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Short-range correlations are a universal property

of nuclei.

Relative momentum:

> 300 MeV/c

CoM momentum:

O(150 MeV/c)
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Short-range correlations produce

high-momentum tails.
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Break up the pair, detect both nucleons

−→ reconstruct initial state

Scattered electron

Struck nucleon

Recoil nucleon
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Many discoveries from remarkably little data

1 High-impact results

2 Advances in theory and ab initio methods

3 Connections to other fields

Strongly-interacting Fermi systems

EMC effect

Neutron stars

4 We need more data!
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A new experimental program is needed to:

1 Move from qualitative to quantitative.

2 Put reaction theory on solid ground.

3 Pursue high-impact avenues

NN-interaction

Asymmetry dependence

3N Correlations

Reaction dynamics
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In this talk:

1 Past success

High-impact exclusive SRC measurements

2 Unanswered Questions

More high-impact physics to come

3 Proposed program

Designed for maximum impact
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12C: SRC pairs are far more likely to be

neutron-proton, than proton-proton.

Subedi et al., Science 320 p. 1476 (2008)
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np-dominance persists in 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.

REFERENCES AND NOTES

1. S. Tan, Ann. Phys. 323, 2952–2970 (2008).
2. S. Tan, Ann. Phys. 323, 2971–2986 (2008).
3. S. Tan, Ann. Phys. 323, 2987–2990 (2008).
4. E. Braaten, in Lecture Notes in Physics (Springer, Berlin, 2012),

vol. 836, p. 193.
5. L. Lapikás, Nucl. Phys. A. 553, 297–308 (1993).
6. K. I. Blomqvist et al., Phys. Lett. B 421, 71–78 (1998).
7. R. Starink et al., Phys. Lett. B 474, 33–40 (2000).
8. E. Piasetzky, M. Sargsian, L. Frankfurt, M. Strikman, J. W. Watson,

Phys. Rev. Lett. 97, 162504 (2006).
9. R. Subedi et al., Science 320, 1476–1478 (2008).
10. K. Sh. Egiyan et al., Phys. Rev. Lett. 96, 082501 (2006).
11. N. Fomin et al., Phys. Rev. Lett. 108, 092502 (2012).
12. V. R. Pandharipande, I. Sick, P. K. A. deWitt Huberts,

Rev. Mod. Phys. 69, 981–991 (1997).
13. J. Arrington, D. W. Higinbotham, G. Rosner, M. Sargsian,

Prog. Part. Nucl. Phys. 67, 898–938 (2012).
14. J. T. Stewart, J. P. Gaebler, T. E. Drake, D. S. Jin, Phys. Rev. Lett.

104, 235301 (2010).
15. E. D. Kuhnle et al., Phys. Rev. Lett. 105, 070402 (2010).
16. Materials and methods are available as supplementary

materials on Science Online.
17. R. Schiavilla, R. B. Wiringa, S. C. Pieper, J. Carlson, Phys. Rev. Lett.

98, 132501 (2007).
18. M. M. Sargsian, T. V. Abrahamyan, M. I. Strikman, L. L. Frankfurt,

Phys. Rev. C 71, 044615 (2005).
19. L. Frankfurt, M. Strikman, Phys. Rep. 160, 235–427 (1988).
20. B. A. Mecking et al., Nucl. Inst. Meth. A 503, 513–553

(2003).
21. O. Hen et al., Phys. Lett. B 722, 63–68 (2013).
22. I. Mardor, Y. Mardor, E. Piasetsky, J. Alster, M. M. Sargsyan,

Phys. Rev. C 46, 761–767 (1992).
23. D. Dutta, K. Hafidi, M. Strikman, Prog. Part. Nucl. Phys. 69, 1–27

(2013).
24. J. L. Friedes, H. Palevsky, R. Stearns, R. Sutter, Phys. Rev. Lett.

15, 38–41 (1965).
25. M. M. Sargsian, Phys. Rev. C 89, 034305 (2014).
26. R. B. Wiringa, R. Schiavilla, S. C. Pieper, J. Carlson, Phys. Rev. C

89, 024305 (2014).
27. L. Fields et al., Phys. Rev. Lett. 111, 022501 (2013).
28. G. A. Fiorentini et al., Phys. Rev. Lett. 111, 022502 (2013).
29. Neutrino-Nucleus Interactions for Current and Next Generation

Neutrino Oscillation Experiments, Institute for Nuclear
Theory (INT) workshop INT-13-54W, University of Washington,
Seattle, WA, 3 to 13 December 2013.

30. O. Hen, D. W. Higinbotham, G. A. Miller, E. Piasetzky,
L. B. Weinstein, Int. J. Mod. Phys. E 22, 133017 (2013).

31. L. B. Weinstein et al., Phys. Rev. Lett. 106, 052301 (2011).
32. G. P. Zeller et al., Phys. Rev. Lett. 88, 091802 (2002).
33. G. P. Zeller et al., Phys. Rev. Lett. 90, 239902 (2003).
34. I. C. Cloët, W. Bentz, A. W. Thomas, Phys. Rev. Lett. 102,

252301 (2009).
35. J. M. Lattimer, Y. Lim, Astrophys. J. 771, 51 (2013).
36. A. Carbone, A. Polls, A. Rios, Europhys. Lett. 97, 22001 (2012).
37. I. Vidana, A. Polls, C. Providencia, Phys. Rev. C 84, 062801(R)

(2011).
38. C. Xu, A. Li, B. A. Li, J. Phys. Conf. Ser. 420, 012090 (2013).
39. B.-A. Li, L.-W. Chen, C. M. Ko, Phys. Rep. 464, 113–281

(2008).

ACKNOWLEDGMENTS

This work was supported by the U.S. Department of Energy (DOE)
and the National Science Foundation, the Israel Science
Foundation, the Chilean Comisión Nacional de Investigación
Científica y Tecnológica, the French Centre National de la

616 31 OCTOBER 2014 • VOL 346 ISSUE 6209 sciencemag.org SCIENCE

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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Hen et al., Science 346 p. 614 (2014)
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This leads to new effects in neutron-rich nuclei.

Duer et al., to appear in Nature (2018)
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Correlation Probabilities:

Neutrons saturate, Protons grow

Neutron Excess [N/Z]
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The center-of-mass momentum distribution

offers first glimpse of formation mechanism.
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The evolution of np-dominance may be

a sign of the repulsive core.

Korover et al., PRL 113 022501 (2014)
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The evolution of np-dominance may be

a sign of the repulsive core.

Korover et al., PRL 113 022501 (2014)
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The evolution of np-dominance may be

a sign of the repulsive core.

Weiss, Cruz-Torres, et al., PLB 780, 211 (2018)

15



The evolution of np-dominance may be

a sign of the repulsive core.

6

Ref. [8] (the black points) using both potentials. We also
include our analytic prediction for the (p1, ✏1) points for
which the #pp/#pn ratio is minimal (red line), based
on Eq. (12). There is a good agreement with the full
numerical calculations. One can see that the available
experimental data sits on a diagonal line in the (p1, ✏1)
plane, while there is no experimental data for substantial
parts of this plane. Thus, additional experimental data,
covering the (p1, ✏1) plane, is needed to fully investigate
the theoretical predictions presented in Fig. 5.

Based on Fig. 5, it seems that AV18 and N3LO(600)
predict a similar structure for #pp/#pn. This takes us
back to Fig. 4, which showed that S0

pp is sensitive to the
NN potential around p1 = 400 MeV. Thus, if the number
of SRC pp pairs will be measured in future exclusive ex-
periments as a function of ✏1 with fixed p1 = 400 MeV,
it might be possible to use it to constrain the NN poten-
tial. Since we are discussing pp pairs with high relative
momentum, it should be sensitive to the short distance
part of the potential. Based on the bands presented in
Fig. 5, we note that the experimental uncertainty of the
value of p1 should not be larger than 10 MeV, in order
to di↵erentiate between AV18 and N3LO(600).

One can also consider the #pp/#p ratio, i.e. the num-
ber of correlated pp pairs consisting of a proton with
o↵-shell momentum-energy (p1, ✏1), divided by the total
number of such protons. For p1 > kF , this ratio should
be given by

#pp

#p
(p1, ✏1) =

C0
ppS

0
pp

2C0
ppS

0
pp + C1

pnS1
pn + C0

pnS0
pn

. (15)

This ratio was extracted from exclusive scattering exper-
iments for 4He [8] and 12C [26]. We note that similar
corrections to those discussed above (for FSI and SCX)
were already applied to the cross sections to obtain the
experimental #pp/#p ratio. These corrections are much
more significant here, comparing to the #pp/#pn cor-
rections, and include transparency e↵ects and significant
model-dependent acceptance corrections (of the order of
a factor of 10 for the experimental data analyzed here).

Fig. 6 depicts the #pp/#p ratio for 12C using the
AV18 potential, based on Eq. (15) and the contact ratio
fitted in this work (table I), compared to the experimen-
tal data of Ref. [26]. Here, one can see that while the
theory predicts a deep minima in the ratio, the exper-
imental data seems to show a constant ratio of about
5%. Similar figure is presented in the supplemental ma-
terials using the N3LO(600) potential. There are few
possible explanations for this disagreement between our
theory and the data. As mentioned above, the correc-
tions applied to the data in order to obtain the #pp/#p
ratio are quite significant. The disagreement shown in
Fig. 6 might indicate that these corrections should be
re-examined. Experimental data which requires smaller
corrections can be useful here, for example using large-

FIG. 5. (Top) The 4He #pp/#pn ratio as a function of
both p1 and ✏1, according to Eq. 13 and the contact ratio
fitted in this work (table I), using the AV18 potential. The
red line is the analytic prediction for a minimal ratio value,
and the black points are the experimental data of Ref. [8].
The location of experimental points that do not intersect the
surface are indicated by a gray patch on the surface. (Bottom)
The same but using the N3LO(600) potential.

acceptance detectors (see e.g. Ref. [9]). It is also pos-
sible that the limited statistics and the large bins of the
data presented in Fig. 6 smears the finer details of the
#pp/#p ratio, yielding approximately a constant ratio.
If this is the case, to verify the theoretical predictions
of this work, better data is needed. Finally, corrections
to the theory should also be studied, such as the e↵ects
of the energy distribution of the A � 2 system (BA�2

f )
around its mean value.

In the supplemental materials, we present the #pp/#p
ratio also for 4He and the #pp/#pn ratio for 12C, using
the same values of the contacts (table I). Similar to 12C,
the experimental data for the #pp/#p ratio of 4He [8]
seems to indicate a constant value for the ratio, while the
theory shows a di↵erent picture. The single experimental

Weiss et al., arXiv:1806.10217 (2018)
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The evolution of np-dominance may be

a sign of the repulsive core.
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SRCs may be the cause of the EMC effect.
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CLAS-6 data led us to build a consistent

phenomenological model.

FA2 = ZF p2 + NF n2 + nASRC (∆F p2 + ∆F n2 )
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CLAS-6 data led us to build a consistent

phenomenological model.

FA2 = ZF p2 + NF n2 + nASRC (∆F p2 + ∆F n2 )
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All of these high-impact results

have come from very litle data.

Experiment pp Events pn Events

EVA/BNL (C) – 18

Hall A (C) 263 179

Hall A (4He) 50 223

CLAS (C, Al, Fe, Pb) 425 150
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Current data can’t disentangle size

from nuclear asymmetry.
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We have no data on nn pairs.
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Three-nucleon correlations?

Fomin, Higinbotham, Sargsian, Solvignon, Ann.Rev.Nucl.Part.Sci. 67 129 (2017)

Day, Frankfurt, Sargsian, Strikman, arXiv:1803.07629 (2018)
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Three-nucleon correlations?
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Three-nucleon correlations?
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Three-nucleon correlations?
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Interlude:	Reac@on	Mechanisms	

	

What	we	want:	



	

Interlude:	Reac@on	Mechanisms	

What	we	(might)	get:	



	

Interlude:	Reac@on	Mechanisms	

Frankfurt,	Sargsian,	and	Strikman	PRC	56,	1124	(1997).	
Colle,	Cosyn,	and	Ryckebusch,	PRC	93,	034608	(2016).	

MEC	suppressed	@	high-Q2,	
IC	suppressed	at	xB	>	1.	



	

Interlude:	Reac@on	Mechanisms	

MEC	suppressed	@	high-Q2,	
IC	suppressed	at	xB	>	1.	
	
FSI	suppressed	in	anL-parallel	
kinema@cs.	Treated	using	
Glauber	approxima@on.	

Frankfurt,	Sargsian,	and	Strikman	PRC	56,	1124	(1997).	
Colle,	Cosyn,	and	Ryckebusch,	PRC	93,	034608	(2016).	



Glauber agrees with data.

Zero-
rang

e ap
prox

imatio
n

with Glauber

Colle and Hen et al., PRC 722, 63 (2013)

A(e,e'pp) cross section ratios
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Glauber agrees with data.

M. Duer et al., in review
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We propose to measure several

new important targets.
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The CLAS-12 detector will give us better rates,

acceptance, neutron capabilities.

Reaction pp pn np nn

Counts per target 13,000 13,000 8,500 250

Pb will have ≈ 1/2 the statistics.
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An increase in statistics will allow quantitative

determinations.
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An increase in statistics will allow quantitative

determinations.
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An increase in statistics will allow quantitative

determinations.
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An increase in statistics will allow quantitative

determinations.
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Future	Direc*ons	in	SRC	research	

Many-Body	systems	
&	nuclear	asymmetry	

[48Ca,	120Sn,	208Pb]	

Reac*on	Mechanisms	
[4He,	12C,	28Si,	40Ca,	120Sn	208Pb]	

NN	Int.	&	nuclear	wave-func*on	
[2H	&	4He]	

3N-SRC		
[4He,	12C,	40Ca]	

•  A-dependence	vs.	Glauber	
•  Q2	independence	

•  Decoupling	N/Z	&	A	
•  nn	vs.	pp	

1st	Observa*on	&	A-dependence	
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Multiple Proposals −→ One program

We choose to follow the PAC guidance and present the full program

all at once.

“An issue was raised regarding our approval of long beam time

allocations for CLAS12, without scrutinizing the precise relationship

between beam time and physics goals. Indeed, such scrutiny would be

very difficult for a PAC, especially in cases where the precision on a final

result requires extensive analysis. Furthermore, this would end up

crossing the line to acting as a scheduling group, rather than a PAC.

However, we want to make the point that long beam time allocations for

run groups, must be seen as flexible in their scheduling.”

—J. Napolitano, PAC44 summary letter
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To recap:

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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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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Beam-time request

Target: d 4He 12C 28Si 40Ca 48Ca 120Sn 208Pb Total

Days

(6.6 GeV)
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(4.4 GeV)
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Total at 4.4 GeV: 8
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Complements	approved	Hall	C	(e,e’)	EMC-SRC	program:	
	•	67	PAC	days,	15	different	targets		



Back-up slides
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Overlap with e4ν

Energy 4He 12C 120Sn Total

4.4 GeV 1 1 1 3

6.6 GeV 2 2 2 6

9 beam days of overlap

Shared calibrations

Optimized setting changes
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New CLAS-12 multi-target system

Developed by collaborators at UTSFM, Valparaiso, Chile

See me for video of prototype.
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Recoil-tagging may give us a new handle.

16

In addition, for a given Q2, the calculations described above also show significant dependence of FSI on the relative
angular orientation between the missing momentum and the virtual photon. SRC measurements are done in anti-
parallel kinematics to minimize FSI. While these calculations have been verified for the deuteron, we do not have
enough statistics for heavier nuclei. The high-statistics data obtained in this measurement will be used to test these
calculations via the angular and A-dependence of the measured cross-sections and cross-section ratios.

This measurement will span a wide momentum transfer range of ⇠0.5–5.5 GeV2, providing stringent tests for
reaction mechanism calculations.

6. EMC E↵ect and its relation to SRCs

As mentioned above, our recent observation of a linear correlation between the size of the EMC e↵ect and the
relative number of SRC pairs in nuclei brought new insight to the possible origin of the EMC e↵ect. This observation
naturally led to the development of several theoretical models relating the EMC e↵ect to the modification of the
internal structure of high-virtuality nucleons, suppression of point-like configurations (PLCs) and others (see review
in [1]). An extensive experimental program is approved to test these models. The proposed measurement will provide
a unique test of this by extracting the per-nucleon ratios of the DIS cross-sections on nucleus A compared to the
deuteron as a function of xB , tagged by the detection of a high-momentum recoil proton or neutron in the backward
hemisphere (tagged EMC ratios). If, as we expect, the EMC e↵ect is predominantly associated with nucleons in
SRC pairs, and SRC pairs are the leading source of high-momentum recoil nucleons, then this ratio will be flat with
a deuteron-like momentum distribution for the recoiling nucleons. This is true also for the tagged QE ratios that
are flat over a much wider range in xB than the standard (untagged) inclusive QE ratios (see preliminary results in
Fig. 12). Using the CLAS12 detector, we will also be able to tag recoil neutrons, especially using the new BAND
detector that is expected to be installed this summer. The CLAS12 central detector detects neutrons at scattering
angles up to about 135� with an e�ciency of 10%, while the BAND detector will detect neutrons at much more
backward scattering angles from 160 to 170� with an e�ciency of about 40%.

Therefore, by comparing inclusive and tagged QE and DIS scattering o↵ deuterium, light and heavy nuclei we will
be able to test the finer details of SRC dynamics and the EMC e↵ect and gain additional insight as to their possible
common origin. The addition of the BAND detector will significantly increase the CLAS12 recoil neutron acceptance
in the crucial back-angle region, allowing for unique tests of isospin asymmetry.

FIG. 12: Preliminary xB dependence of the (e, e0) (left) and (e, eprecoil) (right) cross-section ratios for nuclei
relative to deuterium for < Q2 >⇠ 2 GeV2. The new measurements will have improved statistics and neutron
detection capabilities over a wider range of nuclei.

IV. PROPOSED MEASUREMENT I: KINEMATICS AND EVENT SELECTION

Schmookler et al., in preparation
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For large Q2, x>1 

FSI:	Theory	Guidance	
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For large Q2, x>1 

Large but confined 
within the SRC pair  

Can be approximated by 
Glauber (transparency) 

Rescattering do not 
produce 2N–SRC 
candidates due to 

high pt 

FSI:	Theory	Guidance	



For large Q2, x>1 

•  Choose kinematics to min FSI 
•  Choose observables not 

sensitive to  

FSI:	Theory	Guidance	
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Large but confined 
within the SRC pair  

Can be approximated by 
Glauber (transparency) 

Rescattering do not 
produce 2N–SRC 
candidates due to 

high pt 



Nuclear contact in EFT and the EMC effect

Chen, Detmold, Lynn, Schwenk, PRL 119, 262502 (2017)

FA2 (x ,Q2)

A
' FN2 (x ,Q2) + g2(A,Λ)f2(x ,Q

2,Λ)

g2(A,Λ) =
1

2A

〈
A
∣∣∣: (N†N)2 :

∣∣∣A〉
Λ

g2 IS the nuclear contact!
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We tried to model the modification

of a single np-SRC pair.

Work in collaboration with Barak Schmookler
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We tried to model the modification

of a single np-SRC pair.

FA2 = (Z − nASRC)F p2 + (N − nASRC)F n2 + nASRC(F p∗2 + F n∗2 )

FA2 = ZF p2 + NF n2 + nASRC(∆F p2 + ∆F n2 )

F d2 = F p2 + F n2 + ndSRC(∆F p2 + ∆F n2 )
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We tried to model the modification

of a single np-SRC pair.
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We tried to model the modification

of a single np-SRC pair.

ndSRC
F d2

(∆F p2 + ∆F n2 ) =

FA2
F d2
− (Z − N)

F p2
F d2
− N

nASRC
ndSRC
− N

Universal function Nucleus-dependent
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We tried to model the modification

of a single np-SRC pair.

ndSRC
F d2

(∆F p2 + ∆F n2 ) =

FA2
F d2
− (Z − N)

F p2
F d2
− N

nASRC
ndSRC
− N

Universal function Nucleus-dependent
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EMC data vary significantly by nucleus.
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The SRC-modification function seems universal.
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See Kulagin and Petti, PRC 82 054614 (2010)
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The SRC-modification function seems universal.
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Free neutron F2 extraction

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.3 0.4 0.5 0.6 0.7 0.8

F
n 2
/F

p 2

xB

CT14
SLAC
JLab Hall C

This work

79



Predicting the EMC-SRC correlation
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Self-consistent isoscalar corrections
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Important	to	Physics!	J	

7	
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Science	346,	614	(2014).	

PRD	90,	012008	(2014);	arXiv	1604.02482	(2016)	
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arXiv	1607.03065	(2016).	

Important	to	Physics!	J	

PRC	91,	025803	(2015),	
PRC	91,	044601	(2015),	
PRC	92,	011601	(2015),	
Hen	and	Steiner	et	al.,	In	PreparaOon.	

PRC	93,	044610	(2016),	
PRC	93,	014619	(2016),	
PLB	759,	79	(2016),	
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3N?	

Egiyan	PRL	(2006)	

Higinbotham	&	Hen	PRL	(2015)	

Ye	PRC	(2018)	



1. EFT: 

2. QCD: 

Bound	nucleons	in	EFT	and	QCD	

| 𝑁⟩↓𝑏𝑜𝑢𝑛𝑑 =|𝑁⟩+(𝜀↓𝑏𝑜𝑢𝑛𝑑 −𝜀)|𝑁↑∗ ⟩	

𝐹↓2↑𝐴 (𝑥, 𝑄↑2 )= 𝐹↓2↑𝑁 (𝑥, 𝑄↑2 )+ 𝑔↓2 (𝐴,Λ)∙ 𝑓↓2 (𝑥, 𝑄↑2 ,Λ)	

+				Factorized	Modifica;on	Bound				=				Free		

Hen,	Miller,	Piasetzky	and	Weinstein,	
Reviews	of	Modern	Physics	(2017).	
	

Chen,	Detmold,	Lynnm,	and	
Schwenk,	PRL	(2018).	
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SRC and the Symmetry Energy 
Tensor	CorrelaOons:	
•  Break	the	Fermi-Gas	picture	

•  Reduce	the	kineOc	symmetry	energy	(at	ρ0)	

•  Enhance	the	potenOal	symmetry	energy	(at	ρ0)		

•  Soaens	the	potenOal	symmetry	density	
dependence	

But….	Still	consistent	with	constrains	from	
neutron	stars	observaOons!	

O.	Hen	et	al.,	PRC	91,	025803	(2015)	O.	Hen	and	A.	Steiner	et	al.	(on	arXiv	soon)	
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Esym ρ( ) = Esym

kin ρ0( ) ⋅ ρ
ρ0

⎛
⎝⎜

⎞
⎠⎟

α

+ Esym
pot ρ0( ) ⋅ ρ

ρ0

⎛
⎝⎜

⎞
⎠⎟

γ i

SRC and the Symmetry Energy 

O.	Hen	et	al.,	PRC	91,	025803	(2015)	O.	Hen	and	A.	Steiner	et	al.	(on	arXiv	soon)	

With	
SRC	

With	
SRC	

Fermi-Gas	

Tsang	et	al.	(2009)	
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Skin Width and Symmetry Energy 



Pairing and…. Neutron Skins 
Protons	move	faster	in	the	neutron	skin	

B.J.	Cai	et	al.,	arXiv:	1606.08045	(2016).	

Proton	

Neutron	
SRC	

No	
SRC	Proton	 Neutron	

Protons	in	the	crust	‘feel’	one	
of	the	largest	neutron	excess	

reachable	by	terrestrial	
experiments	

20	

Crust	



Pairing and…. Neutron Skins 

Proton	

Neutron	
SRC	

No	
SRC	Proton	 Neutron	
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Crust	

Protons	move	faster	
in	the	neutron	skin	

DFT	

R p
	(f
m
)	

Ab-iniOo	

Rskin	(fm)	

Do	SRC	change	
the	neutron	skin?	

B.J.	Cai	et	al.,	arXiv:	1606.08045	(2016).						G.	Hagen	et	al.,	Nature	Physics	12,	186	(2016)		



pp	

pn	

SRC	pairs	are	consistent	only	with	zero	
c.m.	momentum	pairs!	

Two	Body	momentum	distribuOons	

R.	Wiringa	et	al.,	Phys.	Rev.	C	89,	024305	(2014).	
T.	Neff,	H.	Feldmeier	and	W.	Horiuchi,	Phys.	Rev.	C	92,	024003	(2015).	
I.	Korover,	N.	Muangma,	and	O.	Hen	et	al.,	Phys.	Rev.	Lel	113,	022501	(2014).	 11	

Pairing Calculations – Light Nuclei 

All	Pairs	

Zero	c.m.	
momentum	

pairs	

4He	
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All	pairs	

ZRA	

Mean-Field	approach:	
Shia	the	complexity	from	the	
wave	funcOon	to	the	operators!	

�  Start	from	a	mean-field	staler	
determinant.	

�  Introduce	SRC	using	tensor	
correlaOon	operators	that	act	
on	close	proximity	nucleons	
(specifically	1S0	and	3S0).	

�  The	acOon	of	the	correlaOon	
operators	change	the	quantum	
numbers	to	produce	deuteron-
like	SRC	pairs!	

C.	Colle	and	O.	Hen	et	al.,	Phys.	Rev.	C	92,	024604	(2015)	

Sn=0	pairs	

Pairing Calculations – Heavy Nuclei 
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All	pairs	

ZRA	

�  Extract	from	data	the	
number	of	pp	(np)	SRC	
pairs	in	nuclei	relaOve	
to	12C.	

�  Observe	that	the	pair	
number	increases		

					very	slowly	with	A	
 
�  consistent	with	1S0	(3S0)		
					pairs	creaOng	SRCs.	

C.	Colle	and	O.	Hen	et	al.,	Phys.	Rev.	C	92,	024604	(2015)	

Sn=0	pairs	

Pairing Calculations – Heavy Nuclei 
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All	pairs	

ZRA	

�  Extract	from	data	the	
number	of	pp	(np)	SRC	
pairs	in	nuclei	relaOve	
to	12C.	

�  Observe	that	the	pair	
number	increases		

					very	slowly	with	A	
 
�  consistent	with	1S0	(3S0)		
					pairs	creaOng	SRCs.	

Sn=0	pairs	

Pairing Calculations – Heavy Nuclei 

SRC	Pair
s	are	VE

RY	Selec
;ve!	

C.	Colle	and	O.	Hen	et	al.,	Phys.	Rev.	C	92,	024604	(2015)	



IsoSpin	dependent	EMC	effect	(u	quark	distribuOon	more	
modified	than	d)	can	explain	the	NuTeV	anomaly.	

15	

Pairing and…. the EMC Effect 

1. Mean-Field	models	
(Cloet,	Benz,	Thomas)	

2.  EMC-SRC	models		
(Miller,	Frankfurt,	
Strikman,	degli	Aq,	
Kulagin,	Peq)	

	

If	<Tp>		>		<Tn>	:	
èprotons	more-
modified	than	neutrons 
è	u	modifica;on	>	d	
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For large Q2, x>1 

FSI:	Theory	Guidance	
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For large Q2, x>1 

Large but confined 
within the SRC pair  

Can be approximated by 
Glauber (transparency) 

Rescattering do not 
produce 2N–SRC 
candidates due to 

high pt 

FSI:	Theory	Guidance	



For large Q2, x>1 

•  Choose kinematics to min FSI 
•  Choose observables not 

sensitive to  

FSI:	Theory	Guidance	
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Large but confined 
within the SRC pair  

Can be approximated by 
Glauber (transparency) 

Rescattering do not 
produce 2N–SRC 
candidates due to 

high pt 



•  “high	momentum”	interpretaOon	relies	on	 											single	
nucleon	interacOon	operators.	

•  CompaOble	\w	calculaOon	using	hard	potenOals	(e.g.,	AV18).	
•  Difficult	to	go	much	beyond	than	C	/	Ca.	

•  Unitary	transforms	simplifies	calculaOons	of	heavy	nuclei	at	
the	expense	of	forming	many-body	operators.	
	⟨Ψ|𝑂 |Ψ⟩=⟨Ψ𝑈↑† |𝑈𝑂 𝑈↑† |𝑈Ψ⟩	
•  Transforms	“high	momentum”	to	“short	range”	
Win:	Simpler	wave	funcOons	
Lose:	Complicated	interacOon	operators	
Trick:	Transform	wave-funcOon	but	not	the	operators	😬	😬	

•  No	calculaOons	for	e-scalering	off	heavier	nuclei,	yet.	

•  Complete	physical	equivalent.	
•  Same	cross	secOons	
•  Different	interpretaOons	

19	

Unitary	Interlude	
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SRC	Spectator	Tagging	

VERY	Pr
eliminary	

B.	Schmookler	et	al.	(CLAS	CollaboraOon),	In-PreparaOon	

C/d	
Al/d	
Fe/d	
Sn/d	
Pb/d	
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Short-Distance	FactorizaOon	

•  Universal	funcOon	of															
the	NN	interacOon.		

•  Taken	as	the	zero	energy	
soluOon	to	the	2	body	problem	

•  Nucleus	(/	system)	
specific	funcOon	

•  Depends	on	all	nucleons	
except	the	SRC	pair	
(primarily	mean-field)	

1.  Factorized	ansatz	for	the	short-distance	(high-momentum)	part	
of	the	many-body	wave	funcOon:	

2.  Test	by	comparing	to	many-body	calculaOons	and	data	from	
hard	knockout	measurements	

Weiss,	Cruz-Torres,	Barnea,	Piasetzky	and	Hen,	Phys.	Lel.	B	780,	211	(2018)	
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VMC	
Our	Model	

	

Nuclear	contacts	can	also	be	
extracted	from	experiment!	

Weiss,	Cruz-Torres,	Barnea,	Piasetzky	and	Hen,	Phys.	Lel.	B	780,	211	(2018)	
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Spectral	FuncOon	

Weiss,	Korover,	Piasetzky,	Hen,	and	
Barnea,	arXiv:	1806.10217	(2018)	

N3LO	

AV18	

Define	pair	spectral	funcOon	as:	

Factorize	the	conOnuum	states	
of	the	spectral	funcOon:	
	

Compare	with	(e,e’pN)	data!	
First	studies	of	combined	missing	
energy	and	momentum!	



24	Weiss,	Cruz-Torres,	Barnea,	Piasetzky	and	Hen,	Phys.	Lel.	B	780,	211	(2018)	

Consistent	k-	&	r-Space	Contacts		
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CorrelaOon	FuncOon	

Derive	Correla;on	func;on:	 +Pauli	
Exchange	

Cruz-Torres	and	Schmidt	et	al.,	arXiv:	1710.07966	(2018)	
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