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Research goals

4

energy for argon [16] and the actual excitation level of
the residual nucleus. We set its total value to a constant
Emiss=30 MeV. This is an approximation of the average
energy to remove a np pair from a Ar nucleus extrapo-
lated from single nucleon removal energy spectra for Ar
nuclei [17].
From the reconstructed neutrino energy and the mea-
sured muon kinematics, the components of the 4-
momentum transfer (ω,~q) can eventually be inferred.
The muon momentum resolution is 5-10% [13]. The pro-
ton angular resolution (1-1.5◦, depending on the track
length) and the proton energy resolution (about 6% for
protons above the Fermi momentum) are estimated by
MC simulation. The overall resolution in our neutrino
energy and transfer momentum reconstruction is dom-
inated by muon momentum resolution, as in CC inter-
actions the muon takes the largest fraction on the in-
cident neutrino energy. Discussion - Nucleon-nucleon
correlations are essential components of modern poten-
tials describing the mutual interaction of nucleons in nu-
clei. The strong, repulsive short-range correlations (NN
SRC) cause the nucleons to be promoted to states above
the Fermi level in the high-momentum tail of the nucleon
momentum distribution [20]. Thus, SRC cause nucleons
to form pairs with large relative momentum and small
center-of-mass momentum, i.e. pairs of nucleons with
large, back-to-back momenta. Due to NN tensor correla-
tions, SRC pairs are dominantly in iso-singlet (deuteron
like) state (np)I=0 [21].
Two-nucleon knock-out from high energy scattering pro-
cesses is the most appropriate venue to probe NN correla-
tions in nuclei. Two nucleons can be naturally emitted by
two-body mechanisms [4]: MEC - two steps interactions
probing two nucleons correlated by meson exchange cur-
rents, and “Isobar Currents” (IC) - intermediate state
∆, N∗ excitation of a nucleon in a pair with the pion
from resonance decay reabsorbed by the other nucleon.
It should be noted that the NN pairs in these two-body
processes may or may not be SRC pairs.
One-body interactions can also lead to two-nucleon ejec-
tion. This happens when the struck nucleon is in a SRC
pair and the high relative momentum in the pair would
cause the correlated nucleon to recoil and be ejected as
well [12].
It should also be noted that in both cases final state
interactions (FSI) - momenta or charge exchange and in-
elastic reactions - between the outgoing nucleons and the
residual nucleus [10] may alter the picture.

Hadron scattering experiments were extensively per-
formed to probe NN SRC in nuclei. In pion-nucleus ex-
periments in the intermediate energy range (incident en-
ergy fixed in the ∆-resonance range, 100-500 MeV) the
cross section is high and the main contribution is from ab-
sorption processes. Pion absorption is highly suppressed
on a single nucleon in the nucleus. Thus, absorption re-
quires at least a two-nucleon interaction. The simplest
and most frequent absorption mechanism (for A≥12) is
on np pairs (“quasi-deuteron absorption (QDA)”: e.g.

FIG. 4. 2D views of one of the four “hammer events”,
with a forward going muon and a back-to-back proton pair
(pp1 = 552 MeV/c, pp2 = 500 MeV/c). Transformations
from the TPC wire-planes coordinates (w,t “Collection plane”
[Top], v,t “Induction plane” [Bottom]) into Lab coordinates
are given in [13].

π+ + (np) → pp). Most of the pion energy is carried
away by the ejected nucleons (whose separation energy
contributes to the missing energy budget) and part of
the momentum can be transferred to the recoil nucleus
(missing momentum). Observation, e.g. from bubble-
chamber experiments, of pairs of energetic protons with
3-momentum pp1, pp2 ≥ kF detected at large opening an-
gles in the Lab frame (cosγ ≤ −0.9) suggested first hints
for SRC in the target nucleus [22].

Electron scattering experiments extensively studied
SRC. Experiments of last generation probe SRC by triple
coincidence - A(e, e′np or pp)A-2 reaction - where the
two knock-out nucleons are detected at fixed angles. The
SRC pair is typically assumed to be at rest prior to the
scattering and the kinematics reconstruction utilizes pre-
defined 4-momentum transfer components determined
from the fixed beam energy and the electron scattering
angle and energy. NN SRC are associated with finding
a pair of high-momentum nucleons, whose reconstructed
initial momenta are back-to-back and exceed the charac-
teristic Fermi momentum of the parent nucleus, while the
residual nucleus is assumed to be left in a highly excited
state after the interaction [23]. Recent results from JLab
(on 12C) indicate that ≥20% of the nucleons (for A≥12)
act in correlated pairs. 90% of such pairs are in the form
of high momentum iso-singlet (np)I=0 SRC pairs; 5% are
in the form of SRC pp pairs; and, by isospin symmetry,
it is inferred that the remaining 5% are in the form of
SRC nn pairs [24].

Neutrino scattering experiments, to our knowledge,
have never attempted to directly explore SRC through
detection of two nucleon knock-out. The main limita-
tion compared to electron scattering comes from the in-
trinsic uncertainty on the 4-momentum transfer. This
originates from the a priori undetermined incident neu-

“hammer events” in (νµ, µ
−pp)

(arXiv:1405.4261)

develop an approximate flexible
method for computing the nuclear
momentum distributions for
A(N,Z )

use this method to study the mass
and isospin dependence of SRC
provide a unified framework to
establish connections with
measurable quantities that are
sensitive to SRC

1 inclusive A(e,e′) at xB & 1.5
2 magnitude of the EMC effect
3 two-nucleon knockout:

A(e,e′pN), A(νµ, µ
−pp)

learn about SRC physics in a
unified framework
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Correlated operators I

shift complexity from wave functions to operators

| Ψ〉 =
1√
N
Ĝ | Φ〉 with, N ≡ 〈Φ | Ĝ†Ĝ | Φ〉

| Φ〉 is an IPM single Slater determinant
nuclear correlation operator Ĝ

Ĝ ≈ Ŝ




A∏

i<j=1

[
1 + l̂ (i , j)

]

 ,

central (Jastrow), tensor, spin-isospin are the major source of
correlated strength

l̂ (i , j) = −gc(rij) + fστ (rij)~σi · ~σj~τi · ~τj + ftτ (rij)Ŝij~τi · ~τj .
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Correlated operators II

expectation values between correlated states can be turned into
expectation values between uncorrelated states

〈Ψ | Ω̂ | Ψ〉 =
1
N 〈Φ | Ω̂eff | Φ〉

conservation law of misery:

Ω̂eff = Ĝ† Ω̂ Ĝ =
( A∑

i<j=1

[
1− l̂(i , j)

])†
Ω̂
( A∑

k<l=1

[
1− l̂(k , l)

])

Ω̂eff is an A-body operator
truncation is required:
low-order correlation operator expansion (LCA)

LCA: N-body operators receive SRC-induced (N + 1)-body
corrections
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The LCA method explained

the LCA effective operator corresponding with a one-body
operator

∑A
i=1 Ω̂[1](i)

Ω̂eff ≈ Ω̂LCA =
A∑

i=1

Ω̂[1](i)

+
A∑

i<j=1

{
Ω̂[1],l(i , j) +

[
Ω̂[1],l(i , j)

]†
+ Ω̂[1],q(i , j)

}

two-types of SRC corrections (two-body)
1 linear in the correlation operator:

Ω̂[1],l(i , j) =
[
Ω[1](i) + Ω[1](j)

]
l̂(i , j)

2 quadratic in the correlation operator:

Ω̂[1],q(i , j) = l̂†(i , j)
[
Ω̂[1](i) + Ω̂[1](j)

]̂
l(i , j).
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Norm N ≡ 〈Φ | Ĝ†Ĝ | Φ〉
LCA expansion of the norm N

N = 1 +
2
A

∑

α<β

nas〈αβ | l̂†(1,2) + l̂†(1,2)̂l(1,2) + l̂(1,2) | αβ〉nas.

1 | αβ〉nas: normalized and anti-symmetrized 2N IPM-state
2
∑
α<β

extends over all IPM states α ≡ nαlαjαmjα tα,

(N − 1) is a measure for aggregated effect of SRC on IPM ground
state
aggregated quantitative effect of SRC in A relative to 2H

R2(A/2H) =
N (A)− 1
N (2H)− 1

,

input to the calculations:
1 HO IPM states with ~ω = 45A−1/3 − 25A−2/3

2 A-independent universal correlation functions
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a2(A/2H) from A(e,e′) at xB & 1.5 and R2(A/2H)
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Magnitude of EMC effect versus R2(A/2H)
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LCA can predict magnitude of EMC effect for any A(N,Z ) ≥ 4
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Single-nucleon momentum distribution n[1](p)

class of single-point correlation functions
definition of n[1](p)

n[1](p) =

∫
d2Ωp

(2π)3

∫
d3~r1 d3~r ′1 d3(A−1){~r2−A}e−i~p·(~r ′

1−~r1)

×Ψ∗(~r1,~r2−A)Ψ(~r ′1 ,~r2−A).

corresponding single-nucleon operator n̂p

n̂p =
1
A

A∑

i=1

∫
d2Ωp

(2π)3 e−i~p·(~r ′
i −~ri ) =

A∑

i=1

n̂[1]
p (i).

effective correlated operator n̂LCA
p (SRC-induced corrections to

IPM n̂p are of 2-body type)
normalization property

∫
dp p2n[1](p) = 1 can be preserved by

evaluating N in LCA
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n[1](p) for light nuclei
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Argonne (QMC): PRC89 (2014) 024305 LCA: arXiv:1405.3814

1 p . pF = 1.25 fm−1: n[1](p) is Gaussian (IPM PART)
2 p & pF : n[1](p) has an “exponential” fat tail (CORRELATED PART)
3 fat tail in QMC and LCA are in reasonable agreement
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Source of correlated strength in n[1](p)

10−3

10−2

10−1

100

101

n
[1
] (
p
)

[f
m

3
]

16O 40Ca

10−3

10−2

10−1

100

101

0 1 2 3 4

n
[1
] (
p
)

[f
m

3
]

p [fm−1]

48Ca

0 1 2 3 4
p [fm−1]

56Fe

0 1 2 3 4
p [fm−1]

108Ag

4He LCA
IPM

c
tτ
στ

1 1.5 . p . 3 fm−1 is dominated by tensor correlations
2 central correlations substantial at p & 3.5 fm−1
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Isospin dependence of correlations: pp, nn and pn

n[1](p) = n[1]
pp(p) + n[1]

nn(p) + n[1]
pn(p) rN1N2(p) ≡ n[1]

N1N2
(p)/n[1](p)
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the “pn” dominance is momentum
dependent!

rN1N2(p): relative
contribution of N1N2
pairs to n[1](p) at p
in a naive IPM:
rpp = Z (Z−1)

A(A−1) ,

rnn = N(N−1)
A(A−1) ,

rpn = 2NZ
A(A−1) .

data extracted from
4He(e,e′pp)/4He(e,e′pn)
(PRL 113, 022501) and
12C(p,ppn)
12C(p,pp) (Science 320,

1476) assuming that
rpp ≈ rnn
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Quantum numbers of IPM pairs prone to correlations

n[1],corr stems from correlations acting on IPM pairs. What are relative
quantum numbers (nl) of those IPM pairs?
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∑

n′l ′ n[1],corr
nl,n′l ′ (p) = n[1],corr(p)
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Quantum numbers of IPM pairs prone to correlations

n[1],corr stems from correlations acting on IPM pairs. What are relative
quantum numbers (nl) of those IPM pairs?
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major source of SRC: correlations acting on (n = 0 l = 0) IPM pairs
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Tan’s contact: Ann. of Phys. 322 (2008) 2971-2990

physical picture from LCA: for 1.5 . p . 3 fm−1 the correlations
are due to tensor-induced short-distance scattering between IPM
pn pairs in a relative s-state
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Tan’s contact: Ann. of Phys. 322 (2008) 2971-2990

physical picture from LCA: for 1.5 . p . 3 fm−1 the correlations
are due to tensor-induced short-distance scattering between IPM
pn pairs in a relative s-state

in tensor-dominated momentum range: nuclear Hamiltonian can
be captured by the stylized Hamiltonian

Ĥ ≈
∑

τ=p,n

∫
d3~rψ†τ (~r)

[
− ~2

2mN
∇2
~r + Uτ (~r)

]
ψτ (~r)

+

∫
d3~rd3~Rψ†p

(
~R +

~r
2

)
ψ†n

(
~R −

~r
2

)
ψn

(
~R
)
ψp

(
~R
)
λtτ
(
~r
)

Physics of a two-component and strongly correlated Fermi gas
subject to an s-wave contact interaction is described by Tan
landmark of a contact interaction: n[1](p) ∼ Cp−4

Jan Ryckebusch (Ghent University) Stylized features Data Mining, August 2014 14 / 30



p4 scaling of the n[1](p)
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arXiv:1407.8175 2

the high momentum tail is predominantly produced by
J = 1, S,D-wave nucleon pairs (T = 0, S = 1, L = 0, 2 or
3S1 −3 D1) [16]. The nucleon-nucleon scattering length
in the 3S1 channel is 5.424 ± 0.003 fm [17].

Therefore, for nuclei the interaction length is greater
than the inter-nucleon distance which is greater than the
effective range of the interaction but not much greater
(i.e. a ≈ 5.4 fm > d ≈ 2 fm > r0 ≈ 0.7 fm).

The contact term was derived for a short range inter-
action, so that the zero-energy wave function is propor-
tional to 1/r. The high-momentum wave function then
falls as 1/k2 for kr0 ≪ 1 and therefore the momentum
distribution n(k) scales at high-momentum as C/k4. The
scaling coefficient, C, is the contact which is a measure
of the number of short-range correlated pairs. Therefore,
the normalized contact per particle is given by

C

kFA
≡ (k/kF )

4 · n(k/kF ) (1)

at high momentum, where C is the Tan contact in units of
inverse length, A is the number of fermions in the system,
and n(k/kF ) is the fermion momentum distribution in
units of kF , normalized so that for a system with equal
numbers of the two kinds of fermions, 1

(2π)3

∫∞
0

n(k/kF ) ·
d3(k/kF ) = 0.5.

In order to extract the nuclear contact term one must
first validate the expected high-momentum 1/k4 scaling
of the nuclear momentum distribution. We will argue
that this is a reasonable approximation for a range of
momenta for deuterium, the simplest nucleus, and then
show that the momentum distribution of all other mea-
sured nuclei at large k is proportional to that of deu-
terium.

Fig. 1a shows the scaled momentum distribution,
(k/kF )

4 · nd(k/kF ), for a nucleon bound in deuterium
as calculated using nine modern nucleon-nucleon po-
tentials which were fit to the nucleon-nucleon scatter-
ing world data set [23]. We observe 1/k4 scaling for
1.3kF ≤ k ≤ 2.5kF in seven of nine different realistic
models of the nucleon momentum distribution in deu-
terium, all showing that the ratio

Rd = (k/kF )
4 · nd(k/kF ) 1.3 ≤ k/kF ≤ 2.5 (2)

is constant within about 15%. The momentum distri-
butions are in units of kF = 250 MeV/c, the typical
Fermi momentum for medium and heavy nuclei (i.e.,
k′ = k/kF ). Note that 1/k4 changes by a factor of 14
in this range and even the outlying potentials only differ
by a factor of two from the average.

This scaling behavior arises from the sum of the S
and D wave contributions to the density, and arises be-
cause the Fourier transform of the product of the nucleon-
nucleon potential and the wave function is approximately
constant over the stated momentum region. For larger
momenta, the momentum distribution falls more rapidly

FIG. 1: (color online) The scaled momentum distribution,
k′4n(k′) where k′ = k/kF , for nuclear (a) and atomic (b) sys-
tems. (a) The scaled proton momentum distribution for the
deuteron calculated from the Nijmegen1, 2, and 3 [18], AV18
[19], CD Bonn [20], wjc1 and 2 [21], IIB [22], and n3lo600 [23]
nucleon-nucleon interactions as labelled. The wave function
n3lo600 is very sharply regulated (forced to decrease rapidly)
at around 500 MeV/c (k′ ≈ 2). The dashed red line is the av-
erage of seven of the calculated momentum distributions for
k ≥ 1.5kF . The red band shows the ±15% uncertainty. The
scaled reduced cross sections (using the right-hand y-axis),
k′4σred(k

′), for electron-induced proton knockout from deu-
terium, d(e, e′p), at θnq = 35◦ (filled circles) and at θnq = 45◦

(open circles)[24]. The curves and points are plotted in units
of kF = 250 MeV/c, the typical Fermi momentum for medium
and heavy nuclei. (b) The measured momentum distribution
of 40K atoms in a symmetric two-spin state ultra-cold gas with
a short-range interaction between the different spin-states [5].

with k. However, this accounts for less than 1% of the
fermions in the system [25].

Fig. 1a also shows the measured d(e, e′p) scaled re-
duced cross sections, (k/kF )

4 · σred(k/kF ), for pro-
ton knockout by electron scattering from deuterium in
two kinematics where the effects of rescattering of the
knocked-out proton (final state interactions or FSI) are
expected to be small [24]. If the electron interacts di-
rectly with an on-shell proton and the proton does not
rescatter as it leaves the nucleus, then the reduced cross
section equals the momentum distribution. Corrections
for these effects are model dependent and are on the or-
der of 30–40% (see Ref. [24] and references therein). The
momentum dependence of these effects should be signifi-
cantly smaller. The observed 1/k4 scaling of the reduced

momentum scale: k ′ ≡ p
pF

IPM is approximately Gaussian: stochastic collisions
fat tail is the landmark of strong correlations (some approximate
1
k4 scaling is observed)
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Average kinetic energy per nucleon

A xp 〈TN〉 (MeV) 〈Tp〉 / 〈Tn〉
IPM (p) IPM (n) LCA (p) LCA(n) Perugia UCOM IPM LCA

2H 0.500 14.95 14.93 20.95 20.91 1.00 1.00
4He 0.500 13.80 13.78 25.28 25.23 19.63 1.00 1.00
9Be 0.444 15.81 16.58 28.91 27.33 0.95 1.06
12C 0.500 16.08 16.06 28.96 28.92 32.4 22.38 1.00 1.00
16O 0.500 15.61 15.59 29.48 29.43 30.9 23.81 1.00 1.00
27Al 0.481 16.61 16.92 30.93 30.26 25.12 0.98 1.02
40Ca 0.500 16.44 16.42 31.23 31.18 33.8 27.72 1.00 1.00
48Ca 0.417 15.64 17.84 33.04 30.06 27.05 0.88 1.10
56Fe 0.464 16.71 17.45 32.33 31.13 32.7 0.96 1.04

108Ag 0.435 16.48 17.81 33.55 31.16 0.93 1.08

1 SRC increase 〈TN〉!
2 minority component has largest 〈TN〉
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Predictions for 〈Tp〉 / 〈Tn〉 ratio
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Nuclear rms radii

A IPM LCA UCOM Expt
4He 1.84 1.70 1.35 1.6755 ± 0.0028
9Be 2.32 2.13 2.5190 ± 0.0120
12C 2.46 2.23 2.36 2.4702 ± 0.0022
16O 2.59 2.32 2.28 2.6991 ± 0.0052
27Al 3.06 2.72 2.82 3.0610 ± 0:0031
40Ca 3.21 2.84 2.93 3.4776 ± 0.0019
48Ca 3.47 3.05 3.20 3.4771 ± 0.0020
56Fe 3.63 3.20 3.7377 ± 0:0016

108Ag 4.50 3.94 4.6538 ± 0.0025
197Au 5.73 5.21 5.4371 ± 0.0038
208Pb 5.83 5.28 5.5012 ± 0.0013

1 effect of SRC on rms radii is modest
2 we use global HO parameterization!
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Two-nucleon momentum distribution(TNMD)

n[2]
(
~k12, ~P12

)

belongs to the class of two-point correlation functions (two tagged
nucleons)
corresponding two-nucleon operator n̂k12P12

effective correlated operator n̂LCA
k12P12

(SRC-induced corrections are
two-body (“2b”) and three-body (“3b”) operators)
relative TNMD: distribution of the relative momentum of the
tagged pair

n[2] (k12) =

∫
d3~P12d2Ωk12n[2]

(
~k12, ~P12

)
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Relative TNMD: tail is dominated by “3b”
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Relative TNMD: tail is dominated by “3b”

Correlations through the mediation of a third particle:

H. FELDMEIER, W. HORIUCHI, T. NEFF, AND Y. SUZUKI PHYSICAL REVIEW C 84, 054003 (2011)
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FIG. 9. (Color online) Two-body densities ρrel
0,1(r) normalized to

1 fm−3 at r = 1 fm for different states (cf Fig. 5).

channels due to the nonvanishing angular momentum. It is

therefore surprising that we find in the exact wave function a

remarkable depopulation of the S = 0, T = 1 even channel

(2.572 pairs) obviously in favor of the S = 1, T = 1 odd

channel (0.428 pairs). As remarkable is the fact that the number

of pairs in the S = 1, T = 0 channel is essentially unchanged

(2.992 pairs) compared to the simple shell model picture. This

effect can not be understood in terms of two-body correlations,

as the parity of the relative motion of a nucleon pair can

not be changed by the two-body interaction. As already

discussed by Forest et al. [21] this effect should be attributed

to three-body correlations induced by the strong tensor force

in the S = 1, T = 0 channel. As total isospin T is a conserved

quantity in light nuclei the total number of pairs in the T = 0

and T = 1 channels has to be conserved. The tensor force in

the S = 1, T = 0 channel provides the dominant contribution

to the nuclear binding. It has its origin in the pion exchange and

is long ranged. Nucleon pairs in the S = 1, T = 0 channel will

therefore be correlated even at large distances and these tensor

correlations will affect other nucleon pairs. It is energetically

favorable to break a pair in the S = 0, T = 1 channel by

flipping the spin of a nucleon if this allows the tensor force

to gain energy in another pair involving a third nucleon. An

illustration of this mechanism is shown in Fig. 12 where energy
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FIG. 10. (Color online) Normalized two-body densities as a

function of relative momentum k for the S = 1, T = 0 channel.

Ground-state densities of 2H, 3H, 3He, 4He are denoted by d, t, h,

α, respectively. The excited state of 4He is labeled with α∗.
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FIG. 11. (Color online) The same as Fig. 10 but for the S = 0,

T = 1 channel as a function of k.

is gained by tensor correlations for a pair of nucleons in the

S = 1, T = 0 channel. In the uncorrelated case the nucleon

pair is assumed to be in a relative S-wave. In the correlated

many-body state the pair will be partially found in a relative D-

wave to allow for additional binding by the tensor force. This

D-wave admixture will also change the spin orientation of the

nucleons, so that another pair, originally in the S = 0, T = 1

channel, is now found in the S = 1, T = 1 channel.

To illustrate the effects of these three-body correlation on

the two-body densities in the T = 1 channel we show in Fig. 13

the two-body momentum distributions of the S = 0, T = 1

and the S = 1, T = 1 channels for 4He. At small relative

momenta the density in the odd channel vanishes because of

the P -wave nature. For momenta between 1.1 and 2.1 fm−1 the

two-body density in the S = 1, T = 1 is actually larger than

in the S = 0, T = 1 channel. At very high relative momenta

the contribution of the odd channel can again be neglected.

The three-body correlations therefore influence the two-body

density very differently in different momentum regimes. For

low relative momenta below about 0.5 fm−1 the effect is very

small and the two-body densities in the two even channels

FIG. 12. (Color online) Illustration of three-body correlations

induced by tensor correlations. In the uncorrelated wave function

(left) the two nucleons 1 and 2 are in an S = 1, MS = 0 pair with

L = 0. The tensor force leads to an admixture of an L = 2 component

and an alignment of the spins of nucleons 1 and 2 flipping the spin

of nucleon 2 (right). This affects the interaction between nucleon 2

and nucleon 3. In the uncorrelated wave function the protons 2 and

3 form an S = 0, T = 1, L = 0 pair. After the spin-flip of nucleon 2

this becomes an S = 1, T = 1, L = 1 pair.

054003-8

Feldmeier et al., PRC 84 (2011), 054003
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Relative TNMD: quantum numbers of tagged pairs 6=
quantum numbers of correlated pair
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Correlated part of relative TNMD: dominated by
s-wave scattering!
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Exclusive two-nucleon knockout A(e,e′NN)

4

energy for argon [16] and the actual excitation level of
the residual nucleus. We set its total value to a constant
Emiss=30 MeV. This is an approximation of the average
energy to remove a np pair from a Ar nucleus extrapo-
lated from single nucleon removal energy spectra for Ar
nuclei [17].
From the reconstructed neutrino energy and the mea-
sured muon kinematics, the components of the 4-
momentum transfer (ω,~q) can eventually be inferred.
The muon momentum resolution is 5-10% [13]. The pro-
ton angular resolution (1-1.5◦, depending on the track
length) and the proton energy resolution (about 6% for
protons above the Fermi momentum) are estimated by
MC simulation. The overall resolution in our neutrino
energy and transfer momentum reconstruction is dom-
inated by muon momentum resolution, as in CC inter-
actions the muon takes the largest fraction on the in-
cident neutrino energy. Discussion - Nucleon-nucleon
correlations are essential components of modern poten-
tials describing the mutual interaction of nucleons in nu-
clei. The strong, repulsive short-range correlations (NN
SRC) cause the nucleons to be promoted to states above
the Fermi level in the high-momentum tail of the nucleon
momentum distribution [20]. Thus, SRC cause nucleons
to form pairs with large relative momentum and small
center-of-mass momentum, i.e. pairs of nucleons with
large, back-to-back momenta. Due to NN tensor correla-
tions, SRC pairs are dominantly in iso-singlet (deuteron
like) state (np)I=0 [21].
Two-nucleon knock-out from high energy scattering pro-
cesses is the most appropriate venue to probe NN correla-
tions in nuclei. Two nucleons can be naturally emitted by
two-body mechanisms [4]: MEC - two steps interactions
probing two nucleons correlated by meson exchange cur-
rents, and “Isobar Currents” (IC) - intermediate state
∆, N∗ excitation of a nucleon in a pair with the pion
from resonance decay reabsorbed by the other nucleon.
It should be noted that the NN pairs in these two-body
processes may or may not be SRC pairs.
One-body interactions can also lead to two-nucleon ejec-
tion. This happens when the struck nucleon is in a SRC
pair and the high relative momentum in the pair would
cause the correlated nucleon to recoil and be ejected as
well [12].
It should also be noted that in both cases final state
interactions (FSI) - momenta or charge exchange and in-
elastic reactions - between the outgoing nucleons and the
residual nucleus [10] may alter the picture.

Hadron scattering experiments were extensively per-
formed to probe NN SRC in nuclei. In pion-nucleus ex-
periments in the intermediate energy range (incident en-
ergy fixed in the ∆-resonance range, 100-500 MeV) the
cross section is high and the main contribution is from ab-
sorption processes. Pion absorption is highly suppressed
on a single nucleon in the nucleus. Thus, absorption re-
quires at least a two-nucleon interaction. The simplest
and most frequent absorption mechanism (for A≥12) is
on np pairs (“quasi-deuteron absorption (QDA)”: e.g.

FIG. 4. 2D views of one of the four “hammer events”,
with a forward going muon and a back-to-back proton pair
(pp1 = 552 MeV/c, pp2 = 500 MeV/c). Transformations
from the TPC wire-planes coordinates (w,t “Collection plane”
[Top], v,t “Induction plane” [Bottom]) into Lab coordinates
are given in [13].

π+ + (np) → pp). Most of the pion energy is carried
away by the ejected nucleons (whose separation energy
contributes to the missing energy budget) and part of
the momentum can be transferred to the recoil nucleus
(missing momentum). Observation, e.g. from bubble-
chamber experiments, of pairs of energetic protons with
3-momentum pp1, pp2 ≥ kF detected at large opening an-
gles in the Lab frame (cosγ ≤ −0.9) suggested first hints
for SRC in the target nucleus [22].

Electron scattering experiments extensively studied
SRC. Experiments of last generation probe SRC by triple
coincidence - A(e, e′np or pp)A-2 reaction - where the
two knock-out nucleons are detected at fixed angles. The
SRC pair is typically assumed to be at rest prior to the
scattering and the kinematics reconstruction utilizes pre-
defined 4-momentum transfer components determined
from the fixed beam energy and the electron scattering
angle and energy. NN SRC are associated with finding
a pair of high-momentum nucleons, whose reconstructed
initial momenta are back-to-back and exceed the charac-
teristic Fermi momentum of the parent nucleus, while the
residual nucleus is assumed to be left in a highly excited
state after the interaction [23]. Recent results from JLab
(on 12C) indicate that ≥20% of the nucleons (for A≥12)
act in correlated pairs. 90% of such pairs are in the form
of high momentum iso-singlet (np)I=0 SRC pairs; 5% are
in the form of SRC pp pairs; and, by isospin symmetry,
it is inferred that the remaining 5% are in the form of
SRC nn pairs [24].

Neutrino scattering experiments, to our knowledge,
have never attempted to directly explore SRC through
detection of two nucleon knock-out. The main limita-
tion compared to electron scattering comes from the in-
trinsic uncertainty on the 4-momentum transfer. This
originates from the a priori undetermined incident neu-

“hammer events” in (νµ, µ
−pp)

(arXiv:1405.4261)

The (virtual) photon-nucleon
interaction is a one-body
operator
Two-nucleon knockout
A(e,e′NN) is the hallmark of
SRC (one hits a nucleon and
its correlated partner)
Four particles in the final
states!
The ninefold A(e,e′NN)
differential cross sections is
small and difficult to measure!
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Exclusive A(e,e′pp) reactions

The fact that SRC-prone proton-proton pairs are mostly in a state with
relative orbital momentum l12 = 0 has important consequences for the
EXCLUSIVE A(e,e′pp) cross sections (PLB 383,1 (’96))!!

1 The A(e,e′pp) cross sections factorizes according to

d8σ

dε′dΩε′dΩ1dΩ2dTp2

(e,e′pp) = E1p1E2p2f−1
rec

×σeN1N2 (k+, k−,q)Fh1,h2 (P)

Fh1,h2 (P): probability to find a diproton with c.m. momentum P
and relative orbital momentum l12 = 0!

2 The A dependence of the A(e,e′pp) cross sections is soft
(much softer than predicted by naive Z (Z − 1) counting)

A(e,e′pp)
12C(e,e′pp)

≈ Npp(A)

Npp
(

12C
) ×

(
TA(e,e′p)

T12C(e,e′p)

)1−2
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Factorization of the A(e,e′pp) cross sections

12C(e,e′pp) @ MAMI (Mainz) (Physics Letters B 421 (1998) 71.)

For P . 0.5 GeV c.m. motion of correlated pairs

in 12C is mean-field like
(

exp −P2

2σ2
c.m

)
! Data prove

factorization in terms of F (P) (relative l12 = 0!).
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C.m. motion of correlated pp pairs

DATA IS PRELIMINARY! (COURTESY OF O.
HEN AND E. PIASETZKY)

analysis of exclusive
A(e,e′pp) for 12C, 27Al,
56Fe, 208Pb by Data
Mining Collaboration at
Jefferson Lab
distribution of events
against P is fairly
Gaussian
σc.m.: Gaussian widths
from a fit to measured
c.m. distributions
theory lines: Gaussian
fits to computed c.m.
distributions for
l = 0,1,2
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Mass dependence of the A(e,e′pp) cross sections

PREDICTION: A dependence of A(e,e′pp) c.s. is soft
(much softer than predicted by naive Z (Z − 1) counting)

A(e,e′pp)
12C(e,e′pp)

≈ Npp(A)

Npp
(

12C
) ×

(
TA(e,e′p)

T12C(e,e′p)

)1−2
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Mass dependence of the A(e,e′pp) cross sections

PREDICTION: A dependence of A(e,e′pp) c.s. is soft
(much softer than predicted by naive Z (Z − 1) counting)

A(e,e′pp)
12C(e,e′pp)

≈ Npp(A)

Npp
(

12C
) ×

(
TA(e,e′p)

T12C(e,e′p)

)1−2
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)/
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(e
,e
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) 

mass number A

nl=00+FSI

l=1+FSI

l=2+FSI

CLAS PRELIMINARY DATA

(COURTESY OF

O. HEN AND

E. PIASETZKY)
COMPATIBLE WITH

ABSORPTION ON

l12 = 0 PAIRS!
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Mass dependence of pp correlations
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Effect of final-state interactions in the eikonal approximation!
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Opening-angle distribution of 4He(e,e′pp)
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