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≈ 20% of nucleons are part of correlated pairs.

Relative momentum:

> 300 MeV/c

CoM momentum:

O(150 MeV/c)
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Knocked-out high-momentum nucleons

come with a recoiling partner.
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In carbon, np-pairs are strongly preferred.

These kinematic settings covered (e,e'p) missing
momenta, which is the momentum of the
undetected particles, in the range from 300 to
600 MeV/c, with overlap between the different
settings. For highly correlated pairs, the missing
momentum of the (e,e'p) reaction is balanced
almost entirely by a single recoiling nucleon,
whereas for a typical uncorrelated (e,e'p) event,
themissingmomentum is balanced by the sum of
many recoiling nucleons. In a partonic picture, xB
is the fraction of the nucleon momentum carried
by the struck quark. Hence, when xB > 1, the
struck quark has more momentum than the entire
nucleon, which points to nucleon correlation. To
detect correlated recoiling protons, a large
acceptance spectrometer (“BigBite”) was placed
at an angle of 99° to the beam direction and 1.1
m from the target. To detect correlated recoiling
neutrons, a neutron array was placed directly
behind the BigBite spectrometer at a distance of 6
m from the target. Details of these custom proton
and neutron detectors can be found in the
supporting online material (16).

The electronics for the experiment were set
up so that for every 12C(e,e'p) event in the HRS
spectrometers, we read out the BigBite and
neutron-detector electronics; thus, we could deter-
mine the 12C(e,e'pp)/12C(e,e'p) and the 12C(e,e'pn)/
12C(e,e'p) ratios. For the 12C(e,e'pp)/12C(e,e'p)
ratio, we found that 9.5 ± 2% of the (e,e'p) events
had an associated recoiling proton, as reported in
(12). Taking into account the finite acceptance of
the neutron detector [using the same procedure
as with the proton detector (12)] and the neutron
detection efficency, we found that 96 ± 22% of
the (e,e'p) events with a missing momentum above
300 MeV/c had a recoiling neutron. This result
agrees with a hadron beam measurement of
(p,2pn)/(p,2p), in which 92 ± 18% of the (p,2p)
events with a missing momentum above the Fermi

momentum of 275 MeV/c were found to have a
single recoilingneutroncarrying themomentum(11).

Because we collected the recoiling proton
12C(e,e'pp) and neutron 12C(e,e'pn) data simulta-
neously with detection systems covering nearly
identical solid angles, we could also directly
determine the ratio of 12C(e,e'pn)/12C(e,e'pp). In
this scheme, many of the systematic factors
needed to compare the rates of the 12C(e,e'pn)
and 12C(e,e'pp) reactions canceled out. Correct-
ing only for detector efficiencies, we determined
that this ratio was 8.1 ± 2.2. To estimate the effect
of final-state interactions (that is, reactions that
happen after the initial scattering), we assumed
that the attenuations of the recoiling protons and
neutrons were almost equal. In this case, the only
correction related to final-state interactions of the
measured 12C(e,e'pn)/12C(e,e'pp) ratio is due to a
single-charge exchange. Because the measured
(e,e'pn) rate is about an order of magnitude larger
than the (e,e'pp) rate, (e,e'pn) reactions followed
by a single-charge exchange [and hence detected
as (e,e'pp)] dominated and reduced the measured
12C(e,e'pn)/12C(e,e'pp) ratio. Using the Glauber
approximation (17), we estimated that this effect
was 11%. Taking this into account, the corrected
experimental ratio for 12C(e,e'pn)/12C(e,e'pp) was
9.0 ± 2.5.

To deduce the ratio of p-n to p-p SRC pairs in
the ground state of 12C, we used the measured
12C(e,e'pn)/12C(e,e'pp) ratio. Because we used
(e,e'p) events to search for SRC nucleon pairs, the
probability of detecting p-p pairs was twice that
of p-n pairs; thus, we conclude that the ratio of
p-n/p-p pairs in the 12C ground state is 18 ± 5
(Fig. 2). To get a comprehensive picture of the
structure of 12C, we combined the pair faction
results with the inclusive 12C(e,e') measurements
(4, 5, 14) and found that approximately 20% of
the nucleons in 12C form SRC pairs, consistent

with the depletion seen in the spectroscopy ex-
periments (1, 2). As shown in Fig. 3, the com-
bined results indicate that 80% of the nucleons in
the 12C nucleus acted independently or as de-
scribed within the shell model, whereas for the
20% of correlated pairs, 90 ± 10% were in the
form of p-n SRC pairs; 5 ± 1.5%were in the form
of p-p SRC pairs; and, by isospin symmetry, we
inferred that 5 ± 1.5% were in the form of SRC
n-n pairs. The dominance of the p-n over p-p
SRC pairs is a clear consequence of the nucleon-
nucleon tensor force. Calculations of this effect
(18,19) indicate that it is robust anddoes not depend
on the exact parameterization of the nucleon-
nucleon force, the type of the nucleus, or the
exact ground-state wave function used to de-
scribe the nucleons.

If neutron stars consisted only of neutrons, the
relatively weak n-n short-range interaction would
mean that they could be reasonably well approxi-
mated as an ideal Fermi gas, with only perturba-
tive corrections. However, theoretical analysis of
neutrino cooling data indicates that neutron stars
contain about 5 to 10% protons and electrons in
the first central layers (20–22). The strong p-n
short-range interaction reported here suggests
that momentum distribution for the protons and
neutrons in neutron stars will be substantially
different from that characteristic of an ideal Fermi
gas. A theoretical calculation that takes into
account the p-n correlation effect at relevant
neutron star densities and realistic proton concen-
tration shows the correlation effect on the mo-
mentum distribution of the protons and the
neutrons (23). We therefore speculate that the
small concentration of protons inside neutron
stars might have a disproportionately large effect
that needs to be addressed in realistic descriptions
of neutron stars.
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Fig. 2. The fractions of correlated pair combinations in carbon as obtained from the (e,e'pp) and (e,e'pn)
reactions, as well as from previous (p,2pn) data. The results and references are listed in table S1.

Fig. 3. The average fraction of nucleons in the
various initial-state configurations of 12C.
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Indirect evidence for np-dominance

in heavier asymmetric nuclei.

nuclei. This backward peak is a strong signature
of SRC pairs, indicating that the two emitted
protons were largely back-to-back in the initial
state, having a large relative momentum and a
small center-of-mass momentum (8, 9). This is a
direct observation of proton-proton (pp) SRC
pairs in a nucleus heavier than 12C.
Electron scattering fromhigh–missing-momentum

protons is dominated by scattering from protons
in SRC pairs (9). The measured single-proton
knockout (e,e′p) cross section (where e denotes
the incoming electron, e′ the measured scattered
electron, and p the measured knocked-out pro-
ton) is sensitive to the number of pp and np SRC
pairs in the nucleus, whereas the two-proton
knockout (e,e′pp) cross section is only sensitive to
the number of pp-SRC pairs. Very few of the
single-proton knockout events also contained a
second proton; therefore, there are very few
pp pairs, and the knocked-out protons predom-
inantly originated from np pairs.
To quantify this, we extracted the [A(e,e′pp)/

A(e,e′p)]/[12C(e,e′pp)/12C(e,e′p)] cross-section dou-
ble ratio for nucleus A relative to 12C. The double
ratio is sensitive to the ratio of np-to-pp SRC
pairs in the two nuclei (16). Previous measure-
ments have shown that in 12C nearly every high-
momentum proton (k > 300 MeV/c > kF) has a
correlated partner nucleon, with np pairs out-
numbering pp pairs by a factor of ~20 (8, 9).
To estimate the effects of final-state interac-

tions (reinteraction of the outgoing nucleons in
the nucleus), we calculated attenuation factors
for the outgoing protons and the probability of
the electron scattering from a neutron in an np
pair, followed by a neutron-proton single-charge
exchange (SCX) reaction leading to two outgoing
protons. These correction factors are calculated
as in (9) using the Glauber approximation (22)
with effective cross sections that reproduce pre-
viously measured proton transparencies (23), and
using themeasured SCX cross section of (24).We
extracted the cross-section ratios and deduced the
relative pair fractions from the measured yields
following (21); see (16) for details.
Figure 3 shows the extracted fractions of np

and pp SRC pairs from the sum of pp and np
pairs in nuclei, including all statistical, systematic,
and model uncertainties. Our measurements are
not sensitive to neutron-neutron SRC pairs. How-
ever, by a simple combinatoric argument, even in
208Pb these would be only (N/Z)2 ~ 2 times the
number of pp pairs. Thus, np-SRC pairs domi-
nate in all measured nuclei, including neutron-
rich imbalanced ones.

The observed dominance of np-over-pp pairs
implies that even in heavy nuclei, SRC pairs are
dominantly in a spin-triplet state (spin 1, isospin
0), a consequence of the tensor part of the nucleon-
nucleon interaction (17, 18). It also implies that
there are as many high-momentum protons as
neutrons (Fig. 1) so that the fraction of protons
above the Fermi momentum is greater than that
of neutrons in neutron-rich nuclei (25).
In light imbalanced nuclei (A≤ 12), variational

Monte Carlo calculations (26) show that this re-
sults in a greater average momentum for the
minority component (see table S1). The minority
component can also have a greater average mo-
mentum in heavy nuclei if the Fermimomenta of
protons and neutrons are not too dissimilar. For
heavy nuclei, an np-dominance toy model that
quantitatively describes the features of the mo-
mentum distribution shown in Fig. 1 shows that
in imbalanced nuclei, the average proton kinetic
energy is greater than that of the neutron, up to
~20% in 208Pb (16).
The observed np-dominance of SRC pairs in

heavy imbalanced nuclei may have wide-ranging
implications. Neutrino scattering from two nu-
cleon currents and SRC pairs is important for the
analysis of neutrino-nucleus reactions, which are
used to study the nature of the electro-weak in-
teraction (27–29). In particle physics, the distribu-
tion of quarks in these high-momentum nucleons
in SRC pairs might be modified from that of free
nucleons (30, 31). Because each proton has a
greater probability to be in a SRC pair than a
neutron and the proton has two u quarks for
each d quark, the u-quark distribution modifica-
tion could be greater than that of the d quarks
(19, 30). This could explain the difference be-
tween the weak mixing angle measured on an
iron target by the NuTeV experiment and that of
the Standard Model of particle physics (32–34).
In astrophysics, the nuclear symmetry energy

is important for various systems, including neu-
tron stars, the neutronization of matter in core-
collapse supernovae, and r-process nucleosynthesis
(35). The decomposition of the symmetry energy
at saturation density (r0 ≈ 0.17 fm−3, the max-
imum density of normal nuclei) into its kinetic
and potential parts and its value at supranuclear
densities (r > r0) are notwell constrained, largely
because of the uncertainties in the tensor com-
ponent of the nucleon-nucleon interaction (36–39).
Although at supranuclear densities other effects
are relevant, the inclusion of high-momentum
tails, dominated by tensor-force–induced np-SRC
pairs, can notably soften the nuclear symmetry

energy (36–39). Our measurements of np-SRC
pair dominance in heavy imbalanced nuclei can
help constrain the nuclear aspects of these cal-
culations at saturation density.
Based on our results in the nuclear system, we

suggest extending the previous measurements of
Tan’s contact in balanced ultracold atomic gases
to imbalanced systems in which the number of
atoms in the two spin states is different. The
large experimental flexibility of these systems will
allow observing dependence of the momentum-
sharing inversion on the asymmetry, density,
and strength of the short-range interaction.
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Fig. 3. The extracted
fractions of np (top)
and pp (bottom) SRC
pairs from the sum of
pp and np pairs in
nuclei.The green and
yellow bands reflect
68 and 95% confidence
levels (CLs), respec-
tively (9). np-SRC pairs dominate over pp-SRC pairs in all measured nuclei.
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SRCs may play an outsized role

in big open questions.
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Neutron Stars
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Table 1
Multipole decomposition and the total value of the matrix element M

(0ν)
GT for

48Ca. The cases are: no short-range correlations included (bare), with Jastrow
correlations and with UCOM correlations using Bonn-A and Argonne V18
parametrizations

Jπ Bare Jastrow UCOM

Bonn-A AV18

1+ −0.330 −0.305 −0.322 −0.319
2+ −0.117 −0.092 −0.108 −0.104
3+ −0.327 −0.246 −0.302 −0.293
4+ −0.066 −0.035 −0.054 −0.051
5+ −0.246 −0.121 −0.212 −0.199
6+ −0.042 −0.008 −0.030 −0.027
7+ −0.150 −0.029 −0.120 −0.107
Sum −1.278 −0.835 −1.150 −1.101

Table 2
The same as Table 1 but for M

(0ν)
F

Jπ Bare Jastrow UCOM

Bonn-A AV18

1+ 0.000 0.000 0.000 0.000
2+ 0.185 0.145 0.174 0.169
3+ 0.000 0.000 −0.001 −0.001
4+ 0.116 0.061 0.102 0.096
5+ 0.000 0.000 −0.002 −0.002
6+ 0.061 0.012 0.050 0.045
7+ 0.000 0.000 −0.002 −0.002
Sum 0.367 0.221 0.324 0.308

obtained by fitting the Kuo–Brown interaction to experimental
data. Due to the fact that we have limited our model space to
the pf shell, the 0νββ matrix elements are composed of only
positive-parity states. The shell-model calculations had to be
truncated by requiring that the minimum number of particles in
the 0f7/2 orbital be 4.

Our main results for 48Ca are presented in Tables 1 and 2. In
these tables we list the calculated multipole decomposition and
total values of the matrix elements M

(0ν)
GT and M

(0ν)
F for four dif-

ferent cases. In the first case, which we refer to as bare matrix
elements, we have not taken into account any short-range corre-
lations. In the second case the short-range effects were handled
by the use of the Jastrow function (6) and the replacement (5).
In the third and fourth cases we have used the UCOM to account
for the short-range effects. The Kuo–Brown interaction was not
derived via UCOM, as it should be if it were to be used in the
same calculation as the UCOM-derived double-beta operator.
To access the magnitude of the resulting effect, we have adopted
two different UCOM parameter sets in the present calculation.
These two parameter sets were obtained by minimizing the en-
ergy for the Bonn-A and Argonne V18 potentials. Both of the
used UCOM parameter sets can be found in [16].

As the results in Tables 1 and 2 indicate, the differences be-
tween the results obtained by the use of the two UCOM parame-
ter sets are small. Therefore, we expect that the results obtained
by the use of the Kuo–Brown UCOM parameters do not deviate
significantly from the Bonn-A or Argonne V18 results. We also
note that there exist a small UCOM contribution to the double
Fermi matrix element M

(0ν)
F coming from the odd-J intermedi-

Fig. 1. Multipole decomposition of the total 0νββ decay matrix element
M

(0ν)
GT − (gV/gA)2M

(0ν)
F for 48Ca. The cases are: no short-range correlations

included (bare), with Jastrow correlations and with UCOM correlations using
the Bonn-A and Argonne V18 parametrizations.

ate states. This is explained by the fact that in Ref. [16] slightly
different parameters were given to the S = 0 and S = 1 chan-
nels.

In Fig. 1 we show graphically the multipole decomposi-
tion of the total matrix element M

(0ν)
GT − (gV/gA)2M

(0ν)
F of

(1) for the four different cases of Tables 1 and 2. The ratio
gA/gV = −1.254 was used in this plot. As can be seen, the re-
sults obtained by using the two different UCOM parameter sets
do not differ significantly. Also, one can see that the effects of
the Jastrow or UCOM correlations grow with increasing J of
the intermediate states. For the extreme case of the 7+ contri-
butions the switching on of the Jastrow correlations changes the
value of the matrix element M

(0ν)
GT (7+) from −0.150 to −0.029,

roughly corresponding to a factor of 5 reduction. At the same
time the UCOM correlations produce only a 20%–30% reduc-
tion from the bare matrix element. It seems that in a situation
like this blind use of Jastrow correlations cuts out relevant parts
of the nuclear many-body wave function. From the tables one
deduces that the Jastrow correlations cause some 35%–40% re-
duction to the magnitudes of the total matrix elements, whereas
the UCOM causes a reduction of 10%–16%. It is worth point-
ing out that our numbers for the Jastrow case coincide with the
numbers of the corresponding earlier calculation performed by
the Strasbourg group [17].

To trace the source of differences between the Jastrow and
UCOM corrected matrix elements we show for the 48Ca decay
in Fig. 2 the radial dependence of the two-particle Gamow–
Teller 0νββ matrix element in the special case of p = p′ =
n = n′ = 0f7/2 and J = 7 (this is the contribution to Eq. (4.16)
of [3] without including the one-body transition densities and
the overlap of the two complete sets of pnQRPA states). The os-
cillator parameter value b = 2.0 fm was used in the plot. For the
case of UCOM contribution we have used the correlated wave
functions and the approximation r − R−(r) ≈ R+(r) − r for il-
lustrative purpose.1 Thus, the UCOM plot should be taken only
as a schematic one. From the figure one can see that the Jas-

1 In all other numerical applications of the UCOM we have used correlated
operators without involving any approximations.

Kortelainen et al. PLB 647 (2007)
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violation at future oscillation experiments (as mentioned,
for instance, in Refs. [13–15,70]), since the sensitivity to
CP violation in neutrino oscillations comes from the
analysis of both the energy dependence of the signal and
the comparison between neutrino and antineutrino rates.
Both GENIE and GiBUU have tuned their MEC/2p2h
interactions to the MiniBooNE data, and their results for
MEC/2p2h contributions with oxygen and carbon there-
fore give exactly the same results. However, a priori
there is no reason to think that these effects should be
the same for different nuclei. As for antineutrinos, there
are currently very few measurements available. The
MiniBooNE collaboration has recently reported some
measurements in the antineutrino channel, where again
it seems that MEC/2p2h may play a leading role [71].
This result has also been confirmed by the MINERvA
collaboration [72]. Nevertheless, we would like to stress
the fact that the current proposals for the next generation
of neutrino experiments would use either water (T2HK
[73] or ESSνSB [74], for instance) or liquid argon
(LBNE [30,31] and LBNO [75]) detectors, for which
there are practically no measurements available at the
relevant neutrino energies. Again in this case, theoretical
calculations show that in principle one should not expect
these effects to be similar for neutrinos and antineutrinos
[47,70,76,77], and may be even larger for the latter; see
for instance Refs. [70,76].

VI. CONCLUSIONS

Nuclear effects in neutrino interactions will be one
of the leading sources of systematical errors in future
neutrino-beam oscillation experiments. Already in the
current T2K appearance result they are among the largest
contributors to the overall systematic error budget [78]. In
this paper we try to estimate the size of the systematic error
associated with theoretical models of nuclear effects as
embodied by event generators, specifically GENIE and
GiBUU. Apart from providing a quantitative estimate, we
also developed a methodological framework which lends
itself to be extended to a larger class of event generators and
in principle also to CP violation studies.
Given that LBNE has chosen argon as the detector

material, one question is whether changing the nuclear
target will have a profound impact on the ability to
extract oscillation physics. To get a first glimpse of an
answer, we study the νμ disappearance channel and
determine the bias resulting from simulating data with
oxygen as a target and fitting those data with a carbon
interaction model. The results of this experiment are
shown in Fig. 4(b) and the quantitative findings are
summarized in Table III, which correspond to a 1σ bias
in Δm2

31. These results are only an indication, but it is
noteworthy that most nuclear models have been tuned on
carbon data and, thus, the generators can be expected to
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FIG. 5 (color online). Impact on the results if a different generator is used to compute the true and fitted rates in the analysis.
The shaded areas show the confidence regions at 1, 2, and 3σ that would be obtained in the θ23 − Δm2

31 plane if the true and fitted
rates are generated using the same set of migration matrices (obtained from GiBUU, with oxygen as the target nucleus). The
colored lines show the same confidence regions if the true rates are generated using matrices produced with GiBUU, but the fitted
rates are computed using matrices produced with GENIE. Both sets of matrices are generated using oxygen as the target nucleus.
The red dot indicates the true input value, while the black triangle shows the location of the best fit point. The value of the χ2 at the
best fit is also shown, together with the number of degrees of freedom. In panel (a) no energy scale uncertainty is considered, while
in panel (b) an energy scale uncertainty of 5% is assumed; see text for details.
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SRCs may play an outsized role

in big open questions.

Nuclear Matrix Elements

Neutrino-Nucleus Interactions

Neutron Stars

4

We fix all parameters in the model EDF using em-
pirical properties of SNM, ANM and main features of
nucleon optical potentials at ρ0. More specifically, for
SNM we adopt E0(ρ0) = −16 MeV at the saturation
density ρ0 = 0.16 fm−3 with E0(ρ) = E(ρ, 0) the EOS of
SNM, its incompressibility K0 ≡ [9ρ2d2E0(ρ)/dρ2]ρ0 =
230 MeV [56–60], the isoscalar nucleon k-mass, i.e.,
M∗

0 (ρ)/M = [1 + (M/|k|)dU0/d|k|]−1
|k|=kF

[61], is selected
as M∗

0 (ρ0)/M = 0.58, and U0(ρ0, 0) = −100 MeV.
For the isospin-dependent part in ANM, we adopt
Esym(ρ0) = 31.6 MeV for the symmetry energy,
L ≡ L(ρ0) = 58.9 MeV [63] for the slope of the sym-
metry energy and Usym(ρ0, 1 GeV) = −20 MeV [12] for
the symmetry potential, respectively. Moreover, the value
of Λ is constrained to fall within a reasonable range to
guarantee the effect of the high order terms in δ in the
EOS of ANM mainly characterized by the fourth order
symmetry energy, i.e., Esym,4(ρ) ≡ 24−1∂4E(ρ, δ)/∂δ4|δ=0,
is smaller than 3 MeV at ρ0, to be consistent with predic-
tions of microscopic many-body theories. Consequently,
1.40 GeV ! Λ ! 1.64 GeV is obtained and the study
based on Λ = 1.6 GeV is used as the default one. It is
worth noting that the single-nucleon potential in SNM thus
constructed is consistent with the global relativistic nucleon
optical potential extracted from analyzing nucleon-nucleus
scattering data [67]. Thus, totally five isoscalar parameters,
i.e., At ≡ Aℓ + Au, B, Ct ≡ Cℓ + Cu, σ and a for SNM, and
three isovector parameters, i.e., Ad ≡ Aℓ −Au, Cd ≡ Cℓ −Cu
and x are all fixed. Details values of these parameters for the
three cases using the same set of input physical properties are
shown in Tab. I .

FIG. 1: (Color Online). Density dependence of nuclear symmetry
energy Esym(ρ) using the FFG, HMT-SCGF and HMT-exp parameter
set, respectively. Constraints on the symmetry energy from analyzing
heavy-ion collisions (HIC) [68] and isobaric analog states (IAS) [69]
are also shown for comparisons. The uncertainty range due to the Λ
parameter is indicated with the gray dash-dot lines for the HMT-exp
set.

Short-range correlation effects on the density dependence of
nuclear symmetry energy: Now we turn to effects of the SRC
on nuclear symmetry energy. Shown in Fig. 1 are the results
obtained using the FFG, HMT-SCGF and HMT-exp param-
eter sets. By construction, they all have the same Esym(ρ0)
and L at ρ0. Also shown are the constraints on the Esym(ρ)
around ρ0 from analyzing intermediate energy heavy-ion col-
lisions (HIC) [68] and the isobaric analog states (IAS) [69].
Although the predicted Esym(ρ) using the three parameter sets
can all pass through these constraints, they behave very dif-
ferently especially at supra-saturation densities. The uncer-
tainty of the Esym(ρ) due to that of the Λ parameter is also
shown in Fig. 1 for the HMT-exp set with the gray dash-
dot lines. It is seen that the uncertainty is much smaller
than the SRC effect. For example, the variation of the sym-
metry energy at 3ρ0 owing to the uncertainty of Λ is about
2.3 MeV while the SRC effect is about 14.5 MeV. Since the
Λ parameter mainly affects the high density/momentum be-
havior of the EOS, its effects become smaller at lower densi-
ties. The reduction of the Esym(ρ) at both sub-saturation and
supra-saturation densities leads to a reduction of the curva-
ture coefficient Ksym ≡ 9ρ2

0d
2Esym(ρ)/dρ2|ρ=ρ0 of the sym-

metry energy. More quantitatively, we find that the Ksym
changes from −109MeV in the FFG set to about −121 MeV
and −188MeV in the HMT-SCGF and HMT-exp set, respec-
tively. It is interesting to stress that this SRC reduction of
Ksym help reproduce the experimentally measured isospin-
dependence of incompressibility K(δ) = K0+Kτδ2+O(δ4)
in ANM where Kτ = Ksym − 6L − J0L/K0. The skew-
ness of SNM J0 ≡ 27ρ3

0d
3E0(ρ)/dρ3|ρ=ρ0 is approximately

−381, −376 and −329 MeV in the FFG, HMT-SCGF and
HMT-exp set, respectively. The resulting Kτ is found to
change from −365 MeV in the FFG set to about −378 MeV
and −457 MeV in the HMT-SCGF and HMT-exp set, respec-
tively. The latter is in good agreement with the best estimate
of Kτ ≈ −550 ± 100 MeV from analyzing several different
kinds of experimental data currently available [60].

It is also interesting to notice that the SRC-induced re-
duction of Esym(ρ) within the non-relativistic EDF approach
here is qualitatively consistent with the earlier finding within
the nonlinear Relativistic Mean-Field (RMF) theory [37].
Nevertheless, since there is no explicit momentum depen-
dence in the RMF EDF, the corresponding reduction of
Esym(ρ) is smaller. Obviously, the momentum-dependent
interaction makes the softening of the symmetry energy at
supra-saturation densities more evident. This naturally leads
us to the question why the SRC reduces the Esym(ρ) at both
sub-saturation and supra-saturation densities. The SRC af-
fects the Esym(ρ) through several terms. First of all, be-
cause of the momentum-squared weighting in calculating the
average nucleon kinetic energy, the isospin dependence of
the HMT makes the kinetic symmetry energy different from
the FFG prediction as already pointed out in several earlier
studies [34, 35, 39–41, 70–73]. More specifically, within the
parabolic approximation of ANM’s EOS the Esym(ρ) is ap-
proximately the energy difference between PNM and SNM.
Thus, the larger HMT due to the stronger SRC dominated
by the neutron-proton isosinglet interaction increases signif-

B.J. Cai, B.A. Li, arXiv 1509.09290 (2016)

arXiv:1703.08743 (2017)
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We study SRCs through several approaches.

CLAS-6 Data-mining

Dedicated SRC-pair break-up experiments

Recoil-tagging measurements
...
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In my talk today:

1 Pair formation and the repulsive NN core

We’re asking sophisticated quantitative questions of our data.

2 np-dominance in asymmetric nuclei

Neutrons show saturation behavior, protons do not.

3 The EMC-SRC connection

New data strengthen the case for the SRC hypothesis.
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CLAS is well-suited for data mining.

Large acceptance

Open trigger

CLAS 6 (Hall B)
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The CM momentum distribution of SRC pairs

can tell us about pair formation.
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Choose kinematics in which

FSIs are confined to the pair.

e

e'

Recoiling proton
Leading (struck) proton

Missing
momentum

x > 1.2

Q2 > 1.2 GeV2
θpq < 25◦

Mmiss < 1.1 GeV
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We see saturation in the CM width.
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We see saturation in the CM width.
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The ratio of pp pairs to single protons

can tell us about the NN-interaction.
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The ratio of pp pairs to single protons

can tell us about the NN-interaction.

Tensor interaction dominates

Potential

Distance

Scalar part of the NN interaction
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How often did we miss a proton

we should have seen?
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Data-driven likelihood estimate

Data:

Model:

Longitudinal
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We use a Markov Chain MC to estimate

the acceptance for recoil protons.
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We use a Markov Chain MC to estimate

the acceptance for recoil protons.
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Prelim. results show the expected rise in pp/p.
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Much has been learned from

very few events.
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A new CLAS-12 proposal aims to add order of

magnitude more data.
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In my talk today:

1 Pair formation and the repulsive NN core

We’re asking sophisticated quantitative questions of our data.

2 np-dominance in asymmetric nuclei

Neutrons show saturation behavior, protons do not.

3 The EMC-SRC connection

New data strengthen the case for the SRC hypothesis.
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CLAS data mining confirmed the absence

of high-momentum pp pairs.

nuclei. This backward peak is a strong signature
of SRC pairs, indicating that the two emitted
protons were largely back-to-back in the initial
state, having a large relative momentum and a
small center-of-mass momentum (8, 9). This is a
direct observation of proton-proton (pp) SRC
pairs in a nucleus heavier than 12C.
Electron scattering fromhigh–missing-momentum

protons is dominated by scattering from protons
in SRC pairs (9). The measured single-proton
knockout (e,e′p) cross section (where e denotes
the incoming electron, e′ the measured scattered
electron, and p the measured knocked-out pro-
ton) is sensitive to the number of pp and np SRC
pairs in the nucleus, whereas the two-proton
knockout (e,e′pp) cross section is only sensitive to
the number of pp-SRC pairs. Very few of the
single-proton knockout events also contained a
second proton; therefore, there are very few
pp pairs, and the knocked-out protons predom-
inantly originated from np pairs.
To quantify this, we extracted the [A(e,e′pp)/

A(e,e′p)]/[12C(e,e′pp)/12C(e,e′p)] cross-section dou-
ble ratio for nucleus A relative to 12C. The double
ratio is sensitive to the ratio of np-to-pp SRC
pairs in the two nuclei (16). Previous measure-
ments have shown that in 12C nearly every high-
momentum proton (k > 300 MeV/c > kF) has a
correlated partner nucleon, with np pairs out-
numbering pp pairs by a factor of ~20 (8, 9).
To estimate the effects of final-state interac-

tions (reinteraction of the outgoing nucleons in
the nucleus), we calculated attenuation factors
for the outgoing protons and the probability of
the electron scattering from a neutron in an np
pair, followed by a neutron-proton single-charge
exchange (SCX) reaction leading to two outgoing
protons. These correction factors are calculated
as in (9) using the Glauber approximation (22)
with effective cross sections that reproduce pre-
viously measured proton transparencies (23), and
using themeasured SCX cross section of (24).We
extracted the cross-section ratios and deduced the
relative pair fractions from the measured yields
following (21); see (16) for details.
Figure 3 shows the extracted fractions of np

and pp SRC pairs from the sum of pp and np
pairs in nuclei, including all statistical, systematic,
and model uncertainties. Our measurements are
not sensitive to neutron-neutron SRC pairs. How-
ever, by a simple combinatoric argument, even in
208Pb these would be only (N/Z)2 ~ 2 times the
number of pp pairs. Thus, np-SRC pairs domi-
nate in all measured nuclei, including neutron-
rich imbalanced ones.

The observed dominance of np-over-pp pairs
implies that even in heavy nuclei, SRC pairs are
dominantly in a spin-triplet state (spin 1, isospin
0), a consequence of the tensor part of the nucleon-
nucleon interaction (17, 18). It also implies that
there are as many high-momentum protons as
neutrons (Fig. 1) so that the fraction of protons
above the Fermi momentum is greater than that
of neutrons in neutron-rich nuclei (25).
In light imbalanced nuclei (A≤ 12), variational

Monte Carlo calculations (26) show that this re-
sults in a greater average momentum for the
minority component (see table S1). The minority
component can also have a greater average mo-
mentum in heavy nuclei if the Fermimomenta of
protons and neutrons are not too dissimilar. For
heavy nuclei, an np-dominance toy model that
quantitatively describes the features of the mo-
mentum distribution shown in Fig. 1 shows that
in imbalanced nuclei, the average proton kinetic
energy is greater than that of the neutron, up to
~20% in 208Pb (16).
The observed np-dominance of SRC pairs in

heavy imbalanced nuclei may have wide-ranging
implications. Neutrino scattering from two nu-
cleon currents and SRC pairs is important for the
analysis of neutrino-nucleus reactions, which are
used to study the nature of the electro-weak in-
teraction (27–29). In particle physics, the distribu-
tion of quarks in these high-momentum nucleons
in SRC pairs might be modified from that of free
nucleons (30, 31). Because each proton has a
greater probability to be in a SRC pair than a
neutron and the proton has two u quarks for
each d quark, the u-quark distribution modifica-
tion could be greater than that of the d quarks
(19, 30). This could explain the difference be-
tween the weak mixing angle measured on an
iron target by the NuTeV experiment and that of
the Standard Model of particle physics (32–34).
In astrophysics, the nuclear symmetry energy

is important for various systems, including neu-
tron stars, the neutronization of matter in core-
collapse supernovae, and r-process nucleosynthesis
(35). The decomposition of the symmetry energy
at saturation density (r0 ≈ 0.17 fm−3, the max-
imum density of normal nuclei) into its kinetic
and potential parts and its value at supranuclear
densities (r > r0) are notwell constrained, largely
because of the uncertainties in the tensor com-
ponent of the nucleon-nucleon interaction (36–39).
Although at supranuclear densities other effects
are relevant, the inclusion of high-momentum
tails, dominated by tensor-force–induced np-SRC
pairs, can notably soften the nuclear symmetry

energy (36–39). Our measurements of np-SRC
pair dominance in heavy imbalanced nuclei can
help constrain the nuclear aspects of these cal-
culations at saturation density.
Based on our results in the nuclear system, we

suggest extending the previous measurements of
Tan’s contact in balanced ultracold atomic gases
to imbalanced systems in which the number of
atoms in the two spin states is different. The
large experimental flexibility of these systems will
allow observing dependence of the momentum-
sharing inversion on the asymmetry, density,
and strength of the short-range interaction.
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Fig. 3. The extracted
fractions of np (top)
and pp (bottom) SRC
pairs from the sum of
pp and np pairs in
nuclei.The green and
yellow bands reflect
68 and 95% confidence
levels (CLs), respec-
tively (9). np-SRC pairs dominate over pp-SRC pairs in all measured nuclei.
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Meytal Duer has identified high-momentum

neutrons for the first time.

M. Duer, CLAS collaboration, to appear in Nature
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Neutrons efficiencies and resolutions were

calibrated using the d(e, e ′pπ+π−)n reaction.
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The poor neutron resolution was studied by

“smearing” protons.
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n/p ratio is constant with asymmetry!

 31
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SRC fraction for neutrons saturates.

SRC Fraction ≡ σASRC(e,e
′N)

σAMF(e,e
′N)
/
σCSRC(e,e

′N)
σCMF(e,e

′N)

 34

Protons and neutrons super ratios
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Our simple model works
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np/pp ratio is constant over all species.
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We need experiments to disentangle

nuclear size and asymmetry.

New CLAS-12 proposal
Add 40Ca, 48Ca

Recent Hall A Tritium Experiment
Compare 3H ↔ 3He

CaFe (E12-17-005)

53	
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Focused	Study	of	SRC	dynamics	in	48Ca	
by	comparing	to	the	CaFe	triplet.	

40Ca	

54Fe	

48Ca	
-	8	Neutrons	

+	
6	
Pr
ot
on

s	

48Ca	

Crust	

G.	Hagen	et	al.,	Nature	Physics	12,	186	(2016)		
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In my talk today:

1 Pair formation and the repulsive NN core

We’re asking sophisticated quantitative questions of our data.

2 np-dominance in asymmetric nuclei

Neutrons show saturation behavior, protons do not.

3 The EMC-SRC connection

New data strengthen the case for the SRC hypothesis.
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Could the EMC effect be stemming from

heavily modified SRC pairs?
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We attempted to extract F2

for a single np-SRC pair.
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We attempted to extract F2

for a single np-SRC pair.
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We attempted to extract F2

for a single np-SRC pair.
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We will test the SRC-EMC hypothesis with

recoil-tagging experiments.

e

e'

recoiling
spectator

Advantages of a deuterium target:

Minimal final-state interactions

Spectator has exactly opposite momentum

5% of the wave-function is short-range configuration
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DEEPS showed little FSI at back angles.
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Klimenko et al., PRC 73 035212 (2006)
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What we want to measure:

F2(x
′,Q2, αs)bound
F2(x ,Q2)free

≈ σDIS(x
′,Q2, αs)bound

σDIS(low x ′,Q20 , αs)bound
×σDIS(low x ,Q20 )free

σDIS(x ,Q2)free
×RFSI

. Tagged DIS measurement Input ≈ 1

At low x, the EMC effect should be small:

σDIS(low x ′,Q20 , αs)bound ≈ σDIS(low x ,Q20 )free
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Different models predict different F2 ratios.
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BAND will detect recoiling spectator neutrons.

scattered
electron

jet from 
struck quark

Deuterium

Spectator
neutron

BAND

11 GeV e–

CLAS12

JLab Hall B
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BAND will surround the upstream beamline.
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BAND Experiment Details

Experiment Backward Angle Neutron Detector

Experiment E12-11-003A

Approved for Run Group B

Installation in a few weeks!

Extended LD2 target

11 GeV e− beam

1035 cm−2s−1

Finishing module assembly at

MIT/ODU

5 rows of 21 bars

160◦–170◦

≈ 60% azimuthal coverage

≈ 40% neutron efficiency
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We want reach in both xB and αs .
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LAD will detect recoiling spectator protons.

scattered
electron

jet from 
struck quark

Deuterium

LAD
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HMS

spectator
proton

JLab Hall C
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LAD is three panels of scintillator bars,

originally from the CLAS-6 ToFs.

4/18/17	 6	

Large	
Double	
Panels	
#2	

Large	
Double	
Panels	
#1	

Large	
Single	
Panel	
#3	

EMC-SRC	Detectors	
Detectors	at	the	different	planes	from	Target	
Panels	overlap	reducing	or	eliminaIng	gap	

Detector	Supports	to	be	
designed	to	clear	Flex	Line	
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LAD Experiment Details

Experiment Large Acceptance Detector

Experiment E12-11-107

Approved for 820 hours

Extended LD2 target

11 GeV e− beam

1036 cm−2s−1

Low x and high x settings

5 panels of 11 bars

1.5 sr at back angles

90◦–160◦

±18◦ out-of-plane
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Energy deposition in LAD must match velocity.
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We plan to add GEMs to assist in vertexing.
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We plan to add GEMs to assist in vertexing.
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Expected Impact
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Possibilities at the EIC

1 Tagging

DIS or QE

very forward spectator

“zero momentum” spectators are now detectable

2 Detection of the A− 2 system

very forward residual nucleus
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Small differences in initial momentum

become large in the collider frame.
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Spectators will be within 2◦ of beamline.
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Recap

Pair formation and the

NN core

np-dominance in

asymmetric nuclei

SRC-EMC hypothesis
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Recap

Pair formation and the

NN core

np-dominance in

asymmetric nuclei

SRC-EMC hypothesis

 31

A(e,e'n)/A(e,e'p) ratios

σ
A
(e

,e
'n

)/
σ

en

σ
A
(e

,e
'p

)/
σ e

p

Neutron Excess [N/Z]

66



Recap

Pair formation and the

NN core

np-dominance in

asymmetric nuclei

SRC-EMC hypothesis
0.7

0.8

0.9

1

1.1

1.2

0.2 0.4 0.6 0.8 1

E
M

C
ra

ti
o

xB

3

4

9

12

27

56

197

208

A

67



Recap

Pair formation and the

NN core

np-dominance in

asymmetric nuclei

SRC-EMC hypothesis
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Conclusions

New experiments will bring an order of magnitude increase in data.

We are entering a new quantitative era of SRC measurements.
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