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We report the first measurement of the (e, e′p) reaction cross-section ratio for Helium-3 (3He)
relative to Tritium (3H). The measurement covered a missing momentum range of 40 ≤ pmiss ≤
550 MeV/c, at large momentum transfer (〈Q2〉 ≈ 1.9 (GeV/c)2) and xB > 1, which minimized
contributions from non quasi-elastic (QE) reaction mechanisms. The data is compared with cal-
culations performed within the plane-wave impulse approximation (PWIA) using realistic spectral
functions and momentum distributions. The measured and PWIA cross-section ratios agree within
the measurement accuracy of about 3% up to the nuclear Fermi-momentum (≈ 250 MeV/c) and
differ by 20%−50% at higher momenta. Final state interaction (FSI) calculations using the general-
ized Eikonal Approximation indicate that FSI should change the 3He/3H cross-section ratio for this
measurement by less than 5%. This suggests that the differences at large missing momenta between
the 3He/3H experimental and calculated ratios could be due to the underlying NN interaction, and
thus could provide new constraints on the previously loosely-constrained short-distance parts of the
NN interaction.

Nuclear interaction models are a crucial starting point
for modern calculations of nuclear structure and reac-
tions, as well as the properties of dense astrophysical ob-
jects such as neutron stars. Phenomenological or meson-
theoretic two-body potentials, such as CD-Bonn and
Argonne-V18 (AV18), were developed in the 1990s using
constraints primarily from nucleon-nucleon (NN) scat-
tering data [1, 2]. More recently, chiral effective field the-
ory (EFT) has led to the development of potentials with
systematic and controlled approximations [3–5]. Light
atomic nuclei have played a crucial role in constraining
modern nuclear interaction models, including many-body
forces, as many of their properties (e.g., charge distribu-
tions and radii, ground- and excited-state energies) can
be both precisely measured and exactly calculated for a
given two- and three-nucleon interaction model [6–10].

While the combination of NN scattering and light-
nuclei data allows one to constrain the two- and three-
nucleon interaction at large distances, its short-ranged
behavior is still largely unconstrained. The latter is im-
portant for understanding nucleon-nucleon short-range
correlations (SRC) in nuclei [11, 12], their relation to the
partonic structure of bound nucleons [13–17], and the
structure of neutron stars [18, 19].

Constraining the short-ranged part of the nuclear in-
teraction requires studying nuclear momentum distribu-
tions at high-momentum. However, previous attempts
to extract these were largely unsuccessful, due to the
fact that nuclear momentum distributions are not direct
observables, and typical experimental extractions suffer
from large reaction mechanism effects. These introduce
significant model-dependent corrections that mask the
underlying characteristics of the momentum distribution,
especially at high-momentum [20–23].

Advances in nuclear reaction theory now allow us to
identify observables with increased sensitivity to nuclear
momentum densities at high-momentum [18, 24–27]. In
light of these advances, we report on a new study of the
momentum distribution of nucleons in Helium-3 relative
to Tritium over a broad momentum range.

We study nucleon momentum distributions using
Quasi-Elastic (QE) electron scattering. In these experi-
ments, an electron with momentum ~pe is scattered from
the nucleus, transferring energy ω and momentum ~q to
the nucleus. We choose ω and ~q to be appropriate for
elastic scattering from a moving bound nucleon. By de-
tecting the knocked-out proton (~pp) in coincidence with
the scattered electron (~pe

′), we can measure the missing
energy and missing momentum of the reaction:

Emiss = ω − Tp − TA−1, (1)

~pmiss = ~pp − ~q, (2)

where ~q = ~pe − ~pe
′ is the momentum transfer, TA−1 =

(ω +mA −Ep)−
√

(ω +mA − Ep)2 − |~pmiss|2 is the re-
constructed kinetic energy of the residual A− 1 system,
and Tp and Ep are the measured kinetic and total ener-
gies of the outgoing proton.

In the Plane-Wave Impulse Approximation (PWIA) for
QE scattering, where a single exchanged photon is ab-
sorbed on a single proton and the knocked-out proton
does not re-interact as it leaves the nucleus, the cross-
section for A(e, e′p) , electron-induced proton knockout
from nucleus A, can be written as [28, 29]:

d6σ

dωdEpdΩedΩp
= KσepS(|~pi|, Ei) (3)

where σep is the cross-section for scattering an electron
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from a bound proton [29], K = Ep|~pp| is a kinemat-
ical factor, dΩe and dΩp are the electron and proton
solid angles respectively, and S(|~pi|, Ei) is the spectral
function, which defines the probability to find a proton
in the nucleus with momentum |~pi| and separation en-
ergy Ei. The nuclear momentum distribution is the inte-
gral of the spectral function over the separation energy:
n(|~pi|) =

∫
S(|~pi|, Ei)dEi.

In PWIA, the missing momentum and energy equal the
initial momentum and separation energy of the knocked-
out nucleon: ~pi = ~pmiss, Ei = Emiss. However, there
are other, non-QE, reaction mechanisms, including final
state interactions (the rescattering of the knocked-out
proton, FSI), scattering from a meson-exchange current
(MEC), and exciting isobar configurations (IC) that can
lead to the same measured final state. These also con-
tribute to the cross section, complicating this simple pic-
ture.

Previous measurements of the 3He(e, e′p) two- and
three-body breakup cross-sections were done at Q2 = 1.5

(GeV/c)2 and xB ≡ Q2

2mpω
= 1 where mp is the pro-

ton mass [21, 22], near the expected maximum of the
proton rescattering. The measured cross-sections dis-
agreed by up to a factor of five with PWIA calcula-
tions for pmiss > 250 MeV/c. These deviations were de-
scribed to good accuracy by calculations which included
the contribution of non-QE reaction mechanisms, primar-
ily FSI [18, 24–26]. The large contribution of such non-
QE reaction mechanisms to the measured (e, e′p) cross-
sections limited their ability to constrain the nuclear mo-
mentum distribution at high momenta.

Guided by reaction mechanism calculations, which
agree with previous measurements, we can reduce the
effect of FSI in two ways [25, 27, 30–34] by: (A) con-
straining the angle between ~precoil = −~pmiss and ~q to
be θrq . 40◦ and (B) taking the ratio of (e, e′p) cross-
sections for same-mass nuclei. The effect of FSI should
be similar in both nuclei because knocked-out protons
in both nuclei can rescatter from the same number of
nucleons and FSI should therefore largely cancel in the
ratio.

Additional non-QE reaction mechanisms such MEC
and IC were shown to be suppressed for Q2 ≡ q2 − ω2 >
1.5 (GeV/c)2 and xB > 1 [30, 35]. Thus, the ratio of
3He(e, e′p) to 3H(e, e′p) cross-sections in QE kinematics
at Q2 > 1.5 (GeV/c)2, xB > 1 and θrq . 40◦ should
have increased sensitivity to the ratio of their spectral
functions.

We measured the ratio of 3He(e, e′p) to
3H(e, e′p) cross-sections in Hall A of the Thomas
Jefferson National Accelerator Facility (JLab) using the
two high-resolution spectrometers (HRS) and a 20 µA
4.326 GeV electron beam incident on one of four 25-cm
long gas target cells [36]. The four identical cells were
filled with Hydrogen (70.8 ± 0.4 mg/cm2), Deuterium
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FIG. 1. (color online) Number of 3H(e, e′p) events (counts)
versus missing energy for the low pmiss kinematics. The black
markers correspond to the measured data. The lines corre-
spond to the calculated distributions obtained from a SIMC
[38] simulation with a spectral function calculated by C. Ciofi
degli Atti and L. P. Kaptari [39] normalized to the data. The
insert shows the Q2 distribution for the same kinematical set-
ting.

(142.2 ± 0.8 mg/cm2), 3He (53.4 ± 0.6 mg/cm2) and
Tritium (85.1 ± 0.8 mg/cm2) gas [37]. We detected the
scattered electrons in the left HRS at a central angle
θe = 20.88◦ and momentum pe = 3.543 GeV/c, corre-
sponding to a central four-momentum transfer Q2 = 2.0
(GeV/c)2, energy transfer ω = 0.78 GeV, and xB = 1.4.
We detected the knocked-out protons in the right HRS
at two different kinematical settings, (θp, pp) = (48.82◦,
1.481 GeV/c), and (58.50◦, 1.246 GeV/c), referred to
here as “low pmiss” and “high pmiss” respectively. These
two settings cover a combined missing momentum range
of 40 ≤ pmiss ≤ 550 MeV/c.

Each HRS consists of three quadrupole magnets for
focusing and one dipole magnet for momentum analy-
sis [40, 41]. These magnets are followed by a detec-
tor package, slightly updated with respect to the one
in Ref [40], consisting of a pair of vertical drift cham-
bers used for tracking, and two scintillation counter
planes that provide timing and trigger signals. A CO2

Cherenkov detector placed between the scintillators and
a lead-glass calorimeter placed after them are used for
particle identification.

Electrons were selected by requiring that the particle
deposits more than half of its energy in the calorime-
ter: Ecal

|~p| > 0.5. (e, e′p) coincidence events were selected

by placing a ±3σ cut around the relative electron and
proton event times. Due to the low experimental lumi-
nosity, the random coincidence event rate was negligible.
We discarded a small number of runs with anomalous
numbers of events normalized to the beam charge.

Measured electrons were required to originate within
the central ±9 cm of the gas target to exclude scattering
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events originating from the target walls. The electron
and proton reconstructed target vertices were required
to be within ±1.2 cm of each other, which corresponds
to ±3σ of the vertex reconstruction resolution. By mea-
suring scattering from an empty-cell-like target we deter-
mined that the target cell wall contribution to the mea-
sured (e, e′p) event yield is negligible (� 1%).

To avoid the acceptance edges of the spectrometer,
we restricted the analysis to events that are detected
within ±4% of the central spectrometer momentum, and
±27.5 mrad in in-plane angle and ±55.0 mrad in out-of-
plane angle relative to the center of the spectrometer
acceptance. In addition, we further restricted the mea-
surement phase-space by requiring θrq < 37.5◦ to mini-
mize the effect of FSI and, in the high pmiss kinematics,
xB > 1.3 to further suppress non-QE events.

The spectrometers were calibrated using sieve slit
measurements to define scattering angles and by
measuring the kinematically over-constrained exclusive
H(e, e′p) and 2H(e, e′p)n reactions. The H(e, e′p) re-
action pmiss resolution was found to be better than 9
MeV/c. We verified the absolute luminosity normaliza-
tion by comparing the measured elastic H(e, e′) yield to
a parametrization of the world data [42]. We also found
excellent agreement between the elastic H(e, e′p) and
H(e, e′) rates, confirming that the coincidence trigger per-
formed efficiently.

Figure 1 shows the number of measured
3H(e, e′p) events as a function of Emiss and of Q2

for the low pmiss setting as well as the same distri-
butions calculated using the Monte Carlo code SIMC
[38] and normalized to the data. The latter gener-
ated (e, e′p) events using Eq. 3, with the addition of
radiation effects, that were then propagated through
the spectrometer model to account for acceptance and
resolution effects, and subsequently analyzed as the
data. The SIMC calculations used a 3He spectral
function calculated by C. Ciofi degli Atti and L. P.
Kaptari using the AV18 potential [39]. Due to the lack
of 3H proton spectral functions, we assumed isospin
symmetry and used the 3He neutron spectral function
for the 3H(e, e′p) simulation. The difference between
the calculated momentum distributions of neutrons in
3He and protons in 3H is small and contributes a 3%
uncertainty to the 3H(e, e′p) calculations and to the
spectral-function ratio calculations [43]. The spectral
function calculation appears to describe the measured Q2

and Emiss distributions well. See online supplementary
materials for details and additional comparisons.

For each nucleus, we calculated the normalized
(e, e′p) event yield as:

YA(pmiss) =
N(pmiss)

C · tlive · ρ · b
,

where A stands for 3He or 3H, N(pmiss) is the number of
counts for that target in a given bin of pmiss integrated
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FIG. 2. Missing momentum dependence of the measured 3He/
3H(e, e′p) normalized event yields ratio Rcorr.yield

3He/3H
. The cir-

cles and squares correspond to the low and high pmiss set-
tings respectively. The error bars include both statistical and
point-to-point systematical uncertainties. An additional over-
all normalization uncertainty of 1.8% is not shown (see Ta-
ble I). The solid histogram shows the SIMC simulation using
Eq. 3 and the spectral function of Ref. [39]. The bin widths
are the same for the histogram and the data.

over the experimental Emiss acceptance, C is the total
accumulated beam charge, tlive is the live time fraction
in which the detectors are able to collect data, ρ is the
nominal areal density of the gas in the target cell, and b
is a correction factor to account for changes in the target
density caused by local beam heating. The latter was
detemined by measuring the beam current dependence
of the inclusive event yield [37].

We corrected the measured ratio of the normalized
yields, Y3He/Y3H, for the radioactive decay of 2.78±0.18%
of the target 3H nuclei to 3He in the six months since the
target was filled, and denote the corrected yield ratio by
Rcorr.yield

3He/3H .

The point-to-point systematical uncertainties on this
ratio due to the event selection criteria (momentum and
angular acceptances, and θrq and xB limits) were ex-
tracted by repeating the analysis 5000 times, selecting
each criterion randomly within reasonable limits for each
iteration. The systematic uncertainty was taken to be
the standard deviation of the resulting distribution of ra-
tios. They range from 1% to 8% and are typically much
smaller than the statistical uncertainties. See online sup-
plementary materials for details.

Figure 2 shows the missing momentum dependence of
the corrected event yield ratio Rcorr.yield

3He/3H for each kine-

matical setting. The point-to-point systematic uncer-
tainties are much smaller than the statistical ones. There
is an overall normalization uncertainty of 1.8% predomi-
nantly due to the target density uncertainty. Other nor-
malization uncertainties due to beam-charge measure-
ment and run-by-run stability are at the 1% level or
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lower, see Table I.
The data are compared to the PWIA spectral-function

based SIMC calculation. The calculation agrees with the
measured ratio up to 250 MeV/c, and underpredicts it
by 20− 50% at higher momenta.

To extract the experimental cross-section ratio,
σ3He(e,e′p)/σ3H(e,e′p)(pmiss), we corrected the measured

yield ratio Rcorr.yield
3He/3H for radiative and bin-migration ef-

fects as well as for the finite missing-energy acceptance of
the spectrometers. The latter equals the calculated mo-
mentum distribution ratio divided by the calculated ratio
of spectral functions integrated over the missing energy
acceptance. The correction factors were calculated using
SIMC and found to be smaller than 10% for all pmiss val-
ues in either kinematics (both the individual corrections
and the total correction). We apply a point-to-point sys-
tematic uncertainty of 20% of the resulting correction
factors. See Table I and online supplementary material
for details.

We also calculated the effects of final state interactions
using a computer code developed by M. Sargsian [44].
It includes single rescattering of the knocked-out proton
with either of the two other nucleons in the three-body-
breakup reaction using the generalized Eikonal approx-
imation [45, 46]. For each bin we calculated both the
PWIA and FSI cross section, integrated over the experi-
mental acceptance and formed the double ratio

RFSI =
σFSI/σPWIA|3He

σFSI/σPWIA|3H
.

We found that the FSI effects on the individual 3He and
3H(e, e′p) cross-sections varied between 10% and 30%
relative to PWIA, and largely cancel in the ratio, produc-
ing at most a 5% effect at the highest pmiss kinematics.
This reinforces the claim that FSI effects are very small
in the cross-section ratio. We did not correct the data
for FSI. See online supplementary materials for more in-
formation.

Furthermore, we tested the cross section factorization
approximation by comparing the factorized spectral func-
tion approach used in SIMC with a non-factorized calcu-
lation by J. Golak [47–49]. The difference between the
factorized and non-factorized calculations was about 5%,
which is not enough to explain the data-calculation dis-
crepancy at high pmiss.

Figure 3 shows the pmiss dependence of the extracted
3He / 3H (e, e′p) cross-section ratio. In the simplest
model, this ratio should equal two, the relative number
of protons in 3He and 3H. However, we expect that at
large pmiss the ratio will equal one, the relative number
of np SRC pairs in 3He and 3H [50–58]. These SRC pairs
will shift equal amounts of cross-section strength from
low pmiss to high pmiss in both nuclei, increasing the
3He to 3H ratio at low pmiss to more than two. The
measured ratio follows this simple np-SRC expectation,
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FIG. 3. (color online) Extracted 3He to 3H (e, e′p) cross-
section ratio plotted vs. pmiss compared with different mod-
els of the corresponding momentum distribution ratio. The
filled circle and square markers correspond to the low and
high pmiss settings respectively. Uncertainties shown include
both statistics and point-to-point systematics. Common nor-
malization unceraitnty of about 1.8% are not shown (see ta-
ble I). Horizontal bars indicate the bin sizes and are shown for
only the first and last points in each kinematical setting as all
other points are equally spaced. The theoretical calculations
are done using different local and non-local interactions, as
well as different techniques for solving the three-body prob-
lem. See text for details.

decreasing from almost three at low pmiss towards about
1.5 at pmiss = 250 MeV/c. At larger pmiss the measured
ratio is approximately flat, however there is a 20 - 50%
difference between the data and the PWIA expectation.
This is much larger than the calculated ≤ 5% effects of
FSI described above.

With the missing-energy acceptance correction and
the small FSI effects, the resulting cross-section ratio
should be sensitive to the ratio of momentum distribu-
tions. We therefore compare in Fig. 3 the measured
3He/3H (e, e′p) cross-section ratio directly with the ra-
tio of various 3He/3H single-nucleon momentum distri-
butions. The 3H and 3He momentum distribution cal-
culations shown in Fig. 3 are obtained using either the
variational Monte Carlo (VMC) technique with local in-
teractions [43, 59] or the Hyperspherical Harmonics (HH)
method [60, 61] with non-local interaction.

Local interactions used include the phenomenologi-
cal AV18 [2] two-nucleon potential augmented by the
Urbana X (UX) [62] three-nucleon force and the chi-
ral effective field theory potentials at N2LO (includ-
ing two- and three-body contributions) Refs. [63–67],
using a coordinate-space cutoff of 1 fm and different
parametrizations of the three-body contact term Eτ and
E1. Non-local interactions include the meson-theoretic
CD-Bonn [68] two-nucleon potential, together with the
Tucson-Melbourne [69] (TM) three-nucleon potential, or
the latest chiral two-body potentials from NLO to N4LO
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TABLE I. Systematic uncertainties in the extraction of the
3He / 3H (e, e′p) normalized event-yield, Rcorr.yield

3He/3H
, (Fig. 2)

and cross-section, σ3He(e,e′p)/σ3H(e,e′p), (Fig. 3) ratios. Un-
certainties marked by ‘*’ contribute only to the cross-section
ratio. All uncertainties are summed in quadrature. See text
for details.

Overall Point-to-point
Target Walls � 1%

Target Density 1.5%
Beam-Charge and Stability 1%

Tritium Decay 0.18%
Cut sensitivity 1% - 8%

Simulation Corrections*
(bin-migration, radiation,

Em acceptance)
1% - 2%

[70], including three-nucleon interactions. The main con-
tribution to the latter, namely the one arising from two-
pion exchange, is effectively included at the same chiral
order as the two-nucleon interaction Refs. [61, 70]. In
these calculation the momentum-space cutoff Λ is kept
fixed at 500 MeV. The VMC calculations using the AV18
and UX interactions produce equivalent results as the HH
calculations using the AV18 plus Urbana IX [71] interac-
tions.

For completeness Fig. 3 also shows the momentum-
distribution ratio calculated by integrating over the miss-
ing energy in the spectral functions of Ref. [39] and
Ref. [72], obtained using the AV18 two-nucleon only and
the AV14 [73] two- and the Urbana VIII [74] (UVIII)
three-nucleon interactions, respectively.

All calculated momentum-distribution ratios shown
agree with the data up to pmiss ≈ 250 MeV/c. At larger
pmiss, the theoretical predictions obtained by integrating
the spectral functions or by calculating the momentum
distribution ratio with local potentials or with the CD-
Bonn/TM model disagree with the data by 20–50%. In
the case of the non-local chiral potential models, the cal-
culations show significant order dependence.

While momentum distributions calculated with local
chiral-interactions depend strongly on the cutoff param-
eter, these effects appear to mostly cancel in the ratio of
the momentum distributions [75].

While FSI calculated in the generalized Eikonal ap-
proximation are small, more complete calculations are
needed, including two- and three-body interaction oper-
ators [76], to determine if the discrepancy between data
and calculation is due to the reaction mechanism or to
the validity of the underlying NN potentials at short-
distances.

To summarize, we presented the first measurement
of the 3He(e, e′p) and 3H(e, e′p) reactions in kinemat-
ics where the cross-sections are expected to be sensitive
to the proton momentum distribution, i.e., at large Q2,
xB > 1, and θrq < 40◦ that minimize two-body currents

and the effects of FSI. We further enhanced the sensi-
tivity to the momentum distribution by extracting the
ratio of the cross-sections, so that most of the remaining
FSI effects cancel, as confirmed by a generalized Eikonal
approximation calculation of leading proton rescattering.

While the measured corrected cross-section ratio
σ3He(e,e′p)/σ3H(e,e′p) is well described by PWIA calcula-
tions up to pmiss ≈ 250 MeV/c, they disagree by only 20
- 50% at high pmiss, despite a four order of magnitude
decrease of the momentum distribution in this range.
This is a vast improvement over previous σ3He(e,e′p) mea-
surements at lower Q2 and xB = 1, which disagreed
with PWIA calculations by factors of several at large
pmiss [21, 22]. This, together with FSI calculations,
strongly supports the reduced contribution of non-QE
reaction mechanisms in our kinematics.

The data overall supports the transition from single-
nucleon dominance at low pmiss, towards an np-SRC pair
dominant region at high pmiss [50–58]. However, more
complete calculations are needed to assess the implica-
tions of the observed 20–50% deviation of the data from
the PWIA calculation in the expected np-SRC pair dom-
inance region. If the observed difference between the
3He/3H experimental ratio and momentum distribution
ratios at large missing momenta is due to the underly-
ing NN interaction, then it can provide significant new
constraints on the previously loosely-constrained short-
distance parts of the NN interaction.
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