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We report the first measurement of the ðe; e0pÞ three-body breakup reaction cross sections in helium-3
(3He) and tritium (3H) at large momentum transfer [hQ2i ≈ 1.9 ðGeV=cÞ2] and xB > 1 kinematics, where
the cross section should be sensitive to quasielastic (QE) scattering from single nucleons. The data cover
missing momenta 40 ≤ pmiss ≤ 500 MeV=c that, in the QE limit with no rescattering, equals the initial
momentum of the probed nucleon. The measured cross sections are compared with state-of-the-art ab initio
calculations. Overall good agreement, within �20%, is observed between data and calculations for the full
pmiss range for 3H and for 100 ≤ pmiss ≤ 350 MeV=c for 3He. Including the effects of rescattering of the
outgoing nucleon improves agreement with the data at pmiss > 250 MeV=c and suggests contributions
from charge-exchange (SCX) rescattering. The isoscalar sum of 3He plus 3H, which is largely insensitive to
SCX, is described by calculations to within the accuracy of the data over the entire pmiss range. This
validates current models of the ground state of the three-nucleon system up to very high initial nucleon
momenta of 500 MeV=c.

DOI: 10.1103/PhysRevLett.124.212501

Understanding the structure and properties of nuclear
systems is a formidable challengewith implications ranging
from the formation of elements in the Universe to their
application in laboratory measurements of fundamental
interactions. Due to the complexity of the strong nuclear
interaction, nuclear systems are often described using
effective models that are based on various levels of approx-
imations. Testing and benchmarking such approximations is
a high priority of modern nuclear physics research.
Measurements of high-energy quasielastic (QE) electron

scattering serve a unique role in this endeavor as they can
be particularly sensitive to ground state properties of nuclei
[1]. However, in many studies this sensitivity is reduced by
the lack of exact nuclear ground-state calculations and by
the contribution of non-QE processes to the measured cross
sections. Calculations of non-QE contributions are highly
model dependent and can change the resulting cross
sections dramatically, hindering the interpretation of mea-
surements in terms of the nuclear ground state [2].
Studies of the three nucleon system can avoid these

issues as (i) their ground states are exactly calculable from
nuclear-interaction models, and (ii) proper choice of
kinematics can suppress cross section contributions from
non-QE processes, allowing one to directly relate measured
cross sections to the ground-state momentum distribution.

Thus electron scattering studies of helium-3 (3He) and
tritium (3H) nuclei can serve as a precision test of modern
nuclear theory [3].
While vast amounts of modern electron scattering data

on 3He exist [4–12], 3H data are very sparse due to the
safety limitations associated with placing a radioactive
tritium target in a high-current electron beam. Current
world data dates back to the early 1960s [13–16] and late
1980s [17–22].
This Letter reports the first electron scattering cross

sections on 3H to be published in over 30 years.
Specifically, we study the distributions of protons in 3He
and in 3H using measurements of high-energy QE proton
knockout reactions in comparison with predictions of state-
of-the-art ab initio calculations to test their modeling of the
three-nucleon ground state up to very large initial momenta.
The simultaneous measurement of both 3He and 3Hðe; e0pÞ
cross sections, at the kinematics of our experiment, places
stringent constraints on the possible contribution of non-
QE reaction mechanisms to our measurement, thereby
improving the equivalence between the measured missing
momenta and initial nucleon momenta and increasing its
sensitivity to the properties of the 3He and 3H ground states.
Our measured cross sections are well described by

theoretical calculations to about 20%, without the need to
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include non-QE processes. This is a great improvement over
recent 3Heðe; e0pÞmeasurements [5] that were dominated by
non-QE processes and were therefore significantly less
sensitive to its ground state, especially at large missing
momentum. Our 3H data is better described by calculations
than 3He. Including leading nucleon rescattering improves
the agreement between the calculations and the data. The
remaining small difference between data and theory has the
opposite trend for 3He and 3H, which could suggest residual
contributions from single charge exchange (SCX) processes.
The effects of SCX are largely suppressed in the isoscalar
sum of 3Heþ 3H cross sections, which is described by
calculations to within the accuracy of our data. We thus
confirm modeling of the three-nucleon system up to very
high nucleon momenta of 500 MeV=c.
The experiment ran in 2018 in Hall A of the Thomas

Jefferson National Accelerator Facility. It used the two high-
resolution spectrometers (HRSs) [23] and a 20 μA electron
beam at 4.326 GeV incident on one of four identical 25-cm-
long gas target cells filledwith hydrogen (70.8�0.4mg=cm2),
deuterium (142.2 � 0.8 mg=cm2), helium-3 (53.4�
0.6 mg=cm2), and tritium (85.1� 0.8 mg=cm2) [24]. To
minimize systematic uncertainties between measurements,
the HRSwere not moved when changing among the targets,
which were installed on a linear motion target ladder.
Each HRS consisted of three quadrupole magnets for

focusing and one dipole magnet for momentum analysis,
followed by a detector package consisting of a pair of
vertical drift chambers used for tracking and two scintilla-
tion counter planes that provided timing and trigger signals.
A CO2 Cherenkov detector placed between the scintillators
and a lead-glass calorimeter placed after them were used for
particle identification. This configuration is slightly
updated with respect to the one in Ref. [23].
Scattered electrons were detected in the left-HRS, posi-

tioned at central momentum and angle of jp⃗0
ej ¼

3.543 GeV=c and θe ¼ 20.88°, giving a central four-
momentum transferQ2 ¼ q⃗2 − ω2 ¼ 2.0 ðGeV=cÞ2 (where
the momentum transfer is q⃗ ¼ p⃗e − p⃗0

e), energy transfer
ω ¼ Ebeam − jp⃗0

ej ¼ 0.78 GeV, and xB≡ðQ2=2mpωÞ¼1.4
(where mp is the proton mass). Knocked-out protons were
detected in the right-HRS at two central settings of ðθp; ppÞ ¼
ð48.82°; 1.481 GeV=cÞ, and (58.50°, 1.246 GeV=c) corre-
sponding to low-pmiss (40 ≤ pmiss ≤ 250 MeV=c) and high-
pmiss (250 ≤ pmiss ≤ 500 MeV=c), respectively, where
p⃗miss ¼ p⃗p − q⃗. The exact electron kinematics for each
pmiss bin varied within the spectrometer acceptances.
In the plane wave impulse approximation (PWIA) for

QE scattering, where a single exchanged photon is
absorbed on a single proton and the knocked-out proton
does not reinteract as it leaves the nucleus, the cross section
is proportional to the spectral function, the probability of
finding a proton in the nucleus with initial momentum p⃗i
and separation energy Ei. The momentum distribution is

then the integral of the spectral function over Ei:
nðpiÞ ¼

R
Sðpi; EiÞdEi. In PWIA, the missing momentum

and energy equal the initial momentum and separation
energy of the knocked-out nucleon: p⃗i ¼ p⃗miss, Ei ¼ Emiss,

where Emiss ¼ ω − Tp − TA−1, TA−1 ¼ ðωþmA − EpÞ −ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðωþmA − EpÞ2 − jp⃗missj2

q
is the reconstructed kinetic

energy of the residual A − 1 system. Tp and Ep are the
measured kinetic and total energies of the outgoing proton.
Non-QE reaction mechanisms that lead to the same

measured final state also contribute to the cross section,
complicating this simple picture. Such mechanisms include
rescattering of the struck nucleon (final-state interactions or
FSI), meson-exchange currents (MEC), and exciting isobar
configurations (IC). In addition, relativistic effects can be
significant [25–27].
The kinematics of our measurement were chosen to

reduce contributions from such non-QE reaction mecha-
nisms. For high-Q2 reactions, the effects of FSI were shown
to be reduced by choosing kinematics where the angle
between p⃗recoil ¼ −p⃗miss and q⃗ is θrq ≲ 40°, which also
corresponds to xB ≥ 1 [28–34]. Additionally MEC and IC
were shown to be suppressed for Q2 > 1.5 ðGeV=cÞ2 and
xB > 1 [29,35].
The data analysis follows that previously reported in

Ref. [36] for the 3He=3Hðe; e0pÞ cross section ratio extrac-
tion. We selected electrons by requiring that the particle
deposits more than half of its energy in the calorimeter:
Ecal=jp⃗j > 0.5. We selected ðe; e0pÞ coincidence events by
placing �3σ cuts around the relative electron and proton
event times and the relative electron and proton recon-
structed target vertices (corresponding to a �1.2 cm cut).
Due to the low experimental luminosity, the random
coincidence event rate was negligible. We discarded a
small number of runs with anomalous event rates.
Measured electrons were required to originate within the

central �9 cm of the gas target to exclude events origi-
nating from the target walls. By measuring scattering from
an empty-cell-like target we determined that the target cell
wall contribution to the measured ðe; e0pÞ event yield was
negligible (≪ 1%).
To avoid the acceptance edges of the spectrometer, we

only analyzed events that were 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. We further
required θrq < 37.5° to minimize 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 overconstrained exclusive 1Hðe; e0pÞ and
2Hðe; e0pÞn reactions. The 1Hðe; e0pÞ reaction pmiss reso-
lution was better than 9 MeV=c. We verified the absolute
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luminosity normalization by comparing the measured
elastic 1Hðe; e0Þ yield to a parametrization of the world
data [37]. We also found excellent agreement between the
elastic 1Hðe; e0pÞ and 1Hðe; e0Þ rates, confirming that the
coincidence trigger performed efficiently.
One significant difference between 3Heðe; e0pÞ and

3Hðe; e0pÞ stems from their possible final states. The
3Hðe; e0pÞ reaction can only result in a three-body pnn
continuum state, while 3He can break up into either a two-
body pd state or a three-body ppn continuum state. To
allow for a more detailed comparison of the two nuclei we
only considered three-body breakup reactions by requiring
Emiss > 8 MeV (i.e., above the 3He two-body breakup
peak).
The cross section was calculated from the ðe; e0pÞ event

yield in a given ðpmiss; EmissÞ bin as:

d6σðpmiss; EmissÞ
dEedEpdΩedΩp

¼ Yieldðpmiss; EmissÞ
Ctðρ=AÞbVBCRadCBM

; ð1Þ

where C is the total accumulated beam charge, t is the live
time fraction in which the detectors are able to collect data,
A ¼ 3 is the target atomic mass, 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. b was determined by measuring the
beam current dependence of the inclusive event yield [24].
VB is a factor that accounts for the detection phase space
and acceptance correction for the given ðpmiss; EmissÞ bin
and CRad and CBM are the radiative and bin migration
corrections, respectively. The 3H event yield was also
corrected for the radioactive decay of 2.78� 0.18% of
the target 3H nuclei to 3He in the six months between when
the target was filled and when the experiment was
conducted.
We used the SIMC [38] spectrometer simulation package

to simulate our experiment to calculate the VB, CRad, and
CBM terms in Eq. (1), and to compare the measured cross
section with theoretical calculations. SIMC generates
ðe; e0pÞ events with the addition of radiation effects over
a wide phase space, propagates the generated events
through a spectrometer model to account for acceptance
and resolution effects, and then weights each accepted
event by a model cross section calculated for the original
kinematics of that specific event. The weighted events are
subsequently analyzed as the data and can be used to
compare between the data and different model cross section
predictions.
We considered two PWIA cross section models:

(i) Faddeev-formulation-based calculations by J. Golak
et al. [3,39,40] that either include or exclude the continuum
interaction between the two spectator nucleons (FSI23),
labeled Cracow and Cracow-PW, respectively, and (ii) a
factorized calculation using the 3He spectral function of C.
Ciofi degli Atti and L. P. Kaptari including FSI23 [41] and

the σcc1 electron off-shell nucleon cross section [42],
labeled CKþ CC1. Due to the lack of 3H proton spectral
functions, we assumed isospin symmetry and used the 3He
neutron spectral function for the 3Hðe; e0pÞ simulation. In
addition, the Cracow calculation used the CD-Bonn
nucleon-nucleon potential [43] and CK used AV18 [44].
To make consistent comparisons within this Letter, we
rescaled the CK calculation for each nucleus by the ratio of
the proton momentum distribution obtained with CD-Bonn
relative to that obtained with AV18 based on calculations
in Ref. [45].
We corrected the 3He and 3H cross sections for radiation

and bin migration effects using SIMC and the CKþ CC1
cross section model that reproduces the pmiss dependence
of the measured cross section well. Due to the excellent
resolution of the HRS, bin migration effects were very
small. Radiation effects were also small for 3H (≲20%), but
significant for 3He at low-pmiss due to two-body breakup
events that reconstructed to Emiss > 8 MeV due to radia-
tion. Since the 3He cross section at high Emiss is dominated
by radiative effects, we required Emiss < 50 and 80 MeV
for the low- and high-pmiss kinematics, respectively.
We then integrated the two dimensional experimental

and theoretical cross sections, σðpmiss; EmissÞ, over Emiss to
get the cross sections as a function of pmiss.
To facilitate comparison with future theoretical calcu-

lations, we bin-centered the resulting cross sections, using
the ratio of the point theoretical cross section to the
acceptance-averaged theoretical cross section. We calcu-
lated the point theoretical cross section by summing the
cross section evaluated at the central (hQ2i, hxBi) values
over the seven Emiss bins for that pmiss as follows:

σpointðpmissÞ

¼
X7

j¼1

σðhQ2ij; hxBij; pmiss; E
j
missÞ × ΔEj

miss; ð2Þ

where j labels the Emiss bin and ΔE
j
miss is the bin width. We

used both the Cracow and CKþ CC1 cross section models
for this calculation, taking their average as the correction
factor and their difference divided by

ffiffiffiffiffi
12

p
as a measure of

its 1σ uncertainty. Future calculations can directly compare
to our data by calculating the cross section at a small
number of points and using Eq. (2), rather than by
computationally-intensive integration over spectrometer
acceptances.
The point-to-point systematical uncertainties due to the

event selection criteria (momentum and angular accep-
tances, and θrq and xB limits) were determined by repeating
the analysis 100 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 cross sections. They range from 1% to
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8% and are typically much smaller than the statistical
uncertainties. Additional point-to-point systematics are due
to bin-migration, bin-centering, and radiative corrections
and range between 0.5% and 3.5%.
The overall normalization uncertainty of our measure-

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

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

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

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

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

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

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

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

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

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

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

cross-section (i.e., 3Heþ 3H) is insensitive to these effects.
The ratio of the measured total isoscalar A ¼ 3 cross

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

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

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