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We measured the triple coincidence A(e, ¢'np) and A(e, ¢’ p p) reactions on carbon, aluminum, iron, and
lead targets at Q% > 1.5 (GeV/c)?, xz > 1.1 and missing momentum > 400 MeV /c. This was the first
direct measurement of both proton-proton (p p) and neutron-proton (np) short-range correlated (SRC) pair
knockout from heavy asymmetric nuclei. For all measured nuclei, the average proton-proton (pp) to
neutron-proton (np) reduced cross-section ratio is about 6%, in agreement with previous indirect
measurements. Correcting for single-charge exchange effects decreased the SRC pairs ratio to ~3%,
which is lower than previous results. Comparisons to theoretical generalized contact formalism (GCF)
cross-section calculations show good agreement using both phenomenological and chiral nucleon-nucleon
potentials, favoring a lower pp to np pair ratio. The ability of the GCF calculation to describe the
experimental data using either phenomenological or chiral potentials suggests possible reduction of scale
and scheme dependence in cross-section ratios. Our results also support the high-resolution description of
high-momentum states being predominantly due to nucleons in SRC pairs.

DOI: 10.1103/PhysRevLett.122.172502

Recent high-momentum transfer measurements have
shown that nucleons in the nuclear ground state can form
temporary pairs with large relative momentum and small
center-of-mass (c.m.) momentum [1,2]. These pairs are
referred to as short range correlated (SRC) pairs. The
formation of SRC pairs in heavy, asymmetric nuclei has
implications for momentum sharing between protons and
neutrons in these nuclei [3—7], our understanding of the
properties of very asymmetric cold dense nuclear systems
such as neutron stars [8—10], and the relative modification
of proton and neutron structure in nuclei (the EMC effect)
[1,11-17].

Properties of SRC pairs are primarily inferred from
measurements of exclusive electron- and proton-induced
triple-coincidence hard breakup reactions. In these
experiments, a nucleon is knocked out of the nucleus
via a high-momentum transfer reaction and detected in
coincidence with the scattered probe and a recoil nucleon
balancing a large missing momentum. Previous measure-
ments of such A(e,e'pp), A(e,e'pn), and A(p,2pn)
reactions in light symmetric nuclei (*He and '°C), showed

that neutron-proton (np) SRC pairs are nearly 20 times as
prevalent as proton-proton (pp) pairs and, by inference,
neutron-neutron (nn) pairs [18-21]. This np-pair domi-
nance was explained as being due to the dominance of the
tensor part of the nucleon-nucleon force at high relative
momenta [22-25]. See recent reviews in Refs. [1,2].

For nuclei heavier than carbon, the predominance of
np-SRC pairs was never extracted directly from measure-
ments of the exclusive A(e, ¢/ pp) and A(e, €’ pn) reactions.
Instead, it was inferred from measurements of the exclusive
A(e,e'pp) and semi-inclusive A(e,e'p) reactions, by
assuming that all high missing-momentum nucleons
knocked out in the A(e,e'p) reaction are part of SRC
pairs [3]. Thus, A(e, €' p) events without a correlated recoil
proton were attributed to breakup of np-SRC pairs.

Here we report, for the first time, the simultaneous
measurement of exclusive triple coincidence A(e,e'np)
and A(e, ¢’ pp) reactions on carbon, aluminum, iron, and
lead. The new data confirm the previously deduced
np-SRC dominance without the assumptions required by
previous analyses [3]. We also show that the new data agree
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with factorized generalized contact formalism (GCF) cal-
culations [26-28] using both phenomenological and chiral
Nucleon-Nucleon (NN) interactions. The agreement
between this new measurement and both the previous
results and the GCF calculations, supports the high-
resolution description of high-momentum nucleons in
nuclei as predominantly members of SRC pairs.

In the SRC description of high missing momentum
nucleon knockout reactions, the nucleus is described as
composed of an off-shell SRC pair (either np, nn, or pp)

with center of mass (total) momentum f’c_m_ plus an on-

shell A — 2 residual system with momentum —P,, (see
Fig. 1). The incident high-energy electron scatters from the
nucleus by transferring a single virtual photon, carrying
momentum ¢ and energy , to a single off-shell nucleon in
the SRC pair with initial momentum p; and energy E;, a
process we refer to as quasielastic (QE) scattering. If that
nucleon does not rescatter as it leaves the nucleus, it will
emerge with momentum py = p; + ¢g. Thus, we can
reconstruct the approximate initial momentum of that
nucleon from the measured missing momentum p; =
DPmiss = Py — §- The correlated recoil proton is an on-shell

spectator that carries momentum P..o;j = P — Piss and

corresponding energy Erecoil = 1/ Preoit + M3 The unde-

tected residual A — 2 system has momentum —Igc.m, and can
have excitation energy E*.

SRC studies are typically done at Q? = g*> — @w* >
1.5 (GeV/c)?, xg=0?/2mw> 1, (where m is the nucleon
mass) antiparallel kinematics, and missing momentum that
exceeds the Fermi momentum, i.e., |Ppiss| > 300 MeV/c
[3,6,21]. According to calculations, non-QE reaction mech-
anisms (i.e., reactions other than the hard breakup of
SRC pairs described above) are suppressed under these

(q,w)
N (*Nzﬁl+q, p;m;)
(Pcmr my EA—Z) ‘(ﬁi'Ei)

....... }@ > p (ﬁremu’\/m>
A-2 <_ﬁcmr Eyp= [Pt (my_y + E*)2>

FIG. 1. Diagrammatic representation and kinematics of the
triple-coincidence A(e, ¢'Np) reaction within the SRC breakup
model. Dashed red lines represent off-shell particles. Open ovals
represent undetected systems. Solid black lines represent detected
particles. The momentum and energy of the particles is also
indicated. See text for details.

conditions [1,2,8,29], and the mechanism of Fig. 1 should
be a valid description of the reaction.

Rescattering of the outgoing struck nucleon (final state
interactions or FSI) might alter the final state of the
reaction. This rescattering includes contributions from
nuclear transparency (flux reduction), small angle nucleon
rescattering, and single-charge exchange (SCX). However,
these effects are significantly reduced in cross-section
ratios as compared to absolute cross sections [1,30-32].
In addition, at the relevant high Q2, the cross sections
approximately factorize and calculations of FSI, including
both outgoing-nucleon rescattering and SCX, are done
using an Eikonal approximation in a Glauber framework,
which was shown to agree well with data (see
Refs. [2,29,31,33-39] and references therein). These cal-
culations show that small-angle rescattering (i.e., FSI that
do not lead to a reduction of flux) is largely confined to
within the nucleons of the pair [8,29,31,40]. Such rescat-
tering does not change the isospin structure of SRC pairs,
which is the focus of this analysis.

The theoretical description of high-momentum transfer
measurements presented above constitutes a valid simple
reaction picture that is consistent with both data and
various ab initio calculations [1,2,41]. However, it is
not the only possible description of such reactions.
Utilizing unitary freedom, one can always shift the com-
plexities of explicit two-body correlations from nuclear
wave functions to the interaction operators without chang-
ing the measured cross-sections (i.e., shifting from a
simple one-body operator acting on a complicated
ground state with SRC pairs, to a simple ground state
with complicated many-body interaction operators).
Therefore, there is no unique way to separate the descrip-
tion of the nuclear ground state from that of the reaction
mechanism (see, e.g., discussion in Ref. [42] for the
deuteron photodisintegration case). For clarity of the
discussion, this work focuses on a high-resolution reaction
picture, using one-body operators. The results presented
here can, however, be used to also constrain theoretical
calculations done using the low-resolution many-body
operators approach.

The data presented here were collected in 2004 in Hall B
of the Thomas Jefferson National Accelerator Facility
(Jefferson Lab) in Virginia, USA, and are re-analyzed here
as part of the Jefferson Lab data-mining initiative [43]. The
experiment used a 5.01 GeV electron beam incident on
deuterium, carbon, aluminum, iron, and lead targets [44],
and the CEBAF Large Acceptance Spectrometer (CLAS)
[45] to detect the scattered electron, the knocked-out proton
or neutron, and the recoil proton.

CLAS used a toroidal magnetic field and six independent
sets of drift chambers, time-of-flight (TOF) scintillation
counters, Cherenkov counters (CC), and electromagnetic
calorimeters (EC). Charged particle momenta were inferred
from their reconstructed trajectories as they bend due to the
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TABLEL The (e, ¢'Np) event selection cuts. Also shown is the
sensitivity of the pp/np ratios to variations of the cuts. *Both
leading nucleon cuts were varied simultaneously.

Cut sensitivity [%]

Cut Range C Al Fe Pb
xp > 1.1 +0.05 1.5 19 14 17
0.62 < |pwnl/lql < 1.1 *40.1 27 25 23 22
Ong < 25° *45°

Mpyiss < 1.175 GeV/c?
0.4 < pmiss <1 GeV/c
Precoil =~ 0.35 GCV/C
SC Deposited Energy

+0.02 GeV/c? 24 23 31 20
+0.025 GeV/c 2.6 2.8 2.1 2.1
+0.025 GeV/c 24 26 23 2.7

cut ON/OFF 0.2 32 10 23

Total 53 63 52 54

influence of the toroidal magnetic field. Electrons were
identified by requiring a signal in the CC and a characteristic
energy deposition in the EC. Protons and pions were
identified by comparing their measured flight times and
momenta. For low-momentum particles (p < 700 MeV/c¢),
proton-pion separation was further improved by requiring
the protons to deposit more than 15 MeV in the 5-cm thick
TOF counters. Neutrons were identified by observing
interactions in the forward EC (covering about 8° to 45°)
with no associated hit in the corresponding TOF counter
and no matching charged-particle track in the drift cham-
bers. The angle- and momentum-dependent neutron detec-
tion efficiency and momentum reconstruction resolution
were measured using the exclusive d(e,e'prtz~)n and
d(e, e pntn~n) reactions. See the supplemental informa-
tion of Refs. [3,6] for details of the analysis.

We selected high missing-momentum (e, ¢’ p) and (e, ¢'n)
events (i.e., events with a “leading” proton or neutron)
following the procedure of Ref. [6] using the cuts detailed in
Table 1. We further required the detection of a lower-
momentum recoil-proton (350 < | Pecoil| < 1000 MeV/¢)
to obtain (e, e’pp) and (e, e'np) events. Since the recoil
protons had relatively low momentum, following Ref. [3] we
corrected their momenta for energy loss in the target and the
CLAS detector.

As CLAS uses an open (e, e’) trigger, A(e,e'pp) and
A(e, e'np) reactions were measured simultaneously. We
matched the A(e,e'pp) and A(e,e'np) acceptances by
considering only leading nucleons which were detected in
the phase-space region with good acceptance for both protons
and neutrons. To extract the A(e,e'pp)/A(e, e'np) cross-
section ratio from the measured event yields, we weighted
each event by the inverse of the leading-nucleon detection
efficiency.

Figure 2 shows the resulting reduced cross-section
ratio

Y[A(e,e'pp)]/20,,

R = YAl dnp)fon,

(1)

25
[ Data GCF (**C, with SCX corrections)
r eC o AV18
© 20p " é' 5 N2LO,,
iy L alFe
of o r v Pb *NSLOnon-Ioc H
NMERHE
=g r i
2 $
Clg 10 I
L= T oud
=l T . ! I e N
T
r New
0 - oy
0.4 0.6 0.8 1

P 1[GeVi]
recoil

FIG. 2. Extracted reduced cross-section ratios R for pp to np
SRC pair knockout as a function of recoil proton momenta.
Different filled symbols mark different nuclei. The black dashed
lines show the average cross-section ratio for all four nuclei and
their horizontal extents show the width of each recoil proton
momenta bin. The open symbols show the results of GCF
calculations for '’C using three different NN interactions. The
inner (green) and outer (yellow) bands represent the 68§% and
95% confidence ranges of the calculation. The points with dashed
error bars correspond to GCF calculations using the old pp to np
contact ratios of Ref. [28] and the points with the solid error bars
use new contact ratios fit to this data set. See text for details.

for all measured nuclei (where Y is the efficiency-corrected
yield, and o,, and o,, are the elementary electron-proton
and electron-neutron cross sections, respectively [46]),
divided into two bins of recoil proton momenta (350—
600 and 600-1000 MeV/c). The weighting factors of
1/(20,,) and 1/6,, were applied event by event to account
for the different elementary electron-nucleon cross sections
and the different nucleon counting. The error bars show
both statistical and systematical uncertainties added in
quadrature. The latter include sensitivity of the extracted
cross-section ratio to the event selection cuts detailed in
Table I, uncertainties in the neutron and proton detection
efficiencies, and a small difference for the leading proton
and neutron transparencies in iron and lead [31,47] (see
Table I in the Supplemental Material [48]). Numerical
values for the extracted cross-section ratios are listed in
Table 1II.

The reduced cross-section ratio R in each bin is A
independent, and increases from an average of 5.5 + 0.4%
at the lower P ... bin to 7.0 & 0.9% at the higher bin. Its
small value is consistent with np-SRC pairs being 15-20
times more abundant than pp-SRC pairs. The increase
between the two bins is also consistent with the expected
increased contribution of pp-SRC pairs at higher relative
momenta where the tensor part of the nuclear interaction is
less predominant [21].

In order to extract the ratio of np to pp pairs in the
nucleus from the reduced cross-section ratio, we need to
correct for the attenuation and SCX interactions [e.g.,
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TABLE 1. Measured [A(e,e'pp)/20,,]/[A(e,e'np)/o,,] re-
duced cross-section ratios in percent units and their uncertainties
divided into two recoil proton momentum bins. The first
uncertainty is statistical while second is systematic. See text
for details.

A |Precoil| [GCV/C]

0.3-0.6 0.6-1.0
C 5.33 £0.65 £0.35 7.87 £1.68 £0.70
Al 5.33 +1.09 £0.33 8.76 £3.63 £1.05
Fe 5.88 = 0.68 +0.34 6.53 £1.16 £0.41
Pb 5.71 +1.49 +£0.39 6.70 £ 1.93 £ 0.40

(n,p) and (p,n) reactions] of the nucleons as they exit
the nucleus. At the measured outgoing nucleon momenta,
the pp and nn elastic scattering cross sections are
similar, so nucleon attenuation largely cancels in the
A(e,e'np)/A(e,e'pp) cross-section ratio (see Ref. [31]
for details). However, SCX can increase the observed
reduced cross-section ratio. Because there are so many
more np- than pp-SRC pairs, np pair knockout, followed
by an (n, p) charge-exchange reaction, could comprise
a large fraction of the measured A(e,e’pp) events.
Correcting for this effect will decrease the extracted ratio
of pp- to np-SRC pairs relative to the measured reduced
cross-section ratio R. Thus, R is an upper limit on the pp-
to np-SRC pairs ratio.

We calculated scattering cross sections for the reaction
diagram shown in Fig. 1 using the factorized GCF model
[28]. These GCF calculations use SRC-pair relative
momentum distributions calculated with a given NN
potential (which are the same for all nuclei), the measured
P ., distributions [49], and the relative abundances of np,
pp, and nn pairs (i.e., the “contacts”) in a given nucleus
(see Supplemental Material [48] for details). The P,
distributions, that describe the influence of the A —2
nuclear system on the SRC pairs, can also be obtained
from mean-field calculations [36,50]. These calculated
P_ .. distributions are consistent with the experimentally
extracted ones [49]. We therefore do not expect them to
have significant scale and scheme dependence.

We used Glauber-based calculations to estimate the
model- and kinematics-dependent SCX corrections [31].
We applied these corrections in two ways, to correct the
GCF cross-section calculations and compare them to the
uncorrected data, and also to correct our data in order to
directly extract the relative abundance of pp- and np-SRC
pairs. As the Glauber calculations describe the influence
of the A —2 system on the measured reactions, and are
based on measured NN scattering cross sections, we also
do not expect them to have significant scale and scheme
dependence.

Figure 2 shows the measured reduced cross section ratios
(without SCX corrections) compared with SCX-corrected
GCF cross-section ratio calculations. The GCF calculations

are done for '°C, following Ref. [28] using three NN
potentials: the phenomenological AV18 [51], a chiral EFT
local N2LO(1.0) [52,53], and a chiral EFT nonlocal N3LO
(600) [54]. The uncertainties in the calculation include
contributions from the measured width of the SRC pair cm
motion (6., = 150 +20 MeV/c¢) [49], the residual A — 2
excitation energy (E* = 0 to 30 MeV), SCX probabilities
(see Table I in the Supplemental Material [48]), values of
the contact terms, and off-shell electron-nucleon cross-
section model (o6-c; and oc from Ref. [55], using the
form factor parametrization of Ref. [56]).

We calculated the cross-section ratios for two different
sets of pp (spin-0) to np (spin-1 only) contact ratios. The
“Old” ones used those previously determined in Ref. [28]
while the “New” ones used contacts directly fitted to the
new data presented here. See Supplemental Material [48]
for details.

The previously determined [28] pp to np contact ratios
for the AV18, local N2LO, and nonlocal N3LO interactions
are 7.1% +1.5%, 52% +1.1%, and 4.0% =+ 0.8%,
respectively. The contact values fitted to these data
are significantly lower: 3.0% 4 0.8%, 3.6% + 1.0%, and
1.9% =+ 0.5% for the three different potentials. A large part
of this reduction (factor of about 1.7) is due to the more
complete SCX corrections applied here, as compared to
that available ten years ago [57] for the data used in
Ref. [28].

The fact that the same cross-section ratios are obtained
from GCF calculations using combinations of different NN
interactions and contact ratios and shows the importance of
preforming data-theory comparisons at the cross-section
level, accounting for the complete integral over the SRC
pairs relative and c.m. momentum distributions in the
extraction of the nuclear contacts [28].

Figure 3 shows the alternative approach where we
directly correct the data for SCX effects. This allows
determining the pp to np fraction with different and
somewhat simplified assumptions than those used by the
GCF calculation. For this we consider all recoil proton
momenta and express the relative abundance of pp- to
np-SRC pairs as (see derivation in the Supplemental
Material [48]):

pp-SRC 1 2RPY — P —pP/s,
np-SRC  2prr _og  RPYY _2Rp,PI"

(2)

where 77, = (nn-SRC/np-SRC) and R is reduced cross
section ratio of Eq. (1). PYN is the probability for scattering

off an NN pair without subsequent SCX, and PKV]N and

PZ[N] are the probabilities for scattering off an NN pair and
having either the leading or recoil nucleon undergo SCX,
respectively. The values and uncertainties of the parameters
used in Eq. (2) are listed in Table I of the Supplemental
Material [48].
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FIG. 3. Extracted ratios of pp- to np-SRC pairs plotted versus
atomic weight A. The filled green circles show the ratios of p p- to
np-SRC pairs extracted from (e, e’ pp)/(e, e’ pn) cross-section
ratios corrected for SCX using Eq. (2). The shaded regions mark
the 68% and 95% confidence limits on the extraction due to
uncertainties in the measured cross-section ratios and SCX
correction factors (see Supplemental Material [48] for details).
The magenta triangle shows the carbon data of Ref. [20], which
were also corrected for SCX. The open black squares show the
indirect extraction of Ref. [3]. The uncertainties on both previous
extractions mark the 68% (i.e., 1o) confidence limits. The
horizontal dashed lines show the '*C GCF-calculated contact
ratios for different NN potentials using contact values fitted
directly to the measured cross-section ratios. See text for details.

While the current analysis uses the SCX calculations of
Ref. [31] and the formalism detailed in the Supplemental
Material [48], other calculations for these corrections can
be applied in the future. See Supplemental Material [48]
for details on the numerical evaluation of Eq. (2) and its
uncertainty.

These SCX-corrected pp/pn ratios agree within uncer-
tainty with the ratios previously extracted from A(e, ¢’ pp)
and A(e,e'p) events [3], which assumed that all high-
missing momentum nucleons belong to SRC pairs. In
addition, the SCX-corrected pp/np ratio is in better
agreement with the GCF contacts fitted here but is not
inconsistent with those determined in Ref. [28]. This is a
significant achievement of the GCF calculations that opens
the way for detailed data-theory comparisons. This will be
possible using future higher statistics data that will allow
finer binning in both recoil and missing momenta.

The pp/np ratios measured directly in this work are
somewhat lower than both previous indirect measurements
on nuclei from C to Pb [3], and previous direct measure-
ments on C [20]. This is due to the more sophisticated
SCX calculations used in this work [31] compared to the
previous ones [57]. This is consistent with the lower values
of the pp to np contact extracted from GCF calculations fit
to these data mentioned above.

To conclude, we report the first measurements of high
momentum-transfer hard exclusive np and pp SRC pair
knockout reactions off symmetric (2C) and medium and

heavy neutron-rich nuclei (*’Al, Fe, and °Pb). We find
that the reduced cross-section ratio for proton-proton to
proton-neutron knockout equals ~6%, consistent with
previous measurements off symmetric nuclei. Using
model-dependent SCX corrections, we also extracted the
relative abundance of p p- to pn-SRC pairs in the measured
nuclei. As expected, these corrections reduce the pp-to-np
ratios to about 3%, so that the measured reduced cross-
section ratios are an upper limit on the relative SRC pairs
abundance ratios.

The data also show good agreement with GCF calcu-
lations using phenomenological as well as local and non-
local chiral NN interactions, allowing for a higher precision
determination of nuclear contact ratios and a study of their
scale and scheme dependence. While the contact-term ratios
extracted for phenomenological and local-chiral interactions
are consistent with each other, they are larger than those
obtained for the nonlocal chiral interaction examined here.
Forthcoming data with improved statistics will allow map-
ping the missing and recoil momentum dependence of the
measured ratios. This will facilitate detailed studies of the
origin, implications, and significance of such differences.

Previous work [3] measured A(e, e'p) and A(e, e pp)
events and derived the relative probabilities of np and pp
pairs assuming that all high-missing momentum A(e, ¢'p)
events were due to scattering from SRC pairs. The agree-
ment between the p p/np ratios directly measured here and
those of the previous indirect measurement, as well as with
the factorized GCF calculations, strengthens the np-pair
dominance theory and also lends credence to the previous
assumption that almost all high-initial-momentum protons
belong to SRC pairs in nuclei from C to Pb.
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