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We report the first measurement of the (e,e’p) three-body breakup reaction cross sections
in Helium-3 (*He) and Tritium (*H) at large momentum transfer ((Q%) ~ 1.9 (GeV/c)?) and
zp > 1 kinematics, covering a missing momentum range of 40 < ppiss < 500MeV/c. The
measured cross sections are compared with different plane-wave impulse approximation (PWIA)
calculations, as well as a generalized Eikonal-Approximation-based calculation that includes the
final-state interaction (FSI) of the struck nucleon. Overall good agreement is observed between
data and Faddeev-formulation-based PWIA calculations for the full p,,iss range for 3H and for
150 < prmiss < 350 MeV /¢ for *He. This is a significant improvement over previous studies at lower
Q? and zp ~ 1 kinematics where PWIA calculations differ from the data by up to 400%. For
Dmiss > 250 MeV /¢, the inclusion of FSI makes the calculation agree with the data to within about
10%. For both nuclei PWIA calculations that are based on off-shell electron-nucleon cross-sections
and exact three-body spectral functions overestimate the cross-section by about 60% but well re-
produce its pmiss dependence. These data are a crucial benchmark for few-body nuclear theory and

are an essential test of theoretical calculations used in the study of heavier nuclear systems.

Understanding the structure and properties of nuclear
systems is a formidable challenge with implications rang-
ing from the formation of elements in the universe to
their application in laboratory measurements of funda-
mental 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 approximations. Testing and benchmarking such ap-
proximations is a high priority of modern nuclear physics
research.

The three nucleon system plays a special role in this
endeavor as its ground state is complex but still exactly
calculatable. Therefore studies of Helium-3 (*He) and
Tritium (®*H) nuclei, especially using electron-scattering
reactions, serve as a precision test of modern nuclear the-
ory [I]. While there is a lot of electron scattering data on
3He [2H10], 3H data are very sparse due to the safety lim-
itations associated with placing a radioactive gas target
in a high-current electron beam.

In the early 60’s the Stanford Linear Accelerator Cen-
ter (SLAC) measured *He and 3H (e,e’) and (e, €'p) to
extract their elastic form factors and to test theoretical
models of the three-nucleon wave functions [TTHI4]. In
the late 80’s MIT-Bates and Saclay extended the (e, ¢e’)
measurements to higher momentum transfer with im-
proved accuracy [I5H20]. However, despite significant
theoretical advances, no new electron scattering data on
3H were published in over 30 years.

Here we study the distributions of protons in *He and
in ®H using high-energy quasi-elastic (QE) electron scat-

* Equal Contribution
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tering. The simultaneous measurement of both 3He and
3H(e, e'p) cross sections places stringent constraints on
the possible contribution of non-QE reaction mechanisms
to our measurement, thereby increasing its sensitivity to
the properties of the 3He and 3H ground-states.

This work follows a recent extraction of the
3He(e, 'p) to 3H(e, €'p) cross-section ratio [21]. The mea-
sured cross-section ratio was expected to be largely in-
sensitive to non-QE reaction mechanisms and thereby to
test calculations of the ratio of proton momentum distri-
butions in the measured nuclei. The results agreed with
theoretical calculations for reconstructed initial proton
momenta below 250 MeV/c. However, the theoretical
calculations underpredicted the measured ratio by 20% -
50% for momenta between 250 and 550 MeV /c. There-
fore, the individual *He and 3H(e, €’p) cross-sections were
needed to understand whether the observed disagreement
arose from contributions of non-QE reaction mechanisms
that do not cancel in the measured ratio or due to defi-
ciencies in either nucleus wave function calculations. The
results of this study are reported herein where

We find that our cross sections are better described by
PWIA calculations then previous works, that 3H is bet-
ter described than 3He, and that including leading nu-
cleon rescattering further improved the agreement with
theory. The remaining difference between data and the-
ory is opposite for 3He and H, leading to the previously
observed large discrepancy in *He/?H cross-section ratio
that might be explained by charge exchange processes.

The experiment took place in 2018 at Hall A of the
Thomas Jefferson National Accelerator Facility (JLab).
It used the two high-resolution spectrometers (HRSs) [22]
and a 20 pA electron beam at 4.326 GeV incident on one
of four identical 25-cm long gas target cells filled with


mailto:hen@mit.edu

10 Hydrogen (70.8 & 0.4 mg/cm?), Deuterium (142.2 4 0.8
1 mg/cm?), Helium-3 (53.4 4 0.6 mg/cm?), and Tritium
132 (851 + 0.8 mg/ch) m

113 Each HRS consisted of three quadrupole magnets for
134 focusing and one dipole magnet for momentum analy-
s sis [22] [24]. These magnets were followed by a detec-
136 tor package, slightly updated with respect to the one
wr in Ref. [22], consisting of a pair of vertical drift cham-
18 bers used for tracking, and two scintillation counter
130 planes that provided timing and trigger signals. A COq
10 Cherenkov detector placed between the scintillators and
a lead-glass calorimeter placed after them were used for
particle identification.

Scattered electrons were detected in the left-HRS, po-
sitioned at central momentum and angle of p,/ = 3.543
GeV/c and 0, = 20.88°, giving a central four-momentum
transfer Q2 = ¢? — w? = 2.0 (GeV/c)? (where the mo-
mentum transfer is § = p. —p ), energy transfer w = 0.78
GeV, and zp Q°

2mpw
mass). Knocked-out protons were detected in the right-
HRS at two central kinematical settings of (0,,p,) =

141

142

143

144

145

146

147

148 =

= 1.4 (where m, is the proton

149
150
151
152 responding to low-pyiss (40 < priss < 250 MeV/c) and
153
152 where Priss = Pp — ¢. The exact electron kinematics
155 for each p,,;ss bin varied within the spectrometer accep-
156

tails.
In the Plane-Wave Impulse Approximation (PWIA)

157
158
159
absorbed on a single proton and the knocked-out pro-
ton does not re-interact as it leaves the nucleus, the

160
161
162
tum and separation energy of the knocked-out nucleon:
164 ]5; = ﬁmiss» E; = Emissv where Episs = w — Tp - TA*la

163

(48.82°, 1.481 GeV/c), and (58.50°, 1.246 GeV/c) cor-

. . 18
high-pmiss (250 < pmiss < 500 MeV/c), respectively, s calorimeter: FEeq/|p] > 0.5. We selected (e, e’p) coin-

s cidence events by placing £30 cuts around the relative

tance, see supplementary materials Tables ITI-VI for de- !

for QE scattering, where a single exchanged photon is .

missing momentum and energy equal the initial momen- .

165

Ta1 = (w+ma — Ep) — /(w+ma—Ep)? — [Prmiss|?
is the reconstructed kinetic energy of the residual A — 1
system. 7, and E, are the measured kinetic and total

energies of the outgoing proton.

166
167
168

Non-QE reaction mechanisms that lead to the same
measured final state also contribute to the cross section,
complicating this simple picture. Such mechanisms in-
clude rescattering of the struck nucleon (final-state in-
teractions or FSI), meson-exchange currents (MEC), and
exciting isobar configurations (IC). In addition, relativis-
tic effects can be significant [25H27].

The kinematics of our measurement were chosen to
reduce contributions from such non-QE reaction mech-
anisms. For high-Q? reactions, the effects of FSI were
shown to be reduced by choosing kinematics where the
angle between precoit = —Pmiss and ¢ is 0, S 40°,
which also corresponds to xg > 1 [28H434]. Additionally
12 MEC and IC were shown to be suppressed for Q2 > 1.5
163 (GeV/c)? and x5 > 1 [29] 35].

The raw data analysis follows that previously reported
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FIG. 1. The number of 3He(e,e'p) events as a function of
FEriss VS Pmiss- The solid purple line separates the high-
and low-pyiss kinematics. The dashed horizonal line labeled
‘2-body’ marks the 5-MeV two-body breakup peak and the
dashed line labeled ‘Standing pair’ shows the expected F,iss-
Pmiss correlation for scattering off a standing SRC pair.

in Ref. [21] for the He/3H (e, €’p) cross-section ratio ex-
traction. We selected electrons by requiring that the
particle deposits more than half of its energy in the

electron and proton event times and the relative electron

a and proton reconstructed target vertices (corresponding
e to a +1.2 cm cut). Due to the low experimental luminos-

ity, the random coincidence event rate was negligible. We

o discarded a small number of runs with anomalous event

rates.
Measured electrons were required to originate within

o7 the central £9 cm of the gas target to exclude events
e originating from the target walls. By measuring scatter-

ing from an empty-cell-like target we determined that the
target cell wall contribution to the measured (e, €'p) 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 rel-
ative to the center of the spectrometer acceptance. We
further restricted the measurement phase-space by re-
quiring 6,4 < 37.5° to minimize the effect of FSI and, in
the high-p,iss kinematics, zg > 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, €/p)n reactions. The 'H(e, ¢'p) reac-
tion ppiss resolution was better than 9 MeV /c. We veri-
fied the absolute luminosity normalization by comparing
the measured elastic 'H(e, ¢’) yield to a parametrization
of the world data [39]. We also found excellent agree-
ment between the elastic 'H(e,e’p) and 'H(e,e) rates,
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FIG. 2. The ratio of the experimental cross section to different PWIA calculations plotted versus pmss for *He(e,e'p) (left)

and *H(e, e’p)

(right). Red markers show the ratio to the Cracow calculation while blue markers show the Ciofi-Kaptari

spectral-function-based calculations (CK+CC1) (see text for details). Circles and squares mark low- and high-pm.ss kinematics
respectively. Open symbols show the *He(e,e’p) data of Ref. [3], taken at lower Q* and x ~ 1 kinematics, compared with the
calculations of Ref. [32] [36H38]. The shaded regions show 10% and 20% agreement intervals.

confirming that the coincidence trigger performed effi-
ciently.

One significant difference between 3He(e,e’p) and
3H(e,e'p) stems from their possible final states. The
3H(e,e'p) reaction can only result in a three-body pnn
continuum state, while 3He can breakup into either a
two-body pd state or a three-body ppn continuum state.
To allow for a more detailed comparison of the two nu-
clei we only considered three-body breakup reactions by
requiring F,,;ss > 8 MeV (i.e., above the 3He two-body
breakup peak). See online supplementary materials for
details.

Figure shows the measured distribution of 3He
(e,e'p) events as a function of E,iss and piss. The H
and ®He distributions are similar with the exception that
3He has more strength at low E,,;ss due to the two-body
breakup channel. At high-p,.:ss (2 250 MeV/c¢) nucle-
ons are expected to be predominantly in the form of high
relative-momentum two-nucleon Short-Range Correlated
(SRC) pairs [40H48]. Neglecting pair center-of-mass mo-
tion, the missing energy of such SRC pairs should be
determined by their momentum such that E,,;ss = mp —

2

mA+\/(mA — Mg+ \/Poiss + M2 ) — p?,;ss- This cor-
relation is shown in Fig. |I| by the dashed line labeled
‘Standing pair’. Our kinematics are largely centered
around this curve.

The cross-section was calculated from the
(e,e'p) event yield in a given (pmiss, Pmiss) bin
as:

dﬁo'(pmism Emiss) _ Yield(pmissa Emiss)
dE.dE,d.dS,

~C-t-(p/A)-b-Vs-Crea-Cru’

(1)
where C' is the total accumulated beam charge, t is the
live time fraction in which the detectors are able to col-
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285

lect data, A = 3 is the target atomic mass, p is the nom-
inal 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 inclu-
sive event yield [23]. Vp is a factor that accounts for the
detection phase space and acceptance correction for the
given (Pmiss, Emiss) bin and Creq and Cpy are the ra-
diative and bin migration corrections, respectively. The
3H event yield was also corrected for the radioactive de-
cay of 2.78 +0.18% of the target 3H nuclei to >He in the
six months since the target was filled. See online supple-
mentary materials for details.

We used the SIMC [49] spectrometer simulation pack-
age to simulate our experiment to calculate the Vg, Craq
and Cgjs terms in Eq. |1} and to compare the measured
cross-section with theoretical calculations. SIMC gener-
ates (e, e'p) 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: (1)
Faddeev-formulation-based calculations by J. Golak et
al. [T, 50, [5T] that either includes or excludes the con-
tinuum interaction between the two spectator nucleons
(FSIa3), labeled Cracow and Cracow-PW respectively
and (2) a factorized calculation using the 3He spectral
function of C. Ciofi degli Atti and L. P. Kaptari including
FSIys [52] and the o.. electron off-shell nucleon cross-
section [53], labeled CK+CC1. Due to the lack of 3H
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proton spectral functions, we assumed isospin symme-
try and used the >He neutron spectral function for the
3H(e, €’p) simulation. In addition, as the Cracow calcu-
lation used the CD-Bonn nucleon-nucleon potential [54]
and CK used AV18 [55]. To make consistent comparisons
within this work, we have chosen to rescale the CK calcu-
lation for each nucleus by the ratio of the proton momen-
tum distribution obtained with CD-Bonn relative to that
obtained with AV18 based on calculations in Ref. [56].
See online supplementary materials for details.

We corrected the 3He and 2H cross-sections for ra-
diation and bin migration effects using SIMC and the
CK+C'C1 cross-section model. Due to the excellent reso-
lution of the HRS, bin migration effects were very small.
Radiation effects were also small for 3H (< 20%), but
significant for He at low-pyniss due to two-body breakup
events that reconstructed to E,,;ss > 8 MeV due to radi-
ation. Since the cross section at high F,,;ss is dominated
by radiative effects, we required F,,;ss < 50 and 80 MeV
for the low- and high-p,,;ss kinematics respectively. See
online supplementary materials for details.

We then integrated the two dimensional experimen-
tal and theoretical cross sections, o(Pmiss, Emiss), over
Eiss to get the cross sections as a function of piiss.

To facilitate comparison with future theoretical calcu-
lations, we bin-centered the resulting cross-sections, us-
ing 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 ((Q?), (zg)) values
over the seven FE,,;ss-bins for that p,,;ss as follows:

Opoint (pmiss) =
Ty : J J (2)
ZU(<Q >]> <xB>Japmissa Em’iss) X AEmiss
j=1
where j labels the FE,,;ss bin and AEeriss is the bin

width. We used both the Cracow and CK+CC1 cross-
section models for this calculation, taking their average
as the correction factor and their difference as a measure
its uncertainty. Future calculations can directly com-
pare to our data by calculating the cross section at a
small number of points and using Eq. rather than
by computationally-intensive integration over spectrom-
eter acceptances. See online supplementary materials for
details.

The point-to-point systematical uncertainties due to
the event selection criteria (momentum and angular ac-
ceptances, and 6,, and zp 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 de-
viation of the resulting distribution cross sections. They
range from 1% to 8% and are typically much smaller than
the statistical uncertainties. Additional point-to-point
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FIG. 3. The ratio of the experimental cross sections to the cal-
culation of Sargsian that includes FSI of the leading nucleon
for 3He (red squares) and *H (black circles). The shaded re-
gions show 10% and 20% agreement intervals.

systematics are due to bin-migration, bin-centering and
radiative corrections and range between 0.5% and 3.5%.
See online supplementary Materials Table VIII and IX
for details.

The overall normalization uncertainty of our measure-
ment equals 2%, and is due to uncertainty in the tar-
get density (1.5%), beam-charge measurement run-by-
run stability (1%), Tritium decay correction (0.15%), and
spectrometer detection and trigger efficiencies (1%).

For completeness we also used SIMC to calculate the
acceptance-averaged cross sections using both Cracow
and CK+CC1 cross-section models and compared them
to our measured data before any bin-centering correc-
tions. Both models well reproduce the shape of the mea-
sured FE,,;ss and ppss event distributions. The ratio
of the acceptance-averaged experimental to theoretical
cross-section is similar to the bin-centered ratios shown
here. See online Supplementary Materials Tables I1I-VI
and Figs. 9 and 10 for details.

Fig. [2| shows the experimental, bin-centered, 3He and
3H cross-sections divided by the different PWIA calcula-
tions as a function of p,,;ss and integrated over Fo,;ss
from 8 to 50 or 80 MeV for the low- and high-p,,iss
kinematics, respectively. For 3H, the Cracow calculation
agrees with the data to about 20%. For 3He, the two
agree for 150 < ppiss < 350MeV/c but disagree by up
to a factor of two for larger and lower p,,;ss- For both
nuclei the CK+CC1 calculation is higher than the data
by about 60%.

The most recent high-Q? measurements of the
3He(e, 'p) three-body breakup cross-sections were done
at Q% = 1.5 (GeV/c)? and zp = 1 [3], near the expected
maximum of struck-proton rescattering. The measured
cross-sections were lower than PWIA calculations by a
factor of ~ 2 for piiss < 250 MeV/c and higher by a
factor of ~ 3 for 400 < ppmiss < 500 MeV/c (see Fig. .



s These deviations were described by calculations which
included the contribution of non-QE reaction mecha-
nisms, primarily FSI [32] B6H38]. The large contribution
of such non-QE reaction mechanisms to the measured
(e,e'p) cross-sections limited their 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 cross-section calculation
by M. Sargsian [57] that accounts for the FSI of the
struck-nucleon using the generalized Eikonal approxima-
tion [58, B9]. This calculation does not include the con-
tinuum interaction between the two spectator nucleons,
FSIy3, and is therefore only applicable where those ef-
fects are small. To assess this effect we compared the
available calculations with and without FSIs3 and found
that its effects are very large at low-p,,,;5s but are small at
390 Prmiss > 250 MeV/c (see online supplementary materials
Fig. 11). We therefore use the Sargsian FSI calculations
only at pmiss > 250 MeV/c. We further verified that
using this model for bin centering does not result in sig-
nificantly different correction factors.

Fig.[3|shows the ratio of the experimental, bin-centered
cross-section to the Sargsian FSI calculation for p,,;ss >
250 MeV /c. The FSI calculation overall agrees with the
data. The general trend of the ratio seems to be opposite
for 3He and 3H with the former rising above unity while
the latter decreasing below it. In an SRC-dominance
model where the electron scatters primarily off nucleons
in np-SRC pairs, this trend might be caused by single-
charge exchange with the spectator nucleon which would
increase the He(e, e'p) cross-section due to the spectator
being a proton, but decrease the *H(e, e’p) cross-section
due to the spectator being a neutron. This hypothesis is
supported by the observation that the total A = 3 cross-
section (i.e. 3He + 3H) is well reproduced by the cal-
culation (see supplementary materials Fig. 12). Future
calculations are needed to properly quantify this effect.

To conclude, *He and 3H(e, e'p) cross-sections were
measured for the first time in over 30 years. The mea-
surement was done in high-Q? and zp > 1 kinematics
covering 40 < priss < 500 MeV /c. We required that the
momentum direction of the recoil nucleus be within 37.5°
of ¢ to reduce the effects of leading-nucleon rescattering.

Measured cross-sections are compared with state-of-
the-art PWIA and FSI cross-section calculations. The
agreement between data and theory for 3He is signifi-
cantly better than that of previous work at lower Q2 and
xp ~ 1 kinematics. An overall good agreement is ob-
served between 3H data and theory for all pyss. The
same is not true for *He at high and low pi,iss. Includ-
ing FSI of the leading nucleon in the calculation improves
its agreement with the data at high-p,,iss-

These data are a crucial benchmark for few-body nu-
clear theory and are an essential test of theoretical cal-
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