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Atomic nuclei are made of protons and neutrons, themselves composed of quarks and gluons.
New high-energy electron-scattering studies of close-proximity nucleons in nuclei indicate that
their internal quark-gluon structure is different from that of free nucleons.
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1. Introduction

The study of short-range correlations (SRC) is a broad subject, covering a large body
of experimental and theoretical work, as well as phenomenological studies of the
implications of SRCs for other phenomena in nuclear, particle and astro-physics. A full
discussion of SRC physics is available in a recent RMP review [1] and a recent theory-
oriented review [2]. Here will concentrate on one aspect of the SRC study;, its connection
to the EMC effect.

Short Range Correlations (SRC) are brief fluctuations of nucleons in nuclei to form
pairs with high relative momentum. We show here that the EMC data can be explained
by a modification of the structure of nucleons in neutron—proton SRC pairs and present a
data-driven extraction of the corresponding universal modification structure function.

The internal quark—gluon substructure of nucleons was originally expected to be
independent of the nuclear medium because quark interactions occur at shorter-distance
and higher-energy scales than nuclear interactions. However, DIS measurements indicate
that quark momentum distributions in nucleons are modified when nucleons are bound in
atomic nuclei [1, 3-5], breaking down the scale separation between nucleon structure and
nuclear structure. Although evidence for such modification, known as the EMC effect,
was first observed over 35 years ago, there is still no generally accepted explanation for
its cause.

2. SRC in nuclei

Over the last decade, we have learned a remarkable amount about SRCs from
measurements of exclusive hard knockout reactions, A(e, e’N) and A(e, ¢’pN) [6-10]
(here N stands for neutron or proton), from selected nuclei (*He, C, Al, Fe and Pb). The
electrons in these reactions interacted with protons or neutrons in the target nucleus via a
high-momentum transfer reaction (Q? > 1.7 - 2 (GeV/c)?), leading to the knockout of a
high-momentum nucleon and, in certain events, the simultaneous emission of a correlated
recoil nucleon.
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The first such exclusive measurements of SRC pair breakup reactions were performed
using hadronic (proton) [11, 12] and electronic [8, 13] probe on Carbon. The main results
of these studies are:

- About 20% of all knocked-out protons with missing-momentum (reconstructed
initial momentum in the absence of re-interactions) in the range of 300-600 MeV/c, have
an associated recoil nucleon with a momentum that balances the missing momentum.
These were named “Short-Range Correlated pairs”.

- Neutron-proton (np) pairs are nearly 20 times more prevalent than proton-proton
(pp) pairs, and by inference, also than neutron-neutron (nn) pairs.

- The relative momenta of the SRC pairs, as reconstructed from the missing and
recoil-nucleon momenta, are higher than kr, while the c.m. momenta are lower (kr is the
nuclear Fermi momentum, typically about 250 MeV/c for medium to heavy nuclei). The
latter was observed to be consistent with a Gaussian distribution with characteristic width
of about 170 MeV/c [14].

One common interpretation of these results is that the nucleon momentum distribution
above kr is dominated by np-SRC pairs [32, 1, 2, 8, 11-13]. The predominance of np-SRC
pairs over pp-SRC pairs suggests that the tensor part of the NN interaction is dominant at
the probed distances [1, 2, 29-31]. The tensor interaction is proportional to the total spin
of the pair, S. As such, S = 1 states (spin-symmetric states with both spins pointing in the
same direction) are preferred over the S = 0 (the equivalent spin-asymmetric) states. As
SRC pairs are primarily in a relative S- or D-wave (i.e. even L, symmetric configuration),
their isospin must be zero (asymmetric) due to the Pauli principle. Therefore, the tensor
force favors np-SRCs, which have an asymmetric isospin component, suppressing
contributions from pp-SRC (and nn-SRC) pairs.

3. SRCand EMC

The first experimental evidence supporting the SRC-modification hypothesis as an
explanation for the EMC effect came from comparing the abundances of SRC pairs in
different nuclei with the magnitude of the EMC effect. They both increase from light to
heavy nuclei, with a linear correlation between them [17, 18]. This suggests that the EMC
effect might be related to the high-momentum nucleons in nuclei. The later was shown to
be dominated by SRC pairs, mainly neutron-proton pairs.
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Fig. 1. The EMC slopes versus the SRC scale factors. The uncertainties include both
statistical and systematic errors added in quadrature. The fit parameter is the intercept of
the line and also the negative of the slope of the line. Figure adapted from [17]. Notice that
a2(A/d) is referred below as ax.

We analyzed experimental data taken using CLAS (CEBAF Large Acceptance
Spectrometer [19] at the Thomas Jefferson National Accelerator Facility (Jefferson
Laboratory). A 5.01-GeV electron beam impinged upon either a liquid deuterium target
or foils of either C, Al, Fe or Pb. The scattered electrons were detected in CLAS over a
wide range of angles and energies, which enabled the extraction of both quasi-elastic (QE)
and deep inelastic scattering (DIS) reaction cross-section ratios of nucleus A to deuteron
over a wide kinematical region. The results are shown in Fig. 2.
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Fig. 2. DIS and QE (e,e') cross-section ratios. al) — a4), Ratio of the DIS per-nucleon
electron scattering cross-section of nucleus A (0.2 < xg < 0.6 and W > 1.8 GeV). Solid
points are measurements of [20], the open squares — SLAC data [27] and the open
triangles show Jefferson Laboratory data [28]. The red lines show a linear fit.

b1) — b4) are corresponding ratios for QE kinematics (0.8 < xg < 1.9). The solid points
- data obtained in [20] and the open squares the data of ref. [22]. The red lines show
constant fit. The error bars shown include both statistical and point-to-point systematic
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uncertainties, 16 or 68% confidence level. The figure was adapted from [20].

The DIS cross-section on a nucleon can be expressed as a function of a single structure
function, F,(x;,Q%). In the parton model, xg represents the fraction of the nucleon
momentum carried by the struck quark. F,(xg,Q?) describes the momentum distribution
of the quarks in the nucleon.

Motivated by the correlation between the magnitude of the EMC effect and the SRC-
pair density ratio (az), we model the modification of the nuclear structure function, F,*
for nucleus A, as entirely caused by the modification of np SRC pairs in that nucleus.

F)=Z-F)+N-F+nf - (AF + AF,") 1)

where n&.. is the number of np SRC pairs in nucleus A, F,?, F,' are the free-proton
and free-neutron structure functions, AF, AF," are the average modified structure
functions for protons and neutrons in SRC pairs, which are assumed to be the same for
all nuclei.

Since there are no model-independent measurements of the neutron structure function,
we then rearrange equation (1) to depend on the deuteron structure function

F F
d p n 7d_(Z_N).7d_N
Nge - (AR +AFR)) R F, )
S (A/2)-a,—N

Where F,”/F; has been previously extracted [21] and a. is the measured per-
nucleon cross-section ratio shown by the red lines in Fig. 2b.1-4. Here we assume that a;
approximately equals the per-nucleon SRC-pair density ratio between nucleus A and
deuterium [1, 22-26].

Because AF,” +AF," isassumed to be nucleus-independent, our model predicts that
the left-hand side of the equation above should be a universal function (that is, the same
for all nuclei). This means that the nucleus-dependent quantities on the right-hand side of
the equation above combine to give a nucleus-independent result.

This is shown in Fig. 3. The left panel of Fig. 3 shows the per-nucleon structure-
function ratio of different nuclei relative to deuterium. The approximately linear deviation
from unity for 0.3 < xg < 0.7 is the EMC effect, which is larger for heavier nuclei. The
right panel shows the relative structure modification of nucleons in np SRC pairs,
extracted using the right-hand side of the equation above.
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Fig. 3. Universality of SRC-pair quark distributions. a), b) The EMC effect for different
nuclei, as observed as a function of xg (a), and the modification of SRC pairs, as
described by the equation above (b). Different gray levels correspond to different
nuclei, as indicated by the gray scale on the right. The open circles show SLAC data
[27] and the open squares show Jefferson Laboratory data [28]. The nucleus
independent (universal) behavior of the SRC modification, as predicted by the SRC-
driven EMC model, is clearly observed. The error bars show both statistical and point-
to-point systematic uncertainties, both at the 1o or 68% confidence level. The grey
bands show the median normalization uncertainty at the 16 or 68% confidence level.

Figure adapted from [20].
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Fig. 4. EMC and universal modification function slopes. The slopes of the EMC effect
for different nuclei from Fig. 2a and of the universal function from Fig. 2b. The error
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bars shown include the fit uncertainties at the 1o or 68% confidence level. Figure
adapted from [20].

The EMC slope for all measured nuclei increases monotonically with A whereas the
slope of the SRC-modified structure function is constant within uncertainties. Thus, we
conclude that the modification function is in fact universal. This universality appears to
hold even beyond xg = 0.7.

4. Conclusion

The association of the EMC effect with SRC pairs implies that the EMC is a
dynamical effect. Most of the time, nucleons bound in nuclei have the same internal
structure as that of free nucleons. However, for short time intervals during which two
nucleons form a temporary high-local-density SRC pair, their internal structure is briefly
modified. When the two nucleons disassociate, their internal structure again becomes
similar to that of free nucleons. This dynamical picture differs markedly from the
traditional static modification in the nuclear mean field, which has been previously
proposed as an explanation for the EMC effect.

Acknowledgment

The analysis presented here was carried out as part of the Jefferson Laboratory Hall
B Data-Mining project, supported by the US Department of Energy (DOE). The propose
model for the structure function was suggested by M. Strikman (PSU). The analysis was
performed mainly by B. Schmookler and A. Schmidt (MIT), under the supervision of O.
Hen and S. Gilad (MIT), E. Piasetzky (TAU), and L. B. Weinstein (ODU). CLAS was
designed and constructed by the CLAS Collaboration and Jefferson Laboratory. Data
acquisition, processing and calibration, Monte Carlo simulations of the detector, and data
analyses were performed by a large number of CLAS Collaboration members, who also
reviewed, discussed and approved this scientific result. We acknowledge the efforts of the
staff of the Accelerator and Physics divisions at Jefferson Laboratory that made this
experiment possible. The author would like to also acknowledge the supported by the
Israel Science Foundation, and the PAZY grant of the Israeli Atomic Energy commission.

References

[1] O. Hen, G. A. Miller, E. Piasetzky, and L. B. Weinstein, Rev. Mod. Phys. 89, 045002 (2017),
1611.09748.

[2] C. Ciofi degli Atti, Phys. Rept. 590, 1 (2015).

[3] Norton, Rep. Prog. Phys. 66, 1253-1297 (2003).

[4] Geesaman, D., Saito, K. & Thomas, A., Annu. Rev. Nucl. Part. Sci. 45, 337-390 (1995).

[5] Malace, S., Gaskell, D., Higinbotham, D. W. & Cloet, I,
Int. J. Mod. Phys. E 23, 1430013 (2014).



Proceedings of the 8th International Conference on Quarks and Nuclear Physics (QNP2018)
Downloaded from journals.jps.jp by Deutsches Elek Synchrotron on 11/15/19

JPS Conf. Proc.26, 011014 (2019) 011014-7

[6] O.Henetal., Science 346, 614 (2014), 1412.0138.
[7]1 1. Korover et al. (Lab Hall A), Phys. Rev. Lett. 113, 022501 (2014), 1401.6138.
[8] R. Subedi et al., Science 320, 1476 (2008), 0908.1514.
[9] O.Henetal. (CLAS), Phys. Lett. B722, 63 (2013), 1212.5343.
[10] M. Duer et al. (CLAS), Nature 560 (2018) 617-621. 10.1038/s41586-018-0400-z,
[11] E. Piasetzky, M. Sargsian, L. Frankfurt, M. Strikman, and J. W. Watson,
Phys. Rev. Lett. 97, 162504 (2006), nucl-th/0604012.
[12] A. Tang et al., Phys. Rev. Lett. 90, 042301 (2003), nucl-ex/0206003.
[13] R. Shneor et al. (Jefferson Lab Hall A), Phys. Rev. Lett. 99, 072501 (2007), nucl-ex/0703023.
[14] E. O. Cohen, O. Hen, E. Piasetzky, L. B.Weinstein, M. Duer, A. Schmidt, Korover, H. Hakobyan,
and CLAS Collaboration, Phys Rev. Lett. 121, 092501 (2018).
[15] J. Arrington, D. W. Higinbotham, G. Rosner, and M. Sargsian, Prog. Part. Nucl. Phys. 67, 898 (2012),
1104.1196.
[16] L. Frankfurt, M. Sargsian, and M. Strikman, Int. J. Mod. Phys. A23, 2991 (2008), 0806.4412.
[17] Weinstein, L. B., Piasetzky, E., Higinbotham, D. W., Gomez, J., Hen, O. & Shneor,
R.. Phys. Rev. Lett. 106, 052301 (2011).
[18] Hen, O., Piasetzky, E. & Weinstein, L. B., . Phys. Rev. C 85, 047301(2012).
[19] Mecking, B. A. et al., Instrum. Meth. A 503, 513-553 (2003).
[20] B. Schmookler, M. Duer et al. (CLAS Collaboration), Nature volume 566, pages354—358 (2019).
[21] Arrington, J., Coester, F., Holt, R. J. & Lee, T. S. H. Neutron, J. Phys. G 36, 025005 (2009).
[22] degli Atti., Phys. Rep. 590, 1-85 (2015).
[23] Fomin, N. et al., Phys. Rev. Lett. 108, 092502 (2012).
[24] Frankfurt, L. L., Strikman, M. 1., Day, D. B. & Sargsyan, Phys. Rev. C 48,
2451-2461 (1993).
[25] CLAS Collaboration, Phys. Rev. C 68, 014313 (2003).
[26] CLAS Collaboration, Phys. Rev. Lett. 96, 082501 (2006).
[27] M. Alvioli, C. Ciofi degli Atti, and H. MoritaGomez, J. et al., Phys. Rev. D 49, 4348-4372 (1994).
[28] Seely, J. et al., Phys. Rev. Lett. 103, 202301 (2009).
[29] R. Schiavilla, R. B. Wiringa, S. C. Pieper, and J. Carlson, Phys. Rev. Lett. 98, 132501 (2007).
[30] , Phys. Rev. let. 100, 162503 (2008).
[31] M. Sargsian, Abrahamyan, Strikman, Phys. Rev C71 044615 (2005).
[32] L. L. Frankfurt and M. I. Strikman, Phys. Rep. 76, 215 (1981), Phys. Rep. 160, 235 (1988).



