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The missing mass spectroscopy of the § He hypernucleus was performed, using the 7Li(e7 e'KJr)Z\He
reaction at JLab Hall-C. The A binding energy of the ground state (1/2") was determined with a
smaller error than that of the previous measurement, being Ba = 5.55 £ 0.10%%* £ 0.11%¥% MeV.
The experiment also provided new insight into charge symmetry breaking in p-shell hypernuclear
systems. Finally, a peak at By = 3.65 & 0.20°"*" £ 0.11%> MeV was observed and assigned as a
mixture of 3/2% and 5/2% states, confirming the “glue-like” behavior of A, which makes an unstable

state in He stable against neutron emission.

Nuclear physicists explore the low energy behavior of
the strongly interacting many-body systems, extracting
an effective potential which can be used for nuclear struc-
ture and interaction calculations. Effective potential
techniques can also be applied to hypernuclear systems,
as the lifetime of a hyperon in a nucleus is much greater
than the relaxation time associated with strong interac-
tions. On the other hand, the two-body potentials for the
hyperon-nucleon interaction, YN, are not determined as
well as those for NN, due to the experimental difficulties
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of producing and detecting hyperons in free scattering
experiments. However, embedding a hyperon within the
nuclear medium (hypernucleus) does allow extraction of
effective potentials from detailed measurements of hyper-
nuclear energy levels and transitions.

Although many species of A hypernuclei with masses
A < 209 have been observed [1, 2], more systematic and
precise data are still needed for further insight into the
AN interaction. Nowadays, experimental studies of A
hypernuclei use: 1) hadron beams at J-PARC [3, 4],
2) heavy ion beams at GSI [5-7], 3) heavy ion collid-
ers at RHIC [8] and LHC [9], and 4) electron beams
at MAMI [10, 11] and JLab [12-21]. The different pro-
duction mechanisms are complementary and allow to use
their specific sensitivities to excite particular structures



which highlight nuclear features of interest.

One such feature of interest is charge symmetry break-
ing (CSB) in A hypernuclei. The difference in ground-
state binding energies in the A = 3 non-strange nuclei
(®*He and 3H) is 0.7638 & 0.0003 MeV [22]. There re-
mains a binding-energy difference of 0.081 MeV after ac-
counting for the 0.683 MeV Coulomb correction [23]. In
s-shell hypernuclei, a large CSB, ABA(4He —4 H; 07) =
Ba(4He; 0F) — BA(AH; 01) = (2.39 + 0.03) — (2.04 +
0.04) = +0.35 £+ 0.06 MeV, is found by comparing the
ground state binding energies between 3 H and 4 He [24].
Though the Coulomb effect of the core nuclei, *He and
3H, is already subtracted in the AB,(3He —% H; 07)
calculation, the binding energy difference of the above
hypernuclear isospin doublet is due, in part, to dif-
ferences in the Coulomb energy caused by contraction
of the nucleus as a result of the additional A bind-
ing. The Coulomb-energy correction was predicted as
ABc = 0.02-0.08 MeV [25-27], and thus AB(}3He —4
H; 07) + AB¢ ~ 0.4 MeV is attributed to the AN CSB
for the 0" state in the A = 4 iso-doublet hypernuclear
system. This difference in the binding energy is approx-
imately five times larger than for A = 3 non-strange
nuclei. Recent gamma-ray measurement indicates that
little binding energy difference exists between the (17)
exited states [4] though it was believed that the 17 ex-
cited states had as large CSB as the ground states [28-
30]. These residual differences are difficult to explain by
Coulomb energy alone. A detailed discussion of hypernu-
clear CSB [31-33], in addition to other topics of interest,
has been recently published [34].

CSB in p-shell hypernuclear systems is predicted to be
smaller than in s-shell systems [31]. Hence, differences
in A binding energies between p-shell mirror hypernuclei
are predicted to be less than a few 100 keV [31]. Pre-
vious experiments at JLab Hall-C measured A binding
energies of THe [18], A Li [35], X°Be [21], 2B [12, 13, 19],
28A1 [16], and 32V [35] via the (e,e’K ') reaction. The
present paper reports a new result for A binding energy
of RHe with an improved systematic error, and is com-
pared to its isotopic mirror hypernuclei. In addition, due
to improved statistics, the experiment extracted the first
observation of a peak corresponding to the excited states
(3/2%,5/2%) of T He.

CSB in hypernuclear p-shell systems can be studied
by comparing the A binding energies for A = 7, iso-
triplet (T = 1) A hypernuclei, which are the simplest
p-shell hypernuclear systems, RHe (a+n+n+A), RLi*
(a+p+n+A)and {Be (o +p+p+A). The isospin
of the ground state of {Li is T = 0. Thus, an excited
state of { Li with 7' = 1 should be compared with the iso-
triplet partners. The ground state binding energies of § Li
(T = 0) and 7 Be were measured to be 5.58 & 0.03 MeV
and 5.16+0.08 MeV, respectively, by the emulsion exper-
iments [36]. The binding energy of {Li* (T = 1) is ob-
tained as 5.264+0.03 MeV by using information of the en-
ergy spacing of E,({Li*;T = 1,1/2") = 3.88 MeV mea-
sured by the ~-ray spectroscopy [37] and the excitation

energy of E,(°Li*; T = 1) = 3.56 MeV [38]. The ground-
state (1/2%) A binding energy of 7 He using the (e, e’ K1)
reaction at JLab Hall-C (JLab E01-011), was successfully
determined to be By = 5.68+0.035%%+0.25%5 MeV [18].
As aresult, the measured energies of A =7, T = 1 hyper-
nuclei differ from a cluster model prediction which used
a phenomenological AN CSB potential which was con-
structed to reproduce the energies of 4He and 3 H [39].
The error on the A binding energy of {He was larger
than for other A hypernuclei, and was dominated by sys-
tematic contributions. Therefore the present experiment
(JLab E05-115) focused on the determination of the A
binding energy of {He with particular emphasis in re-
ducing the systematic error.

The core nucleus, SHe (o + n + n) in {He is known
as a typical neutron-halo nucleus. The first-excited state
energy of SHe (27) was measured to be 0.824 MeV above
the a +n + n breakup threshold, having a decay width
of I' = 0.113 MeV [38]. The corresponding states of § He
(3/2%,5/2%), in which a A resides in the s-orbit, are pre-
dicted to be stable against neutron-emission breakup [39-
41] due to the attractive AN interaction. In addition,
the existence of isomeric states in § He [42-44] was spec-
ulated from widely scattered binding energy obtained by
the emulsion experiment although it had not been con-
firmed yet experimentally. The production cross section
for a sum of these states (3/27%, 5/2%) with the (v, K1)
reaction at small KT scattering angle was predicted to
be &~ 60% of that for the ground state (1/2%) [40]. Al-
though a small structure was observed in the spectrum
which might correspond to the 3/2% and 5/2% states,
a lack of statistics prevented confirmation of the obser-
vation of these states in the previous measurement [18].
The present experiment acquired five times higher statis-
tics and can now confirm observation of these states and
thus the “glue-like” behavior of the A. This paper reports
the observation of the ground state (1/2%), and for the
first time, the observation of the 3/2% and 5/2% states.

The (e,e’ K1) reaction was used for A hypernuclear
production. Electroproduction is related to photopro-
duction through a virtual photon produced in the (e, e’)
reaction [45-47]. In the geometry for JLab E05-115, the
virtual photon can be treated as almost real since the
square of the four momentum transfer, Q?(= —q? > 0)
is quite small (Q? ~ 0.01 [GeV/c]?). The experimental
kinematics can be found in [19]. We used a continuous
wave electron beam with an energy of E, = 2.344 GeV,
provided by the CEBAF (Continuous Electron Beam Ac-
celerator Facility) at JLab. The electron beam was trans-
ported to the experimental target which was installed at
the entrance of a charge separation dipole magnet (split-
ter magnet; SPL). The KTs (pS¢1*®" = 1.200 GeV/c) and
scattered electrons (pSs™*e = 0.844 GeV/c) were bent in
opposite directions by SPL, and were analyzed with the
High Resolution Kaon Spectrometer (HKS) [48, 49] and
High Resolution Electron Spectrometer (HES), respec-
tively. Details for the experimental setup are described
in [19, 21, 48]. One important feature of the present ex-



periment is the excellent resolution of Ap/p ~ 2 x 1074
(FWHM) for both Kt and ¢’ at approximately 1 GeV/c,
due to the optics of the SPL+-HKS-+HES system. Thus,
an energy resolution of about 0.5 MeV (FWHM) was ob-
tained for hypernuclear spectroscopy [19, 21].

The positions and angles of the KTs and scattered
electrons at reference planes in the magnetic spectrom-
eters were measured by particle detectors. This in-
formation was converted to momentum vectors at the
target position with backward transfer matrices (BTM)
representing the optical systems for the SPL+HES and
SPL+HKS, respectively, in order to reconstruct the miss-
ing mass (Mpyp). Once the missing mass was ob-
tained, the A binding energy (Ba) was calculated as
BA(RZ) = M(A71Z) + My — Muyp({Z), where Z de-
notes the proton number, and M (4~1Z) and M, are the
masses of a core nucleus and a A.

The energy scale calibration was performed by optimiz-
ing the backward transfer matrices (BTM) of the mag-
netic spectrometer systems [19]. The BTM optimization
is also correlated with energy resolution in the resulting
hypernuclear spectra. For the BTM optimization, events
of A and X2 production from the 0.45 g/cm? polyethylene
target were used along with events from the production
of the }?B ground state from a 0.0875 g/cm? natural
carbon target. Systematic errors, which originated from
the BTM optimization process, needed to be estimated
carefully since the BTM optimization mainly determines
the accuracy of the binding energy (By) and excitation
energy (Ej) of a A hypernucleus. In order to estimate
the achievable energy accuracy, a fully-modeled Monte
Carlo simulation was performed. As a result, it was found
that By and Ej could be determined with accuracies of
< 0.09 MeV and < 0.05 MeV, respectively, by this op-
timization method. Another major contribution to the
uncertainty on the binding energy is due to energy loss
corrections for the particles in the target. This contribu-
tion was also estimated by the Monte Carlo simulation
taking into account the target thickness uncertainty. Fi-
nally, the total systematic errors for By and E, were es-
timated as 0.11 MeV and 0.05 MeV, respectively [19, 21].

An enriched Li target (purity of 99%) with a thickness
of 0.208 g/cm? was used for the {He production. The
nominal beam current for the production run of RHe was
35 1A, and the total incident charge on the "Li target was
4.839 C (=~ 3 x 1012 electrons). Figure 1 shows the ob-

tained binding energy (—By) spectrum with an ordinate

axis of ( d?ZUK> as defined in [21]. For the binding energy

calculation, the nuclear masses of M ("Li) = 5605.54 MeV
and M (°He) = 6533.83 MeV [50] were used. Events from
quasi-free A production were distributed in the region
of —Bx > 0. The distribution of the accidental e’ K+-
coincidence events in the spectrum was obtained by the
mixed events analysis [18]. This method provides an acci-
dental coincidence spectrum with high statistics thus re-
ducing the statistical uncertainty caused by background
subtraction.

Figure 2 shows the spectrum of the A binding en-

14 Bound < | T

g | pri

< °F Inte;g;tilgrg]; ________ . H HHHM N
- : : free

g 10; E * Mﬁ w WwwwW} Quas i\

S VIR LTI S "

36 AN LA

~af dental

St [JLabE0s-115 e ckground

S “[ | 'Lile,e’K*);He

L e b b Lo L

4 30 20 -10 0 10 20 30 40
-B, [MeV]

FIG. 1. The binding energy (—Ba) spectrum of 3 He with an

d‘é‘;) defined in [21].
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FIG. 2. The spectrum of the binding energy (—Ba) and
the excitation energy (Ean = —(Ba — Ba(#1))) for the

"Li(e, ¢’ K*) % He reaction with an ordinate axis of (d‘é—"K) after

the accidental e’ K T-coincidence distribution was subtracted.
The curve is a fit with two Voigt functions.

ergy (—Bp) and the excitation energy (En = —(Bj —
Ba(#1))) of THe after the accidental 'K *-coincidence
distribution was subtracted. In order to find peak can-
didates, a peak search by tests of statistical significance
defined as S/v/S + N was applied. The statistical sig-
nificance was calculated for each bin of the histogram,
and the tests for robustness used several settings of bin
size to find peak candidates, taking into account the en-
ergy resolution. As a result, two peak candidates were
found with peak separation of > 3¢ as labeled by #1 and
#2 in Fig. 2. The statistical significance for peak #1 is



7.50 in a range of —7.0 to —4.0 MeV, which is larger
than that of the previous measurement (5.50) [18]. The
two peak candidates were fitted by Voigt functions (con-
volution of Gaussian and Lorentzian functions) to ob-
tain By (Fa) and the differential cross section for each
peak. The fitting results are given in Table I. The en-

TABLE I. Fitting results for the A binding energy, excitation

energy (Ey), and (d‘;{;{) defined in [21] for "Li(e, e’ KT)% He.

Errors are statistical and systematic.

Peak | Number of events By [MeV] ( dé’}()
(Ea [MeV]) [nb/sr]
#1 413+£38 5.55+0.10+0.11 |10.7£1.0£1.8
(0.0)
#2 239+22 3.65+0.20+0.11 | 6.2£0.6+1.1
(1.9040.2240.05)

ergy resolution was obtained to be 1.3 MeV (FWHM)
which is consistent with the estimation by the Monte
Carlo simulation, although our previously published re-
sult for 2B [19] was better (FWHM =~ 0.54 MeV). In the
Monte Carlo simulation, it was found that our BTMs
have a momentum dependence on the z-displacement
(beam direction) from the interaction point. This de-
pendence significantly contributes to the energy resolu-
tion, adding a kinematical contribution due to the large
recoil of the light hypernuclear system. The length in
z-direction of the “Li target (4.0 mm) was longer than
that of the natural 12C target (0.5 mm) used for a mea-
surement of '2C(e, ¢’ KT)}?B [19]. Thus, the peak width
for 7 He increased with respect to }2B result as the sim-
ulation indicated.

Peak #1 is considered as the ground state of 7 He
(“He[Jc; E.] ® j* = [0F;g.8] ® s, = 1/2%). The A
binding energy of the 1/2% state was obtained to be
5.55 & 0.105%3% £ (.11 MeV which is consistent with
the previous result (5.68 4 0.035tat- 4 0.255v5 MeV) [18]
but with improved uncertainty. For the previous results,
the statistical error is smaller since the energy resolution
for THe spectrum is better while the systematic error
dominates. In the present result, on the other hand, sta-
tistical and systematic errors are balanced, reducing the
total uncertainty by optimizing the target thickness and
the energy-calibration method.

Figure 3 shows the measured A binding energies of
A = 7, T = 1 hypernuclei with statistical error bars,
as compared to a theoretical prediction by a four-body
cluster model [39]. Colored boxes on the results of 7He
indicate systematic errors on By. In the cluster model
prediction [39], a phenomenological even-state CSB po-
tential was introduced to reproduce the binding energies
of 4He and 4 H. This was applied to the A = 7, T = 1 hy-
pernuclear system. Binding energy predictions without
and with the phenomenological CSB potential are shown
by solid and dashed lines, respectively, in Fig. 3. The
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FIG. 3. Measured A binding energies of 4He (present re-
sult and [18)), ALi* [36, 37], and ;Be [36] for the 1/27 state
with statistical error bars. Colored boxes on the experimen-
tal results of §He indicate systematic errors on Ba. Solid
and dashed lines represent theoretical calculations without
and with a phenomenological even-state AN CSB potential,
which reproduces A binding energies of 4He and 3H, by a
four-body cluster model [39].

present result seems to favor the energy prediction with-
out the phenomenological CSB potential. This is also the
case for the other experimental data in the A=7,T =1
system. This comparison suggests that a phenomeno-
logical CSB potential needs further consideration. It is
possible to introduce a strong odd-state CSB potential
in addition to one for the even-state in order to make
the experiment and theoretical prediction more consis-
tent [39, 51], although the validity of a strong odd-state
interaction can be questioned [52]. It was suggested that
the CSB interaction needs inclusion of explicit AN-ZN
coupling [31]. It seems clear that further systematic stud-
ies, with more precise data particularly for the p-shell
hypernuclei are needed.

Peak #2 was obtained at By (#2) = 3.65 + 0.205%% +
0.11%% MeV with a differential cross section of 6.2 +
0.65*%t + 1.1%% nb/sr. Figure 4 shows a B, compar-
ison between the obtained results and theoretical pre-
dictions [40, 41] with energy levels of the core nucleus,
®He [38]. Energy levels of the first excited doublet
(3/2%1, 5/27%) are predicted to be approximately 1.7 MeV
above the ground state (1/2%) [40, 41]. Moreover, a
ratio of the differential cross section of a sum of 3/2%
and 5/2% states to that of the ground state (1/271) is
predicted to be approximately 0.6. The value of Ej

and the ratio of (lgz—"K) for peak #1 to peak #2 are

Ej =1.90 4 0.20%%% 4 0.11%% MeV and ~ 0.58, respec-
tively. The results are consistent with the above theo-
retical predictions, and thus, peak #2 is interpreted as
SHelJo; B) @ j* = [2%;1.8 MeV] @ 51, = (3/27,5/27).
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FIG. 4. Obtained energy levels of 5He with theoretical pre-
dictions [40, 41]. Reported energy levels for SHe is also
shown [38].

The 3/2% and 5/2T states of {He are more than
2.3 MeV below the 3 He+n breakup energy [36, 38], which
is the lowest neutron emission breakup, as shown in
Fig. 4. On the other hand, the 2% state of He, which
corresponds to the 3/2% and 5/2% states of {He, was re-
ported to be 0.824 MeV above the a4+ n + n energy [38]
(E =1.797 £ 0.025 MeV) meaning that this state is not
stable against neutron emission. Therefore, the present
result of the peak for the 3/2% and 5/2% states in [ He
confirms the A “glue-like” role, making an unbound nu-
cleus bound.

The successful observation of the first excited doublet
in THe opens a door to study unstable states of light
nuclei. For instance, energy-level predictions of the sec-
ond 2% state (25) in a neutron-halo nucleus, SHe are
largely different depending on models as shown in [53].
Recently the excitation energy of 2§ state of “He was
measured to be E, = 2.6 & 0.3 MeV with a width of
I' =1.6+0.4 MeV by the two-neutron transfer reaction,
p(8He,t)%He [53]. This measurement would exclude sev-
eral theoretical models. However, the 2§ energy was de-
rived from a spectral decomposition by fitting to a spec-
trum in which a few of major states are overlapping be-
cause of their large decay widths (I' = a few MeV).

On the other hand, the 3/23 and 5/27 states in {He,
which correspond to the 2; state in He, are predicted to
be much narrower [41] due to the additional binding of
the A. Therefore, a measurement of the 3/25 and 5/25
states in {He combined with a realistic cluster calcula-
tion may provide better understanding of the 23 state in
OHe. The differential cross section of the sum of the 3/25
and 5/ 2; states in RHe is predicted to be approximately

16% of that for the ground state [41]. Consequently, the
observation of the 3/23 and 5/23 states in 7 He is promis-
ing for future spectroscopy at JLab using the (e, e/ KT)
reaction.

In summary, the spectroscopy of A hypernuclei was
performed with a new magnetic spectrometer system,
SPL+HKS+HES at JLab Hall-C via the (e,e/K™) re-
action. A spectroscopic measurement of a neutron rich
hypernucleus, RHe, was performed with an enriched “Li
target, and the hypernuclear structure was successfully
observed with an energy resolution of 1.3 MeV FWHM.

The ground state energy (1/2%) of T He was determined
to be By = 5.55+0.105%3t £0.11%Y5 MeV which was con-
sistent with the result of the previous measurement and
improved the total error. The A binding energy provides
insight into charge symmetry breaking (CSB) effects of
the AN interaction by comparison with the bindings of
isotopic mirror hypernuclei in the A = 7, T = 1 sys-
tem ({Li*, 1Be). Further systematic investigation with
better precision, particularly for p-shell hypernuclei, are
necessary in order to deepen our understanding of AN
CSB. The (e,e’KT) reaction at JLab provides a unique
method to measure the absolute A binding energies of p-
shell hypernuclei or heavier with less than a few 100 keV
accuracy.

The first excited doublet (3/2%, 5/2%) in {He, which
correspond to the 2% state in %He, was successfully ob-
served for the first time. A peak for a sum of the
3/2% and 5/2% was determined to be By, = 3.65 +
0.20%%3t 40,1175 MeV with the differential cross section

of ( do ) = 6.2 £ 0.6™2" £ 1.1%% nb/sr. The peak for

dQx
the 3/2% and 5/2" states was found to be approximately
2.3 MeV below the lowest neutron emission energy. The
result shows that the 2% state in °He, which is an un-
stable state for the o + n 4+ n breakup, becomes stable
against neutron-emission breakup once a A is bound in
the nucleus, owing to the additional binding of the A.
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