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Short-range correlations (SRCs) are pairs of highly energetic nucleons generated
by hard short-distance nucleon-nucleon interactions in nuclei. SRCs are an
important but relatively poorly understood part of nuclear structure1–3 and
mapping out the strength and isospin structure (neutron-proton vs proton-proton
pairs) of these virtual excitations is thus critical input for modeling a range of
nuclear, particle, and astrophysics measurements3–5. Hitherto measurements used
two-nucleon knockout or “triple-coincidence” reactions to measure the relative
contribution of np- and pp-SRCs by knocking out a proton from the SRC and
detecting its partner nucleon (proton or neutron). These measurements6–8 show
that SRCs are almost exclusively np pairs, but had limited statistics and required
large model-dependent final-state interaction (FSI) corrections. We report on the
first ever measurement using a novel technique to extract the np/pp ratio of
SRCs taking advantage of the isospin structure of the mirror nuclei 3H and 3He
rather than relying on measurement of final-state nucleons. We obtain a measure
of the np/pp SRC ratio that is an order of magnitude more precise than previous
experiments, and find a dramatic deviation from the near-total np dominance
observed in heavy nuclei. This result implies an unexpected structure in the
high-momentum wavefunction for 3He and 3H. Understanding these results will
improve our understanding of the short-range part of the N-N interaction.

Nuclei are bound by the attractive components of the nucleon-nucleon (NN) interaction and the low-momentum part of their wavefunction1

is accurately described by mean-field or shell-model calculations9. These calculations show that the characteristic nucleon momenta in nuclei2

grow with target mass number A in light nuclei, becoming roughly constant in heavy nuclei. The strong, short-distance components of the NN3

interaction - the tensor attraction and short-range repulsive core - give rise to hard interactions between pairs of nucleons that are not well captured4

in mean-field calculations. These hard interactions create high-momentum nucleon pairs - two-nucleon short-range correlations (2N-SRCs) -5

which embody the universal two-body interaction at short distances and have a common structure in all nuclei1, 10.6

SRCs are challenging to isolate in conventional low-energy measurements, but can be cleanly identified in inclusive electron scattering exper-7

iments for carefully chosen kinematics. Elastic electron-proton (e-p) scattering from a stationary nucleon corresponds to x = Q2/(2Mν) = 1,8

where Q2 is the four-momentum transfer squared, ν is the energy transfer, and M is the mass of the proton. Scattering at fixed Q2 but larger en-9

ergy transfer (x < 1) corresponds to inelastic scattering, where the proton is excited or broken apart. Scattering at lower energy transfer (x > 1)10

is kinematically forbidden for a stationary proton, but larger x values are accessible as the initial nucleon momentum increases, providing a way11

to isolate scattering from moving nucleons and thus study high-momentum nucleons in SRCs2, 10.12

Inclusive A(e,e′) measurements at SLAC10 and Jefferson Lab (JLab)11, 12 compared electron scattering from heavy nuclei to the deuteron13

for x > 1.4 at Q2 > 1.4 GeV2, isolating scattering from nucleons above the Fermi momentum. They found identical cross sections up to a14
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normalization factor, yielding a plateau in the A/2H ratio for x > 1.4, confirming the picture that high-momentum nucleons are generated within15

SRCs and exhibit identical two-body behavior in all nuclei. Using this technique, experiments have mapped out the contribution of SRCs for a16

range of light and heavy nuclei10–13.17

Because inclusive A(e,e′) scattering sums over proton and neutron knockout, it does not usually provide information on the isospin structure18

(np, pp, or nn) of these SRCs. The isospin structure has been studied using A(e,e′pNs) triple-coincidence measurements in which scattering from19

a high momentum proton is detected along with a spectator nucleon, Ns (either proton or neutron), from the SRC pair with a momentum nearly20

equal but opposite to the initial proton. By detecting both np and pp final states, these measurements extract the ratio of np- to pp-SRCs and find21

that np-SRCs dominate6–8 while pp-SRCs have an almost negligible contribution, as seen in Fig. 1. Note that the observed np to pp ratio for SRCs22

depends somewhat on the range of nucleon momenta probed. This allows for measurements of the momentum dependence of the ratio7, but23

also means that direct comparisons of these ratios have to account for the momentum acceptance of each experiment. While these measurements24

provide unique sensitivity to the isospin structure, they have limited precision, typically 30–50%, and require large final-state interaction (FSI)25

corrections. Charge-exchange FSIs, where an outgoing neutron rescatters from one of the remaining protons in the nucleus, can produce a high-26

momentum proton in the final state that came from an initial state neutron (or vice versa). Because there are far more np-SRCs than pp-SRCs,27

even a small fraction of np pairs misidentified as pp will significantly modify the observed ratio3. Modern calculations14 suggest that this nearly28

doubles the number of pp-SRCs detected in the final state8, while earlier analyses estimated a much smaller (∼15%) enhancement6. Because29

of this, we exclude the data of Ref.6 in further discussion. Combining the remaining measurements in Fig. 1, we find that the average pp-SRCs30

is only (2.9±0.5)% that of np-SRCs. This implies that the high-momentum tails of the nuclear momentum distribution is almost exclusively31

generated by np-SRCs and thus have nearly identical proton and neutron contributions, even for the most neutron rich nuclei.32

Figure 1 | Ratio of np-SRC to pp-SRCs in nuclei.

The np-SRC/pp-SRC ratio from two-nucleon knockout measurements: solid circles8, solid triangle7, and hollow circle6. The shaded band indicates the average
ratio excluding Ref.6 for which the FSI corrections applied are estimated to be ∼70% too small8.

This observed np dominance was shown to be a consequence of the short-distance tensor attraction15–17, which yields a significant enhance-33

ment of high-momentum isospin-0 np pairs. The isospin structure of 2N-SRCs determines the relative proton and neutron contributions at large34

momentum, impacting scattering measurements (including neutrino oscillation measurements), nuclear collisions, and sub-threshold particle35

production, making a clear understanding of the underlying physics critical in interpreting a range of key measurements3–5, 18, 19. In addition, the36

observation of an unexpected correlation between the nuclear quark distribution functions20 and SRCs11 in light nuclei suggested the possibility37

that they are driven by the same underlying physics. If so, the isospin structure of SRCs could translate into a quark flavor dependence in the38

nuclei. While this possibility has been examined in comparisons of EMC and SRC measurements3, 12, 21–23, existing data are unable to determine39

if such a flavor dependence exists.40

A new possibility for studying the isospin structure of SRCs was demonstrated recently when, for the first time, an inclusive measurement24
41

observed np-SRC enhancement by comparing the isospin distinct nuclei 48Ca and 40Ca. The measurement confirmed np-dominance, but only42

extracted a 68% (95%) confidence level upper limit on the pp/np ratio of 3.2% (11.7%). We report here the results of the first extraction of the43

isospin structure of SRCs in the A = 3 system making use of the inclusive scattering from the mirror nuclei 3H and 3He. This avoids the large44

corrections associated with final-state interactions of the detected nucleons in two-nucleon knockout measurements, does not require a correction45

for the difference in mass between the two nuclei, and provides a dramatic increase in sensitivity compared to the measurements on calcium or46

previous two-nucleon knockout data.47
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Data for experiment E12-11-112 were taken in Hall A at JLab in 2018, covering the quasielastic (QE) scattering at x >∼ 1. Electrons were48

detected using two High Resolution Spectrometers (HRSs), described in detail in Ref.25, each consists of three focusing quadrupoles and one49

45-degree dipole with a solid angle of ∼5 msr. The primary data were taken in the second run period (fall 2018) with a 4.332 GeV beam energy50

and the Left HRS at 17 degrees. This corresponds to Q2 ≥ 1.4 GeV2 in the SRC plateau region, which has been demonstrated to be sufficient to51

isolate scattering from 2N-SRCs at large x3, 10, 13, 26. We also include data from experiment E12-14-011, taken during spring 2018 run period27 at52

20.88◦ scattering angle, corresponding to Q2 ≈ 1.9 GeV2 in the SRC plateau region. A new target system was developed for these experiments;53

details of the target system, including the first high-luminosity tritium target to be used in an electron scattering measurement in the last thirty54

years, are presented in the Methods section.55

The electron trigger required signals from two scintillator planes and the CO2 gas-Cherenkov chamber. Electron tracks were identified using56

the Cherenkov and two layers of lead-glass calorimeters, and reconstructed using two vertical drift chambers and optics matrices25 were used to57

determine the angle, momentum, and position along the target for the scattered electrons. Acceptance cuts on the reconstructed scattering angle58

( ±30 mrad in-plane, ±60 mrad out-of-plane), momentum (<4% from the central momentum), and target position (central 16 cm of the target).59

The final cut suppresses endcap contributions and the residual contamination was subtracted using measurements on an empty cell, as illustrated60

in Fig. 4. The spectrometer acceptance was checked against Monte Carlo simulations and found to be essentially identical for all targets, so61

the cross section ratio is extracted from the yield ratio after after we apply a correction for the slight difference in the acceptance and radiative62

corrections. Additional details on the analysis and uncertainties is provided in the Methods section.63

Meson-exchange currents and isobar contributions are expected to be negligible2, 28 for large energy transfers (ν >∼ 0.5 GeV), Q2 > 1 GeV2,64

and x > 1. To isolate SRCs, we take data with x ≥ 1.4 and Q2 > 1.4 GeV2, which yields ν > 0.4 GeV with an average value of 0.6 GeV. Final-65

state interactions at these kinematics are expected to be negligible2, 28 except between the two nucleons in the SRC, and these are assumed cancel66

in the target ratios1–3. At x > 1, the minimum initial momentum of the struck nucleon increases2 with x and Q2, and previous measurements67

have shown that for Q2 ≥ 1.4 GeV2, x > 1.4–1.5 is sufficient to virtually eliminate mean-field contributions and isolate 2N-SRCs. For the68

light nuclei considered here, scaling should be even more reliable: the reduced Fermi momentum leads to a faster falloff of the mean-field69

contributions, providing earlier isolation of the SRCs, and any small residual MEC or FSI contributions (too small to see in previous A/2H ratios)70

should have significant cancellation in the comparison of 3H to 3He. The radiative tail from the deuteron elastic contribution is subtracted and71

we excluded data as x → 2 to avoid the rapid rise in the A/2H ratios in the region where the deuteron cross section drops to zero.72

Figure 2 | Comparison of SRC contributions in 3He and 3H.

1.0 1.2 1.4 1.6 1.8 2.0
x

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

pe
r-n

uc
le

on
 ra

tio (a)3H/2H
3He/2H
isoscalar average

1.0 1.2 1.4 1.6 1.8 2.0
x

0.7

0.8

0.9

1.0

3 H
/3 H

e (b)  
Q2=1.4 GeV2

Q2=1.9 GeV2
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Fig. 2(a) shows the ratio of the cross section per nucleon from 3H and 3He to 2H from the Q2 = 1.4 GeV2 data set. The A/2H ratio over the73

plateau region, a2(A), quantifies the relative contribution of SRCs in the nucleus A. We take a2 to be the average for 1.4 ≤ x ≤ 1.7 in this work,74

and combining the data from 1.4 and 1.9 GeV2, we obtained a2 = 1.784 ± 0.016 for 3H and a2 = 2.088 ± 0.026 for 3He. The uncertainty75

includes the 0.78% (1.18%) uncertainty on the relative normalization of 3H (3He) to 2H. We examined the impact of varying the x region used76

to extract a2 and for reasonable x ranges, the cut dependence was negligible. Note that for x > 1.7, there is an additional contribution from77

2-body breakup in 3He relative to 3H, causing a deviation from the expected scaling in the SRC-dominated region29, 30. Because of this, we focus78

on x < 1.7 where the comparison is not distorted by this contribution.79

Fig. 2(a) also shows the unweighted average of the 3H/2H and 3He/2H ratios to provide a2 for an “isoscalar A = 3 nucleus”. We use the80

unweighted average of a2 for 3H and 3He to avoid biasing the result towards the data set with smaller uncertainties. We also show a comparison81

of our two data sets to previous 3He/2H ratios at higher Q2 from JLab experiment E02-01911 in Supplemental Fig. 5. The results are in excellent82

agreement, with the onset of the plateau occurring slightly earlier in x as Q2 increases, as expected3, 10, 26.83

From isospin symmetry, we expect an identical number of np-SRCs for both nuclei with an additional pp(nn)-SRC contribution in 3He (3H).84

Because the e-p elastic cross section is significantly larger than the e-n cross section, the 3He/2H ratio in the SRC-dominated region will be85

larger than the 3H/2H ratio if there is any contribution from pp-SRCs in 3He. A clearer way to highlight the contribution of pp-SRCs comes from86

a direct comparison of 3H and 3He, shown in Fig. 2(b). While the ratios to the deuteron show a significant dip near x = 1 due to the narrow87

QE peak for the deuteron, the fact that the momentum distribution is very similar for 3H and 3He yields a much smaller dip. The ratio in the88

SRC-dominated region is 0.854± 0.010 for 1.4 < x < 1.7, including the normalization uncertainty, with negligible cut dependence.89

If we take 3He (3H) to contain Nnp np-SRC pairs and Npp pp-SRC (nn-SRC) pairs, based on the assumption of isospin symmetry for the90

mirror nuclei, and assume the cross section for scattering from the SRC is proportional to the sum of the elastic e-N scattering from the two91
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nucleons, we obtain92

σ3H

σ3He

=
1 + σp/n + 2Rpp/np

1 + σp/n(1 + 2Rpp/np)
, (1)

where σp/n = σep/σen and the Rpp/np = Npp/Nnp. The full derivation, including a discussion of these assumptions, as well as small93

corrections applied to account for SRC motion in the nucleus, are included in the Methods section. Averaging over the 2N-SRC kinematics, we94

obtain σp/n = 2.47± 0.05 with the uncertainty including the range of x and Q2 of the measurement and the cross sections uncertainties. From95

Eq. 1, our measurement of σ3H/σ3He gives Rpp/np = 0.228 ± 0.022. Accounting for the small difference between center-of-mass motion96

for different SRCs, as detailed in the Methods section, we obtain Rpp/np = 0.230 ± 0.023 - well below the simple pair-counting estimate of97

Ppp/np = 0.5 for 3He, but also 10σ above the assumption of total np-SRC dominance.98

Figure 3 | Nuclear enhancement of np-SRC over pp-SRCs.

101 102

A
0

5

10

15

20

25

np
/p

p 
SR

C 
en

ha
nc

em
en

t f
ac

to
r

3He 4He

12C 27Al

48Ca

56Fe 208Au

Ratio of np-SRCs to pp-SRCs relative to the total number of np and pp pairs, for our new inclusive data (red circle), our extraction based on the proton knockout
cross section ratios of Ref27 (black square), and previous two-nucleon knockout extractions7, 8 (blue triangle, circles). For the 48Ca measurement24 (black arrow),
we show the 68% CL lower limit on the enhancement factor of 10.6.

We also examine measurements of the 3He(e,e′p)/3H(e,e′p) cross section ratio at large missing momenta (Pm) from the single nucleon knock-99

out experiment27 in a similar fashion. The average 3He/3H cross section ratio for 250 < Pm < 400 MeV/c is 1.55±0.2 after applying partial FSI100

corrections31. Taking the cross section at large Pm to be proportional to the number of protons in SRCs, we obtain Rpp/np = 0.28±0.10 from the101

cross section ratios. The comparison of the 3He and 3H(e,e′p) data to detailed calculations including FSI corrections except for charge-exchange102

contributions can be used to estimate the impact of charge exchange (see Fig. 3 of Ref.32). This comparison suggests that FSI on the 3He/3H ratio103

depends strongly on Pm, with a change of sign around 300–350 MeV/c, yielding significant cancellation in the 250 < Pm < 400 MeV/c range.104

Based on this estimate of the charge-exchange FSI32, we assign an additional 10% uncertainty associated with potential FSI effects, yielding a105
3He/3H ratio of 1.55± 0.20± 0.15 and Rpp/np = 0.28± 0.13, which we take as our extraction from the data of Ref.27.106

To evaluate how much the np configuration is enhanced by the SRC mechanism, we compare the excess of the np-SRC/pp-SRC ratio107

(Rnp/pp) over the pair-counting prediction, Pnp/pp = NZ/(Z(Z − 1)/2). Fig. 3 shows this np-enhancement factor, Rnp/pp/Pnp/pp, from108

our new 3He/3H inclusive data, our extraction from the 3He/3H (e,e′p) cross section ratios of Ref.27, the published two-nucleon knockout109

measurements7, 8, and the inclusive measurement for 48Ca 24. Note that for most nuclei shown in Fig. 1, Pnp/pp ≈ 2, while for 4He, Pnp/pp = 4,110

decreasing the 4He enhancement factor compared to those observed in heavier nuclei simply because of accounting for the available number of111

np and pp pairs.112

Our new inclusive data yield Rnp/pp = 4.34+.49
−.40, corresponding to an enhancement factor of Rnp/pp/Pnp/pp = 2.17+0.25

−0.20. Our extraction113

is significantly more precise than previous measurements and shows a clear deviation in 3He compared to heavy nuclei. Note that the different114

extractions of the np/pp ratios are not precisely equivalent, as there are small but important quantitative differences between the experiments and115

analyses. As discussed below, these differences do not appear to be responsible for the observed A dependence and may in fact be suppressing116

the true size of the difference.117

While the np/pp extractions are often described as measuring the relative number of np- and pp-SRCs, they are more correctly described118

as the relative cross section contribution from SRCs over a specific range of initial nucleon momenta: Pm of 250–400 MeV/c for Ref.27, 400–119

600 MeV/c for Ref.7 and 350–1000 MeV/c for Ref.8. Both data7 and calculations15, 16 suggest that the np/pp enhancement decreases at larger Pm120

values, so if all exclusive measurements were examined in the same range, excluding the highest Pm values, we would expect the enhancement121

to be even larger. Our inclusive measurement samples Pm values of 250–300 MeV/c and above, depending on the exact x, Q2 bin, but yields122

a consistent cross section ratio for 1.4 < x < 1.7 at both Q2 values. While for lower x and Q2, the Pm range extends below the coverage123

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,124

very similar to the exclusive measurements. In addition, for the 3He data, both our inclusive result and our extraction from the single-nucleon125

knockout27 data yield small enhancement factors, while the inclusive results on 48Ca, with very similar Pm coverage, show a large enhancement,126

suggesting that the different missing momentum coverage is not responsible for the striking results in 3He.127

One might speculate that the fact that the 3He has an extremely large deviation from N = Z might influence the isospin structure of the SRCs128

in some poorly understood way, but there are two reasons this seems unlikely to be the driving cause. First, the heaviest nuclei measured, 208Pb,129
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also has a large proton-neutron asymmetry, N/Z = 1.54, but does not appear to have a significantly reduced enhancement factor. In addition, the130
4He enhancement factor is also below all of the measurements on heavier nuclei, though the uncertainty does not allow us to make a definitive131

statement on its consistency with heavier nuclei. This points to the importance of making improved measurements of the np/pp SRC ratio,132

especially for light nuclei. While the measurement presented here yields dramatically smaller uncertainties, the technique requires nuclei with133

nearly identical structure but significant N/Z differences, so it cannot be applied widely. Even for other mirror nuclei, the sensitivity would be134

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 light135

nuclei) will require two-nucleon knockout measurements with better statistics, possible at Jefferson Lab or the Electron-Ion Collider, as well as136

an improved understanding of the final-state interactions corrections.137

The reduced np-SRC enhancement in 3He could also be related to the difference in the average nucleon separation in 3He compared to138

heavier nuclei. This would modify the relative importance of the different components of the NN potential. Therefore, this new measurement139

could be a way to constrain the relative contribution of the short-distance (isospin-dependent) tensor interaction and the very short-distance140

(isospin-independent) repulsive central core, which is difficult to constrain based on NN scattering data alone.141

Finally, independent of the explanation for these surprising results, this measurement provides new insight into the high-momentum structure142

of 3He. The near-total np-SRC dominance seen in heavier nuclei suggested that the proton and neutron distributions would be essentially identical143

at large momenta, even for the extremely proton-rich 3He. Our new results suggests otherwise, indicating that the neutron plays a smaller role144

at high-momenta than if np-dominance is assumed, thus shifting strength between the high- and low-momentum regions. Because 3He plays an145

unique role as an effective polarized neutron target33, as well as recent extractions of the neutron structure function34, a precise understanding of146

its microscopic structure is an key ingredient in a range of fundamental measurements in nuclear physics.147

In conclusion, we have presented a novel measurement on the mirror nuclei 3H and 3He which provides a precise extraction of the enhance-148

ment 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,149

with uncertainties an order of magnitude smaller than previous two-nucleon knockout measurements. We also extracted the np/pp SRC ratio150

from 3He(e,e′p)/3H(e,e′p) data27, and found it to be consistent with the inclusive result, but with somewhat larger uncertainties. The new data151

on 3He, compared to heavier nuclei, suggests an unexpected and, as yet unexplained, A dependence in light nuclei. This surprising result makes152

available new information on the structure of these nuclei, which may impact a range of measurements that rely on understanding the 3H and153
3He structure. These data may also play an important role constraining the relative contribution of the short-range attractive and repulsive parts154

of the nucleon-nucleon interaction.155
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METHODS:208

Target details. A special target system was built to meet the goals of the tritium rungroup experiments27, 34 while satisfying all safety209

requirements for tritium handling35. Four identical aluminum cells, 25.00 cm long and 1.27 cm in diameter, contained gaseous deuterium,210

hydrogen, helium-3 and tritium, with areal densities of 142.2, 70.8, 53.2, and 84.8 mg/cm2 (85.0 mg/cm2 for the spring data taking on tritium)211

at room temperature36. A fifth empty cell was used for background measurements. Before each run period, JLab sent an empty cell to Savannah212

River Site for the tritium filling; all other targets were prepared locally.213

The tritium in the target cell decays into 3He with a half-life of 12.3 years, yielding an average 4.0% (1.2%) 3H density reduction, and214

corresponding 3He contamination, for the first (second) run period. The 3H data were corrected using 3He data taken at the same settings.215

During the second run period (Q2 = 1.4 GeV2 data), we observed a narrow peak at x = 1 in all tritium data. With low Q2 calibration runs,216

we confirmed that the shape was consistent with scattering from hydrogen. Since the tritium fill data reports no hydrogen component36, the best217

hypothesis for this hydrogen contamination is the residual water from the target filling followed by the H2O + T2 → 2HTO + H2 reaction. The218

observed hydrogen contamination requires 4.1% of tritium gas in the tritium cell to have exchanged with hydrogen in the water to form HTO,219

which freezes on the target wall and so is removed from the effective target thickness. Note that beam heating effects would drive away any220

HTO that freezes on the target endcaps, and so the frozen HTO will not interact with the beam, and the hydrogen gas only contributes at x ≤ 1,221

so neither of these are a source of background events in the range of interest for the SRC studies presented here. However, the clear hydrogen222

elastic peak at x = 1 allows us to determine the amount of hydrogen gas in the target, and hence the tritium lost to HTO, yielding a correction223

to the tritium target thickness of 4.1± 0.2%.224

During data-taking, the electron beam was limited to 22.5 µA and rastered to a 2×2 mm2 square to avoid damage to the target. Detailed225

descriptions of the raster and additional beamline instrumentation can be found in Ref.25. The target gas is heated by the beam, quickly reaching226

an equilibrium state with a reduced gas density along the beam path. A detailed study of both the single-target yield and target-ratio as a function227

of beam current37 shows that the tritium, deuterium, and helium-3 densities as seen by the beam decreased by 9.72%, 9.04%, and 6.18%,228

respectively, at 22.5 µA. This effect is linear at low current with deviations from linearity at higher currents. A direct analysis of the yield ratios229

between different targets was also performed, yielding smaller corrections that are more linear with current. Based on this analysis, we apply a230

0.2% normalization uncertainty to the target ratios.231

Figure 4 | (Extended figure 1)

Number of events vs. position in the target for the 3H cell (blue) and for the empty target (black) after scaling to the same luminosity as the target windows. The
shaded region indicates the region used in the analysis.

The trigger and detector efficiencies (> 99% for all runs) were measured and applied on a run-by-run basis, with the trigger efficiency232

determined using samples of events with looser triggers (requiring only one scintillator plane or no Cherenkov signal). Comparisons of the233

acceptance for the gas targets showed no visible difference, and uncertainties were estimated by examining the cut dependence of the acceptance-234

corrected yield ratios. Based on this we assign a 0.2% normalization uncertainty and a 0.2% uncorrelated uncertainty up to x = 1.7; above this235

the statistical precision of this test was limited and we apply a 1% uncorrelated uncertainty. Subtraction of the residual endcap contribution236

yields a 1–4% correction, with an uncorrelated uncertainty equal to one-tenth of the correction applied to each x bin and a normalization237

uncertainty taken to be 0.2%. The radiative corrections were calculated for both targets following the prescription of Ref. 38 and the yield ratios238

are corrected for the difference in these effects. We take a 0.3% normalization and 0.2% uncorrelated uncertainty associated with the uncertainty239

in the radiative correction procedure. The room-temperature target thickness uncertainty associated with the uncertainty of the temperature240

and pressure measurements along with the equation of state was 1% for 3He and 0.4% for the hydrogen isotopes. This is combined with the241

0.2% normalization uncertainty associated with beam heating effects (described above). Combining these uncertainties, we find uncorrelated242

uncertainties of 0.3-0.6% in the target ratios in the SRC-dominated kinematics and a normalization uncertainty of 0.78% for 3H/2H ratios and243

1.18% for 3He/3H or 3He/2H.244

Details of the np/pp extraction. We begin by assuming isospin symmetry for 3H and 3He, i.e. the proton distributions in 3H are identical245

to the neutron distributions in 3He and vice-versa. Under this assumption, if 3He (3H) contains Nnp np-SRC pairs and Npp pp-SRC (nn-SRC)246

pairs, the cross section ratio will be247

σ3H

σ3He

=
Nnpσnp +Nppσnn

Nnpσnp +Nppσpp
, (2)

where σNN is the cross section for scattering from an NN-SRC. Assuming that the effect of SRC center-of-mass motion is identical for all SRCs248

in 3H and 3He, the inclusive cross section from 2N-SRCs in the SRC-dominated regime is proportional to the sum of quasielastic scattering from249

the nucleons in the correlated pair, i.e. σnp = σep+σen, σpp = 2σep, and σnn = 2σen. Eq. 2 can be rewritten such that the target ratio depends250
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Figure 5 | (Extended figure 2)
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only on the ratio of the off-shell elastic e-p to e-n cross section ratio, σp/n = σep/σen and the ratio Rpp/np = Npp/Nnp, yielding251

σ3H

σ3He

=
1 + σp/n + 2Rpp/np

1 + σp/n(1 + 2Rpp/np)
. (3)

as given in the main text. For a bound nucleon, σeN is a function of both x and Q2. We use the deForest CC1 off-shell prescription39, the proton252

cross section fit from Ref.40 (without two-photon exchange corrections) and neutron form factors from Ref.41 to calculate σp/n.253

Eq. 3 assumes isospin symmetry and an identical center-of-mass momentum distribution for np- and pp-SRC. We estimate corrections254

associated with violation of these assumptions using ab inito Greens Function Monte Carlo calculations17 of the momentum distributions for255

protons and neutrons in 3H and 3He, which accounts for the isospin-symmetry violation arising from the Coulomb interaction. These calculations256

are used to estimate the difference between the np-SRC and pp-SRC momentum distributions in 3He, and the difference between the np-SRC257

momentum distributions between 3H and 3He. For the A = 3 system, we take the SRC momentum to be balanced by the spectator nucleon,258

for kinematics where this nucleon is not to be part of an SRC (i.e. taking k ≤ kFermi). We find typical SRC momenta of 120 MeV/c, with259

the momentum of np-SRCs in 3H is roughly 2 MeV/c larger than for 3He, and pp(nn)-SRCs momenta are approximately 12 MeV/c larger than260

np-SRCs within 3He (3He). Using the smearing formalism of Ref.11, and assuming a 100% uncertainty on the estimated corrections, we find that261

the increased smearing in 3H increases the 3H/3He ratio by (0.4±0.4)%, raising the extracted pp/np value by (2.5±2.5)%, while the increased262

pp(nn) smearing directly lowers the extracted pp/np ratio by (2±2)%. We apply these corrections to the extracted pp/np ratio to obtain the final263

corrected value of Rpp/np.264
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x ⟨Q2⟩ (GeV2) 3H/3He 3H/2H 3He/2H
0.6875 1.133 0.942±0.014 0.916±0.012 0.973±0.015
0.7125 1.157 0.924±0.012 0.987±0.011 1.068±0.014
0.7375 1.153 0.903±0.010 1.105±0.011 1.222±0.015
0.7625 1.172 0.905±0.009 1.228±0.011 1.358±0.015
0.7875 1.193 0.877±0.008 1.309±0.010 1.495±0.014
0.8125 1.214 0.840±0.007 1.353±0.010 1.614±0.013
0.8375 1.234 0.823±0.007 1.325±0.009 1.607±0.012
0.8625 1.253 0.786±0.006 1.213±0.008 1.542±0.010
0.8875 1.271 0.758±0.006 1.047±0.006 1.379±0.009
0.9125 1.287 0.738±0.005 0.856±0.005 1.157±0.007
0.9375 1.234 0.729±0.005 0.704±0.004 0.963±0.006
0.9625 1.247 0.714±0.004 0.577±0.003 0.807±0.004
0.9875 1.261 0.715±0.004 0.508±0.003 0.710±0.004
1.0125 1.274 0.708±0.004 0.515±0.002 0.728±0.003
1.0375 1.289 0.723±0.004 0.578±0.003 0.800±0.004
1.0625 1.303 0.733±0.004 0.673±0.003 0.918±0.004
1.0875 1.317 0.749±0.004 0.792±0.004 1.058±0.005
1.1125 1.331 0.762±0.004 0.918±0.004 1.204±0.006
1.1375 1.274 0.777±0.004 1.063±0.005 1.368±0.007
1.1625 1.283 0.789±0.004 1.178±0.006 1.493±0.008
1.1875 1.295 0.799±0.004 1.303±0.007 1.626±0.009
1.2250 1.314 0.811±0.003 1.436±0.006 1.772±0.008
1.2750 1.339 0.828±0.004 1.601±0.008 1.927±0.010
1.3250 1.364 0.842±0.004 1.719±0.009 2.033±0.011
1.3750 1.386 0.852±0.004 1.779±0.011 2.082±0.013
1.4250 1.407 0.854±0.005 1.793±0.012 2.100±0.015
1.4750 1.406 0.859±0.005 1.814±0.014 2.119±0.017
1.5250 1.427 0.861±0.006 1.807±0.016 2.089±0.019
1.5750 1.446 0.860±0.006 1.774±0.017 2.068±0.021
1.6250 1.459 0.865±0.007 1.803±0.020 2.091±0.024
1.6750 1.471 0.844±0.007 1.767±0.022 2.088±0.027
1.7250 1.481 0.837±0.011 1.780±0.031 2.148±0.038
1.7750 1.496 0.834±0.012 1.844±0.035 2.198±0.043
1.8250 1.427 0.821±0.013 1.831±0.038 2.227±0.048
1.8750 1.437 0.791±0.013 1.906±0.044 2.422±0.057
1.9250 1.438 0.782±0.014 2.032±0.047 2.543±0.061
1.9750 1.450 0.785±0.015 5.978±0.075 7.703±0.097

Table 1 | Kinematics and per-nucleon cross section ratio for the 17.00 degree (Q2 ≈ 1.4 GeV2 in the SRC region) data with all uncorrelated uncertainties added in
quadrature. An additional normalization uncertainty of 0.78% for 3H/2H ratios and 1.18% for 3He/3H or 3He/2H is not included.

x ⟨Q2⟩ (GeV2) 3H/3He 3H/2H 3He/2H
0.9625 1.561 0.768±0.036 0.547±0.040 0.712±0.052
0.9875 1.575 0.724±0.005 0.514±0.005 0.710±0.007
1.0125 1.590 0.727±0.004 0.522±0.004 0.718±0.005
1.0375 1.605 0.729±0.003 0.582±0.004 0.798±0.005
1.0625 1.621 0.746±0.003 0.693±0.004 0.929±0.006
1.0875 1.638 0.755±0.003 0.822±0.005 1.088±0.007
1.1125 1.658 0.775±0.003 0.970±0.007 1.252±0.009
1.1375 1.680 0.784±0.003 1.133±0.008 1.446±0.011
1.1625 1.699 0.801±0.004 1.250±0.010 1.560±0.013
1.1875 1.713 0.807±0.004 1.371±0.012 1.698±0.015
1.2250 1.752 0.824±0.003 1.516±0.012 1.839±0.014
1.2750 1.790 0.838±0.004 1.648±0.015 1.967±0.018
1.3250 1.819 0.859±0.005 1.753±0.021 2.040±0.024
1.3750 1.843 0.857±0.006 1.789±0.026 2.087±0.031
1.4250 1.867 0.862±0.007 1.856±0.033 2.153±0.039
1.4750 1.884 0.850±0.008 1.766±0.038 2.078±0.045
1.5250 2.021 0.844±0.009 1.710±0.044 2.025±0.053
1.5750 2.061 0.861±0.012 1.656±0.053 1.923±0.063
1.6250 2.105 0.836±0.015 1.724±0.075 2.061±0.090
1.6750 2.146 0.845±0.019 1.725±0.096 2.040±0.115
1.7250 2.189 0.805±0.025 1.509±0.110 1.874±0.137
1.7750 2.234 0.802±0.033 1.529±0.151 1.906±0.190
1.8250 2.273 0.792±0.045 1.388±0.184 1.753±0.235
1.8750 2.305 0.805±0.073 1.852±0.439 2.300±0.549
1.9250 2.344 0.761±0.123 3.773±2.149 4.957±2.821

Table 2 | Kinematics and per-nucleon cross section ratio for the 20.88 degree (Q2 ≈ 1.9 GeV2 in the SRC region) data with all uncorrelated uncertainties added in
quadrature. An additional normalization uncertainty of 0.78% for 3H/2H ratios and 1.18% for 3He/3H or 3He/2H is not included.
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