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SRCs produce a high-momentum tail.
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SRCs produce a high-momentum tail.
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SRCs impact NN-Matrix Elements.

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 alter the eq.-of-state for 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:1509.09290v2 (2016), arXiv:1703.08743v1 (2017)
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SRCs may play a major role in the EMC effect.
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Inclusive cross sections scale for x > 1.5.
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High-x kinematics restrict quasielastic scattering

to high-momentum nucleons.
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Scale factor a2 is the per-nucleon density

of SRC pairs.
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We have learned more about SRC pairs from

coincidence experiments.

CLAS 6 (Hall B)
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All high-momentum nucleons

have a correlated partner.
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Between 300–600 MeV, np pairs predominate.

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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3. W. H. Dickhoff, C. Barbieri, Prog. Part. Nucl. Phys. 52,
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This has been verified over many 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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Recoil tagging may extend a2 scaling to lower x .
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Analyis of CLAS data suggests

an extended scaling region.
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Analyis of CLAS data suggests

an extended scaling region.
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We recently performed a recoil-tagging

experiment at Mainz using the A1 spectrometers.
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We recently performed a recoil-tagging

experiment at Mainz using the A1 spectrometers.
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A. Ashkenazi et al., analysis underway!
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np dominance comes from tensor interaction.
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np dominance comes from tensor interaction.

Tensor interaction dominates

Scalar term takes over

Potential

Distance

Scalar part of the NN interaction

We expect that the pp fraction should rise with nucleon momentum.
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The fraction of pp pairs increases with k .

E. Cohen, O. Hen et al., in preparation
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Which species has more kinetic energy

in an asymmetric nucleus?
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There are two competing forces.
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Analysis of (e, e ′p) and (e, e ′n) in CLAS

33



Data reconfirm np dominance.
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As neutron number increases, the fraction of

high-momentum neutrons decreases.

SRC Fraction ≡ σASRC(e,e
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Some remaining questions:

How do short-range pairs evolve with A and (N − Z )?
What role do SRCs play in the EMC effect?

What happens to the remnant nucleus after hard knockout?

Are there three-N correlations?
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Two upcoming (e, e ′p) experiments will look at

asymmetric nuclei.

SRCs in 3H, 3He

E12-14-001 (Hall A)

The CaFe Experiment

E12-17-005 (Hall C)
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Focused	Study	of	SRC	dynamics	in	48Ca	
by	comparing	to	the	CaFe	triplet.	
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G.	Hagen	et	al.,	Nature	Physics	12,	186	(2016)		

Hall A tritium target

Exploit isospin symmetry
3H and 3He are extremely

asymmetric!

Disentangle asymmetry and

mass number dependence
40Ca → 48Ca → 54Fe

Pairing from different orbitals
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Two upcoming experiments will test

the EMC-SRC connection.

Deep inelastic scattering on deuterium, tagging a recoiling nucleon:
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BAND and LAD will tell us about nucleon

modification and virtuality.
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Inverse kinematics at Dubna:

detecting the nuclear remnant.
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We are proposing to look at SRCs

with HADES at GSI.
Experimental	Apparatus:	HADES+NeuLAND	

18	
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Neutrino oscillation experiments must reconstruct

Eν event by event.
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FIG. 3: Current neutrino sources, in arbitrary units, shown as a function of neutrino energy. The

T2K o↵-axis flux is similar to what will be used for the future Hyper-Kamiokande experiment flux,

and the MINER⌫A flux is similar to the future DUNE experiment flux.

clei (NuInt) conferences, there are topical conferences such as the April 2017 IPPP/NuSTEC

topical meeting and the December 2016 INT workshop on neutrino-nucleus scattering. This

proposal is largely the result of the discussions at the recent INT workshop where the need for

improved electron scattering data over a wide kinematical phase-space for various reactions,

nuclei and beam energies was highlighted.

II. LEPTON SCATTERING FROM NUCLEI

Electron and neutrino scattering from nuclei should be quite similar. Electrons interact

by exchanging photons and interact via both longitudinal and vector currents. Neutrinos

interact by exchanging W and Z bosons and interact via vector and axial currents. We

are particularly interested in charge changing (CC) ⌫ interactions where there is a charged

lepton (usually a muon) in the final state.

Electrons interact with both one-body and two-body currents in the nucleus. One body

currents mean that only one nucleon is involved in the interaction. Examples of this include

quasi-elastic knockout and quasi-free Delta production. These give rise to the prominent (at
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We are proposing to benchmark νA MC codes

using electron scattering.
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FIG. 8: PRELIMINARY. The reconstructed incident energy (blue) for (e, e0p) events using Etot =
Ee +Tp +✏ (Eq. 2) and (red) for (e, e0) events using Eq. 1. (upper left) 2.2 GeV 4He events; (upper
right) 4.4 GeV 4He events; (lower left) 2.2 GeV 12C events, and (lower right) 4.4 GeV 12C events.
The horizontal axis is the reconstructed energy in GeV. The numbers are the mean and standard
deviation of a gaussian fit to the peak region. The events are weighted by 1/�Mott to more closely
resemble the angular distribution of a neutrino reaction. All results are preliminary.

not reconstruct to the beam energy, even in this zero-pion data set.

The resolution of the reconstructed energy spectrum improves dramatically when we

include information about the detected proton. See Figs. 7 left and 8. However, only a

minority of even these zero-pion events are truly quasielastic (i.e., reconstruct to the beam

energy).

The amount of non-QE background increases dramatically from 4He to 12C (see Figs.

7 and 8). It is di�cult to determine the dividing line between the QE and the non-QE

events when using just the lepton information. There is a broad peak located at the beam

energy with a wide tail extending to lower energies. However, the separation between the

QE and non-QE events is very clear in the total energy distribution (which includes the

proton information too); there is a narrow peak at the beam energy and a broad slowly

Work by M. Khatrachyan, E. Cohen,

A. Papadopoulou, et al.

CLAS12 proposal PR12-17-006

H, He, C, O, Ar, Pb targets

Benchmark:

Event rates

Energy recon.

Conditionally approved, PAC45
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Conclusions

SRCs are 20% of the nuclear wave-function but they have

far-reaching impacts.

Our experimental program is diverse

Many facilities, probes, techniques

Results are on the way!
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