uncertain-
ties. Details of the analysis are described in a review arti-
cle (Friar and Negele, 1975) and error envelopes obtained
in this way for a variety of spherical nuclei (Sick, 1974;
Sick et al. , 1975; Friar and Negele, 1977, Sick et al. ,
1979) are compared with DME calculations in Fig. 11.
Whereas the overall agreement appears quite satisfactory,
individual discrepancies between the mean-field theory
and experiment are latent with interesting nuclear struc-
ture information. For example, whereas Ca and Pb con-
stitute good shell closures, Zr is known to have a signifi-
cant depopulation of the lpi~2 and Of&~2 orbitals and cor-
responding occupation of the Og9/2 level. A simple
schematic calculation based on the pairing theory (Negele,
1971) shows that in Zr the correlation correction de-
creases the interior density in the region of 2 fm by
roughly 8%, significantly improving the agreement with
experiment. (Analogous pairing calculations in Ca and
Pb yield no change in the density. ) The Ni nucleus is

another special case. When one calculates its energy as a
function of deformation, one finds it to be exceedingly

IO

IO-(—

soft with respect to quadrupole deformations. Thus the
simple static mean-field approximation is inadequate, and
one must allow for large amplitude collective motion in
the quadrupole degree of freedom. Although the general
formalism for large-amplitude collective motion in Sec. V
has not yet been applied to this nucleus, one observed that
the shapes of the prolate and oblate admixtures in the
wave function are sufficiently different that one expects
the large-interior density fluctuation to be somewhat di-
minished (Negele and Rinker, 1977). In all these cases,
then, one is led to the conclusion that the mean-field ap-
proximation not only describes the systematic behavior of
spherical nuclei throughout the Periodic Table, but also
serves as a valid starting point for systematic examination
of specific structure effects which go beyond the mean
field. Thus the phenomenological component of the ef-
fective interaction is small enough that it is sensible to
evaluate leading corrections to the mean field as if the ef-
fective interaction were actually derived from an underly-
ing two-body potential.
The discussion of the spatial distribution of matter thus

far has dealt essentially with protons, since we have only
considered the charge scattering of electrons. From a
theoretical point of view, given the strong interplay be-
tween neutron and proton distributions in the self-
consistent mean-field theory, it is difficult to imagine how
one could systematically obtain the correct proton distri-
butions throughout the Periodic Table while making sig-
nificant errors in neutron distributions. Nevertheless, al-
though neutron distributions are much more difficult to
measure experimentally and are subject to greater ambi-
guities of interpretations than protons, it is worthwhile to
briefly survey the present status of measurements of neu-
tron distributions.
The least ambiguous probe of neutron distributions is
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FIG. 10. Cross sections for elastic electron scattering from
Pb at 502 MeV compared with DME mean-field theory pre-

diction (solid line).

I 2 5 4 5
r(urn)

FIG. 11. Comparison of DME mean-field theory charge dis-
tributions in spherical nuclei (dashed lines) with empirical
charge densities. The solid curves and shaded regions
represent the error envelope of densities consistent with the
measured cross sections and their experimental uncertainties.

Rev. Mod. Phys. , Vol. 54, No. 4, October 1982

How do we know short range correlations exist?

Central density is saturated - 
nucleons can be packed only so 
close together:  pch * (A/Z) = 
constant 

J.W. Negele RMP 54 (913) 1982 O. Benhar, AIP Conf.Proc. 1189 (2009) 43-50 

Spatial correlations
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What else - Occupation Numbers?

mentum space—is quite close to the one predicted by a
single-particle calculation. The most telling information
on deviations from the shell model is found in the occu-
pation numbers. These quantities therefore assume a
particular place in our discussion.

III. THEORY

We next discuss the various concepts of orbitals in
correlated systems and the calculated occupation prob-
abilities. We first address the case of an infinite Fermi
liquid of constant density, which is easier to discuss than
finite systems. This allows us to introduce the concepts
of the spectral function and the renormalization function
z(k). We then discuss the various types of orbitals that
are relevant for finite systems. For both types of systems
we shall use theoretical results for both nuclear and
atomic systems to illustrate the concepts.

A. Nuclear matter

We begin the theoretical discussion with idealized in-
finite nuclear matter representing the ground state of
matter in the absence of the Coulomb force, which puts
a limit on the size of nuclei. Gross properties of large
nuclei, such as binding energies, size, etc., can be easily
understood by regarding them as charged drops of
nuclear matter. At low temperatures nuclear matter is
expected to be a superfluid; however, the shell gaps in
single-particle energies are larger than the pairing gap in
nuclei, and hence pairing is believed to be unimportant
in the closed-shell nuclei considered here. Therefore we
shall regard nuclear matter as a normal Fermi liquid and
ignore its superfluid properties.

The single-particle orbitals in nuclear matter are
plane-wave eigenstates of the momentum, due to trans-

lational invariance, which simplifies the theory consider-
ably. The one-body density matrix is diagonal in these
states, whose occupation numbers give the momentum
distribution n(k) of nucleons in nuclear matter. The
momentum distribution n(k) has been calculated for re-
alistic nuclear forces with the correlated basis-functions
(CBF) method (Fantoni and Pandharipande, 1984) as
well as with the Brueckner-Bethe-Goldstone (BBG)
method (Dickhoff and Muther, 1992). The results for
n(k) obtained with the CBF method and the Urbana
model of the nucleon-nucleon force are shown in Fig. 4
using the single-particle spectrum �(k).

Due to correlations, the occupation number
n(k�kF) for momenta below the Fermi momentum
kF is reduced to 0.7–0.8, and the states with k�kF have
small but finite occupations. Atomic liquid 3He, another
Fermi liquid, has been extensively studied. Its predicted
n(k) (Fabrocini et al., 1992) is shown in Fig. 5 for com-
parison. Because of the large repulsive core in the inter-
atomic potential, the n(k�kF) in liquid 3He is expect-

FIG. 3. Density difference between 206Pb and 205Tl. The ex-
perimental result of Cavendon et al. (1982) is given by the er-
ror bars; the prediction obtained using Hartree-Fock orbitals
with adjusted occupation numbers is given by the curve. The
systematic shift of 0.0008 fm �3 at r�4 fm is due to deficiencies
of the calculation in predicting the core polarization effect.

FIG. 4. Occupation of states of nuclear matter as a function of
� , with �F referring to the Fermi energy. The dashed curve
gives the quasihole strength z .

FIG. 5. Momentum distribution of atomic 3He liquid at the
experimental equilibrium density.

984 Pandharipande et al.: Independent particle motion and correlations . . .

Rev. Mod. Phys., Vol. 69, No. 3, July 1997

Density difference between 206Pb and 205Tl.

Experiment - Cavedon et al (1982)
Theory: Hartree-Fock orbitals with adjusted 
occupation numbers is given by the curve.  

V. R. Pandharipande, I. Sick and P. K. 
A. deWitt Huberts, Rev. Mod. Phys. 
69 (1997) 981.

The shape of the 3s1/2 orbit is very well given by 
the mean field calculation. 

Occupation numbers scaled down by a factor ∼0.65.
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k < kF: single-particle contribution dominates
k ≈ kF: SRC already dominates for E > 50 MeV
k > kF: single-particle negligible

IPSM

≈ kF

CBF

Benhar via Rohe 12C

Realistic many body calculations  of the spectral function 
contain correlated strength and it is significant

Tuesday, November 15, 2011



k > 250 MeV/c
15% of nucleons
60% of KE

k < 250 MeV/c
85% of nucleons
40% of KE

Deuteron

Carbon

NM

SRCs

What many calculations indicate is that the tail of n(k) for different 
nuclei has a similar shape - reflecting that it is the short distance 
part of the NN interactions, common to all nuclei, is the source of 
these dynamical correlations.

Search for SRC in inclusive (e,e’) experiments
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�e
�e�

MA M∗
A−1, −�k

�k
W2 ≥ (Mn + mπ)

2

Inclusive Electron Scattering from Nuclei

Two dominant and distinct 
processes 

Quasielastic from the nucleons in the nucleus

Inelastic (resonances) and DIS from 
the quark constituents of the 
nucleon.

�e
�e�

MA M∗
A−1, −�k

�k
�k + �q, W2 = M2

Inclusive final state means no 
separation of two dominant processes

x > 1 x < 1

x  = Q2/(2mυ)
υ,ω=energy loss

y < 0 y > 0
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The two processes share the same initial state

d2σ
dΩdν

∝
�
d�k

�
dEσei Si(k, E)���

Spectral function

δ()QES in IA

d2σ
dΩdν

∝
�
d�k

�
dE W

(p,n)
1,2 Si(k, E)���

Spectral function

DIS

However they have very different Q2 dependencies

σei ∝ elastic (form factor)2 ≈ 1/Q4 W1,2 scale with ln Q2 dependence

n(k) =
�
dE S(k, E)

pX

k1
k2

q

PA
PA - 1

p

Exploit this dissimilar Q2 dependence

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

dσ2

dΩe′dEe′
=

α2

Q4

E′e
Ee

LµνW
µν
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๏ The shape of the low ν cross section is determined by the momentum 
distribution of the nucleons.
๏ As Q2 >> inelastic scattering from the nucleons begins to dominate
๏ We can use x and Q2 as knobs to dial the relative contribution of QES and 
DIS.

The quasielastic peak 
(QE) is broadened by the 
Fermi-motion of the 
struck nucleon.

The quasielastic 
contribution dominates 
the cross section at low 
energy loss (ν) even at 
moderate to high Q2.

3He SLAC (1979)

Shape of QES Spectrum

8o, E from 3- 15 GeV
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A dependence: higher internal momenta 
broadens the peak

But.... plotted against x, the width gets narrower with increasing 
q -- momenta greater than kf show up at smaller values of x (x > 
1) as q increases

∆ω =

√

("kf + "q)2 + m2
−

√

("kf +"q)2 + m2
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12C, 3.6, 16o

12C, 3.6, 30o

Inelastic contribution increases with Q2

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

Energy LossEnergy Loss

x = 1

x = 1
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DIS begins to contribute at x > 1 
Convolution model

y = 0

y = 0

12C, 5.77, 50o

x = 1
y = 0
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os

s 
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ct
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n

7.4 (GeV/c)2

 We expect that as Q2 increases to 
see evidence  for x-scaling - and Q2 
independence.
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Figure 11: FC
2 (x) at Q2 = 5GeV 2. Free nucleon response folded with n(k). HF

(dot-dashed line) enhanced by correlations (solid line). L.Conci and M. Traini,

UTF 261/92.

XEMPT Meeting Donal Day

CdA, Day, Liuti, PRC 46 (1045) 1992

L. Conci and M. Traini, UTF 261/92. 
Il Nuovo Cimento Vol 106 A  1071 1993

Correlations are accessible in QES 
and DIS at large x (small energy 
loss)

Rozynek & Birse, PRC, 38  (2201) 1988

Q2 = 50

ω (GeV)

Q2 = 2

d2σ
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Deuteron F(y) 
and 
calculations 
based on NN 
potentials 

Assumption:  scattering takes place from a quasi-free 
proton or neutron in the nucleus.

y is the momentum of the struck nucleon parallel to the 
momentum transfer:  y ≈ -q/2 + mν/q

F(y) =
σexp

(Zσp + Nσn)
· K

SRC region, nucleons with k ≈ 500 MeV/c

 S(k,E=2.2MeV) = n(k)

n(p) = −

1

2πy

dF(y)

dy
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What role FSI?

658 H. Meyer-Hajduk et al. / Inclusive electron scairering 
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Fig. 11. Differential cross section of inclusive electron scattering from ‘He as function of the energy loss 

0 of the electron. Results of fig. 7 are repeated. Compared are theoretical predictions based on the two 

different models of sect. 3.2.1 and 3.2.2 for nucleonic structure functions in the region of pion production. 

The solid curve refers to the meson-theoretic model of sect. 3.2.2, the dashed curve to the phenomenologi- 

cal model of sect. 3.2.1. In contrast to the results of fig. 7 the nucleonic form factors are taken from ref. ‘“I. 

8

D. Contribution of inelastic processes

The approach described in the previous sections is not
limited to quasielastic processes. The tensor defined in
Eqs. (18) and (19) describes electromagnetic transitions
of the struck nucleon to any hadronic final state.

To take into account the possible production of
hadrons other than protons and neutrons one has to re-
place wN

1 and wN
2 given by Eqs. (23) and (24) with the

inelastic nucleon structure functions extracted from the
analysis of electron-proton and electron-deuteron scat-
tering data (Bodek and Ritchie, 1981). The resulting IA
cross section can be written as in Eq. (6), the two nuclear
structure functions W1 and W2 being given by (Benhar
et al., 1997)

W1(|q|, ω) =
∫

d3k dE

{
ZSp(k, E)

(
m

Ek

)

×
[
wp

1(|q|, ω̃) +
1
2

wp
2(|q|, ω̃)

m2

|k × q|2

|q|2

]
+ . . .

}
(35)

and

W2(|q|, ω) =
∫

d3k dE

{
ZSp(k, E)

(
m

Ek

)

×
[
wp

1(|q|, ω̃)
q2

|q|2

(
q2

q̃2
− 1

)

+
wp

2(|q|, ω̃)
m2

(
q4

|q|4

(
Ek − ω̃

Ekω̃ − k · q
q̃2

)2

− 1
2

q2

|q|2
|k × q|2

|q|2

)]
+ . . .

}
, (36)

where the dots denote the neutron contributions.
Eqs. (35) and (36) are obtained using the prescription
of Eq. (26) (de Forest, 1983) to preserve gauge invari-
ance. Note that the standard expression (Atwood and
West, 1973), widely used in studies of nuclear effects in
deep inelastic scattering, can be recovered from the above
equations replacing ω̃ → ω and Ek → MA − ER.

As an example, Fig. 5 shows the quasi-elastic (dashed
line) and total (solid line) inclusive cross sections of uni-
form nuclear matter, at beam energy Ee = 3.595 GeV
and scattering angle θ = 30◦, evaluated using a phe-
nomenological fit of the nucleon structure functions wN

1
and wN

2 (Bodek and Ritchie, 1981) and the above men-
tioned spectral function (Benhar et al., 1989).

The data show that the transition from the quasi elas-
tic to the inelastic regime, including resonant and nonres-
onant pion production as well as deep inelastic processes,
is a smooth one, thus suggesting the possibility of a uni-
fied representation.

The approach based on NMBT and the IA yields a
good description of the measured cross section at energy
loss ω >∼ 1 GeV, corresponding to x <∼ 1.3 (note that in
the kinematics of Fig. 5 the top od the quasi free bump
corresponds to ω = ωQE ∼ 1.4 GeV). On the other hand,
the data at lower energy loss are largely underestimated.

FIG. 5 Inclusive electron scattering cross section at Ee =
3.595GeV and θ = 30◦. The data points represent the extrap-
olated nuclear matter cross section (Day et al., 1989) while
the solid and dashed lines show the results of IA calculations
carried out with and without inclusion of the inelastic contri-
butions, respectively (Benhar et al., 1991).

The failure of IA calculations to explain the measured
cross sections at ω % ωQE has long been recognized, and
confirmed by a number of theoretical studies, carried out
using highly realistic spectral functions (Benhar et al.,
1989; Ciofi degli Atti et al., 1992; Meier-Hajduk et al.,
1983), see e.g. fig.6. It has to be ascribed to FSI between
the struck nucleon and the spectator particles, that move
strength from the region of the quasi free bump to the
low ω tail. This mechanism will be analyzed in the next
Section.

FIG. 6 Inclusive electron scattering cross section at Ee =
7.26GeV and θ = 8◦ for 3He. The data points are from (Day
et al., 1979), the solid line shows the IA calculation based on
the 3He spectral function (Meier-Hajduk et al., 1983). Ap-
proximate values for the scaling variable x are indicated on
top.

In conclusion, NMBT and the IA provide a consistent
and computationally viable approach, yielding a quanti-
tative description of the data in both the quasi elastic
and inelastic regime, with the only exception of the re-
gion of very low energy loss. Theoretical studies in which

In (e,e’) the failure of IA calculations to explain dσ at small energy loss

Meier-Hadjuk NPA 395, 332 1983

In (e,e’p) flux of outgoing protons strongly suppressed: 20-40% in C, 50-70% in Au
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Failure of the spectral function or of PWIA indicating 
role of FSI?

• RSC - lead to smaller correlation effects
• Redistribution of strength in E can account 

for the difference
• Such a proposal has been made by:

• C. degli Atti, E. Pace, and G. Salme, Phys. 
Lett. B127 (1983) 303 and

• DD in Proceedings of the Two Nucleon 
Emission Workshop, Elba 1989, (Benhar 
and Fabrocini, Eds).

• Data from JLab suggest as much

346 H. Meier-Hajduk et al. / Quasi-elastic electron scattering 

For  comple teness  we finally replot  18) the expe r imen ta l  da ta  and theoret ica l  
results in t e rms  of the scaling var iable  y, ra ther  arbi t rar i ly  def ined by 

~o + 3 mNC 2 = x/(m NC 2)2 + (hq + y)2c 2 _{_ x/(2m N C  2 ) 2  jr_ )2 2 c 2 (3.1) 

under  the neglect  of internal  exci tat ion of the cor re la ted  two-nuc leon  pair. The  
scaling funct ion F ( y )  is given by 

d3o-(~) do) 
d E ~ ( k ' )  2- ,  d k e  dy 

F ( y )  = , - 7 - -  t ~-7~---, l , '  (3.2) 
d O'~N(~) _ ,  Cl OreNt--~. ) 
Z ~ + - ( A - z )  d2~, e 

where  the e l ec t ron -nuc l eon  cross sect ion of eq. (1.2) is used with the approx ima t ion  
PN ~- (PN" I~)I~ = yq  underlying (3.1) s u c h  t h a t  

d-~eN(tN)  d20"eN . . . .  
- .--:W-e~.,tK~yq+q, key~;tN). (3.3) 

d - k e  - 

10 -3 

t~ 

A 

U- 

la 

~ 8  

* t% x ~ a  

~it i 

t +7 

s . 4 e  
7 .2G 

m ; .gs 
• e . e l  

x 9 .Te 
xe lO .S2  

I o . g s  

i : ..... I1  .II 
• 14 .1o  

- 6 b o  ' ' - 3 o o  o y ( M e V / c  ) 

Fig. 10. Scaling function F(y) defined in eq. {3.2). The experimental data for the different incident 
electron energies are from ref. 16). However, the agreement with experiment is misleading. The 
theoretical scaling function is calculated for 18 GeV, whereas the highest experimental energy is 

14.7 GeV. 

Meier-Hadjuk et alNuclearPhysicsA395 (1983) 332-348

3He scaling  experimental data 
and theory calculated such 
that most of the high-E is 
integrated over 

One can make arguments ...
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JLab data on 12C (e,e’p) of Rohe et al.

Frick et al. PRC 70, 024309 (2004)

Self consistent Greens Function (SGGF)

Data suggests more 
strength at smaller E - 
accessible at large x

x = 1.8, k= 400 MeV/c

Integration limits (e,e’) Carbon 18o
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FSI in QES.

F(ω − ω�) =
1
π
�
�∞

0
dt ei(ω−ω

�)t e−W(q,t)t

WA
µν(q, ω) =

�∞

0
dω�F(ω − ω�)WA

µν,IA(q, ω
� − V (q))

folding function

Take V and W to be the real and 
imaginary parts of the optical 
potential of a nucleon in nuclear 
matter.

x x x x x x

W(p�) =
ħ
2
ρv(p�)σNN(p�)

∆t = 1/W x

2

=  W

If W = 0 then F(ω - ω’) becomes δ function and WμνA  ⇒ Wμν,IAA

V can be ignored (~20 MeV) compared 
to the 100s of MeV here

V is small and the dominant part 
comes from  the “damping” of the 
motion of the struck nucleon by the 
imaginary potential W

Imaginary part of 
optical potential

density
Tuesday, November 15, 2011



ρ(2)(ri, rj) = ρA(ri)ρA(rj)g(ri, rj)

ρ̄(2)(ri,j) =
1
A

�
d3Rijρ(2)(ri, rj)

  
  

  
  

  
fm

-3
 

ρ̄(
2
) (
r i,
j)

Rescattering depends on joint probability of finding the struck particle at 
position ri and a spectator at position rj 

1.00 

0.75 — 

0.50 

0.25 

0.00 

FIGURE 2. Spin-isospin averaged NN radial correlation function in isospin symmetric nuclear matter at uniform density 
po = 0.16 fm^ (see Eq.(l)). The solid line shows the result of the calculation of Ref. [4], based on a realistic model of nuclear 
dynamics, while the dashed line has been obtained including statistical correlations only. 

NUCLEAR MANY-BODY THEORY 

Nuclear models taking into account the effects of dynamical correlations are based on the paradigm of nuclear many-
body theory (NMBT), stating that the nucleus can be viewed as a collection of A point-like protons and neutrons, 
whose dynamics are described by the non relativistic hamihonian 

S^; ijk : (5) 
;>' k>j>i 

Pi and m being the momentum of the /-th nucleon and its mass, respectively. 
The phenomenological NN potential, Vy, is determined by fitting the observed properties of the two-nucleon system 

in both bound and scattering states, i.e. deuteron properties, low energy scattering parameters and ^^ 4000 precisely 
measured proton-proton and proton-neutron scattering phase shifts corresponding to energies up to pion production 
threshold [7]. It turns out to be strongly spin-isospin dependent and non central, and reduces to the one-pion-exchange 
potential predicted by Yukawa's theory at large separation distance. 

The inclusion of the three-nucleon potential, providing a small contribution to the ground state expectation values 
of the hamihonian, is required to account for the measured binding energy of the three-nucleon systems [8]. 

The many body Schrodinger equation associated with the hamihonian of Eq.(5) can be solved exactly, using 
stochastic methods, for nuclei with mass number^ < 12. The resulting energies of the ground and low-lying excited 
states are in excellent agreement with experimental data [9]. 

It has to be emphasized that the dynamics of NMBT are fully determined by the observed properties of exactly 
solvable system. As a consequence, they do not suffer from the uncertainties involved in many-body calculations, 
unavoidably requiring approximations. Once the nuclear hamihonian is determined, calculations of the properties of 
a variety of nuclear systems, ranging from deuteron to neutron stars, can be carried out without making use of any 
adjustable parameters. 

The main difficulty associated with the use of the hamihonian of Eq.(5) in a many-body calculation lies in the strong 
repulsive core of the NN force, which cannot be handled within standard perturbation theory. In the shell model this 
problem is circumvented replacing the interaction terms in Eq.(5) with a well behaved mean field, according to 

S Vijk^Y^Ui (6) 
}>i k>j>i 

45 

Downloaded 27 Oct 2011 to 128.143.102.134. Redistribution subject to AIP license or copyright; see http://proceedings.aip.org/about/rights_permissions

If density is 0, the motion is undamped

SRC suppress FSI 
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3He

Benhar et al. PRC 44, 2328

Benhar, Pandharipande, PRC 47, 2218

Benhar et al. PLB 3443, 47

PWIA (QE)
PWIA (DIS)

PWIA (total)

Folded

Q2 = 5.2

Q2 = 2.5 

O. Benhar private comm.

Final State Interactions in 
CGA

FSI has two effects: 
energy  shift and a 
redistribution of strength 
from QEP to the tails, just 
where correlation effects 
contribute.
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Carbon 5.766,   18o,
 Q2 = 2.5 (GeV/c)2

O.Benhar, NMBT and CGA for FSI
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culation indicates that the tails of the folding function are
properly predicted. Due to the folding effect, the value of
F(y) at the largest q is still significantly above the PWIA
value. To reach the PWIA at larger q, F(y) would have
to decrease another 40%.

—2
I I I I I I—

0

VI. CONCLUSIONS

In this paper we have tried to quantitatively under-
stand the response function of nuclear matter at high q.
Particularly, the low-omega cross section provides funda-
mental information on the short-range structure of the
nuclear matter wave function.
Realistic analyses of this interesting kinematical region

of the nuclear matter response could not be performed in
the past both for experimental and theoretical reasons.
Data for nuclear matter can only be obtained by measur-
ing the inclusive cross section for different complex nuclei
and using the same kinematical conditions. Such data be-
came available only recently [10,11]. The major theoreti-
cal difficulties consisted (i) in the microscopic evaluation
of the nuclear matter response in the high-q region,
where the struck nucleon and its FSI needs to be treated
relativistically, and (ii) in the consistent calculation of the
contribution of inelastic e —N scattering, which, at high
momentum transfer, is expected to be non-negligible even
in the low energy loss tail.
We present a calculation of the nuclear matter in-

clusive cross section based on the spectral function, in-
cluding the FSI, performed consistently for both the elas-
tic and the inelastic nucleon contributions. The spectral
function of nuclear matter has been calculated nonrela-
tivistically for a realistic N —N interaction by using corre-
lated basis function theory [14]. The struck nucleon is
treated relativistically and its FSI's are evaluated by gen-
eralizing the Glauber theory to the case of a relativistic
nucleon propagating in the same nuclear medium to
which it was bound before being struck by the electron.
This amounts to taking into account the fact that such a
nucleon, being a part of the ground state before the in-
teraction with the electron, experiences a nucleonic den-
sity pg (r) instead of p, where g (r) represents the XN dis-
tribution function. It has to be noted that such a feature
should never be disregarded when treating the FSI in
processes where an initially bound nucleon is knocked
out. In fact, it has an effect which is qualitatively similar
and quantitatively much larger than that of the color
transparency; the pair distribution function g (r) is very
small at small r and therefore the motion of the struck
nucleon is little damped at distances ~ 1 fm from where
it has interacted with the electron.
The sensitivity of the cross-section to g (r) is actually

quite pronounced. In Fig. 13 we show the inclusive cross
sections at 3.6 GeV, 25, calculated for both the normal
nuclear matter g(r) and a modified g„d(r). In g„d(r) we
have artificially increased by 20% the hole in g (r) around
r =0, due to short range correlations, by simply expand-
ing the radial scale. The efFect on the cross section is
significant. This sensitivity to g (r) is most welcome, as in
most observables the effects of N —N correlations are hid-
den and indirect. This sensitivity provides a strong

5~ 10

1O'
0.4 0.6 O.B

energy loss ~ (GeV)

FIG. 13. Sensitivity of the inclusive cross section to the X-N
pair distribution function at @=3.6 GeV and 0=25 .

motivation to study (e, e ) at large q in more detail in the
future.
Corrections to the FSI due to color transparency are

easily included in the correlated Glauber treatment. It
has been found that they are indeed necessary for a better
agreement with the data. Both the elastic and inelastic
scattering of the electron by an off-shell nucleon has been
described by using the full nuclear matter spectral func-
tion and the prescription proposed by de Forest [13] to
treat the off-shell elastic e-nucleon cross section.
The results obtained show overall a good agreement

with the data. For all the kinematical cases studied, the
PWIA reproduces the measured cross sections near and
above the top of the quasielastic peak, whereas it un-
derestimates them at lower energy loss, where the
theoretical curves lie a factor of 3—10 below the data.
The main contribution to the FSI comes from the imagi-
nary part of the optical potential. Including it by using
the correlated Glauber theory plus color transparency
provides a satisfactory description of the data. This im-
plies, on one side, that both the spectral function and the
treatment of the nucleon inelastic contributions used in
this work are quite realistic and, on the other side, that
FSI's are quite large at low co.
We note that the present calculations involve two main

approximations: (i) the use of de Forest's method to esti-
mate the oF-shell electron-nucleon cross sections, and (ii)
the use of the first-order-correlated Glauber approxima-
tion to estimate the FSI efFects. Both these approxima-
tions appear to be reasonable, but it is desirable to ascer-
tain their accuracy quantitatively. Data at higher values
of q and cu will also be helpful in studying color tran-
sparency. Exclusive (e, e'p) measurements in the region

x = 3 x = 2.0
x = 1

Sensitivity to g(r)
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Issues about FSI

• Extreme sensitivity to hole size
• On-shell cross sections: nucleon is off-shell by in E by 
hbar/∆t = hbar W
• total cross section?
• Unitarity?   Folding function is normalized to one.
• Role of momentum dependent folding function (Petraki 
etal, PRC 67 014605) has lead to a quenching of the tails. 
•Comparison to data with this new model would be useful

• Reasonable but what is the error band on the results?

Tuesday, November 15, 2011



What I do not understand about FSI in QES.
Every nucleon has a 'hole' around it

Exclusion zone surrounds 
every nucleon

electron is sensitive to a region r ∼ 1/q around the vertex

for q = 1 GeV/c,  r ∼ 0.2fm

the ‘hole’  is about that large

What is the range of the FSI?

If FSI are restricted to the region of the hole then FSIA>> = FSIA=2

3/18/08 5:12 PMNuclear Forces

Page 1 of 4http://www.cartage.org.lb/en/themes/sciences/physics/NuclearPhysics/WhatisNuclear/Forces/Forces.htm

Themes > Science > Physics > Nuclear Physics > What is Nuclear Physics? >
Nuclear Forces

The force that holds protons and neutrons together is extremely strong. It has to be
strong to overcome the electric repulsion between the positively charged protons. It
is also of very short range, acting only when two particles are within 1 or 2 fm of
each other.

1 fm (femto meter) = 10^{-15} m = 10-15 m = 0.000000000000001 meters.

The qualitative features of the nucleon-nucleon force are shown below.

This picture shows a rough sketch
of the force between two nucleons.

There is an extremely strong short-range repulsion that pushes protons and
neutrons apart before they can get close enough to touch. (This is shown in orange.)
This repulsion can be understood to arise because the quarks in individual nucleons
are forbidden to be in the same area by the Pauli exclusion principle.

There is a medium-range attraction (pulling the neutrons and protons together) that
is strongest for separations of about 1 fm. (This is shown in gray.) This attraction
can be understood to arise from the exchange of quarks between the nucleons,
something that looks a lot like the exchange of a pion when the separation is large.

The density of nuclei is limited by the short range repulsion. The maximum size of
nuclei is limited by the fact that the attractive force dies away extremely quickly
(exponentially) when nucleons are more than a few fm apart.

Elements beyond uranium (which has 92 protons), particularly the trans-fermium
elements (with more than 100 protons), tend to be unstable to fission or alpha decay
because the Coulomb repulsion between protons falls off much more slowly than the
nuclear attraction. This means that each proton sees a repulsion from every other
proton but only feels an attractive force from the few neutrons and protons that are
nearby -- even if there is a large excess of neutrons.

~1 fm
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σ(x, Q2) =
A�

j=1

A
1
j
aj(A)σj(x, Q2)

=
A
2
a2(A)σ2(x, Q2) +

A
3
a3(A)σ3(x, Q2) +

...

In the region where correlations 
should dominate, large x,

aj(A) are proportional to finding a nucleon in a j-nucleon correlation. 
It should fall rapidly with j as nuclei are dilute.

⇒
2
A
σA(x, Q2)
σD(x, Q2)

= a2(A)

�����
1<x≤2

3
A

σA(x, Q2)
σA=3(x, Q2)

= a3(A)

�����
2<x≤3

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

CS Ratios and SRC

σ2(x, Q2) = σeD(x, Q2) and σj(x, Q2) = 0 for x > j.

aj(A) is proportional
to probability of finding
a j-nucleon correlation
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αtn: light cone variable for interacting nucleon belonging to correlated 
nucleon pair

αtn = 2 −

q− + 2m

2m

(

1 +

√

W2
− 4m2

W

)

Knocking out a nucleon in a two-nucleon pair

→ x (Q2
>>)

F2(αtn)

Ratios
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Accounts for Q2 dependence
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FIG. 4: Cross section (A/3He) ratios at large x as measured in CLAS.

state interactions, due to the different mix of nn, np, and pp correlations in non-isoscalar nuclei.
However, there are calculations indicating that there are significant final state interactions that do
not vanish rapidly as Q2 increases, and which do not cancel in the target ratios [19] (i.e. do not come
from short range configurations that are identical in all nuclei). This calculation indicates that the
FSI (when including inelastic channels) has a very weak Q2 dependence and will persist, challenging
our interpretation of the impulse approximation analysis. In addition, it predicts that the FSI effects
will increase the x > 1.5 cross section in iron by approximately a factor of ten, and that even in the
ratio of iron to deuterium, there is a factor of five effect from these FSIs. An important portion of
the proposed measurement is the ability to test these precisions of FSIs by extracting absolute cross
sections for x > 1.5 on a variety of few-body (and heavy) nuclei over a range of Q2.

For the deuteron, which is dominated by the simple two-body breakup assumed in an impulse
approximation analysis, we can extract the nucleon momentum distribution from the inclusive data
without the complications caused by neglecting the separation energy of the full spectral function.
The momentum distribution for the deuteron as extracted from experiment E89-008 is shown in
Fig. 5 [3]. The normalization of the extracted momentum distribution is consistent with unity,
and the high momentum components are in good agreement with calculations based on modern
two-body nucleon–nucleon potentials. This sets limits on the impact of FSI, even in the region
dominated by short range correlations, indicating that the scattering is consistent with the impulse
approximation and that final state interactions much smaller than those observed in coincidence
A(e,e’p) measurements, or those predicted in some calculations. In the proposed measurements, we
will extract absolute cross sections for 2H, 3He, and 4He, not available for the CLAS results, which
will allow us to set limits on the size (and A dependence) of final state interactions.

The extension of these ratio measurements to higher Q2 will allow us to better test the x and Q2

CLAS data
Egiyan et al., PRL 96, 
082501, 2006

α2N ≈20%
α3N ≈1%

Ratios, SRC’s and Q2 scaling 2
A
σA
σD

= a2(A); (1.4 < x < 2.0)
FSDS, Phys.Rev.C48:2451-2461,1993

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

4He/2H

Fe/2H
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E02019 E02019

α x 

As can be seen the ratio at x = 1 (α = 1)  increases with Q2 because of inelastic 
processes, spoiling the scaling with α 

αtn = 2 −

q− + 2m

2m

(

1 +

√

W2
− 4m2

W

)

→ x (Q2
>>)
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N. Fomin just showed these

Emphatic arguments have been made that these ratio values are an 
artifact  - can not be interpreted as the ratio of correlated in strength 
in heavy to light nuclei

The plateaus, remarkable as they appear, are a result of 
FSI (and the role of SRC in FSI)
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14

distribution function g(ri, rj) results in a strong quench-
ing of the tails and an enhancement of the peak of Fq,
leading to a significant suppression of FSI effects.

The effect of FSI is illustrated in Fig. 12, showing
the inclusive cross section of uniform nuclear matter
at a beam energy Ee = 3.595 GeV and a scattering
angle θ = 30◦, corresponding to momentum transfer
|q| ∼ 2 GeV/c. Comparison between theory and the

FIG. 12 Inclusive electron scattering cross section at Ee =
3.595 GeV and θ = 30◦. The data points represent the ex-
trapolated nuclear matter cross section (Day et al., 1989),
while the solid and dashed lines show the results obtained
including FSI effects, with and without taking into account
correlation effects. For comparison, the IA cross section is
also shown by the dot-dash line (Benhar et al., 1991).

data in Fig. 12 clearly show that at ω < 1.1 GeV, where
quasielastic scattering dominates6 and which correspond
to x > 1, x = Q2/2mω being the Bjorken scaling vari-
able, FSI effects are large and must be taken into account.
The results obtained within the CGA are in good agree-
ment with the data in the region ω > 800 MeV, i.e. for
x <

∼ 1.8, while at higher x the experimental cross sec-
tion is largely overestimated. The dashed line has been
obtained neglecting the effect of dynamical correlations
on the distribution function g(ri, rj). Comparison be-
tween the solid and dashed lines provides a measure of
the quenching of FSI due to NN correlations.

The ability of the CGA to provide a quantitative un-
derstanding of FSI in the region x < 2 is further illus-
trated in Fig. 13, showing the cross section ratio

R =
dσ(e +56Fe → e′ + X)

dσ(e +2H → e′ + X)

2

56
, (51)

at Ee = 3.595 GeV and θ = 25◦. Note that R of Eq. (51)
is only defined up to y ∼–700 MeV/c, corresponding to

6 In the kinematics of Fig. 12, inelastic processes only contribute
∼ 5% of the inclusive cross section at ω = 1.1 GeV, and become
negligibly small at lower ω.

FIG. 13 Ratios of inclusive cross sections of iron and deu-
terium at Ee = 3.595 GeV and θ = 25◦. Solid line: full cal-
culation; dashed line: IA calculation, neglecting FSI in both
iron and deuteron; dot-dash line: calculation carried out using
the approximate spectral function of Eq. (37) (Benhar et al.,
1995b).

x = 2, the kinematical limit for inclusive scattering off
an A=2 target (for the definition of y see Sec. VI).

The solid line in Fig. 13 corresponds to the full CGA
calculation, providing a good description of the experi-
ments over the whole range of y, whereas the IA results,
represented by the dashed line, lie well below the data
at y < −200 MeV/c (x > 1.5). For comparison, Fig. 13
also shows the results obtained using the approximate
spectral function of Eq. (37), which turn out to largely
overestimate the data at negative y.

Notwithstanding its success in describing the existing
inclusive data at large negative y, the CGA appears to
consistently overestimate FSI effects at larger −y. As the
validity of the eikonal approximation is well established
in the kinematical region apposite to scattering of few
GeV electrons, possible corrections to the CGA scheme
are likely to be ascribable either to modifications of the
NN scattering amplitude or to the inadequacy of the ap-
proximations leading to the convolution expression for
the cross section.

It has been pointed out (Benhar et al., 1991) that the
use of the free-space amplitude to describe NN scattering
in the nuclear medium may be questionable. Pauli block-
ing and dispersive corrections are known to be important
at moderate energies (Pandharipande and Pieper, 1992).
However, their effects on the calculated inclusive cross
section have been found to be small in the kinematical
region corresponding to |q| >

∼ 2 GeV/c, and decrease as
|q| increases (Benhar et al., 1995a). Corrections to the
amplitude associated with its extrapolation to off-shell
energies are also expected to be small at |q| > 2 GeV/c
(Benhar and Liuti, 1996).

Modifications of the free-space NN cross section may
also originate from the internal structure of the nucleon.

Ratios are NOT a measure of a2 - the relative 
number of SRC pairs in nuclei

•The hand-waving argument that FSI effects might 
cancel in the A/d cross section ratios is contradicted by 
the quantitative calculations. 
•The idea that the FSI could be the same as in the 
deuteron is also conceptually wrong: if the nuclear 
medium affects via Initial State Interaction the 
correlated 2-nucleon system --- it does as the high-k 
tail is (say) 4 times higher in a nucleus than in the 
deuteron --- then the nuclear medium also increases 
the FSI by a comparable factor.
• Indeed, in the standard Glauber-type calculations the 
FSI effects are explicitly proportional to the nuclear 
density.
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FIG. 2: Inclusive cross sections for 12C at 5.7GeV and 32◦. Full calculation (solid), result in PWIA

(dashed), result omitting correlated nucleons responsible for large k (dashdot), result obtaines

using n(k) instead of S(k,E) (dotted).

reduced FSI, the high-k components in the spectral function (absent in the dot-dash curve)

assume a larger influence.

The dotted curve in fig.3 corresponds to the full calculation, but with the spectral function

collapsed into a momentum distribution n(k), i.e. ignoring the E-dependence of S(k, E).

The resulting cross sections strongly disagree with the data, emphasizing that the inclusive

data in the low-ω tail cannot be understood in terms of a momentum distribution. This is

a consequence to the fact that the high-k strength occurs dominantly at high E, near the

ridge of S(k, E) at E ∼ k2/2M , as confirmed by the (e,e’p) data [? ]. The large value of

E shifts most of the high-k strength to larger ω, where it disappears under the much larger

contributions from the lower-k strength.

Overall, we find that the strength of the quasi-elastic cross section at low ω is understood

in a rather quantitative fashion in terms of the scattering of electrons from nucleons, provided

on uses realistic nuclear spectral functions that include short-range correlations and when

3

At ω  = 2000 MeV  (y ≈ -0.50 and  x = 
1.75) FSI are not responsible for most of 
the strength.

50 0. Benhar et al. /Physics Letters B 343 (1995) 47-52 

x 

Fig. 2. Ratios of inclusive cross sections of nuclear matter and 

deuterium at 3.6 GeV and 25’. 

ious ingredients. The dashed curve corresponds to the 

approximation used in Ref. [5] where the spread of 

P( k, E) as a function of E is neglected, i.e. P( k, E) 

is replaced by p( k)6(k2/2m - E). The dash-dotted 

curve in Fig. 1 corresponds to the case where the FSI 

of the recoil nucleon is neglected, as done in Refs. 

[ 651. Contrary to the assumption of [ 51, the FSI in 

the nucleus and the deuteron do not cancel; the N- 

N distribution functions of the deuteron and heavier 

nuclei differ, and the FSI with the (A - 2) spectator 

nucleons is not negligible. For a quantitative under- 

standing of the cross section ratios, it is clearly im- 

perative to use both a realistic P (k, E) and a realistic 

description of the FSI. 

__ full CGA 

eo 
2 

- - high-k x0.5 

2 

f 4 

While, at k significantly above kF, the ratio of iron 

and deuteron momentum distribution p(k) is indeed 

constant, = 3.8, the numerical value of the calculated 

cross section ratio at x > 1.4 does not appear to relate 

to this feature in a direct way; the average calculated 

cross section ratio is E 5.2 f 0.2. The effects of FSI 

and the spread of P (k, E) in E are too large to allow 

for a direct comparison between the two quantities. 

As mentioned above, our calculation also includes 

the contributions due to inelastic scattering on the nu- 

cleon. These contributions are small for x > 1, but 

dominate the cross section ratios at x < 1. 

We have calculated the cross section ratios for the 

same kinematics and all nuclei where similar data are 

available (A = 4, 12, 27, 56, 197), and find similarly 

good agreement. In Fig. 2 we show as an illustration 

the data and calculation for infinite nuclear matter, 

where we have determined the experimental nuclear 

matter to deuteron ratios using the nuclear matter cross 

sections of Ref. [25] and the deuteron cross sections 

of Refs. [ 12-141, in a way analogous to the one used 

by Day [ 51. For nuclear matter we find even somewhat 

better agreement with the data. 

In Fig. 3 we show the comparison between experi- 

ment and calculation for lower and higher values of the 

momentum transfer. The agreement of calculation and 

data is similar. At even lower q (q* < 0.8 (GeV/c)2) 

the agreement gets worse, similar to what was found 

in Ref. [ 1  ]  for the cross sections. This degradation is 

presumably due to the treatment of FSI, as Glauber 

10 

q2 = I.2 (G&'/c)~ 

8- 

_ ~ full CGA 

Fig. 3. Ratios of inclusive cross sections of iron and deuterium at 3.6 GeV and 30° (a) and 20’ (b). Full calculation (solid line), 

calculation with the correlated part of P(k, E) reduced by a factor of two (dash-dotted). 

“Despite these complications the  data 
at large x are sensitive to the 
properties of P(k,E) at large k…. The 
reduction of the high-k components by 
a factor of two, with the corresponding 
change of the short-range FSI has 
significant effect at x > 1.3.”

Benhar et al, PLB 343 (1995) 47-52

It would be useful to have new calculations that uses a spectral 
function that has the high k strength moved to match data.
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If a2 is an artifact or complicated from FSI 
then does it destroy this relation?

It can only survive if the FSI from 3He to Au 
have a sympathetic relationship in the plateau 
region.
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Ratios predictions from n(k)

E02019, 18o, Cu/2H

no CM motion, QES only

n(k) for 2H and Fe from Ciofi 
degli Atti and Simula,  Phys. Rev.  
C 53, 1689 (1996)
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•Direct ratios to 2H, 3He, 4He out to large x and 
over wide range of Q2

• Study Q2, A dependence (FSI)

•Absolute Cross section to test exact 
calculations and FSI

• Extrapolation to NM

What is an experimentalist to do?
Encourage theorists to examine FSI 
with respect to to the message the 
data is trying to send.
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Experiments

• 6 GeV (completed in Spring 2011)

• E-08-014: Three-nucleon short range correlations studies in 
inclusive scattering for 0.8 < 2.8 (GeV/c)2  [Hall A]

• 12 GeV

• E12-06-105:  Inclusive Scattering from Nuclei at x > 1 in the 
quasielastic and deeply inelastic regimes  [Hall C], approved.
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Motivation for E08-014
• Study onset of scaling, ratios as a function of α2n for 1<x<2
• Verify and define scaling regime for 3N-SRC
• 3N-SRC over a range of density: 40Ca, 12C, 4He ratios
• Test α3n for x> 2
• Absolute cross sections: test FSI, map out IMF distribution ρA()
• Isospin effects on SRCs: 48Ca vs. 40Ca  

             2N SRC
Kin 3.1:     21.0o, 2.905 GeV/c
2He, 3He, 4He, 12C, 40,48Ca 
Kin 4.1:     23.0o, 2.855 GeV/c
3He, 12C, 40,48Ca 
Kin 5.1:     25.0o, 2.795 GeV/c
2H, 3He, 4He, 12C, 40,48Ca 

                  3N SRC
Kin 3.2:    21.0o, 3.055 GeV/c
3He, 4He, 12C, 40,48Ca 
Kin 4.2:    23.0o, 3.035 GeV/c
3He, 4He, 12C, 40,48Ca 
Kin 5.2:   25.0o, 2.995 GeV/c
3He, 4He, 12C, 40,48Ca
Kin 6.5:   28.0o, 2.845 GeV/c
3He, 12C !"#

!"#$%&'(

)*+,+-./( 0+1(123.#(
423.#(5//./(

Zhihong Ye, UVA 
graduate student
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Two measurements (very high Q2) 
exist so far: 
CCFR (ν-C): F2(x) ∝ e-sx     s = 8
BCDMS (μ-Fe): F2(x) ∝ e-sx  s = 16 

Can we make an connection to 
quark distributions at x > 1?
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FIG. 10: CCFR distribution of events as a function of x, compared to some PDF fits (top right and lower left), and compared
to a fit of F A

2 ∝ exp (−sx), for s=8.3 (lower right).

FIG. 11: BCDMS 200 GeV muon data from C. An exponential fit of F A
2 ∝ exp (−sx)) agrees with the JLAB 89-008 data with

an exponent s # 16 when fit in ξ

dependence was in general agreement with the BCDMS measurement with F A
2 ∝ exp (−sξ) with

s # 16. However, there are significant contributions from the quasielastic peak in the vicinity of
ξ = 1 at these kinematics, and there is still some Q2 variation to the structure function fall off at
the largest Q2 values from E89-008. With the proposed measurements, we can reach Q2 values of 20
GeV2 for ξ ≥ 1, where quasielastic scattering is only a small contribution to the total cross section
and scaling violations should be much smaller than those observed in previous measurements.

B. Sensitivity to Quark Degrees of Freedom in Nuclei

The EMC effect provides clear evidence that the quark distribution in nuclei is not a simple sum
of the quark distributions of it’s constituent protons and neutrons. Many explanations of the EMC
effect were proposed which involved non-hadronic degrees of freedom in the nucleus. Many were ruled

We can, but first we must account 
for the fact that none of these 
measurements are at the asymptotic 
limit.

Low statistics
Poor resolution, limited x range

CCFR results suggested large 
contribution from SRC or other 
exotic effects

125

60 (50-200)
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( =0.75,0.85,0.95,1.05)

E02-019: C
BCDMS: C
SLAC: D*EMC(C/D)
CCFR: Fe

The comparison to the world data set is 
good and can be used to extract the 
behavior of the SF at large x.

E02-019 carbon
SLAC deuterium
BCDMS carbon
× CCFR projection
(ξ=0.75,0.85,0.95,1.05)

How well does this work?

• At ξ ≤ 0.75 where the high Q2 data 
dominates our data the agreement is 
good down to about Q2 = 3 GeV2.

• As ξ increases the dependence on Q2 
grows continually.

• Agreement is still good except at low 
Q2 where there is a QES contribution 
and HT must play a role

• Finally note that the BCDMS data fails 
to display a dependence on momentum 
transfer above ξ about 0.65
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Compare to the very high Q2 BCDMS and CCFR data

CCFR – (Q2 = 125 GeV2)   s=8.3±0.7

BCDMS – (Q2: 52 - 200 GeV2) s=16.5±0.5

Fit our F20 (over a limited range of ξ) with the functional 
form F20 = Constant x e(-sξ) 

s=15.05±0.5

JLAB 02019

JLAB 02019

For all nuclei

Our results contradict those of CCFR and support BCDMS
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Sensitivity to SRC
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We want to be able to isolate and 
probe two-nucleon and multi-
nucleon SRCs

Dotted = mean field approx. 
Solid = +2N SRCs. 
Dashed = +multi-nucleon. 

11 GeV can reach Q2= 20( 13) GeV2 at x = 1.3(1.5)
"  - very sensitive, especially at higher x values 

x = 1

x = 1.5

+ multi-nucleon

+2N SRC

mean field
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E12-06-105 Inclusive 
Scattering from Nuclei 
at x > 1 in the 
quasielastic and 
deeply inelastic 
regimes

• Moderate Q2 and large x
• Two and multi-nucleon correlations

• A-dependence of strength, density dependence, non-isoscalarity
• Provide tests of ‘exact’ calculations [S(k,E)] through σ, expose role of FSI

• Very high Q2 and 1 < x < 1.5
• Extraction of SF and underlying quark distributions at x > 1
• Provide insight into origin of EMC effect
• Provide extreme sensitivity to non-hadronic components

Two distinct kinematic regimes

2H, 3He, 4He, 6,7Li, 10,11Be, 
12C, 40,48Ca, Cu, Au

H
M
S

︸"
︸

H
M
S

︸"
︸

S
H
M
S

SHMS︸"︸







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Finish

•Inclusive (e,e’) at large Q2 scattering and x>1 is a powerful tool to explore 
long sought aspects of the NN interaction
• Considerable body of data exists

• Provides access to SRC and high momentum components through scaling, 
ratios of heavy to light nuclei and allows systematic studies of FSI

• Scaling  in ξ appears to work well even in regions where the DIS is not 
the dominate process
• DIS is does not dominate over QES at 6 GeV but should at 11 GeV and 
at Q2 > 10 - 15  (GeV/c)2. We can expect that any scaling violations will 
vanish as we go to higher Q2

• Once DIS dominates it will allow another avenue of access to SRC and to 
quark distribution functions
•New experiments have been approved to push these investigations into 
heretofore unexplored regions
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If it was only this easy.

The correlation between the FTSE and the DOW for the last 6 months.
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