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Why study SRCs in few-body systems?

Techically sophisticated calculations with fewer approximations

Fadeev equation-based approaches

Hyperspherical harmonics

Quantum Monte Carlo

· · ·
Reduced complexity of final-state interactions

Benchmarks for model ingredients

NN interactions, light-front ψ construction, etc.

Reference systems for studies of heavier nuclei

a2, EMC Effect, etc.

a3 for 3N correlations

Greater exclusivity in experiments
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Highlights of past few-body experiments

Exclusive break-up
3He(e, e ′pp)n (CLAS)

d(e, e ′p)n at very large
momentum (Halls A/C)
4He(e, e ′p)3H (Hall A)
4He(e, e ′pN) (Hall A)

Inclusive scattering on light

nuclei (XEM1)

Hall A Tritium program

A(e, e ′)
A(e, e ′p)

[20] to determine our electron and proton detection
efficiencies [21].

We identified electrons by using the energy deposited in
the electromagnetic calorimeter and protons by using time
of flight. We identified the neutron by using missing mass
to select 3Heðe; e0ppÞn events. Figure 1 shows the electron
kinematics (Q2 ¼ ~q2 $!2, where ! is the energy transfer
and ~q is the three-momentum transfer) and missing mass
distribution. For 3Heðe; e0ppÞn events, the momentum
transfer Q2 peaks at around 1:5 ðGeV=cÞ2. ! is concen-
trated slightly above but close to quasielastic kinematics
(! % Q2=2mp).

To understand the energy sharing in the reaction, we
plotted the lab frame kinetic energy of the first proton
divided by the energy transfer (Tp1=!) versus that of the
second proton (Tp2=!) for events with nucleon momenta
pp and pn > 0:25 GeV=c [see Fig. 2(a)]. (The assignment
of protons 1 and 2 is arbitrary. Events with Tp1=!þ
Tp2=! > 1 are nonphysical and are due to the experimen-
tal resolution.) There are three peaks at the three corners of
the plot, corresponding to events where two nucleons each
have less than 20% of ! and the third ‘‘leading’’ nucleon
has the remainder. We selected these peaks, which are
more prominent than in Ref. [15].

Figure 2(b) shows the opening angle for pn pairs with a
leading proton (the pp pair opening angle is almost iden-
tical). Note the large peak at 180'. The peak is not due to
the cuts, since we do not see it in a simulation of three-body
absorption of the virtual photon followed by phase space
decay [22]. It is also not due to the CLAS acceptance since
we see it for both pp and pn pairs. This back-to-back peak
is a very strong indication of correlated NN pairs.

Now that we have identified correlated pairs, we want to
study them. To reduce the effects of final state rescattering,
we required the perpendicular momentum (relative to ~q) of
the leading nucleon p?

leading < 0:3 GeV=c. The resulting

NN pair opening angle distribution is almost entirely

back-to-back [see Fig. 2(b)]. The neutron of the pn pair
is distributed almost isotropically with respect to ~q. The
pair average total momentum parallel to ~q (( 0:1 GeV=c)
is also much smaller than the average momentum transfer
(( 1:6 GeV=c). These show that the NN pairs are pre-
dominantly spectators and that their measured momentum
distribution reflects their initial momentum distribution.
The resulting lab frame relative ~prel ¼ ð ~p1 $ ~p2Þ=2 and

total ~ptot ¼ ~p1 þ ~p2 momenta of the NN pairs are shown
in Fig. 3. The cross sections are corrected for radiative
effects and tracking efficiency and then integrated over the
experimental acceptance [21]. The systematic uncertainty
is 15%, primarily due to the uncertainty in the low mo-
mentum proton detection efficiency.
The pp and pn pair momentum distributions are similar

to each other. The prel distributions rise rapidly starting at
% 0:25 GeV=c (since the NN pair is predominantly back-
to-back and pN ) 0:25 GeV=c), peak at % 0:4 GeV=c,
and have a tail extending to % 0:7 GeV=c. The ptot dis-
tributions rise rapidly from zero, peak at % 0:25 GeV=c,
and fall rapidly. Both distributions have an upper limit
determined by the cut TN=! * 0:2. These distributions
are also similar for both data sets (Q2 ( 0:7 [15] and
1:5 GeV2). The Q2 ( 1:5 GeV2 pp prel distribution peaks
at slightly larger momentum than either the pn or lowerQ2

data.
We compared our data to a one-body calculation by

Golak, integrated over the experimental acceptance, that
includes an ‘‘exact’’ calculation of the fully correlated
initial state wave function (wf), absorption of the virtual
photon by the leading nucleon, and exact calculations of
the continuum wf of the spectator NN pair [23]. The
calculation does not treat the rescattering of the leading
nucleon. Including the continuum wf of the NN pair
(i.e., not treating those two outgoing nucleons as plane
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FIG. 1 (color online). (a) Q2 vs ! for 3Heðe; e0ppÞn events.
The line shows the quasielastic condition ! ¼ Q2=2mp. Note
the large acceptance. (b) Missing mass for 3Heðe; e0ppÞX. The
vertical line indicates the neutron missing mass cut.

ω
p2T

0 0.2 0.4 0.6 0.8 1
0

0.2

0.4

0.6

0.8

1(a) (b)

ω
p1T

)pnθcos(

-1 -0.5 0 0.5 1

Co
un

ts

100

200

300

400

FIG. 2 (color online). (a) 3Heðe; e0ppÞn lab frame ‘‘Dalitz
plot.’’ Tp1=! vs Tp2=! for events with pN > 0:25 GeV=c. The
solid lines indicate the ‘‘leading n plus pp pair,’’ and the dashed
lines indicate the ‘‘leading p plus pn pair’’ selection cuts.
(b) The cosine of the pn lab frame opening angle for events
with a leading p and a pn pair. The thick solid line shows the
uncut data, the dashed line shows the data cut on p?

leading <

0:3 GeV=c, and the thin solid line (color online) shows the uncut
three-body absorption simulation (with arbitrary normalization).
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waves) reduces the cross section by about an order of
magnitude. Note that this calculation is not strictly valid
for prel > 0:35 GeV=c (the pion production threshold).
This calculation significantly underestimates the data.

The one-body calculation of Laget [18,24,25], using a
diagrammatic approach, sees the same large cross section
reduction due to the NN pair continuum wf. His one-body
calculation describes the pn pair prel distribution well.
Laget’s full calculations also indicate large three-body
current (meson exchange current or isobar configurations)
contributions for both pn and pp pairs. His three-body
currents improve the agreement for pp pairs and worsen
the agreement for pn pairs.

The ratio of pp to pn spectator pair integrated cross
sections is about 1:4. This is approximately consistent with
the product of the ratio of the number of pairs and
!ep=!en, the ratio of the elementary ep and en cross
sections for pn and pp pairs. This ratio appears inconsis-
tent with the pp to pn pair ratio of 1:18measured in direct
pair knockout in 12Cðe; e0pNÞ [13] at 0:3< prel <
0:5 GeV=c and at much lower ptot (< 0:15 GeV=c).

In order to study this apparent discrepancy, we calcu-
lated the ratio of the pp to pn cross sections integrated
over different regions of prel as a function of ptot (see

Fig. 4). The ratio has been multiplied by 1.5 to approxi-
mately account for the ratio of the average ep and en cross
sections. The 0:3< prel < 0:5 GeV=c ratio is very small
for ptot # 0:1 GeV=c, consistent with the 12Cðe; e0pNÞ
results, and increases to 0.4–0.6 for ptot > 0:2 GeV=c,
consistent with simple pair counting. (The ratio is also
very similar to that calculated from the data of
Ref. [15].) The ratio is consistent with Golak’s one-body
calculation but not with the simple bound state momentum
distribution, indicating the importance of including theNN
pair continuum state wf. Laget’s calculation (not shown)
does not describe the ratio, partly because it factorizes the
momentum distribution "ðprel; ptotÞ ¼ "rðprelÞ"tðptotÞ and
thus has the wrong dependence on ptot. Increasing prel

from 0:3 # prel # 0:5 GeV=c to 0:4 # prel # 0:6 GeV=c
also increases the pp to pn ratio at low ptot.
This increase in the pp to pn ratio with ptot indicates the

dominance of tensor correlations. At low ptot, where the
angular momentum of the pair with respect to the rest of
the nucleus must be zero, the pp pairs predominantly have
ðisospin; spinÞ ðT; SÞ ¼ ð1; 0Þ [26]. They are in an s state,
which has a minimum at prel % 0:4 GeV=c. The pn pair is
predominantly in a deuteronlike ðT; SÞ ¼ ð0; 1Þ state.
Because of the tensor interaction, the pn pair has a signifi-
cant d-state admixture and does not have this minimum
[26–28]. This leads to a small pp to pn ratio at 0:3 #
prel # 0:5 GeV=c and small ptot and a somewhat larger pp
to pn ratio at 0:4 # prel # 0:6 GeV=c and small ptot. As
ptot increases, the minimum in the pp prel distribution fills
in, increasing the pp to pn ratio.
In summary, we have measured the 3Heðe; e0ppÞn reac-

tion at an incident energy of 4.7 GeVover a wide kinematic
range, centered at Q2 % 1:5 GeV2 and w & Q2=2mp. We
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FIG. 3 (color online). (a) Cross section vs pn pair prel. Solid
points show these data (Q2 % 1:5 GeV2), open squares (blue
online) show Q2 % 0:7 GeV2 data [15], the dashed histogram
shows the Golak one-body calculation [23], the thin solid line
shows the Laget one-body calculation, and the thick solid line
(red online) shows the Laget full calculation [18,24,25]; (b) the
same for ptot; (c),(d) the same for pp pairs. All quantities are in
the lab frame. The Q2 % 0:7 GeV2 data have been reduced by a
factor of 5.3 (the ratio of the cross sections) for comparison.
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FIG. 4 (color online). Ratio of pp to pn spectator pair cross
sections at fixed prel. For 0:3< prel < 0:5 GeV=c, the solid
points show the data, the solid histogram shows the Golak
one-body calculation [23], and the dashed histogram (color
online) shows the ratio of the Golak pp and pn bound state
momentum distributions. For 0:4< prel < 0:6 GeV=c, the star
points show the data. The dotted line at 0.5 shows the simple-
minded pair counting result. The data and the one-body calcu-
lation have been multiplied by 1.5 to approximately account for
the ratio of the average ep and en elementary cross sections.
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where σavg:kin is the cross section calculated at the averaged
kinematics and σ̄ is the cross section averaged over the
kinematic bin. The systematic uncertainties associated with
the radiative and bin-centering corrections were investi-
gated using the Laget PWIA and FSI models but negligible
effects on the cross sections were found (see Supplemental
Material [15]). The experimental and theoretical reduced
cross sections were extracted and are defined as follows:

σred ≡
σexpðthÞ

Efpffrecσcc1
; ð1Þ

where σexpðthÞ is the fivefold experimental (or theoretical)
differential cross section ðd5σ=dωdΩedΩpÞ, (Ef, pf) are the
final proton energy and momentum, respectively, frec is a
recoil factor [13] obtained by integrating over the binding
energy of the bound state in the sixfold differential cross
section, and σcc1 is the de Forest [20] electron-proton off-
shell cross section calculated using the FF parametrization of
Ref. [18]. Within the PWIA, σred corresponds to the PWIA
cross section from the scattering of a proton in the deuteron.
Figure 1 shows the extracted experimental and theoreti-

cal reduced cross sections as a function of pr for three
recoil angle settings at Q2 ¼ 4.5$ 0.5 ðGeV=cÞ2. For the
two highest momentum settings (pr ¼ 580, 750 MeV=c), a
weighted average of the reduced cross sections were taken
in the overlapping regions of pr. The results from the
previous experiment [11] at a Q2 ¼ 3.5$ 0.25 ðGeV=cÞ2
are plotted as well (red square). The data are compared to
theoretical calculations using wave functions determined
from the charge-dependent Bonn (CD-Bonn) [21],
Argonne v18 (AV18) [22], Paris [23], and WJC2 [24]
NN potentials. The theoretical calculations for the
CD-Bonn (magenta) and AV18 (green) potentials were
performed by Sargsian [25] within the GEA, referred to as
MS, and those for the Paris potential (blue) were by Laget
[19] within the diagrammatic approach, referred to as JML.

For the WJC2 (orange) potential, the calculations were
carried out by Ford et al. [26] using a Bethe-Salpeter-like
formalism for two-body bound states, which will be labeled
JVO. The calculations use different FF parametrizations,
which can lead to a ∼5.8%–6.6% variation of the theo-
retical cross section.
The difference between the deuteron wave functions with

CD-Bonn, Paris, AV18, andWJC2 potentials is how theNN
potential is modeled based on the empirical NN scattering
data. The CD-Bonn model is based on the one-boson-
exchange potential (OBEP) approach, in which the nucleon-
meson-meson couplings are constrained to describe the NN
scattering phase shifts extracted from the data. The inter-
action potential represents the static limit of this potential. In
contrast, the WJC2 is a OBEP derived within the Covariant
Spectator Theory [27–30], which requires comparatively few
parameters while still producing a high-precision fit to the
NN scattering data. The Paris and AV18 are purely
phenomenological potentials, where a Yukawa-type inter-
action is introduced and parameters are fitted to describe the
same NN scattering phase shifts. The major difference
between the CD-Bonn and Paris, AV18, and WJC2 poten-
tials is that the former predicts a much softer repulsive
interaction at short distance, which results in a smaller high-
momentum component in the deuteron wave function in
momentum space. The effects of these local approximations
on the NN potential are shown in Fig. 2 of Ref. [21].
For all recoil angles shown in Fig. 1 at recoil momenta

pr ≤ 250 MeV=c, the cross sections are well reproduced
by all models when FSIs are included. The agreement at
pr ≤ 250 MeV=c can be understood from the fact that this
region corresponds to the long-range part of the NN
potential, where the one-pion-exchange potential is well
known and common to all modern potentials.
Beyond pr ∼ 250 MeV=c at θnq ¼ 35° and 45°

[Figs. 1(a) and 1(b)], the JML, MS AV18, and JVO models
increasingly differ from the MS CD-Bonn calculation.

(a) (b) (c)

FIG. 1. The reduced cross sections σredðprÞ as a function of neutron recoil momentum pr are shown in (a)–(c) for recoil angles
θnq ¼ 35°, 45°, and 75°, respectively, with a bin width of $5°. The data are compared to the previous Hall A experiment (red square)
results [11], as well as the theoretical reduced cross sections using the Paris (blue), AV18 (green), CD-Bonn (magenta), and WJC2
(orange) NN potentials. The plane wave born approximation (PWBA) includes the PWIA and the process in which the virtual photon
couples to the neutron and the proton emerges as a spectator without subsequent reinteractions (no FSIs).
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In this region, the JML and MS AV18 cross sections are
dominated by the PWIA and in good agreement up to
pr ∼ 700 MeV=c, whereas the JVO PWIA falls off with a
comparatively smaller cross section at θnq ¼ 35°. The MS
CD-Bonn cross sections in contrast are generally smaller
than the JML, MS AV18 and JVO in this region. In
addition, for θnq ¼ 35°, they are dominated by the
PWIA up to pr ∼ 800 MeV=c [Fig. 1(a)], while for θnq ¼
45° FSIs start to contribute already above 600 MeV=c
[Fig. 1(b)].
For recoil momenta pr ∼ 0.55–1.0 GeV=c [Figs. 1(a)

and 1(b)], all models exhibit a steeper falloff compared to
data. This discrepancy was quantified by doing a linear fit
to the data and each of the PWIA calculations. A difference
of at least 4.2 standard deviations was found between the
data and theory slopes, which corresponds to a probability
≤ 1.1 × 10−5 (very unlikely) that the observed discrepancy
is due to a statistical fluctuation.
At θnq ¼ 75° [Fig. 1(c)] and pr > 180 MeV=c, FSIs

become the dominant contribution to the cross sections for
all models that exhibit a similar behavior (smaller falloff)
that overshadows any possibility of extracting the approxi-
mate momentum distributions.
To quantify the discrepancy observed between data and

theory in Fig. 1, the ratio of the experimental and
theoretical reduced cross sections (σred) to the deuteron
momentum distribution calculated using the CD-Bonn
potential (σCD-Bonn PWIA

red ) [21] is shown in Fig. 2.
For θnq ¼ 35° and 45° [Figs. 2(a) and 2(b)], the data are

best described by the MS CD-Bonn PWIA calculation for

recoil momenta up to pr ∼ 700 and ∼600 MeV=c, respec-
tively. Furthermore, the agreement between the Halls A and
C data validates the Hall A approach of selecting a
kinematic region where recoil angles are small and FSIs
are reduced.
At larger recoil momenta, where the ratio R > 1 and

increasing with pr, for θnq ¼ 35° FSIs start to dominate at
pr ≳ 800 MeV=c for the MS CD-Bonn calculation, while
the other models predict still relatively small FSIs below
900 MeV=c. At θnq ¼ 45°, the FSI dominance starts earlier
for all models above 800 MeV=c and for the MS CD-Bonn
based calculation above 600 MeV=c.
Overall, it is interesting to note that none of the

calculations can reproduce the measured pr dependence
above 600 MeV=c in a region where FSIs are still relatively
small (< 30%). This behavior of the data is new and
additional data in this kinematic region are necessary to
improve the statistics.
At θnq ¼ 75° [Fig. 2(c)], FSIs are small below

pr ∼ 180 MeV=c, but do not exactly cancel the PWIA-
FSI interference term in the scattering amplitude, which
results in a small dip in this region in agreement with the data.
At pr > 300 MeV=c (θnq ¼ 75°), the data were statistically
limited, as our focus was on the smaller recoil angles. The
Hall A data, however, show a reasonable agreement with the
FSIs from all models, which gives us confidence in our
understanding of FSIs at the smaller recoil angles.
To summarize, this experiment extended the previous

Hall A cross section measurements on the 2Hðe; e0pÞn
reaction to pr > 500 MeV=c at kinematics where FSIs
were expected to be small and the cross sections were
dominated by PWIA and sensitive to the short-range part of
the deuteron wave function. The experimental reduced
cross sections were extracted and found to be in good
agreement with the Hall A data at lower recoil momenta
where they overlap. Furthermore, the MS CD-Bonn model
was found to be significantly different than the JML, MS
AV18, or JVO models and was able to partially describe the
data over a larger range in pr. At the higher recoil momenta
provided by this experiment (pr > 700 MeV=c), however,
all models were unable to describe the data, potentially
illustrating the limit to which a nonrelativistic wave
function from the solution to the Schrödinger equation is
valid and able to describe experimental data that probe the
high-momentum region of the np system in the most
direct way possible. The new dataset is also ideal for
testing fully relativistic deuteron models based on light-
front [31] or covariant [32] formalisms. In this respect, the
current effective-field-theories-based models [33] are non-
relativistic and might not have direct relevance to our data.
Additional measurements of the 2Hðe; e0pÞn would be
required to reduce the statistical uncertainties in this very
high recoil momentum region (pr > 500 MeV=c) to better
understand the large deviations observed between the
different models and data.

(a)

(b)

(c)

FIG. 2. The ratio RðprÞ is shown in (a)–(c) for θnq ¼ 35°, 45°,
and 75°, respectively, each with a bin width of $5°. The dashed
reference (magenta) line refers to MS CD-Bonn PWIA calcu-
lation (or momentum distribution) by which the data and all
models are divided. Insets: enlargement of the subfigures for
pr ≤ 0.7 GeV=c.
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Fig. 4. Left: Cross section ratios 4He(e, e′ pN)/4He(e, e′ p) for Ref. [18] and GCF calculations. Ratios were taken for 3 kinematical settings centered around 3 bins in miss-
ing momentum. Includes ratios with recoil neutron (top) and recoil proton (bottom). Right: Event yield super-ratio 4He(e, e′ pp)/4He(e, e′ pn) and GCF calculations across 
kinematical settings.

with GCF predictions within uncertainties for both 4He(e, e′ pp)
and 4He(e, e′ pn) reaction, and especially for their ratio.

The agreement of the GCF calculation with the seemingly con-
stant experimental measurement of 4He(e, e′ pp)/4He(e, e′ p) is en-
couraging. It shows that there is no contradiction between the 
spectrometer data analyzed here and the large-acceptance detec-
tor measurements of Ref. [26]. Rather, it highlights the need for 
proper theoretical framework to properly account for phase-space 
and acceptance effects in the different measurements before relat-
ing the measured observables to ground state properties of nuclei.

The improved agreement of the 4He(e, e′ pp)/4He(e, e′ pn) ratio 
data further supports previous claims that ratios of two-nucleon 
knockout reactions are good observables. Such ratios not only ben-
efit from the cancellation of many experimental uncertainties, but 
also from the cancellation of amplitude-level FSI. The latter have 
previously been found to have significant effects in QE scattering 
in light nuclei [15].

We further observe that both the AV18 and N2LO N N inter-
action models are capable of explaining the data up to very high 
values of missing momentum, giving credence to their use in cal-
culations of high-density nuclear systems.

Last, the GCF calculation additionally allows exploring the un-
derlying pair relative momentum distribution probed in each kine-
matical setting. These distributions are shown in online supple-
mentary materials Fig. 7 and 8. They are similar for the AV18 and 
N2LO N N interaction models and for light-front and instant form 
GCF formulations. In all cases the pair relative momentum dis-
tribution is smaller than the probed |"pmiss|, due to the pair c.m. 
motion. At the lowest |"pmiss| value the probed relative momentum 
distribution for the 4He(e, e′ p) reaction is slightly shifted to lower 
values as compared with that of the 4He(e, e′ pN) reactions.

5. Summary

We performed a re-analysis of SRC studies using the 4He(e, e′ p)
and 4He(e, e′ pN) reactions. The data are taken at high-Q 2, xB > 1, 
high-"pmiss kinematics that are dominated by the hard breakup of 
nucleons in SRC pairs. GCF calculations of the measured reactions 
were done using a dedicated event generator with both instant 
form and light-cone formulations, while accounting for the mea-
surement experimental setup, event selection criteria, and Trans-
parency and SCX reaction effects.

Overall good agreement is observed between the data and 
GCF, especially for 4He(e, e′ pp)/4He(e, e′ pn) and 4He(e, e′ pp)/
4He(e, e′ p) ratios. These observations give further credence for the 
GCF modeling of the correlated part of the nuclear ground state 
and the validity of the N N interaction models examined here in 
describing two-body interactions at high-momentum and short-
distances. Future studies of three-nucleon correlations will allow 
extending this study of N N interactions to short-distance N N N

interactions that are of high-interest for complete and accurate 
modeling of the nuclear symmetry energy at high-densities and 
the cooling rate of neutron stars [31,46–49].
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of ref. 27, the published two-nucleon knockout measurements7,8 and the 
inclusive measurement for 48Ca (ref. 24). It is noted that for most nuclei 
shown in Fig. 1, Pnp/pp ≈ 2, whereas for 4He, Pnp/pp = 4, decreasing the 4He 
enhancement factor compared with those observed in heavier nuclei 
simply because of accounting for the available number of np and pp pairs.

Our inclusive data yield R = 4.34np/pp −0.40
+0.49, corresponding to an 

enhancement factor of R P/ = 2.17np/pp np/pp −0.20
+0.25 . Our extraction is sig-

nificantly more precise than previous measurements and shows a clear 
deviation in 3He compared with heavy nuclei. It is noted that the dif-
ferent extractions of the np/pp ratios are not precisely equivalent, as 
there are small but important quantitative differences between the 
experiments and analyses. As discussed below, these differences do 
not appear to be responsible for the observed A dependence and may 
in fact be suppressing the true size of the difference.

Although the np/pp extractions are often described as measuring 
the relative number of np-SRCs and pp-SRCs, they are more correctly 
described as the relative cross-section contribution from SRCs over a spe-
cific range of initial nucleon momenta: Pm of 250–400 MeV c−1 for ref. 27,  
400–600 MeV c−1 for ref. 7 and 350–1,000 MeV c−1 for ref. 8. Both data7 
and calculations15,16 suggest that the np/pp enhancement decreases 
at larger Pm values, so if all exclusive measurements were examined 
in the same range, excluding the highest Pm values, we would expect 
the enhancement to be even larger. Our inclusive measurement sam-
ples Pm values of 250–300 MeV c−1 and above, depending on the exact 
(x, Q2) bin, but yields a consistent cross-section ratio for 1.4 < x < 1.7 
at both Q2 values. Whereas for lower x and Q2, the Pm range extends 
below the coverage of the two-nucleon knockout measurements, the 
cross-section at our larger x values and Q2 = 1.9 GeV2 is dominated by 
Pm % 350 MeV c−1, which is similar to the exclusive measurements. In 
addition, for the 3He data, both our inclusive result and our extraction 
from the single-nucleon knockout27 data yield small enhancement fac-
tors, whereas the inclusive results on 48Ca, with very similar Pm cover-
age, show a large enhancement, suggesting that the different missing 
momentum coverage is not responsible for the striking results in 3He.

One might speculate that the fact that 3He has an extremely large 
deviation from N = Z might influence the isospin structure of the SRCs in 
some poorly understood way, but there are two reasons that this seems 

unlikely to be the driving cause. First, the heaviest nuclei measured, 
208Pb, also has a large proton–neutron asymmetry, N/Z = 1.54, but does 
not appear to have a significantly reduced enhancement factor. In addi-
tion, the 4He enhancement factor is also below all of the measurements 
on heavier nuclei, although the uncertainty does not allow us to make a 
definitive statement on its consistency with heavier nuclei. This points 
to the importance of making improved measurements of the np/pp SRC 
ratio, especially for light nuclei. Although the measurement presented 
here yields markedly smaller uncertainties, the technique requires 
nuclei with nearly identical structure but significant N/Z differences, so 
it cannot be applied widely. Even for other mirror nuclei, the sensitivity 
would be suppressed by a factor of ∆Z/A, where ∆Z is the difference in 
Z between the two nuclei. Thus, improved measurements on 4He (or 
other light nuclei) will require two-nucleon knockout measurements 
with better statistics, possible at JLab or the Electron-Ion Collider, as 
well as an improved understanding of the FSI corrections.

The reduced np-SRC enhancement in 3He could also be related to the 
difference in the average nucleon separation in 3He compared with heav-
ier nuclei. This would modify the relative importance of the different 
components of the NN potential. Therefore, this measurement could 
be a way to constrain the relative contribution of the short-distance 
(isospin-dependent) tensor interaction and the very short-distance 
(isospin-independent) repulsive central core, which is difficult to con-
strain based on NN scattering data alone.

Finally, independent of the explanation for these surprising results, 
this measurement provides insight into the high-momentum structure of 
3He. The near-total np-SRC dominance seen in heavier nuclei suggested 
that the proton and neutron distributions would be essentially identical 
at large momenta, even for the extremely proton-rich 3He. Our results 
suggest otherwise, indicating that the neutron has a smaller role at high 
momenta than if np dominance is assumed, thus shifting the strength 
between the high- and low-momentum regions. As 3He has a unique 
role as an effective polarized neutron target33 and allows for a nearly 
model-independent extraction of the unpolarized neutron structure 
function34, a precise understanding of its microscopic structure is a key 
ingredient in a range of fundamental measurements in nuclear physics.

In conclusion, we have presented a measurement on the mirror nuclei 
3H and 3He that provides a precise extraction of the enhancement of 
np-SRCs relative to pp-SRCs. The data show a significantly smaller 
enhancement of np-SRCs for A = 3 than seen in heavier nuclei, with 
uncertainties an order of magnitude smaller than previous two-nucleon 
knockout measurements. We also extracted the np/pp SRC ratio from 
3He(e, eʹp)/3H(e, eʹp) data27, and found it to be consistent with the inclu-
sive result, but with larger uncertainties. Our data on 3He, compared 
with heavier nuclei, suggest an unexpected and, as yet unexplained, A 
dependence in light nuclei. This surprising result makes available new 
information on the structure of these nuclei, which may impact a range 
of measurements that rely on understanding the 3H and 3He structure. 
These data may also have an important role in constraining the relative 
contribution of the short-range attractive and repulsive parts of the 
nucleon–nucleon interaction.
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8% and are typically much smaller than the statistical
uncertainties. Additional point-to-point systematics are due
to bin-migration, bin-centering, and radiative corrections
and range between 0.5% and 3.5%.
The overall normalization uncertainty of our measure-

ment equals 2.7%, and is due to uncertainty in the target
density (1.5%), beam-charge measurement run-by-run
stability (1%), tritium decay correction (0.15%), and
spectrometer detection and trigger efficiencies (2%).
For completeness we also used SIMC to calculate the

acceptance-averaged cross sections using both Cracow and
CKþ CC1 cross section models and compared them to our
measured data before any bin-centering corrections. Both
models well reproduce the shape of the measured Emiss and
pmiss event distributions. The ratio of the acceptance-
averaged experimental to theoretical cross section is similar
to the bin-centered ratios shown here.
Figure 1 shows the experimental, bin-centered, 3He and

3Hðe; e0pÞ cross sections as a function of pmiss and
integrated over Emiss from 8 to 50 or 80 MeV for the
low- and high-pmiss kinematics, respectively. The cross
section drops more than a factor of 103 from the lowest to
highest pmiss. The Cracow calculation appears to agree well
with measured cross sections for 3He for pmiss <
350 MeV=c and for 3H at all pmiss, while the CKþ CC1
calculation generally overestimates the measured cross
sections.
For ease of comparison, Fig. 2 shows the same measured

cross sections divided by the PWIA calculations. For 3H,
the Cracow calculation agrees with the data to about 20%.
For 3He, the two agree for 100 ≤ pmiss ≤ 350 MeV=c but
disagree by up to a factor of two for larger and lower pmiss.

For both nuclei the CKþ CC1 calculation is higher than
the data by about 60%. These results are consistent with our
3He=3H cross section ratio extracted from the same data
[36], which agreed with ratios of cross section calculations
and ratios of ground-state momentum distributions up to
pmiss ≈ 350 MeV=c. The unexpected increase in the
3He=3H cross section ratio at larger pmiss now appears to
be due to both a decrease in the 3Hðe; e0pÞ and an increase
in the 3Heðe; e0pÞ cross sections, relative to PWIA calcu-
lations. As explained below, our data suggests that this
effect is due to SCX effects.
The most recent 3Heðe; e0pÞ three-body breakup cross

section measurements were done at Q2 ¼ 1.5 ðGeV=cÞ2
and xB ¼ 1 [5], near the expected maximum of struck-
proton rescattering. The measured cross sections were
lower than PWIA calculations by a factor of ∼2 for pmiss <
250 MeV=c and higher by a factor of ∼3 for 400 < pmiss <
500 MeV=c (see Fig. 2). These deviations were described
by calculations which included the contribution of non-QE
reaction mechanisms, primarily FSI [32,46–48]. The large
contribution of such non-QE reaction mechanisms to the
measured ðe; e0pÞ cross sections significantly limited their
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ability to constrain the nucleon distributions at high
momenta. These non-QE effects are much smaller in the
current measurement due to our choice of kinematics.
In order to estimate the effects of struck-proton rescat-

tering, we also considered a calculation byM. Sargsian [49]
which accounts for the FSI of the struck nucleon using the
generalized Eikonal approximation [50,51], following the
initial PWIA proton knockout. This calculation does not
include the continuum interaction between the two specta-
tor nucleons, FSI23, and is therefore only applicable where
those effects are small. Comparing the Cracow calculations
with and without FSI23 showed that its effects decrease
rapidly with pmiss. We therefore used the Sargsian FSI
calculations only at pmiss ≥ 250 MeV=c. We further veri-
fied that using this model for bin centering did not
significantly change the correction factors.
See the online Supplemental Material [52] for more

details on the kinematics, analysis procedures, and theo-
retical corrections, and for tables of all measured and
calculated cross sections.
Figure 3 (top) shows the ratio of the experimental, bin-

centered cross section to the Sargsian FSI calculation for
pmiss > 250 MeV=c. The FSI calculation generally agrees
with the data. The trend of the ratio seems to be opposite for

3He and 3H with the former rising above unity while the
latter decreasing below it.
If the high-momentum proton and neutron densities are

equal in both 3He and 3H, this trend could result from SCX
processes which would increase the 3Heðe; e0pÞ cross
section, but decrease the 3Hðe; e0pÞ cross section. While
further calculations are needed to fully quantify this effect,
this equal-density assumption is supported both by ab initio
calculations [53] and by previous measurements that
showed that, at high pmiss, electrons scatter primarily off
nucleons in np-short-range correlated pairs [54–64]. We
can test this, since SCX effects should be suppressed in
isoscalar systems due to large cancellations between ðn; pÞ
and ðp; nÞ processes. This implies that the isoscalar A ¼ 3
cross-section (i.e., 3Heþ 3H) is insensitive to these effects.
The ratio of the measured total isoscalar A ¼ 3 cross

section of 3Heþ 3H to the Cracow and Sargsian calcula-
tions is shown in Fig. 3(bottom). As expected, both
calculations agree with the data to within about %10%,
comparable to the accuracy of the data. Due to the QE
nature of our measurement, this excellent agreement
between our isoscalar data and ab initio nuclear theory
validates calculations of the A ¼ 3 ground state momentum
distribution up to extremely high nucleon momenta of
about 500 MeV=c.
To conclude, we present new 3He and 3Hðe; e0pÞ cross

section measurements, which represent the first new high-
energy electron scattering data on tritium in over 30 years.
By choosing kinematics specifically to minimize non-
quasielastic contributions (high-Q2, xB > 1, θrq < 37.5°),
the data are much more directly sensitive to the properties
of the A ¼ 3 nuclear ground state. PWIA calculations can
reproduce the 3He data to within %20% for 100 ≤ pmiss ≤
350 MeV=c, a significant improvement over previous
measurements at xB ¼ 1, and do even better for 3H, where
they can reproduce the data to %20% over the entire
measured pmiss range. A calculation that includes leading
nucleon rescattering improves agreement at high pmiss, and
the residual disagreement has the same sign as would be
expected from additional SCX contributions. The isoscalar
(3Heþ 3H) cross section agrees remarkably well with QE
cross section calculations, validating both the choice of
kinematics and calculations of the A ¼ 3 ground state up to
extremely high nucleon momenta of 500 MeV=c.
These data are a crucial benchmark for few-body nuclear

theory and are a necessary, but not sufficient, test of
theoretical calculations that are also used in the study of
heavier nuclear systems.
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Open questions

How do pairs form in simple systems, purely 1S1/2 nucleons?

How to connect this to heavier nuclei?

Can we benchmark fully relativistic descriptions at extreme

kinematics?

Can we improve/benchmark sophisticated FSI calculations?

Can we find evidence of non-nucleonic components?

What state is left behind after SRC removal?

How can we learn about 3N SRCs from simple systems?

How will these systems best serve as a reference for studies of heavier

nuclei?
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