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Abstract

Inclusive electron scattering at carefully chosen kinematics can isolate scattering from short-
range correlations (SRCs), produced through hard, short-distance interactions of nucleons in the
nucleus. 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, and
the A/2H cross section ratio is constant in this region. This scaling behavior has been used to
identify SRC dominance and to map out the contribution of SRCs for a wide range of nuclei.
We examine this scaling behavior at lower momentum transfers using new data on 2H, *H, and
3He which show that the scaling region is larger than in heavy nuclei. Based on the improved
scaling, especially for 3H/3He, we examine the ratios at kinematics where three-nucleon SRCs
may play an important role. The data for the largest initial nucleon momenta are consistent with
isolation of scattering from 3N-SRCs, and suggest that the very-highest momentum nucleons in
3He have a nearly isospin-independent momentum configuration, or a small enhancement of the

proton distribution.

Two-nucleon short-range correlations, pairs of nucleons in nuclei with large relative but
small total momenta, are generated by the strong short-range part of the nucleon-nucleon
(N-N) interaction [1, 2]. Inclusive quasi-elastic scattering can isolate scattering from these
high-momentum configurations in kinematics that require scattering from high-momentum
nucleons [2H4]. Cleanly isolating SRCs requires large momentum transfer, Q?, to suppress
long-range final-state interactions (FSIs) and meson-exchange currents, and also small energy
transfer, v, to suppress inelastic processes i.e. * = Q*/(2Mv) > 1, where M is the nucleon
mass [2), 5].

The quasi-elastic (QE) peak at = &~ 1 corresponds to scattering from a low-momentum
nucleon. For QE scattering at > 1, any given z and Q? combination corresponds to a
minimum initial nucleon momentum, k,,;,, for scattering to be kinematically allowed [3].
Because the mean-field contribution drops of rapidly with increasing nucleon momentum,
these contributions can be excluded by going to large x and Q?, leaving only the contribution
from 2N-SRCs. In the basic SRC model, where SRCs are assumed to be stationary (zero
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total momentum in the rest frame of the nucleus) and long-range FSIs are taken to be
negligible, the high-momentum structure is generated by two-body interactions, yielding
identical SRC structure at high momentum for all nuclei [I, [6]. This means that the cross
sections for scattering from different nuclei in this kinematic region will be identical up to
an overall scaling factor that represents the total contribution of deuteron-like SRCs in the
nucleus, apart from small corrections due to the center-of-mass (CM) motion and isospin
configurations of those NN pairs. As such, the cross section ratio of any nucleus A to the
deuteron, 4 /02y should scale with respect to both x and @2 in this 2N-SRC region.

An examination of the A /?H cross section ratios with data from SLAC measurements [5]
observed an A-dependent plateau in x for x > 1.4, independent of Q? for Q? > 1.4 GeV2.
Later measurements mapped out the A /2H cross section ratio in this scaling regime, as(A),
for a variety of nuclei [THI1]. The inclusive ratios show that as rises rapidly with A in light
nuclei, but becomes roughly constant, as = 5, for nuclei from carbon to lead [2]. They
also demonstrated that the predicted scaling breaks down at low Q2 values [4, 5, 12] due
to increasing contributions from FSIs to the cross section in the numerator along with the
fact that lowering Q? at fixed x allows scattering from lower-momentum nucleons, and thus
does not isolate 2N-SRCs as cleanly. Additional measurements demonstrated that the SRCs
are dominated by neutron-proton (np) pairs [I1}, [I3HI8], with pp and nn SRCs contributing
only a few percent each in heavy nuclei [2], but roughly 20% in 3He [11]. Note that while
as is often described as the relative number of 2N-SRC pairs in a nucleus relative to the
deuteron, additional effects neglected in the basic SRC model, most notably CM motion of
the SRC pair in the nucleus, yield corrections to this interpretation [2], 8 [111 19} 20].

Going beyond 2N-SRC region, the SRC model predicts that at x>2, where the 2N-SRC
contributions drops rapidly, three-nucleon (3N) SRCs will dominate the cross sections such
that ratios of A/*He may show scaling [5]. This may allow the observation and quantification
of 3N-SRCs, although it is much less straightforward to predict where the 3N-SRCs should
dominate [2]. In fact, 2N-SRCs will contribute to the cross section beyond z=2 due to CM
motion of the pair, making it difficult to predict where the 2N contribution will be negligible.

While a few experiments looked for a plateau in the A/*He ratios at @ > 2, there is
no conclusive evidence supporting the predicted 3N-SRCs scaling [2, 21]. Previous = > 2
measurements at Q? ~ 1.5-2 GeV? [9,22] do not show the expected scaling behavior [23], but

did not reach Q? values where 3N-SRC dominance is expected. Calculations from [4, 24 25]
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suggest that the data at Q2 ~ 3 GeV? from Ref. [§] may be sufficiently high in Q? to observe
3N-SRC dominance. While the data are consistent with a plateau for z > 2.5, they have
very limited statistics and took data at only one Q? value. While the statistics make it
difficult to claim an observation of scaling, the relative 2N-SRC and 3N-SRC contributions
from [§] are observed to be consistent [24] with the prediction that the 3N-SRC probability
should scale as the 2N-SRC probability squared.

While the SRC model makes clear predictions for where 2N-SRCs should dominate and
provides a simple interpretation of the data, effects such as FSIs, the CM motion of SRC
pairs in the nucleus, and the presence of pp and/or nn pairs in A > 2 nuclei can violate the
assumptions of the basic SRC model presented above [2, [4]. We expect the impact of these
scaling violations in the cross section to be suppressed in A;/A, ratios with Aj~A,, e.g.
3He/?H or ®Ca/*Ca [18], where these effects will have significant cancellation between the
numerator and denominator. Also, because light nuclei have smaller mean-field momenta,
the mean-field cross section contributions will fall off faster and the 2N-SRC contributions,
and thus the scaling behavior, should dominate at a lower values of x and Q2.

In this work, we examine deviations from the basic 2N-SRC model in detail and demon-
strate that scaling violations are dramatically reduced in the comparison of few-body nuclei,
and even more so in the comparison of the mirror nuclei *H and *He. We then take advan-
tage of the greater kinematic range of the data to study SRCs at x >2, where 3N-SRCs are
expected to contribute and, at some point, dominate the scattering [2, 14, 21].

Data used in this analysis were taken in Hall A at Jefferson Lab (JLab) in 2018 as part
of experiments E12-11-112 and E12-14-011 [I1], 26H31], along with additional *He/?H ratios
from [8]. We show cross section ratios covering the full kinematic coverage of E12-11-112,
most of which has not been previous published. All of the A /? ratios are new results, except
for the Q* = 1.4 GeV? data included in Ref. [11], while *H/3He ratios included in Ref. [26]
were limited to the QE peak, x < 1.2

Four identical 25 cm long aluminum cells were used to hold 70.8, 142.2, 85.0 (84.8)[32],
and 53.2 mg/cm? of 'H, ?H, 3H, and *He (e, ¢’) gas at room temperature [31], 33]. Electrons
scattered from the target nuclei and were detected in the Hall A High Resolution Spec-
trometers. For each spectrometer angle, 2-4 overlapping momentum settings were used to
cover an x range around the quasi-elastic (QE) peak and into the SRC region at z >1. De-

tailed descriptions of experimental setup can be found in [34H36]. The high-Q? E12-11-112
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Ebeam 90 <Q2> T range Ref.
(GeV) (degrees) (GeV?)

2222 21.778 0.6  0.6-3 [26]
2.222 23891 0.7  0.6-2 [20]
2.222 30.0001 1.0 0.7-2 [26]
4332 17.006 14  0.6-3 [
4325 20.881 1.9 0.9-1.7 [II]
5766 18.000 2.6 0.5-2.1 [§]

TABLE I. Kinematics for the data included in this analysis: Fpeqpm, is the incoming beam energy,
6o is the HRS central angle, and (Q?) is the mean Q? value for the data at x=1.5. Note that
the x range for the 0.7 GeV? deuterium data is 0.7-1.5, and that and 1.9 GeV?data set includes

measurements at 17.802 degrees to extend the data down to xz = 0.7.

data sets demonstrate clear scaling behaviors in *H/?H and *He/?H cross section ratios at
1.4 < z < 2 [1I]. Additional data were taken as part of E12-11-112 at lower Q? values,
focusing on the quasielastic (QE) peak [26], with three settings extending to much larger x
values as described in Table [ The extraction of the cross section ratios follows the proce-
dures described in Ref. [I1] and the kinematics of the data presented here is summarized in
Table [l

We begin by examining the quality of scaling over a range of Q? values in the *He/?H
ratios as a function of z (top panel) and the light-cone variable agy [5] (middle panel) in

Figure [1], where

(1)

a2N22—

q- +2my (1 N VW2 —4m§\,).

2mpy Wan
Here my is the nucleon mass, ¢_ = qo—|q|, Wiy = (¢+2mny)? = —Q*+4q,mx +4m?%. The
quantity asy is an approximation of the light-cone momentum fraction, « in a two-nucleon
system, and is a better surrogate for initial nucleon momentum than z, as the mapping
between asy and k;, removes Q*-dependent corrections in going from x to k.. Because
of this, the top panel of Fig. [1| shows a clear Q? dependence to the width of the QE peak in
x which is absent when plotted against asy. For all further examinations of scaling, we will
show the cross section ratios vs asy to remove these trivial kinematic scaling violations.

In the 2N-SRC region, a plateau is seen in the 3H/?H as well as *He/?H ratios at agy > 1.2
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FIG. 1. 3He/?H per-nucleon cross section ratio vs = (top) and agy (middle) from this experiment
and the previous high-Q? JLab measurement [§], along with the 3H/2H ratios vs asy (bottom).
The 3He/?H (*H/?H) ratios have a normalization uncertainty of 1.15% (0.8%), except for the

Q*=2.6 GeV? data [8] which has a 1.8% normalization uncertainty.

when Q=1 GeV? and higher. The observation of scaling behavior down to Q?=1 GeV? is
consistent with ‘He/?H ratios of Ref. [5], while *Fe/?H and "®Au/?H [5] and '2C/*He [12]
ratios show scaling only for Q% > 1.4 GeV?. Scaling is expected at lower Q? values in light
nuclei due to their lower mean-field momenta. On top of that, the long range FSIs are also
more effectively canceled in the comparison of A=3 nuclei to the deuteron, which leads to

scaling at even lower Q2 and asy.
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FIG. 2. 3H/3He ratios vs agy in the 2N-SRC region.



In the *H/3He ratio, FSIs, CM motion corrections [11], and the k,,;, threshold to exclude
mean field contributions should be almost identical and these scaling-violating effects should
be even smaller, as shown in Figure 2] Note that the ratio at z ~ 1 is Q*-dependent
because of the small difference in the Q? dependence of the proton and neutron quasi-elastic
cross sections. This effect is normally much smaller than the difference in nuclear smearing

between heavy and light nuclei, and is only obvious in the A=3 nuclei comparison.

Given the expanded scaling in the 2N-SRC region for *He/?H, 3H/?H, and especially
3H/3He ratios, it is interesting to look at x > 2, i.e. beyond the deuteron elastic peak,
for contributions from 3N-SRCs [2, B]. One can make predictions for the ratios in the
3N-SRC dominant region based on simple assumptions about their momentum and isospin
structure [2, 21, 27]. If the three-body system is dominated by the symmetric ”triangle”
configurations, where all three nucleons have similar 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 system, yielding a result similar to the QE peak. For the
kinematics of the present measurement, the 3H/3He cross section ratio would approach
(Oep + 20en)/(20¢p + Ocn) = 0.75, where o.n are the off-shell electron-nucleon elastic scat-
tering cross sections. The other extreme is the "linear” configuration, where the highest-
momentum nucleon is balanced by two co-linear spectator nucleons, where scattering at
the largest-x values will be dominated by the highest-momentum nucleon. If this is the
singly-occurring nucleon, then the scattering would select the proton (neutron) in 3H (3He),
yielding o3p/03ge X Oep/0en, ~ 2.5. Similarly, it would be o.,/0,, ~ 0.4 if one of the
doubly-occurring nucleons has the largest momentum. If there is no isospin preference for
the highest momentum nucleon, then the measured ratio again corresponds to the num-
ber of protons and neutrons, as in the triangle configuration, giving a o3y /o3y, ratio of
0.75. Thus, an increase (decrease) of the 3H/3He ratio from the 2N-SRC plateau region as
3N-SRCs begin to contribute would suggest that the 3N contribution to the ratio is larger
(smaller) than the observed ratio of 0.85 in the 2N-SRC regime [11].

While these are simple limiting cases, where we assume only a single configuration con-
tributes, an analysis of *He electro-disintegration suggests that the 3N-SRC is predominately
formed by two consecutive 2N-SRC interactions in the linear configuration [37]. The tri-
angle configuration can also contribute at extremely high momentum (e.g. > 700MeV/c),

but it has significantly larger missing energy and is suppressed in inclusive scattering. The



calculation further predicts that the A/*He ratio at 3N-SRC region scales as ay(A)? [25],
giving a *H/3He cross section ratio of (az(*H)/az(*He))? =~ 0.7 [25].

g :Illllll\Il\ll\lllll‘II\Il\II\lI\II‘II\I:
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FIG. 3. 3H/3He ratios for the highest-Q? data sets. The solid lines shown for agy > 1.2 and 1.4
indicate the fitted value R = 0.854 in the 2N-SRC plateau region [I1], and the prediction for the
3N-SRC region, R ~ 0.7 [25] respectively. The curves are calculations from Benhar [38], [39] and

Sargsian [6].

Figure 3| shows the 3H/?He cross section ratios vs asy from the two high-Q? data sets.
Similar to asy, asy approximates the light cone momentum fraction in the three nucleon
system [24] reducing the kinematic Q? dependence. Dotted and dashed curves represent
spectral function-based calculations of inclusive cross section ratios from [38, B9] and [6].
The two Q? = 1.9 GeV? calculations are in good qualitative agreement with the data
near the QE peak and in 2N SRC region, although they differ by ~10%. The 1.4 GeV?
calculation [39] does not describe the observed scaling, as it indicates a much stronger Q?
dependence than seen in the data.

The horizontal lines in Fig. |3 indicate the observed cross section ratio in the 2N-SRC
regime [II] and the predicted ratio for the 3N-SRC regime [25]. The large-asy data
are consistent with this prediction, although the model estimated 3N-SRC dominance for
azy>1.6 [25]. This was chosen because it corresponds to kp;, = 600 MeV, where the
dominant linear configuration has two spectator nucleons with momenta above 300 MeV,
suppressing mean-field contributions. Previous A/>He measurements [8, 9, 21, 25] also
suggest that 3N-SRCs may not be isolated at the kinematics of this study.

However, examining 3-body nuclei has the advantage that only 2N- and 3N-SRCs can
contribute beyond the mean-field region. This allows us to evaluate the 3N-SRC impact on

the ratios as the 2N-SRC contributions decrease and the 3N-SRCs become more important
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with increasing . Because we are studying the onset of 3N-SRCs, rather than trying to
isolate a region where they dominate, the entire transition region is of interest. If the Q?=1.4
and 1.9 GeV? kinematics were sufficient to isolate 3N-SRC contributions, the decrease in
the ratio would suggest that 3N-SRCs are dominated by isospin-independent momentum
structures (triangle configuration or linear configuration with all nucleons equally likely to
have the highest momentum), consistent with the calculations of [25] as well as ab initio
Variational Monte Carlo calculations [40]. If the scattering at the largest a values is still a
combination of 2N-SRC and 3N-SRC contributions, the decrease of the ratio suggests that
the contribution from 3N-SRCs must be 0.7 or lower, suggesting a slight enhancement of

the doubly-occuring nucleon at the largest initial momenta.

While the conclusions above do not assume that we have isolated 3N-SRC configurations,
there is an argument that these kinematics might be dominated by 3N-SRCs. As demon-
strated above with 2N-SRCs, scaling violation is highly suppressed in 3H/3He, yielding the
onset of 2N-SRC plateaus at lower Q? and a. The calculation of Ref. [25] assumed 3N-
SRCs dominated for k,,;, above 600 MeV (agy ~ 1.6), yielding two k~300 MeV spectators,
large enough to strongly suppress mean-field contributions in all nuclei. For A=3, our data
show that the 2N-SRC scaling starts by asy=1.2, corresponding to k,,;, = 200 MeV. This
suggests that for light nuclei, it may be sufficient to have spectators with £ > 200 MeV,
corresponding to k., = 400 MeV, or aszy >1.4 for 3N-SRC dominance as indicated by the
grey line in Fig. . Since our data set has only one Q? value covering this range, we cannot
verify the signature of 3N-SRC dominance scaling in both asy and Q2. A precise test of
scaling will require measuring the ratio at two ? values with high-precision over the full
(i3 range.

In conclusion, we presented new measurements of the inclusive cross section ratios in
kinematics corresponding to scattering from high-momentum nucleons in SRCs over a range
of Q?. We examined the behavior at lower Q% values where the z-scaling predicted by the
SRC model has been observed to break down in previous A/?H ratio measurements, and
found that the requirements of scaling for the ratio of heavy nuclei to ?H, Q* > 1.4 GeV?,
is reduced to Q? = 1 GeV? for the ratios of *H and *He to ?H. We further observed that
the scaling behavior in the 2N-SRC region is observed down to Q*=0.6 GeV? in the *H/3He
ratio. This can be understood due to the reduced mean-field momenta in A=3 nuclei, which

allows clean isolation of the SRC contributions at lower z and Q? values, along with the
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expectation that scaling violating effects such as FSIs and CM motion of the SRCs should

have significant cancellation in the comparison of the mirror nuclei *H and 3He.

This also represented the first extraction of the H/3He ratio beyond the 2N-SRC region,
allowing us to examine the behavior of the cross section ratio as we move into kinematics
where 3N-SRC contributions are expected. While no scaling behavior at = > 2 (i.e. the
3N-SRC plateau) were observed in previous experiments hence no kinematic requirements
for 3N-SRC scaling were identified, the decrease of the *H/3He ratio beyond the 2N-SRC
region suggests that the possible 3N-SRC contributions yield a *H/3He ratio below 0.7. This
significantly limits the probabilities of 3N-SRC configurations where the singly-occurring
nucleon has the largest momentum, and is consistent with an isospin-symmetric distribution
of the highest-momentum nucleons, or a somewhat larger contribution from the doubly-
occurring nucleons. While the data for azy > 1.4 are consistent with scaling predictions
and yield a ratio of R~0.7, consistent with calculations [25], this is seen only at one (?
value. A complete test of scaling will require *H/?*He inclusive ratio measurements with

high precision for multiple Q? values.
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