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ARTICLE INFO ABSTRACT

Editor: H. Gao

Inclusive electron scattering at carefully chosen kinematics can isolate scattering from the high-momentum

nucleons in short-range correlations (SRCs). SRCs are produced by the hard, short-distance interactions of
nucleons in the nucleus, and because the two-nucleon (2N) SRCs arise from the same N-N interaction in all
nuclei, the cross section in the SRC-dominated regime is identical up to an overall scaling factor. This scaling
behavior has been used to identify SRC dominance and to measure the contribution of SRCs in a wide range of
nuclei. We examine this scaling behavior over a range of momentum transfers using new data on ?H, 3H, and *He,
and find an expanded scaling region compared to heavy nuclei. Motivated by this improved scaling, we examine
the 3H and 3He data in kinematics where three-nucleon SRCs may play an important role. The data for the largest
struck nucleon momenta are consistent with isolation of scattering from three-nucleon SRCs, and suggest that the
very highest momentum nucleons in >He have a nearly isospin-independent momentum configuration.

In a shell-model or mean-field (MF) picture of a nucleus, typical nu-
cleon momenta are near or below the Fermi momentum of the nucleus,
kp ~ 250 MeV/c. The strong, short-range part of the nucleon-nucleon
(N-N) interaction generates two-nucleon short-range correlations (2N-
SRCs), pairs of high momentum nucleons with a large relative momen-
tum (2 2kp), and smaller total momentum (consistent with the MF
picture) [1,2]. This mechanism brings up to ~20% of nucleons in a nu-
cleus to momenta higher than the typical maximum MF momentum of
the nucleus, k,, [2]. Inclusive quasi-elastic (QE) scattering can isolate
these high-momentum configurations. Measurements at large momen-
tum transfer (Q2) suppress long-range final-state interactions (FSIs),
meson-exchange currents, and isobar configurations [1,3,4], while in-
elastic contributions are suppressed at low energy transfer (v), corre-
sponding to x = Q*/(2M »v) > 1, where M, is the proton mass.

In QE scattering from a deuteron, any given combination of x and
02 corresponds to a minimum initial momentum of the struck nucleon,
kin» Delow which scattering is kinematically forbidden [3]. For a nu-
cleus A, a similar k,,;, threshold can be defined for QE scattering, which
differs slightly from the value for the deuteron due to the heavier specta-
tor system. For all nuclei, the QE peak at x = 1 is dominated by scattering
from low-momentum nucleons. At x > 1, As x and Q? increase, k,,;, also
increases, leading to a rapid decrease in the scattering from MF nucle-
ons, eventually leaving scattering from high-momentum SRC pairs as
the dominant process for k,,;, > kpr [1,3,2]. If we assume that SRCs
in nuclei are identical to those in the deuteron, i.e. unbound np pairs
with zero total momentum, then the QE cross sections for scattering
from different nuclei in this kinematic region will be identical up to an
overall scaling factor representing the relative abundance of SRC pairs
in the nucleus. As such, the cross section ratio of any nucleus A to the
deuteron, 64 /02, should scale with respect to both x and 07? in the
2N-SRC dominated region. Contributions from a stationary 2N-SRC are

limited to x <2, as x = M2y /M, ~ 2 is the kinematic limit for scatter-
ing from a deuteron.

An examination of the A/2H cross section ratios for light and heavy
nuclei from SLAC data [5] observed a plateau at x > 1.4 that was inde-
pendent of Q? for O > 1.4 GeV?. The height of the plateau, a,(A4), in
this scaling regime has been measured for a variety of nuclei in this and
later experiments [6-8]. These data showed that a, increases rapidly
with A in light nuclei, but becomes roughly constant, a, = 5, in nuclei
from carbon to lead [2]. As Q2 decreases, larger x values are required
to obtain the initial nucleon momenta necessary to isolate SRCs, with
scaling breaking down completely at lower Q2 values [5,9,10] due to
increased FSI contributions [4,10,2], discussed below.

While the SRC picture described above predicted the observed scal-
ing behavior of the A/?H ratios, it makes several important assump-
tions: It neglects FSIs and treats all SRCs as deuteron-like and station-
ary [5,3,2]. Calculations [11,12] show that FSIs decrease rapidly with
increasing Q2 at low Q? values. In addition, above Q2 > 1 GeV?, FSIs
are dominated by rescattering within the SRC pairs [11,13,4] and should
thus cancel in the A/2H ratios in the SRC-dominated regime [3,4]. The
dominance of deuteron-like SRCs has been shown in a series of measure-
ments [14-18,8], which found that pp- and nn-SRCs contribute only a
few percent each in heavy nuclei [2], while 3He and 3H have a larger
pp or nn contribution but are still dominated by np pairs at the 80+%
level [8]. This observed np dominance is understood to be a consequence
of the nucleon-nucleon tensor force [19-22] that dominates the gener-
ation of high-momentum nucleons for k > k ;.

CM motion and binding of the SRC pairs in the nucleus can also mod-
ify the simple picture of universal SRCs in all nuclei. Estimates show that
the CM motion enhances the SRC contribution in the high momentum
tails, enhancing the ratio in the plateau region, increasing a, (A) by ~10-
20% above the expectation based on simply taking the relative number
of SRCs [6,23,24]. While calculations show some x dependence in this
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enhancement, in particular for x — 2, the observation of a plateau over
arange of x and Q? values for several nuclei suggests that it does not sig-
nificantly distort the x and Q? independence in the plateau region [6].
Binding is estimated to reduce a,(A) but have a smaller effect [24].

The need to isolate SRCs from the MF nucleons, coupled with the
need to minimize FSIs and other scaling-violating effects, defines the re-
gion where the predicted scaling is observed in A/?H ratio. This scaling
region may be extended when examining ratios of similar nuclei, e.g.
for 3He/?H, 3H/3He [8] or *8Ca/*Ca [18]. In these cases, FSI correc-
tions and CM motion of the SRCs in the two nuclei are very similar,
and so their effects on the cross sections will have significant cancella-
tion in the target ratios. Comparing light nuclei has additional benefits
from their smaller sizes of FSIs and CM motion, and faster falloff of the
MF contributions due to their smaller MF momenta. All of those allow
2N-SRCs to dominate at lower values of x and Q2.

At x > 2, where 2N-SRCs only contribute due to their CM motion,
the SRC picture predicts that scattering from three-nucleon SRCs (3N-
SRCs) may begin to dominate [5,25,2,26]. The 3N-SRC can be taken
as a strongly-interacting, short-distance configuration where all three
nucleons have momenta above k,, . pending the CM motion. The inclu-
sive measurement cannot directly distinguish between scattering from
high momentum nucleons in 2N or 3N-SRC configurations. But if 3N-
SRCs begin to contribute beyond x = 2, the inclusive cross section ratio
will change from the 2N-SRC region, yielding a second plateau at x > 2
where the ratio reflects the relative contribution of 3N-SRCs [5].

The conventional approach to searching for 3N-SRC scaling is to
measure the A/3He cross section ratios at x > 2 and large 02, to al-
low for the observation of a clear plateau at two or more Q2 val-
ues [26], confirming both x and 0? independence. Because inclusive
scattering cannot separate scattering from 2N- or 3N-SRCs, this ap-
proach relies on observing a change in the A/3He ratio at x > 2 associ-
ated with the transition to 3N-SRC dominance [5,27]. Existing A/3He
data at 0% ~1.5-2 GeV? [28] did not observe the predicted 3N-SRC
plateau, while a measurement at 0?% ~ 2.8 GeV? [6] is consistent with
a plateau for x > 2.5, but with very large uncertainties [6,27]. Calcu-
lations from [10,29] suggest that high x data for Q% ~ 3 GeV? may be
sufficient to observe the dominance of 3N-SRCs, but the existing data do
not provide a sufficiently precise measure of the x dependence and give
no information on the Q2 dependence [6]. As such, we do not yet know
whether it is possible to isolate the presence of 3N-SRCs in inclusive
scattering [2,26].

The comparison of A =3 mirror nuclei provides unique advantages
in probing 3N-SRCs. In conventional searches for 3N-SRCs, a heavy nu-
cleus which can contain four different 3N isospin configurations (nnp,
ppn, nnn, ppp) is compared to the npp SRC in >He, and the 3N-SRCs in
the heavy nucleus can have CM motion that is not present in >*He. In the
3H/3He comparison, the 3N-SRC configurations have zero total momen-
tum, and only a single isospin configuration is possible for each nucleus.
We also expect an expanded scaling region for the H/3He ratios because
(a) light nuclei have smaller Fermi motion, so the MF contributions will
drop off at lower k,,;,, values and (b) the scaling violation effects such as
long-range FSIs and CM motion of the SRCs should be nearly identical in
mirror nuclei. Finally, only 2N- and 3N-SRCs can contribute to the cross
section at very large x, so any deviation from the ratio in the 2N-SRC
regime should reflect the 3N-SRC contributions, even if the 2N-SRC con-
tributions are not completely negligible. This provides sensitivity to the
structure of the 3N-SRCs in H and 3He even if we cannot demonstrate
3N-SRC dominance.

In this work, we examine 2N-SRC scaling behaviors in *H/?H, and
3He/?H and confirm the expectation of improved scaling in these few-
body nuclei. We next examine the 3H/He ratios and demonstrate that
the 2N-SRC scaling region starts at even lower x and Q2 values in
the comparison of these mirror nuclei. We then take advantage of the
greater kinematic range of the data and study the ratios at x >2 to exam-
ine how the H/3He ratio - sensitive to the isospin structure of 3N-SRCs
- changes compared to the ratio observed in the 2N-SRC region.

Physics Letters B 868 (2025) 139734

Table 1

Kinematics for the data included in this analysis. E,,,, is the incoming beam
energy, 6, is the central spectrometer angle, and (Q?) is the mean Q? value for
the data at x = 1.5. The 0.6 to 1.0 GeV? data sets are extended from the pub-
lished QE peak [30] to x > 1 region. And the 1.4 GeV? data set is extended from
2N-SRC [8] to 3N-SRC region. Note that the 0.7 GeV? data set has a reduced x
range for deuterium target (0.7 < x < 1.5) and the 1.9 GeV? data set includes
measurements at 17.802 degrees to extend the data down to x =0.7.

Epeum 0,y (0% x Ref.
(GeV) ©) (GeV?) range

2.222 21.778 0.6 0.6-3 [30]
2.222 23.891 0.7 0.6-2 [30]
2.222 30.001 1.0 0.7-2 [30]
4.332 17.006 1.4 0.6-3 [81
4.325 20.881 1.9 0.9-1.7 [81
5.766 18.000 2.6 0.5-2.1 [6]

Data used in this analysis were collected via inclusive electron scat-
tering from 2H, 3H, and 3He in Hall A at Jefferson Lab (JLab) in 2018 as
part of experiments E12-11-112 and E12-14-011 [31-34,8,30,35], along
with 3He/2H ratios from [6]. We include cross section ratios and uncer-
tainties over the full kinematic range of E12-11-112, much of which has
not been previously published. Four identical 25 cm long aluminum cells
were used to hold 70.8, 142.2, 85.0 (84.8),° and 53.2 rng/crn2 of 'H,
’H, 3H, and 3He gas at room temperature [36,35]. Electrons scattered
from the target nuclei and were detected in the Hall A High Resolution
Spectrometers. For each spectrometer angle setting, 2-4 overlapping mo-
mentum settings were used to cover an x range around the QE peak and
into the SRC region at x >1. Detailed descriptions of the experimental
setup can be found in [37-39], and the kinematics of the data presented
are summarized in Table 1. The cross section ratios are included in the
supplemental materials [40]. Systematical and normalization uncertain-
ties are discussed in [8].

Fig. 1 shows the 3He/?H ratios for the full Q? range of the experiment
vs x (top) and @,y (middle), and the *H/?H vs a, 5 (bottom). The light-
cone momentum « has a more direct connection to the struck nucleon
momentum [1,5,2]. Reconstructing a in inclusive scattering requires an
assumption about the nature of the final state, and for the study of 2N-
SRCs we use a, y,

2 2

VV2N —4mN

)
2N

=(g+2my)? =-0%+
4q,my + 4m§v. The quantity a,, represents the light-cone momentum
fraction assuming that the momentum of the struck nucleon is balanced
by a single spectator nucleon. This is appropriate for the deuteron or
for scattering from a 2N-SRC with low total momentum. It is also very
close to « calculated for the MF case, where the recoil is assumed to be
taken by the whole A-1 spectator system [1,5,10]. The benefit of using
@,y is illustrated by the fact that the clear Q® dependence in the QE
peak region of the top panel of Fig. 1 disappears when plotted against
a,y, as observed previously [10,2]. As such, all further scaling studies
in this work will show the ratios as a function of the estimated light-cone
momentum.

In the 2N-SRC region, a plateau is seen in the H/2H as well as
3He/?H ratios at a,y > 1.2 for 0?>=1 GeV? and higher. This is con-
sistent with *He/2H ratios of Ref. [5], while *°Fe/2H and °” Au/?H [5]
and 2C/3He [9] ratios show scaling for Q% > 1.4 GeV2. As expected,
the reduced FSI contributions in 3H and 3He and more complete can-
cellation of FSIs in the A/2H ratio lead to an expanded scaling region,
with the SRC plateau observed down to 0? ~ 1 GeV2. In addition, the

_+2m
0(2N:2—q N(l+

2my

. _ 2
Here myy is the nucleon mass, g_ = gy —q|, W},

3 The Q? =1.4 GeV? data were taken in the Fall 2018 with a different tritium
cell with an areal density of 84.8 mg/cm?.
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Fig. 1. 3He/?H per-nucleon cross section ratio vs x (top) and «, (middle), along
with the *H/?H ratios vs @,y (bottom). Error bars indicate the statistical and sys-
tematic uncertainties summed in quadrature. The *He/>H (*H/?H) ratios have a
normalization uncertainty of 1.18% (0.78%), except for the Q% = 2.6 GeV? data
of 3He/?H [6] which has a 1.8% normalization uncertainty.

plateau for 3H and 3He extends down to a,y ~ 1.2 (k,,;, ~ 200 MeV),
compared to a,y = 1.3 (k,,;, ® 300 MeV) in heavier nuclei [10], due to
the lower MF momenta in light nuclei.

The 3H/?He ratio should show the same early onset of 2N-SRC scal-
ing in a, while the cancellation between FSIs in the mirror nuclei should
yield a plateau at even lower O values. One can see this in Fig. 2, where
scaling in the 2N-SRC region (1.2 < @,y < 1.35 in Fig. 1) extends down
to 0% = 0.6 GeV?, albeit with limited statistics and limited a, cover-
age. Note that the ratio at x ~ 1 varies slightly with Q2 because of the
small difference in the O dependence of the proton and neutron form
factors.

Given the expanded 2N-SRC scaling region observed for H/>He, it
is natural to look at the ratios at x > 2 to study the contributions from
3N-SRCs. While the a and Q? coverage is limited compared to some
previous 3N-SRC studies [6,28], the expanded scaling region, combined
with the simplification of having only a single, stationary 3N-SRC con-
figuration in each nucleus, provides unique sensitivity to the 3N-SRC
structure [2,26].

If the three-body system is dominated by the maximally-symmetric
“triangle” or “star” configurations, where all three nucleons have

Physics Letters B 868 (2025) 139734
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Fig. 2. *H/*He ratios vs @,y in the 2N-SRC region. Error bars indicate the sta-
tistical and systematic uncertainties summed in quadrature. A normalization
uncertainty of 1.18% is not shown. Note that a,, is kinematically prohibited
beyond the deuteron elastic peak (x &~ 2), which is approximately a,, = 1.35
and 1.43 at Q> =1.4 and 1.9 GeV? respectively.

identical momentum, then the probability of scattering from a high-
momentum proton or neutron will reflect the number of protons and
neutrons in the 3N-SRC. For the kinematics of the present measure-
ment, the ratio would approach (¢,, + 20,,)/(20,, + 0,,) = 0.7 = 0.75,
depending on Q?, where 6,y are the off-shell electron-nucleon elastic
scattering cross sections. The other extreme is the “linear” configura-
tion, where the highest-momentum nucleon is balanced by two co-linear
spectator nucleons. In this case, the cross section at the largest a values
will be dominated by scattering from the highest-momentum nucleon.
If this is the singly-occurring nucleon, then the scattering would select
the proton (neutron) in *H (®He), yielding a *H/>He cross section ratio
of 6,,/0,, ~2.5. Similarly, dominance of the doubly-occurring nucleon
at large @ would yield a ratio of o,,/0,, ~ 0.4. If there is no isospin pref-
erence for the highest-momentum nucleon, then the scattering samples
all nucleons identically, yielding a ratio of 0.7 — 0.75.

While these examples assume dominance of a single configuration,
they illustrate the sensitivity of the cross section ratio to the 3N-SRC
isospin configuration. An analysis of 3He electro-disintegration suggests
that the 3N-SRC is predominately formed by two consecutive 2N inter-
actions, and that the majority of the 3N-SRCs in the nucleus are in a
linear configuration [41]. The dominance of the linear configuration in
the wavefunction is further enhanced in the cross section, as the spec-
tator nucleons in the star configuration have larger momenta, yielding
a significant excitation of the spectator system. In fact, for the kinemat-
ics of this measurement, the star configuration cannot contribute above
x = 1.4 in inclusive scattering from A =3 nuclei [42] due to the larger
excitation energy of the spectator system [41]. The spectator system
in the linear configuration has a smaller excitation than in the case of
2N-SRCs for the same struck nucleon momentum, allowing this part of
3N-SRC configuration to be enhanced in the cross section relative to the
2N-SRC. Intermediate configurations between the star configuration and
the minimally-symmetric linear configuration may be accessible, but
will still be strongly suppressed by the increased spectator excitation.
Thus, the linear (or near-linear) configurations should dominate, and
we focus on the near-linear configuration when interpreting the data.
Note that the predictions for isospin sensitivity are identical for linear
or nearly-linear configurations, as long as the leading nucleon always
has significantly higher momenta than the other two.

Fig. 3 shows the H/3He cross section ratios vs a;y from the two
high-Q? data sets, with x = 2 corresponding to roughly a;, = 1.4. Sim-
ilar to a,

a3y =3 -

q_+3my 1+ m?—mi,
2my
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Fig. 3. H/’He ratios for the highest-Q? data sets. The solid lines shown for
a3y > 1.2 and 1.4 indicate the fitted value R = 0.854 in the 2N-SRC plateau
region [8], and the prediction for the 3N-SRC region, R =~ 0.7 [27] respectively.
The curves are calculations from Benhar [12,43] and Sargsian [44,27].
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approximates the light-cone momentum fraction in the three-nucleon

2(3— . . .
system [29]. Here W3y = w + 9mil is the invariant mass of the

3N system, and m, = \/4(mi] +4k2) is the mass of the 2N spectator

system where the relative momentum between two spectator nucleons
k =0 in the linear configuration. a3y is nearly identical to a,y for
the mean-field and 2N-SRC regions, while being more appropriate for
examining 3N-SRC configurations. The dotted and dashed curves repre-
sent spectral function-based calculations of inclusive cross section ratios
from [45,43] and [44] (based on the formalism of Ref. [27]. The two
0? = 1.9 GeV? calculations are in good qualitative agreement with the
data near the QE peak and the 2N-SRC region, although they differ by
~5%. While the 1.9 GeV? calculations are in pretty good agreement
with the data, the 1.4 GeV? result [43] shows a significant difference
between the ratios at 1.4 and 1.9 GeV? that is not observed in the data.
The horizontal lines in Fig. 3 indicate the observed cross section ratio
in the 2N-SRC regime [8], and the predicted 3N-SRC plateau value of

a,CH) ]2 [ oCH) ]2
a,(CHe) c(CHe)

assuming dominance of the linear configuration from two consecutive
hard two-nucleon interactions [29,27]. Ref. [27] predicted the onset of
3N-SRC dominance somewhere above a3y = 1.6 (k,,;, = 600 MeV) based
on the requirement that both of the spectators be above k,,;,, ~ 300 MeV
to exclude MF contributions. For A=3 nuclei, 2N-SRC dominance is
observed above a = 1.2 (k,,;, = 200 MeV), so the same criteria imply
possible 3N-SRCs dominate above a ~ 1.4 (k,,;,, =400 MeV, correspond-
ing to a linear configuration with two 200 MeV spectators). In addition,
calculations [27,29] show that two-body breakup, FSIs, and 2N-SRCs
are suppressed in the cross section ratios in that region. That means the
present data may be sufficient to isolate 3N-SRCs in A = 3. For a more de-
tailed treatment and analysis of the various contributions, see Ref. [27]

The ratio at a3y > 1.4 is consistent with a plateau near 0.7, as
predicted by Eq. (3). If 3N-SRCs dominate, this suggests an isospin-
symmetric configuration. Even if these kinematics do not fully isolate
3N-SRCs, it is clear that the 3N-SRC contribution decreases the ratio
below the value in the 2N-SRC region, indicating that the contribution
from the 3N-SRCs is at or below the observed value of 0.7, ruling out
configurations where the doubly-occurring nucleon dominates at the
largest momenta. Additional measurements, extending the a3y range
and providing measurements at more than one Q? value, are needed to
have a complete test of the prediction of 3N-SRC dominance.

In conclusion, we present new measurements of inclusive cross
section ratios in kinematics corresponding to scattering from high-

a;CH) ~ [ 3
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momentum nucleons in SRCs over a range of Q. We examined the
behavior at lower Q? values, where the x-scaling predicted by the SRC
model has been observed to break down in previous A/?H ratio measure-
ments, and found that the ratios of *He and 3H to 2H have an expanded
scaling region in both x (a) and Q® compared to ratios on heavier nu-
clei. This earlier dominance of the SRCs results from the reduced MF
momenta in these nuclei combined with smaller scaling violations as-
sociated with FSI or CM motion of the SRCs in the ratios. Specifically,
the FSIs and CM motion contributions are both small in absolute sizes,
and largely cancel in comparisons of these light nuclei. That leads to the
observed 2N-SRC scaling down to Q% =0.6 GeV? in H/3He ratios.

This also represents the first extraction of the 3H/3He ratio beyond
the 2N-SRC region, allowing us to examine the behavior of the cross sec-
tion ratio as we move into kinematics where 3N-SRC contributions are
expected. While this measurement is limited to a < 1.6, too low to iso-
late 3N-SRC in heavy nuclei according to recent predictions [29,27], it
may be sufficient to isolate 3N-SRCs in A =3 nuclei [44]. The criteria of
Ref. [29], evaluated using the smaller Fermi momenta for A =3 nuclei,
suggest that 3N-SRCs may begin to dominate above a = 1.4. Our data
are consistent with a constant ratio for a 2 1.45, and the value of this ra-
tio is consistent with isospin-independent 3N-SRC configurations. Even
if 3N-SRC is not dominant in that region, the decrease of the ratio from
the 2N-SRC plateau of 0.84 rules out dominance of the singly-occurring
nucleon at the largest momenta in 3N-SRCs, which would yield a signif-
icant increase in the ratio. A more definitive test of scaling and a clearer
picture of the isospin structure of 3N-SRCs will require 3H/3He inclu-
sive ratio with high precision at the largest a3, and measurements at
multiple Q? values.
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