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• Independent particle states of a 
uniform potential - a mean 
field.

Independent Particle Shell Model

S(⌅p, E) =
X

�

| ��(p) |2 ⇥(E + ⇤�)

• Enormous strong force acting

• So many nucleons to collide with

• How can nucleons possibly complete 
whole orbits (1021/s) without interacting?
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Hard core is small part of the 
nuclear volume
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• The single-particle energies ξα and 
wave function Φα are the basic 
quantities - can be accessed in 
knockout reactions


• The spectral function should 
exhibit a structure at fixed 
energies with momentum 
distributions characteristic of the 
shell (orbit).

• Long mean free paths 

• No two-body interactions

• Absence of correlations in 

ground-state wave function.
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•The nucleon-nucleon (NN) interaction is singularly repulsive at 
short distances

• Difficult to find two nucleons close to each other.

• Loss in configuration space components signals an increase of 
high-momentum components


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


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


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


Case for Correlations
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L S J � = �1L T(L+S+T odd) 2S+1LJ
0 0 0 + 1 1S0

0 1 1 + 0 3S1

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

2 1 1 + 0 3D1

2 1 2 + 0 3D2

2 1 3 + 0 3D3

Two-nucleon states

Symmetric triplet T = 1
3(T )1 = |p1> |p2> proton-proton state
3(T )�1 = |n1> |n2> neutron-neutron state
3(T )0 = 1⇥

2
(|p1> |n2>+|p2> |n1>) neutron-proton state

Antisymmetric singlet T = 0
1(T )0 = 1⇥

2
(|p1> |n2>�|p2> |n1>) neutron-proton state

Possible Two Nucleon states

Explains the SRC ratios, isospin asymmetry

NN Interaction
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The Pauli principle requires 
that two-nucleon states be 
antisymmetric wrt to 
exchange of the nucleons’ 
space, spin, and isospin 
coordinates

D.K. Hasell 20 February, 2008

Deuteron Wavefunction

Deuteron wavefunction:
• L=0, 2 admixture

• S state minimum at p ∼ 0.45 GeV 

• D state significant at p > 0.3 GeV

42

D state normally 4-6 %
• but beyond 0.3 GeV dominant
• region to study tensor force

• in D state nucleon spins flip

�md(⇥r) = R0(r)Y md
110 (�r) + R2(r)Y md

112 (�r)

42

D-state nucleon flips spin
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How can two nucleons combine?

AV18

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

L S J � = �1L T(L+S+T odd) 2S+1LJ
0 0 0 + 1 1S0

0 1 1 + 0 3S1

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

2 1 1 + 0 3D1

2 1 2 + 0 3D2

2 1 3 + 0 3D3

Two-nucleon states

S1,2 = 3 (~�1 · r̂12) (~�2 · r̂12) � ~�1 · ~�2
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• The SR NN attraction dominated 
tensor interaction, which yields 
high momentum iso-singlet (np)  
pairs.

!

• Absent in  the iso-triplet 
channel (pp, nn, np).

!

• The two-body distribution should 
be identical to the deuteron 
distribution, n2(k) = nD(k), and the 
ratio of scattering cross sections 
between a heavy nucleus A and 
the deuteron to yield a2 (A, Z)


• Without the tensor contribution 
the deuteron would not be bound




The tensor interaction causes a quadrupole type dependence as a function of the angle between the total 
spin direction (which we aligned along the z axis) and the direction of the distance vector r. The main 
attraction is obtained when the spins of the nucleons are aligned with the distance vector r while almost 
no attraction exists in the x direction where the spins are orthogonal to r.


S1,2 = 3 (⇥�1 · r̂12) (⇥�2 · r̂12) � �1�2
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FIG. 1. (Color online) Argonne v8′ potential in the different spin-isospin channels as a function of the distance vector r = (x, y = 0, z). In
the S = 1 channels the total spin is aligned with the z axis. Units are in MeV.

exists in the x direction where the spins are orthogonal to
r. For S = 1, T = 1 we added the spin-orbit interaction for
Lz = 1 because due to the Pauli principle the nucleon pair has
to be in an orbital state with odd parity. For T = 1 the tensor
interaction leads to a situation which is opposite to the T = 0
case. Here the attraction occurs along the x axis where the
spins are orthogonal to r.

In the S = 0 channels there is no tensor interaction and
no spin-orbit interaction thus the interaction depends only on
the distance |r|. Common to all channels is the strong central
repulsion for |r| < 0.6 fm. For S = 0, T = 1 there is strong
attraction around |r| = 1 fm, however, not strong enough to
make the dineutron bound. The S = 0, T = 0 potential is
repulsive at all distances.

This rather complex nature of the nuclear interaction
induces corresponding intricate correlations in the A-body
eigenstate of the Hamiltonian, which we discuss in Sec. III.

III. RESULTS

In the following we investigate the ground states of 2H with
J π = 1+, 3H and 3He with J π = 1

2
+

, and 4He with J π = 0+,
labeled by d, t, h, and α, respectively, as well as the excited 0+

state of 4He at 20.21 MeV, which is a resonance close to the
threshold for 3H + p, labeled by α∗. In this paper we treat the
state α∗ as a quasibound state with a long tail [31], though it
has a proton width of 0.5 MeV.

A. One-body densities

The one-body point densities of the five states are depicted
in Fig. 2. In all cases the position r1 of the nucleon is counted
from the total center-of-mass position of the many-body
system. For the deuteron this means that r1 = 1

2 r is half the
relative distance between neutron and proton. The densities are
averaged over the directions of the total spin and hence depend
only on r1 = |r1|. Likewise the momentum k1 of a nucleon is
the one in the total center of momentum frame and averaging
over total spin directions is implied.

The α particle shows the largest central density, the 3H and
3He densities are somewhat smaller and differ only slightly
due to the Coulomb interaction. The density of the excited 0+

state in 4He is much lower because this state, which is a narrow
resonance in the scattering of 3H and proton, is essentially a

configuration in which a proton and a triton orbit around each
other in an l = 0 state [31,32]. Due to the recoil the quantal
zero point motion in the relative coordinate smears out the
intrinsic density of the triton.

We include also the deuteron despite the fact that its
one-body density is actually the two-body density at half
the distance, and only the S = 1, T = 0 component of the
four possibilities to couple spins and isospins of two nucleons
contributes. The comparison with the three- and four-body
systems nicely demonstrates that in coordinate space the
effects of the short-range repulsion, which are clearly visible
in the deuteron, can not be seen in the A-body case because
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FIG. 2. (Color online) One-body point densities of the different
states in coordinate space (top) and one-body density in momentum
space divided by mass number A (bottom). Ground states of 2H, 3H,
3He, 4He are denoted by d, t, h, and α, respectively. The excited state
of 4He is labeled with α∗.
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Figure 1. (Color online) From left to right: Two-body densities in coordinate space for a pair of
nucleons with S=1, MS=1 and T=0 in the ground states of 2H, 3H and 4He and the 20.21 MeV
excited state of 4He denoted by d, t, α and α∗, respectively. The densities have rotational
symmetry around the z-axes and range from black = 0 to bright (yellow) = maximum. Maxima
assume values of 0.008 fm−3 for d, 0.015 fm−3 for t, 0.035 fm−3 for α and 0.015 fm−3 for α∗.
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Figure 2. Cuts of ρrel11,00(r)/ρ
rel
11,00(rn) at rn=(0,0,1fm) for deuteron (d), triton (t), 3He (h),

4He (α) and the first excited state of 4He (α∗). The result with the unitary correlation operator
method (UCOM) for 4He is also displayed.

short distances below 0.5 fm the AV8′ potential is so strongly repulsive that the pair densities
in all many-body states are pushed down towards zero. One should bear in mind that in a
simple shell model many-body state these correlations can not be represented and the two-body
densities have actually their maximum at relative distance r = 0.

Fig. 2 shows cuts of the normalized two-body density ρrel11,00(r)/ρ
rel
11,00(rn) along the z-direction

and the x-direction. We normalize the quantities at rn = (0, 0, 1fm), where the densities are
close to their maximum value. It is surprising to see in Fig. 2 that for small distances all five
densities practically coincide along the z-axis. The same holds true when going along the x-
axis, although the normalization was done on the z-axis. This means that not only the central
correlations but also the angular dependence of the tensor correlations are almost identical at
short distances. The short-range central and tensor correlations exhibit universal behavior at
short distances below about 1 fm. They do not depend on the nuclear many-body states for
which they have been calculated.
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Configuration and Momentum space

Two-body densities in coordinate space for a pair of nucleons with S = 1, MS = 1, and T = 0 
in the ground states of 2H, 3H, and 4He and the 20.21 MeV excited state of 4He


Where the potential is attractive, r ≈ (0,0,±1 fm), the densities are >> and in regions 
where the interaction is repulsive or close to zero the probability of finding the particle 
pair is small.

Universality of short-range nucleon-nucleon 
correlations, Feldmeier, Horiuchi, Neff, Suzuki 
Physical Review C 84, 054003 (20111)

These correlations can not be represented in a shell model 
and the two-body densities have their maximum at relative 
distance r = 0.

n(1)(k1) =
1

2J+ 1

X

M

h ; JM|

AX

i=1

�3(k̂i - k1)| ; JMi

⇢(1)(r1) =
1

2J+ 1

X

M

h ; JM|

AX

i=1

�3(r̂i - r1)| ; JMi
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Momentum Distributions
28

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

9

n(k) is dominated by SRCs at large k and n(k) exhibits the same shape 
for all nuclei for k>kfermi



Evidence of SRC
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Figure 4: Charge density distributions for the three closed shell nuclei investigated. IPM (full lines),
LRC (long dashed lines), SRC (short dashed lines).

9

IPM (full lines), LRC (long dashed lines),

SRC (short dashed lines).

Correlations and charge distributions of medium heavy 
nuclei, Marta Anguiano and Giampaolo Co’


Correlations and charge distributions

Charge density archive
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Central density is saturated - 
nucleons can be packed only so 
close together: 

pch * (A/Z) = constant 

http://faculty.virginia.edu/ncd/plot.html


Evidence of SRC

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.: 
differ by a single 3s1/2 proton

!
Experiment - Cavedon et al (1982)

Theory: Hartree-Fock orbitals with adjusted 
occupation numbers describe the shape of 
the 3s1/2 orbit. 

V. R. Pandharipande, I. Sick and P. K. 
A. deWitt Huberts, Rev. Mod. Phys. 
69 (1997) 981.
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Correlations: Where to look in inclusive A(e,e’)

x

p m
in
 (
Ge

V/

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
12

x > 1, low ω side of qep 

x < 1

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

http://dx.doi.org/10.1016/0003-4916(63)90224-0
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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
�A
�D

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

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

4He/2H

Fe/2H

13



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

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
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 Theory and experiment display isospin dependence

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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Two-nucleon knock-out experiment

Tensor Forces and the Ground-State Structure of Nuclei
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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-
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FIG. 1. (Color online) The experimental 2H(e, e′p)n cross section
as a function of missing momentum measured at MAMI for Q2 =
0.33 (GeV/c)2 [4] compared to calculations [7] with (solid curve) and
without (dashed curve) meson exchange currents (MEC) and isobar
currents (IC). Both calculations used the Paris potential and include
FSI (N) and leading order relativistic corrections (R). The low pm

data have been re-analyzed and used in this work to determine fLT .

At higher pm there are significant discrepancies between
experiment and the FSI calculation. If additionally MEC
and IC are included the agreement improves considerably
but significant discrepancies remain. The largest deviations
occur at energy transfers where large virtual delta excitation
contributions are expected.

When these additional contributions are taken into account
the cross section cannot be factorized in this simple way
anymore and one has to use the full one photon exchange
approximation. Within this limit, the (e, e′p) cross section can
be written as follows:

d5σ

dωlabd#lab
e d#lab

p

= σMott(vLRL + vT RT + vLT RLT cos φ

+ vT T RT T cos 2φ). (2)

The functions Rx (x ∈ {L, T ,LT , T T }) are response func-
tions and the factors vx (x ∈ {L, T ,LT , T T }) are kinematic
factors depending on the electron kinematics only. For a
detailed discussion see Refs. [8–10]. The response functions
consist of combinations of transition matrix elements of
the components of the electromagnetic current operator and
contain the structure information; the incident and the scattered
electrons are described as plane waves. The angle φ is the
angle between the electron scattering plane and the reaction

plane, defined by the momentum of the ejected nucleon and
the momentum transfer.

For the following discussion, θ c.m.
np represents the angle

between the proton momentum vector and the momentum
transfer vector in the center of mass of the np-system, and
θe is the electron scattering angle in the laboratory frame.

In view of the fact that the theoretical calculation [7] is based
on an evaluation of the responses in the final np-c.m. system
using the following form of the differential cross section (note
that φ = φc.m.

np )

d5σ

dωlabd#lab
e d#c.m.

np

= C
(
ρLfL

(
θ c.m.
np

)
+ ρT fT

(
θ c.m.
np

)

+ ρLT fLT

(
θ c.m.
np

)
cos φc.m.

np

+ ρT T fT T

(
θ c.m.
np

)
cos 2φc.m.

np

)
, (3)

we now switch to the response functions fx with x ∈
{L, T ,LT , T T }. Using the relations

C = η

6π2αQ2
σMott, (4)

where α denotes the fine structure constant and η = tan2(θe/2),
and

ρL = β̃2 Q2

2η
vL, ρT = Q2

2η
vT ,

(5)

ρLT = β̃
Q2

2η
vLT , ρT T = Q2

2η
vT T ,

where β̃ = qlab
qc.m.

expresses the boost from the laboratory to the
c.m. system, one obtains the relations between the response
functions Rx and the fx as follows:

β̃2J
12π2α

fL = RL,
β̃J

12π2α
fLT = RLT ,

(6)
J

12π2α
fT = RT ,

J
12π2α

fT T = RT T ,

with J = |∂#c.m.
np /∂#lab

p | as Jacobian.
A full separation of all four response functions requires

at least one cross section to be measured with the proton
detected out of the electron scattering plane. This has been
achieved at MIT-Bates using the Out-Of-Plane spectrometer
(OOPS) system [11] and at NIKHEF [12] using the HADRON
detectors. For an overview of results see [13].

Simpler in-plane measurements allow one to separate,
fL, fT , and fLT . The response function which is easiest to
determine is fLT since in this case the electron momentum
can remain constant, and one only has to scan the proton
momentum such that the (e, e′p) cross sections can be
measured at φ = 0◦ and at φ = 180◦.

In-plane separations have been carried out at missing
momenta between 0 and 220 MeV/c and at lower Q2 values
at several laboratories and the published results can be found
in references [14–17]. The momentum transfer dependence
of fL, fT , and fLT has been measured at Saclay for missing
momenta between 0 and 150 MeV/c [18]. At SLAC, cross
sections and fLT have been determined at large momentum
transfers for missing momenta up to 200 MeV/c [19].

054001-2
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High momentum strength in A(e,e’p) 3He(e,e’p)d  E89-044, Hall A

E89-044: 3He(e,e’p)d

Measured far into high momentum tail:

Cross section is ~5-10x expectation

High momentum pair can come from SRC (initial state)

    OR 
Final State Interactions (FSI) and Meson Exchange 

Contributions (MEC), ∆’s
within the flat acceptance region of the spectrometers [9].
The use of R functions allowed us to double the accepted
phase space compared to the commonly used rectangular
cuts on target variables.

The 3He!e; e0p"2H cross section was extracted using the
simulation program MCEEP (Monte Carlo for Electro-
Nuclear Coincidence Experiments) [10], taking into ac-
count the effects of internal and external radiation, particle
energy loss, deviations from monochromaticity of the
beam, and spectrometer resolutions. For each pm bin, the
simulated yields were varied by modifying the spectral
function used in MCEEP to achieve calculated cross sections
that agreed with the measured ones in both the
3He!e; e0p"2H Em bin and the adjacent 3He!e; e0p"!pn"
Em bin [9]. Cross sections were extracted from the re-
weighted 3He!e; e0p"2H yield, corrected for radiation,
and for contributions from 3He!e; e0p"!pn" to each
3He!e; e0p"2H kinematic bin. On average, these contribu-
tions were about 3%. Within each bin, the simulated
3He!e; e0p" cross section was assumed to depend on the
!cc1 prescription of de Forest [11] for the off-shell
electron-proton cross section. This technique allows one
to separate the pm dependence of the reaction from the
rapid dependence on the electron kinematics [9]. In addi-
tion to the overall normalization uncertainty (2.9%, see
above), the overall systematic uncertainty was 3.4% domi-
nated by uncertainties in the solid angle (2.0%), the selec-

tion (Em cut) of the two-body breakup reaction channel
(1.5%), and the knowledge of the effective target length via
a cut on the interaction vertex location (1.4%).

The extracted 3He!e; e0p"2H cross section is plotted in
Fig. 1 as a function of pm. We note that the range of pm
measured (resulting in measured cross-section values vary-
ing over 6 orders of magnitude) is significantly larger than
in any other previous measurement. Moreover, contrary to
previous experiments [12–14], our measurements over this
entire range were performed at fixed electron kinematics.

Also displayed in Fig. 1 are four theoretical curves. The
plane-wave impulse approximation (PWIA) and full
Hannover calculations use the Hannover bound-nucleon
wave function [15] corresponding to the solution to the
three-body Faddeev equation with the Paris NN potential
and no three-body forces. The AV18# UIX curves are the
same PWIA and full calculations, respectively, but with a
bound-state nuclear wave function derived by a variational
technique using the Argonne V18 NN potential and the
Urbana IX three-body force [16]. All calculations use a
diagrammatic approach. The kinematics as well as the
nucleon and meson propagators are relativistic, and no
restricted angular (Glauber-type) approximation has been
made in the various loop integrals. Details of the model can
be found in [17]. The PWIA curves include only one-body
interactions, while the full calculations include FSI, meson
(" and #) exchange, and intermediate ! formation cur-
rents, as well as three-body (three-nucleon " double scat-
tering) amplitudes. The FSI in these calculations follow a
global parametrization of the NN scattering amplitude,
obtained from experiments in LANL, SATURNE, and
COSY [18]. On the scale of Fig. 1, the differences between
the calculations using the two ground-state wave functions
are very small. By far, FSI constitute the major difference
between the full and PWIA calculations. Meson exchange
and intermediate ! current contributions are generally
small (up to 21%–25%), and the three-body contributions
are negligible [18].

Three regions of pm can be discerned in Fig. 1. For j ~pmj
below $150 MeV=c, roughly within the Fermi momen-
tum, the deuteron can be viewed as only marginally in-
volved in the interaction [19]. Hence, the data are expected
to be dominated by the single-proton characteristics of the
3He wave function. As can be observed, both the PWIA
and full curves describe the data quite well, and the differ-
ence between them is rather small (see also Fig. 2 for
details). For j ~pmj between 150 and 750 MeV=c, well
above the Fermi momentum, the cross section is expected
to be dominated by the dynamics of the reaction. Indeed,
very large contributions from dynamical effects are ob-
served. While the full calculations describe the data very
well, the PWIA curves overpredict the data by up to a
factor of 2 for 150 % j ~pmj % 300 MeV=c and underpre-
dict them by up to an order of magnitude for 400 % j ~pmj %
750 MeV=c. The differences between the two PWIA and

FIG. 1 (color online). Measured 3He!e; e0p"2H cross section as
a function of the missing momentum, pm. Also displayed are
PWIA and full calculations in the diagrammatic approach for
two different ground-state wave functions.
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elastic scattering data to world data [10]. We measured the
3He!e; e0p"X cross section at three beam energies, keeping
j ~qj and ! fixed in order to separate response functions and
understand systematic uncertainties. The data reported in
this Letter were all obtained at a beam energy of
4806 MeV.

The missing energy resolution, about 1 MeV (!), is less
than the 2.23 MeV separation between the 3He!e; e0p"d
peak and the threshold for the 3He!e; e0p"pn breakup
channels. The radiative corrections to the measured cross
sections were performed by using the code MCEEP [11].
The radiative tail is simulated and folded into the (Em; pm)
space based on the prescription of Borie and Drechsel [12].
The radiative corrections in the continuum amount to
10%–20% of the cross section. In particular, the radiative
corrections remove the tail of the 2bbu process from the
3bbu data, allowing a clear separation of the channels. An
exception is for low missing momentum, below
100 MeV=c, where the 3bbu strength is less than the
strength of the radiative tail of the much stronger 2bbu
peak.

Table I shows the central proton spectrometer settings
for the experimental kinematics presented in this Letter.
The data taken at these settings are grouped into numerous
(Em; pm) bins for presentation; Fig. 2 shows the cross
sections corrected for radiative processes as a function of
missing energy for several selected bins. The energy scale
in the horizontal axis has been shifted in these plots so that
the 3bbu channel starts at zero. As pm increases, we can see
that the broad peak in the cross section moves to higher
missing energies. The arrow in the figure indicates where
one would expect the peak in the cross section due to
disintegration processes involving two active nucleons
plus a spectator; the expected peak position for pm #
820 MeV=c is just off scale, at Em $ 145 MeV. The large
peak in the data roughly aligned with the arrow suggests
that two-nucleon disintegration processes are dominant.

Several calculations are presented in Fig. 2. The simplest
calculation is a plane-wave impulse approximation
(PWIA) calculation using Salme’s spectral function [13]
and the !cc1 electron-proton off-shell cross section [14].
Also shown in Fig. 2 are the results of microscopic calcu-
lations of the continuum cross section by J. M. Laget [15],
including a PWIA calculation with correlations but no FSI,

and successive implementation of various interaction ef-
fects. The calculation is based on a diagrammatic expan-
sion of the reaction amplitude, up to and including two
loops [16]. Both single and double NN scattering, as well
as meson exchange (" and #) and ! formation are in-
cluded. The bound-state wave function is a solution of the
Faddeev equation used by the Hannover group [17] for the
Paris potential [18]. Nucleon and meson propagators are

TABLE I. Proton spectrometer kinematic settings.

pm Pp $p
(MeV=c) (MeV=c) (%)

150 1493 54.04
300 1472 59.83
425 1444 64.76
550 1406 69.80
750 1327 78.28
1000 1171 89.95

FIG. 2 (color online). Cross-section results for the
3He!e; e0p"pn reaction versus missing energy Em. The vertical
arrow gives the peak position expected for disintegration of
correlated pairs. The dotted curve presents a PWIA calculation
using Salme’s spectral function and !cc1 electron-proton off-
shell cross section. Other curves are recent theoretical predic-
tions of Laget [19] from the PWIA (dash dotted line) to
PWIA & FSI (long dashed line) to full calculation (solid line),
including meson-exchange current and final-state interactions. In
the 620 MeV=c panel, the additional short dashed curve is a
calculation with PWIA & FSI only within the correlated pair.
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PWIA + FSI only within the correlated pair.

3bbu channel=0

relativistic and no angular approximations (Glauber) have
been made in the various loop integrals. The FSI in these
calculations use a global parameterization of the NN scat-
tering amplitude, obtained from experiments at LANL,
SATURNE, and COSY [19]. Further details of the model
can be found in [20].

Figure 2 shows that the calculated cross sections exhibit
a correlation peak that is dominant at low pm, but that FSI
strongly enhance the cross section at large pm. The calcu-
lations indicate the FSI are mainly between the two active
nucleons—Fig. 1(b). The additional calculation included
in the 620 MeV=c panel of Fig. 2 has FSI with the specta-
tor nucleon—Fig. 1(c)—turned off. Neither the shape nor
magnitude of the peak is much affected. This result indi-
cates that triple rescattering is negligible. MEC effects are
also small.

To obtain the total 3bbu strength, and to facilitate com-
parison to the 2bbu, we divided the cross section by the
elementary off-shell electron-proton cross section !ep

[14], multiplied by a kinematic factor K, and integrated
over missing energy to obtain the effective momentum
density distribution

"!pm" #
Z

! d6!
dEedEpd!ed!p

=K!ep"dEm: (2)

Figure 3 shows the distribution obtained. Uncertainties
from missing tails of the 3bbu peak, within this integration
range, due to limited experimental acceptance are negli-

gible on the scale of Fig. 3. The 3bbu distribution tends to
have a much larger relative strength for high missing
momentum than does the 2bbu distribution—the ratio of
3bbu to 2bbu strength increases with pm by about 3 orders
of magnitude, from about 100 to 800 MeV=c. An increase
of the relative strength with pm is consistent with what is
expected from correlations, as described in the simple
picture in the introduction, but we already know from the
discussion of Fig. 2 that FSI are important.

The PWIA curves in Fig. 3 show an order of magnitude
enhancement of the 3bbu over the 2bbu at high missing
momentum. The two-body correlations are more clearly
seen in 3bbu than in the 2bbu since the available phase
space is reduced when two nucleons are forced to form the
deuteron. The differences between the PWIA calculations
and full calculations further indicate the greater impor-
tance of final-state interactions in the 3bbu. Thus, the larger
FSI in the 3bbu mask the larger role of correlations. The
generally good agreement of the full calculations and the
data shown in Figs. 2 and 3 relies mainly on the interplay of
correlations and final-state interactions, and indicates no
need for physics beyond that already present in a modern
conventional nuclear physics model. The conclusions pre-
sented here have been confirmed by subsequent, indepen-
dent calculations [21].

The conclusions described above might appear to be no
longer valid for pm $ 1 GeV=c as the magnitude of the
3bbu appears to fall towards that of the 2bbu. However, the
center of the 3bbu correlation peak moves outside of the
integration range at pm $ 800 MeV=c, as shown in Fig. 2.
Thus, the experimental integration only includes a fraction
of the 3bbu strength at large pm. A crude correction to
account for the missing strength, using the fraction of
strength of the full calculation of Laget in the region Em <
140 MeV, causes the 3bbu distribution to roughly flatten
out, starting near 750 MeV=c, at a level nearly 2 orders of
magnitude greater than that of the 2bbu. The large correc-
tion also leads to our stopping the calculation at 1 GeV=c;
the comparison between data and theory is no longer
meaningful when only a small fraction of the tail of the
distribution is considered. Given these data along with the
theoretical calculations, it remains fair to conclude that the
correlations in the wave function preferentially lead to the
3bbu channel, and that the reaction mechanism is reason-
ably well understood in a modern, conventional nuclear
physics model.

The comparison of the data of this experiment with the
existing calculation suggests that the region near
300 MeV=c might prove to be the most enlightening
with respect to the role of correlations. Here the full and
PWIA curves are very similar to each other and to the data,
and in the theory the correlation peak dominates the cross
section. Separated response functions, which are possible
with data from the other kinematics of this experiment, can
provide us with more complete tests of the theory.

FIG. 3 (color online). Proton effective momentum density
distributions in 3He extracted from 3He!e; e0p"pn (open black
circles) and 3He!e; e0p"d (open black triangles), compared to
calculations from Laget [19]. The 3bbu integration covers EM
from threshold to 140 MeV.
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the neutron using missing mass to select 3He(e, e′pp)n
events. We eliminated target wall interactions by select-
ing particles originating in the central 4-cm of the target.
Fig. 1 shows the electron kinematics (Q2 = q⃗ 2 −ω2, ω is
the energy transfer, and q⃗ is the three-momentum trans-
fer) and missing mass distribution. For 3He(e, e′pp)n
events, the momentum transfer Q2 peaks at around 1.5
(GeV/c)2. ω is concentrated slightly above but close to
quasielastic kinematics (ω = Q2/2mp).
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FIG. 1: a) Q2 vs. ω for 3He(e, e′pp)n events. The line shows
the quasielastic condition ω = Q2/2mp. Note the large accep-
tance. b) Missing mass for 3He(e, e′pp)X. The vertical line
indicates the neutron missing mass cut.
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FIG. 2: a) 3He(e, e′pp)n lab frame “Dalitz plot.” Tp1/ω vs.
Tp2/ω for events with pN > 0.25 GeV/c. The solid lines indi-
cate the ‘leading n plus pp pair’ and the dashed lines indicate
the ‘leading p plus pn pair’ selection cuts. b) The cosine of
the pn lab frame opening angle for events with a leading p
and a pn pair. The thick solid line shows the uncut data, the
dashed line shows the data cut on p⊥leading < 0.3 GeV/c, and
the thin solid line (color online) shows the uncut three-body
absorption simulation (with arbitrary normalization).

To understand the energy sharing in the reaction, we
plotted the lab frame kinetic energy of the first proton
divided by the energy transfer (Tp1/ω) versus that of
the second proton (Tp2/ω) for events with nucleon mo-
menta pp and pn > 0.25 GeV/c (see Fig. 2a). (The

assignment of protons 1 and 2 is arbitrary. Events with
Tp1/ω + Tp2/ω > 1 are non-physical and are due to the
experimental resolution.) There are three peaks at the
three corners of the plot, corresponding to events where
two nucleons each have less than 20% of ω and the third
‘leading’ nucleon has the remainder. We selected these
peaks, as shown in Fig. 2a.
Fig. 2b shows the opening angle for pn pairs with a

leading proton (the pp pair opening angle is almost iden-
tical). Note the large peak at 180o. The peak is not
due to the cuts, since we do not see it in a simulation of
three-body absorption of the virtual photon followed by
phase space decay [22]. It is also not due to the CLAS
acceptance since we see it for both pp and pn pairs. This
back-to-back peak is a very strong indication of corre-
lated NN pairs.
Now that we have identified correlated pairs, we want

to study them. To reduce the effects of final state rescat-
tering, we required the perpendicular momentum (rela-
tive to q⃗ ) of the leading nucleon, p⊥leading < 0.3 GeV/c.
The resulting NN pair opening angle distribution is al-
most entirely back-to-back (see Fig. 2b). The neutron
of the pn pair is distributed almost isotropically with re-
spect to q⃗. The pair average total momentum parallel
to q⃗ (∼ 0.1 GeV/c) is also much smaller than the av-
erage momentum transfer (∼ 1.6 GeV/c). These show
that theNN pairs are predominantly spectators and that
their measured momentum distribution reflects their ini-
tial momentum distribution.
The resulting lab frame relative p⃗rel = (p⃗1− p⃗2)/2 and

total p⃗tot = p⃗1 + p⃗2 momenta of the NN pairs are shown
in Fig. 3. The cross sections are integrated over the ex-
perimental acceptance. Radiative and tracking efficiency
corrections have been applied [21]. The systematic un-
certainty is 15%, primarily due to the uncertainty in the
low momentum proton detection efficiency.
The pp and pn pair momentum distributions are sim-

ilar to each other. The prel distributions rise rapidly
starting at ≈ 0.25 GeV/c (limited by pN ≥ 0.25 GeV/c),
peak at ≈ 0.4 GeV/c, and have a tail extending to
≈ 0.7 GeV/c. The ptot distributions rise rapidly from
zero, peak at ≈ 0.25 GeV/c, and fall rapidly. Both dis-
tributions have an upper limit determined by the cut
TN/ω ≤ 0.2. These distributions are also similar for both
data sets (Q2 ∼ 0.7 [15] and 1.5 GeV2). The Q2 ∼ 1.5
GeV2 pp prel distribution peaks at slightly larger momen-
tum than either the pn or lower Q2 data.
We also compared our data to a one-body calculation

by Golak, integrated over the experimental acceptance,
that includes an ‘exact’ calculation of the fully correlated
initial state wave function (wf), absorption of the virtual
photon by the leading nucleon and ‘exact’ calculations of
the continuum wf of the spectator NN pair [23]. The
calculation does not treat the rescattering of the leading
nucleon. Including the continuum wf of the NN pair
(i.e., not treating those two outgoing nucleons as plane

Events with one leading nucleon and a spectator correlated NN pair

• The spectator nucleons each have less than 20% of the transferred 

energy

• Leading nucleon’s momentum perpendicular to  ⃗q be less than 0.3 GeV/c.

• The ratio of pp to pn pair cross sections for 0.3 < prel < 0.5 GeV/c is very 

small at low ptot and rises to approximately 0.5 at large ptot.

 The pp pairs at low ptot are in an s-state, this ratio shows the dominance 
of tensor over central correlations.

!
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limit was experimental and varied: it was set by the
demand that one must be able to still observe and identify
the IP strength. At the same time, these and other [7,8]
experiments showed that, apart from the overall normal-
ization, the wave functions (in k or r space) have shapes
quite similar to the ones predicted by IP models.

From the experimental information available up to
now, the depopulation of IP strength at low k; E is un-
ambiguous. Determining the total correlated strength is
not so direct, however. The total correlated strength is a
factor of 4 or so (see below) smaller than the IP strength,
and the determination of this strength by taking the
difference of the experimental IP strength with unity
suffers from the unfavorable propagation of uncertainties
in the experimental measurement and theoretical inter-
pretation of the !e; e0p" data. A direct measurement of the
correlated strength is needed.

Correlated strength from !e; e0p".— According to cal-
culations that solve the Schrödinger equation for a real-
istic N-N interaction, the correlated strength is expected
to be identifiable at high nucleon momenta k and high
removal energies E; there, the values of the nuclear spec-
tral function S!k; E", the probability to find in the nucleus
nucleons of given k and E, is increased by orders of
magnitude relative to IP descriptions. The correlated
strength also contributes to the region dominated by the
IP strength, but there it cannot be isolated via !e; e0p".
While initial searches for high-k components [9,10] were
restricted to low-lying states, it has been understood for
some time that the SRC produce strength at high k and E
simultaneously [3,11].

Locating this strength at large k and E is difficult. The
correlated strength (perhaps 20%) is spread over a very
large range in E (one to several hundred MeV), so the
density of S!k; E" is very low. Processes other than the
single-step proton knockout —the basis of the PlaneWave
Impulse Approximation (PWIA) interpretation of
!e; e0p"— can contribute. Strength can be moved to large
E (appearing as large ‘‘missing energy’’ Em) by processes
such as multinucleon knockout or ! production, where
the additional particle is not observed. Unless, by the
choice of kinematics, this contribution can be reduced
to a size where it can be corrected for by a calculation,
identification of the correlated strength is not possible.

A systematic study [12] of !e; e0p" data [13–19] has
shown that the best chance for an identification of the
correlated strength occurs for data taken in parallel kine-
matics, i.e., with the initial nucleon momentum ~k parallel
to the momentum transfer ~q (most available data have
been taken in (nearly) perpendicular kinematics). This
study has also shown that multistep processes have a
small impact at large momentum transfer. Similar obser-
vations could be drawn from a recently published !e; e0p"
experiment performed at 4He [20]. This Letter describes
the results of the first experiment designed explicitly to

study SRC via a measurement of the strength at large k
and E under optimal kinematics.

Experiment.— The experiment was performed in Hall
C at Jefferson Lab employing three quasiparallel and two
perpendicular kinematics at a q * 1 !GeV=c" (for a de-
tailed discussion, see, e.g., [21]). Electrons of 3.3 GeV
energy and beam currents up to 60 "A were incident
upon 12C, 27Al, 56Fe, and 197Au targets (in the present
Letter we limit the discussion to 12C). The scattered
electrons were detected in the High Momentum
Spectrometer (HMS) spectrometer (central momenta
2–2:8 GeV=c); the protons were detected in the Short
Orbit Spectrometer (SOS) spectrometer (central mo-
menta 0:8–1:7 GeV=c). Figure 1 gives the kinematical
coverage for the parallel kinematics.

Data on hydrogen were taken as check to determine the
various kinematical offsets and to verify the reconstruc-
tion of particle trajectories and the normalizations. Data
for the IP region were also taken. The resulting proton
transparency agrees with previous determinations [22]
and modern calculations [23,24]. The overall accuracy
of the resulting cross sections is #6%.

The spectra of all important observables have been
compared to the results of the Monte Carlo simulation
package SIMC of the Hall C collaboration; excellent
agreement is found. The comparison also shows that the
resolution in Em (pm) is 5 MeV (10 MeV=c).

The raw data were analyzed using two different pro-
cedures, both based on an iterative approach and a model
spectral function. In one, the phase space is taken from a
Monte Carlo simulation of the experiment, and the spec-
tral function is determined from the acceptance-
corrected cross sections. Radiative corrections are taken

FIG. 1 (color). Coverage of the Em, pm plane by the runs
taken in parallel kinematics shown in a cross section times
phase space plot. (Because of the large momentum acceptance
of the spectrometers, part of the data (green) are for #kq >
45 $).
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is much weaker than the one obtained in the calculations
accounting for the particle-particle hole-hole ladders to all
orders. This is a clear indication that the nonperturbative
determination of the correlations is required to obtain a reli-
able information about the imaginary part of the self-energy
or the spectral function at large momenta. Note that the scale
in the right panel of Fig. 2 is reduced as compared to the left
one.
The measured spectral function in the left panel of Fig. 3

provides direct evidence for the partial occupation of single
particle states above the Fermi level by off-shell particles.
The nuclear matter spectral function derived in the theory of
SCGF is compared to the experimental spectral functions for
different momenta above kF=209 MeV/c. The prediction
derived from the calculation in nuclear matter should not be
reliable at low missing energies. At these energies the spec-
tral function should be influenced by long-range correlations,
which are different in infinite matter as compared to finite
nuclei. The agreement is rather good up to 2kF. For even
higher momenta, the energy dependence is not well repro-
duced and the theoretical result tends to overshoot at high
missing energies whereas for smaller energies strength is
missing.

The right panel of Fig. 3 shows different theoretical cal-
culations for a specific nucleon momentum of k
=410 MeV/c. Compared to the data, the spectral function
from the Correlated Basis Function (CBF) theory has the
same tendency as the SCGF approach described above.
However, the SCGF approach seems to be closer to the ex-
perimental results at high missing energies.
Further, one can compare the correlated strength from the

SCGF approach to the experimental result as it was done for
the CBF theory [18]. For this purpose we integrate the spec-
tral function over momentum and energy in the correlated
region above the Fermi level covered by the experiment. The
lower limit of the energy in the integral has been taken as
40 MeV to avoid the contribution of the single-particle lev-
els. The correlated strength from the SCGF theory in the
integration region specified in Ref. [18] is 0.61. The experi-
mental value is 0.61±0.06, which contains a contribution
from rescattering of 4%. Good agreement is achieved.

IV. CONCLUSIONS

The study of the spectral function for nucleon knock-out
experiments at high momenta and large missing energies
seems to be an appropriate tool to explore the effect of cor-
relations on the nuclear many-body wave function. Our study
demonstrate that nonperturbative calculations are required to
predict the spectral strength at high momenta. Furthermore,
one has to account for the admixture of configurations be-
yond two-hole–one-particle to obtain a reliable prediction for
the energy tail of the spectral functions towards large missing
energies. These ingredients are taken into account in the
SCGF approach. The comparison of the spectral function
derived from experimental data with the results obtained
from nuclear matter calculation using SCGF indicates that
the effects of short-range correlations are insensitive to the
bulk structure of the nuclear system. The study of the spec-
tral function at low missing energies will require a more
detailed investigation of long-range correlation and should
be performed for the finite system.
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FIG. 3. (Color online) Spectral function in the 12C nucleus. Left
panel: Experimental result for several momenta above the Fermi
momentum (solid lines with error bars). The data are similar to
those presented in Ref. [7], but the choice cc was used for !ep
instead of cc1. The dashed lines represent the SCGF nuclear matter
spectral function at a density of "=0.08 fm!3. To compare the
nuclear matter spectral function with the experimental result, it
must be multiplied by a normalization factor of 4Z!2#"!4"!1. Right
panel: A comparison among the experimental result at k
=410 MeV (solid lines with error bars), the theoretical spectral
functions for a finite system by Benhar et al. [17] (dashed line), and
the SCGF result (solid line).
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exp.      CBF theory        G.F. 2.order        self-consistent G.F.

0.61       0.64 ≈ 10 %          0.46             0.61

contribution from FSI: -4 %

• ≈ 10% of the protons in 12C at high pm, Em  found

•  first time directly measured

Rohe et al.,

Phys. Rev. Lett. 93, 182501 (2004)

experimental 
area
in total


(correlated part)    22 %           12%            ≈20% 

12C

comparing to theory leads to conclusion that

≈ 20% of the protons in Carbon are beyond the IPSM region

into account according to [25]. The approach has been
verified on special sets of data where radiative corrections
are large. The other is based on a bin-by-bin comparison
of experimental and Monte Carlo yield, where the Monte
Carlo program simulates the known radiative processes,
multiple scattering, and energy loss of the particles, spec-
trometer transfer matrices, focal plane detector efficien-
cies, the software cuts applied, etc. The parameters of the
model spectral function then are iterated to get agreement
between data and simulation. We have found good agree-
ment between the two procedures.

The resulting S!k; E" at low k; E shows the familiar
features known from low-q !e; e0p" experiments [26]. At
large k; E, we observe the tail resulting from SRC. At very
large missing energy Em, the peak due to multistep inter-
actions involving pion emission from the various nucleon
resonances, appears. The data taken in perpendicular
kinematics lead to a 3 times larger strength compared to
the parallel kinematics, which makes it clear that the
cross sections measured in perpendicular kinematics re-
ceive dominant contributions from multistep reactions
(the most important ones being knockout of another
nucleon by the outgoing proton, and processes involving
meson production); such data then are hardly usable to
determine the correlated strength, but can serve to check
our ability to predict multistep processes.

The !e; e0p" data at low momentum transfer (leading to
knockout protons with low momenta k0) have generally
been analyzed using a distorted-wave Born approxima-
tion (DWBA) description for the outgoing proton. At very
large k0, the effect of the real part of the optical potential
is small, particularly for the continuum strength, where a
small shift in k0 is of little concern due to energy/mo-
mentum dependences which are weak as compared to the
ones in the IP region. The main final state interaction
effect is the absorption of the outgoing proton, which is

taken into account via the transparency factor [23]. For
the analysis of the carbon data, we use T # 0:60. Also
important at large E is the consideration of recoil protons,
which result from two-step processes (see below).

Results.— Here, we concentrate on the overall strength
in the correlated region. Figure 2 gives, for Correlated
Basis Function theory (CBF), a schematical breakdown of
the various regions of interest in the missing energy Em
and the missing momentum pm plane, the quantities that
are experimentally defined and identifiable —in PWIA—
with k; E. The strength corresponding to the IP motion at
low k; E amounts to $80% for the CBF calculation [3]. In
some of the regions, IP and SRC strength overlap and
cannot be separated. In the shaded region, the strength
from SRC is measurable with the kinematics employed in
the present experiment. The shaded region at large Em is
bounded by a cut that excludes unwanted contributions
from ! excitation and ! production. These processes have
been modeled using MAID [27] to study possible contri-
butions in our region of interest.

In this shaded region, we find the strength listed in
Table I. It is compared to the strength predicted by theory
and integrated over the same region of k; E. This com-
parison is slightly dependent on the limits of the shaded
area as the k and E dependence of experimental and
theoretical S!k; E" are not the same (Fig. 3); for the
present comparison, we will ignore this minor effect.

The result shown in Table I has been obtained using the
off-shell e-p cross section "CC [21]; for this treatment,
the best agreement of the resulting S!k; E" from different
kinematics (kin3, kin4, kin5) is found. The uncertainty
quoted includes an estimate for the uncertainty due to the
off-shell cross section (judging from difference of
strength obtained using the cross sections "CC1 and
"CC2 of [29]). The error does not contain an uncertainty
for the transparency factor used to correct for final-state
interactions (FSI) because this value is commonly ac-
cepted and in agreement with the Glauber calculations
of several authors. The statistical error is negligible.

For the kinematics of Fig. 1, the dominant multistep
process is rescattering of the knocked out nucleon by
another nucleon. Barbieri [30,31] has calculated this pro-
cess using Glauber theory and an in-medium N-N cross
section accounting for Pauli blocking. He finds, in agree-
ment with our data, that the multistep contribution is
much smaller for parallel kinematics. For the experimen-
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FIG. 2 (color online). Breakdown of the strength from CBF
theory in various integration regions. Numbers in percent. The
shaded area is used to determine the correlated strength acces-
sible in this experiment. The region labeled ‘‘76’’ contains the
IP plus a fraction of the correlated strength.

TABLE I. Correlated strength, integrated over shaded area of
Fig. 2 (quoted in terms of the number of protons in 12C.)

Experiment 0:61% 0:06

Greens Function Theory [28] 0.46
CBF Theory [3] 0.64
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“correlated strength” in the chosen Em-pm region:

Integrated strength in the covered Em-pm region:

Zc = 4�
Z670

130
dp p2m

Z
dEmS(Em, pm)

In terms of # of protons in 12C
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3N Correlations
2N SRC (3N SRC) 


• p >  kF i.e. its momentum exceeds characteristic nuclear Fermi 
momentum, (kF ≳ 250 MeV/c)


• balanced by the momentum of a (two) correlated nucleon(s)

• In both cases the center of mass momentum of the SRC, pcm  ≲ 

kF 
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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.

*Deceased.
[1] J. Vary, Proc. Sci. LC2010 (2010), 001.
[2] R. Schiavilla, R. B. Wiringa, S. C. Pieper, and J. Carlson,

Phys. Rev. Lett. 98, 132501 (2007).
[3] L. L. Frankfurt and M. I. Strikman, Phys. Rep. 76, 215

(1981).
[4] D. B. Day, J. S. McCarthy, T.W. Donnelly, and I. Sick,

Annu. Rev. Nucl. Part. Sci. 40, 357 (1990).

[5] J. Arrington, D. Higinbotham, G. Rosner, and M. Sargsian,
arXiv:1104.1196.

[6] N. Fomin et al., Phys. Rev. Lett. 105, 212502 (2010).
[7] N. Fomin, Ph.D. thesis, University of Virginia, 2007,

arXiv:0812.2144.
[8] A. Aste, C. von Arx, and D. Trautmann, Eur. Phys. J. A 26,

167 (2005).
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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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 Good agreement in the 2N-SRC region
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A(e,e’) cross section ratios and SRC

but potential difference in 
the 3N-SRC region



Data from SLAC

24

26 INELASTIC ELECTRON SCATTERING FROM 'He AND 4He IN. . . 1599

IO

I
[

I .
]

'
I

I
I 'I I

I
I

I
I I

I
I I' I

I
I

I I I I

(a) He Q = 0 8 (GeVic) — (b) He
Q = 0.8 (GeV/cj~—

I04 =

0' 5

-z4

IO~=
I

IO —(t!'I ~

:&I

1.3 l.5 l.70.7 0.9 I. I
I I I I I I I I I I I I I I I 1 I I

0.5 l.3 l.5 I.7 0.5 0.7 0.9 I. I
l /

Gap 4) p
FlG. 7. The inelastic structure function vW2 as a function of the scaling variable co~ =1+(M~'+2M~v —Q2)/Q' for

several different values of Q2. The curves at fixed Q2 are to guide the eye and they seem to approach a common limit, (a)
'He and (b) He.

tered electrons from the He target to determine the
centroids of the elastic peaks and the momentum
scale is calibrated to within approximately +0.02%.
For Q up to 2.5 (GeV/c) the proton elastic data
was also used for calibration. The elastic proton
peaks were found to be offset by W -0.006+0.010
GeV (0.03+0.06% bE/E) from W =M~. Thus
for the inelastic He data for 2.0(Q (2.5 (GeV/c)
we estimate a momentum uncertainty of approxi-
mately +0.04% b,E/E. Above Q =2.5 GeV no
proton data were taken and we estimate an uncer-
tainty of approximately +0.05% b E/E.
The width of the elastic peak primarily reflects

the beam energy spread. Typically, the elastic peak
width for both He and proton elastic scattering data
corresponds to an energy spread of FWHM
= 0.2% at low Q and FWHM = 0.4% at high
Q . The convolution of the finite resolution with
the rapidly changing inelastic cross section increases

the cross section by less than 15% at high Q at
threshold and by negligible amounts at low Q and
far from threshold, This systematic shift is well
within the statistical uncertainty.
The above discussion dealt with the momentum

reconstruction'and solid angle at the center of the
spectrometer acceptance at the elastic peaks.
Another source of uncertainty is the accuracy of the
momentum reconstruction and solid angle away
from the center. To check this, He data were taken
with the spectrometer offset by 1% in momentum.
The cross sections taken with the two different set-
tings agreed within errors. This, combined with the
proton calibration of the solid angle in the central
momentum region of the spectrometer, indicates a
possible systematic uncertainty in the solid angle of
approximately 4%. Alternatively, the agreement of
the two settings implies that the momentum scale is
accurate away from the central region to approxi-

Rock et al, PRC 26, 1593 (1982)
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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)

A(e,e’) cross section ratios and SRC
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but impossible to make a 
statement in this region

More data at larger Q2 needed,  x> 1 at 12 GeV, E12-06-105, , 
see Arrington, Fomin talks.

E08-014, Prelim at 25o

Zhihong Ye
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A(e,e’) cross section ratios and SRC

Ratio of  9Be, 12C, Cu, Au to 4He @ Q2 = 2.7

From E02019, Fomin thesis data
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2N SRC

3N SRC ??

Acceptance effects, windows



E12-15-005: Measurements of Quasi-Elastic 
and Elastic Deuteron Tensor Asymmetries

Probe short-range repulsion and tensor force in nucleon- nucleon 
interaction through tensor asymmetries from quasi-elastic and elastic 
deuteron scattering

Tensor asymmetries are predicted to be sensitive to the D state 
probability as well as relativistic effects.

Conditionally Approved (44 days) on improving the tensor polarization 
and its measurement
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E.Long (UNH), DD, D. Keller, K. Slifer, P. Solvignon, D. Higinbotham



L.
L.
 F

ra
nk

fu
rt

, M
.I.

 S
tr

ik
m
an

, P
hy

s. 
Re

pt
. 7

6 
(19

81
) 
21

5

AV18

CDBonn

M.	  Sargsian

Azz can be used to discriminate between hard and soft wave functions. In 
impulse approximation Azz is directly related to the S- and D-states which have 
very different r and p behavior.

!
Modern calculations indicate a large separation of hard and soft WFs begins 
above the quasi elastic peak at x > 1.4

Azz = 2
fPzz

⇣
�p��u
�u

⌘
, is sensitive to WF admixtures

Azz /
1
2w

2(k) � u(k)w(k)
p
2

u2(k) + w2(k)

28
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Deuteron Wave function
Is the deuteron wave function hard or 
soft?

• Hard like AV18 or softer like CD Bonn

• Unpolarized deuterons need to be 

probed at k > 500 MeV/c to 
distinguish between hard and soft 
WFs

• Difficult, absolute cross sections


• At present no unambiguous evidence 
for hard/soft.


• Tensor polarization exposes the D-
state, allowing hard and soft WFs to 
be distinguished at lower momenta


!

	  

	  

O.	  Hen,	  et	  al,	  arXiv:

	  
	  



Deuteron D-states differ at large k
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375 MeV/c

Azz /
1
2w

2(k) � u(k)w(k)
p
2

u2(k) + w2(k)
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Measurement of Quasi Elastic Azz

Sensitive to effects that are very difficult to measure with unpolarized 
deuterons

Huge 10-120% asymmetry

Measuring Azz over a range in x and Q2 provides insight to

• Nature of NN Forces

• Hard/Soft wf

• Relativistic NN DynamicsOn-Shell/Off-Shell Effect FSI

Decades of theoretical interest that we can only now probe with a high-
luminosity tensor-polarized target

 




Deuteron polarization
Let us assume a deuteron in
a magnetic field H. In a ref-
erence frame whose quanti-
zation axis Z coincides with
the direction of H the spin
projection on Z can only take
values md = +1, 0, −1.

p
n

m = +1

p

n

m = 0

H

x

yz

p
n

m = -1

1/2

1/2

If N+, N0, N− are the relative numbers of deuterons populating the magnetic
substates md = +1, 0, −1, (N+ + N0 + N− = 1), then vector pZ and tensor
pZZ polarizations of a deuteron beam are

pZ = N+ − N−,

pZZ = N+ + N− − 2N0 = 1 − 3N0.

Since the quantization axis Z is the symmetry axis, pXX = pY Y = − 1
2 pZZ .
DSPIN-07 – p.3/30
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Deuteron in a magnetic field H,  spin projection on Z can only take 
values md = +1, 0, −1.

!
If N+, N0,  and N- are the relative numbers in the substates md = 
+1, 0, −1, (N+ + N0 + N− = 1), then vector pZ and tensor pZZ 
polarizations of a deuteron target are:


Vector: pZ = N+ −N−

Tensor (Alignment) pZZ = N+ + N− −2N0 = 1 − 3N0. 

Vector and Tensor Polarization of the Deuteron



•  Deuteron(is(a(spin(1(nucleus,(with(three(magne5c(substates((+1,(0(:1)(

•  This(results(in(two(NMR(transi5ons,((+1(⇾((0)(and((0(⇾(:1)(

•  In(the(absence(of(any(other(interac5ons,(the(Zeeman(levels(are(equally(split,(

resul5ng(in(a(single(NMR(line(at(Larmor(freq.((!νD!=!µDB/h  (
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Figure 6.15: Deuteron Zeeman e↵ect in a 5 Tesla field.

spaced, and the energy gaps between neighboring levels are � = µB = 32.7 MHz.

There is an interaction between the quadrupole moment of the deuteron (0.02 ⇥ 10�24

cm2) and the electric field gradient in the lattice along the principal axis of the field

gradient tensor,  zz = @2V
@⇣2 , which produces an additional energy shift as shown in

Figure 6.6.2. This additional shift depends on the angle ✓ between the principal axis

of the field gradient tensor and the magnetic field. For  zz > 0 in Figure 6.6.2 for

the extreme cases of ✓ = 90o and ✓ = 0o, one expects two maxima in the NMR signal

separated by 6�, where � = h⌫q and ⌫q = 1
8

eq
h  zz. The tail of each transition (the

dashed and dotted curves in Figure 6.6.2) corresponds to the level diagram around

✓ = 0o.

The process described above (namely, “solid state e↵ect”) is only valid for ma-

terials which have discrete energy levels. In most materials, the process of dynamic

polarization can not be described by the solid state e↵ect and is described by the

Equal Spin Temperature (EST) hypothesis.

In the case of energy bands rather than discrete energy level, a nuclear ordering

takes place, leading to an alignment of spin. The population of the states inside each

band can be described by a Boltzmann distribution with a “spin temperature”, Ts,

being the temperature of the electron spin-spin interaction reservoir. The enhanced

polarization can then be obtained by replacing the thermal temperature by spin
V
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NMR line shape

Em = �h⌫Dm + h⌫Q[3 cos ✓2 � 1][3m2 � I(I + 1)]

Deuteron has quadruple moment that interacts with 
the electric field gradient in the lattice (in ND3 for 
example)

⌫D = deut Lamour freq. (6.54 MHZ/Tesla)
⌫Q = ND3 quadrupole freq (335.6 kHZ)

= 1
8
e2qQ
h

eQ = deuteron quadrupole moment
eq = electric field gradient
✓ = angle between eq and B

𝛳 = π/2

𝛳 = 0

𝛳 = π/2

𝛳 = 0



Vector Pz  = p+ - p- -

Tensor Pzz  = (p+ + p-) - 2p0 + - 2

Positive Pzz: fill up the first two and minimize the mo-state
34

Dynamic Nuclear Polarization

5 Tesla at 1K

3cm target length

Pzz = 2 �
p
4 � 3P 2

z

 50% Vector Pz  =>> 20% Tensor



Tensor Polarization Progress
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D Keller, PoS(PSTP 2013) 010

D Keller, HiX Workshop (2014)

D Keller, J.Phys.:Conf.Ser. 543, 012015 (2014

UVA Tensor Enhancement on Butanol (2014)

D Keller, PSTP 2015, to be published

At UVa progress measuring Pzz through NMR line-shape analysis advancing 
(Dustin Keller)
Solid state NMR Pzz can be confirmed with elastic (T20)
Enhancement through RF hole burning

Preliminary Fits
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P = 0.476 → 0.461 Pzz = 0.178 → 0.061

Dustin Keller (UVA) PSTP 2015 September 16, 2015 34 / 47

P = 0.503 → 0.447

Pzz = 0.196 → 0.325
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Solid = Quasi-elastic

Open = Elastic

LL	  Frankfurt,	  et	  al,	  PRC	  48	  2451	  (1993)

Azz for Q2 > 1 GeV2 with Pzz = 30%
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Summary
• 2N SRC and their isospin dependence (anticipated by our understanding of the 

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


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


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


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


• 3N SRC are as yet unseen in inclusive electron scattering - some sleuthing 
underway


• Approved experiments across labs with different focuses over next 5-7 years 
will reveal much


• Next big opportunity in inclusive scattering (in my view) is the transition from 
QES to DIS at x > 1 at very large momenta transfer


• Tensor polarized targets advances will allow exposure of deuteron wf through 
asymmetry measurements

• Opportunities exist for experiments with electrons and photons on tensor 

polarized deuterons

!

!


