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Abstract

A spectroscopy of a }\OBe hypernucleus was carried out at JLab Hall C using the (e,¢’ K™)
reaction. A new magnetic spectrometer system (SPL+HES+HKS), specifically designed for high
resolution hypernuclear spectroscopy, was used to obtain an energy spectrum with a resolution of
~ 0.78 MeV (FWHM). The well-calibrated spectrometer system of the present experiment using
p(e, e KT)A, X0 reactions allowed us to determine the energy levels, and the binding energy of the
ground state peak (mixture of 1~ and 2~ states) was obtained to be By = 8.55 4+ 0.07(stat.) £
0.11(sys.) MeV. The result indicates that the ground state energy is shallower than that of an
emulsion study by about 0.5 MeV which provides valuable experimental information on Charge

Symmetry Breaking (CSB) effect in the AN interaction.

* Clurrent address: Department of Physics, Kyoto University, Kyoto, 606-8502, Japan
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I. INTRODUCTION

Knowledge of the Nucleon-Nucleon (NN) system can be generalized to the Baryon-
Baryon (BB) system using SU(3) flavor symmetry. A study of the Hyperon-Nucleon (Y N)
system is a natural extension as a first step from NN to BB system. However, a YN
scattering experiment, which is the most straightforward way to explore the interaction, is
very limited due to the short lifetimes of hyperons (e.g. 7 = 263 ps for A). Thus, there has
been interest in hyperon binding in a nucleus where the YN interaction can be studied with
higher precision and greater statistical accuracy. The spectroscopy of A hypernuclei was be-
gun approximately 60 years ago following the serendipitous discovery of a hypernucleus in an
emulsion exposed to cosmic rays [1] to investigate the AN interaction. Counter experiments
initially used either the (K, 7~) and (7, KT) reactions in facilities located in CERN, BNL
and KEK. A number of A hypernuclei have been observed up to a nuclear mass of A = 209,
and new features which do not present in the ordinary nuclear system were observed in the
hypernuclear system [2]. One of the most novel results from the hypernuclear spectroscopy
is a clear evidence of the nuclear shell structures even for deep orbital states in heavy mass
nuclei, measured by the (7, KT) experiments [2]. This is thanks to a fact that a single
embedded A is not excluded from occupying inner nuclear shells by the Pauli principle from
nucleons. Thus, the A can dynamically probe the nuclear interior as an impurity. How-
ever, more accurate and detailed structures for a variety of hypernuclei are still needed to
improve our understanding of the strongly-interacting system with a strangeness degree of
freedom, and they are being tried to be measured in complementary ways at J-PARC using
hadron beams [3], GSI (FAIR) using heavy ion beams [4], MAMI [5] and JLab using electron
beams [7-14] today.

II. MISSING MASS SPECTROSCOPY OF A HYPERNUCLEI WITH ELECTRON
BEAMS

Missing mass spectroscopy using the (e, e’ K) reaction started in 2000 at Thomas Jef-
ferson National Accelerator Facility (JLab) [7, 8]. The missing mass spectroscopy with
primary electron beams enabled us to have better energy resolution in the resulting hy-

pernuclear structure than that with currently available hadron beams (FWHM of a few
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MeV). These initial studies demonstrated that FWHM ~ 0.9 MeV resolution was possi-
ble. Then, experiments at JLab in 2005 and 2009 (JLab E01-011 [12-14] and E05-115 [14])
were performed with new magnetic spectrometers specifically designed for a resolution of
FWHM ~ 0.5 MeV which is the best in the missing mass spectroscopy of the A hypernu-
clei. In terms of the energy resolution, the gamma-ray spectroscopy [2], which measures
de-excitation gamma-rays from hypernuclei, is better (typically FWHM~ a few keV) than
that of the missing mass spectroscopy. A hypernuclei with the light mass numbers (A < 19)
were investigated by the gamma-ray spectroscopy with such a high energy resolution up
to now. However, it measures only energy-level spacing and cannot give absolute binding
energy and production cross section information. Therefore, missing mass measurements
and gamma-ray spectroscopy are complementary, and both of them are important.

In addition to providing higher resolution in the missing mass spectroscopy, the (e, e’ K1)
reaction has other useful features. An absolute mass-scale can be calibrated with the
ple, e KT)A, X reactions, since all masses are known [15], and in particular, the reaction
constituents lead to clearly resolved peaks which are well separated from backgrounds. Fur-
thermore, the (e, e/ K™) reaction converts a nuclear proton into a A in contrast to mesonic
reactions which convert a neutron into a A. Comparison of these isotopic mirror hypernuclei
provides information on hypernuclear charge symmetry. This paper reports the first result of
a spectroscopic measurement of }’Be with the new spectrometers that allowed us to observe
the finer nuclear structures and to determine the energy levels with a better precision than

those of the previous A hypernuclear missing mass spectroscopy.

III. MOTIVATION FOR THE MEASUREMENT OF 1°Be

The present study compares the ground state binding energies of °Be (a+a+n+A) to
that of its isotopic mirror nucleus B (a+a+p+A), providing information on the mechanism
of Charge Symmetry Breaking (CSB) in hypernuclei. The most evident fact of the AN CSB
is the ground state binding energy difference of A = 4 iso-doublet (7" = 1/2) hypernuclei,
By(31He) — Bao(1H) = (2.3940.03) — (2.04+0.04) = +0.35+0.06 MeV [16]. The A’s binding
energy is defined by using masses of A (M) and core nucleus, for example By(iHe) =
M(3He) + My — M (}He). The binding energy difference is larger beyond our expectations

even after a correction in the change in the Coulomb energy due to core contraction, and
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it is attributed to the AN CSB effect [17, 18]. Many theorists have tried to understand
the origin of the AN CSB for more than 40 years [17-23], but still it has not fully been
understood yet. Recently, the binding energy of {H was remeasured by a decayed pion
spectroscopy at MAMI to confirm the emulsion measurement [5]. The result of By(31H) =
2.12 4+ 0.01 £ 0.09 MeV is consistent with that of the emulsion experiment. Results from a
recent gamma-ray spectroscopy measurement indicated that the CSB effect of 17 states in
the A =4, T = 1/2 hypernuclear system is small, which demonstrated the CSB interaction
strongly depends on the spin [6]. The study of AN CSB effect in p-shell hypernuclear
system is also under the spotlight these days [13, 19, 21, 23]. A study for the A = 7,
T =1 A hypernuclei, which are of the simplest p-shell system, show that the experimental
results [13] do not favor a phenomenological AN CSB potential in cluster model [21]. The
similar study in A = 10, T' = 1/2 system was performed by comparing the ground state
binding energies of ’Be and 1’B [19, 23]. However, the reported binding energy of °Be was
a weighted-mean value of only three events measured in the emulsion experiment [24, 25]
though the binding energy of \’B was determined by higher statistic (nevertheless there are
only ten events). Thus, the binding energy measurement of \"Be with a higher statistic and
a smaller systematic error has been awaited and is necessary, using an independent way from
the emulsion study.

Additionally, the A’s binding energy and low-lying structure of ’Be are also relevant
to a study of the =N interaction on which there is almost no experimental information
so far. An event of a bound system of =Z7-*N decaying into {’Be and 3He was recently
identified in an emulsion experiment at KEK [26]. The analysis of this event was done using
theoretically predicted energy levels of }’Be to obtain the =~ ’s binding energy. This present

study provides the energy levels of 1°Be experimentally for the first time.

IV. EXPERIMENTAL SETUP

The experiment was performed at JLab Hall C using continuous wave electron beams
accelerated by CEBAF. Fig. 1 shows the experimental geometry of JLab E05-115. Electrons
with the energy of 2.344 GeV were incident on a target which was located at the en-
trance of a charge separation dipole magnet (SPL). Momentum vectors of the reaction

Kts (pgg™ter = 1.200 GeV/c) and the scattered electrons (p&™c" = 0.844 GeV/c) at the
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electron beam
E,=2344 GeV

FIG. 1. (Color online) A schematic drawing of the JLab E05-115 experimental geometry. The setup
consists of SPL, HKS and HES spectrometers. An electron beam with the energy of 2.344 GeV
is incident on the target located at the entrance of SPL. A K* and an ¢ with the momenta of

~1 GeV/c are observed by HKS and HES, respectively.

target were measured by the High resolution Kaon Spectrometer (HKS) [27, 28] and High
resolution Electron spectrometer (HES), respectively. The HKS, which has a Q-Q-D magnet
configuration, was constructed and used in the previous (e, e’ K*) experiment, JLab E01-
011 [13, 14]. The HES, which also has a Q-Q-D magnet configuration, and the SPL were
newly constructed for the JLab E05-115 experiment. The HKS detector consists of three
layers of Time Of Flight (TOF) detectors for a trigger and off-line Particle IDentification
(PID), two drift chambers (twelve layers in total) for a particle tracking and two types of
Cerenkov detectors (water (n = 1.33) and aerogel (n = 1.05)) for both on-line and off-line
PID. On the other hand, the HES detector consists of two layers of TOF detectors for the
trigger and two drift chambers (sixteen layers in total) for the particle tracking. The im-
portant feature of the full magnetic spectrometer system is the momentum resolution of
Ap/p ~ 2.0 x 107 (FWHM) for both the ¢ and KT spectrometers. This reaction parti-
cle resolution results in sub-MeV energy resolution (FWHM) of hypernuclear energy levels.

Refer to [14, 27, 28] for details of the magnets and particle detector systems.

V. MOMENTUM RECONSTRUCTION AND SYSTEMATIC ERROR ON B,

The momentum vectors of an ¢ and a K were derived by backward transfer matrices
which convert positions and angles at focal plane of each spectrometer to momentum vectors

at the target. These are then used to obtain the residual missing mass of the reaction. In
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our analyses, sixth order backward transfer matrices were used as they have the minimal
complexity to achieve sub-MeV (FWHM) energy resolution. The backward transfer matrices
were calibrated [14] with the known masses of A and XY [15] in p(e, ¢ KT)A,X° reactions on a
0.45 g/cm? polyethylene target. Systematic errors of the binding and excitation energies were
estimated by a full-modeled Monte Carlo simulation which took into account spectrometer
acceptance, particle detector resolutions, energy loss, and multiple scattering in all materials
(e.g. target, air, detectors). In the simulation, the initial backward transfer matrices were
perfect, so they were distorted in order to produce a more realistic simulation, such as peak
broadening and shifts in the missing mass spectra. The backward transfer matrices were then
optimized by the same code which was used to optimize the matrices with real, measured
data. This procedure was tested and repeated with different sets of distorted backward
transfer matrices and artificial data. As a result, the differences between the assumed and
obtained values in the binding and excitation energies were found to be < 0.09 MeV and
< 0.05 MeV, respectively. Thus, the total systematic errors of the binding energy and the
excitation energy, including target thickness uncertainties were estimated to be 0.11 MeV

and 0.05 MeV, respectively.

VI. RESULTS
A. Definition of the Differential Cross Section

The hypernuclear electroproduction cross section can be related to photo-production by
virtual photons [29]. The virtual photon momentum squared, Q* = —¢? > 0 is quite small
(Q? ~ 0.01 [(GeV/c)?], transverse polarization ez ~ 0.63) in our experimental geometry.
Thus, the (e, ¢’) virtual photon can be approximated by a real photon to obtain the (y*,K™)

differential cross section. This results in the following equation:

(1)

( do ) o fHKSdQK(dcflz—UK)
dS2k fHKs S
Nuyp
1 1 1 1
L S g
Ny SN, e, = eMTKS AQHKS
In the above, Np is the areal density of target nuclei, N,« is the number of virtual

photons, Nyyp is the number of A hypernuclei, €’s are correction factors including various

efficiencies (trigger efficiency, detector efficiency, event selection efficiency, K+ decay factor,
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K™ absorption factor etc.), and AQIES is the HKS solid angle. The AQMES was calculated
event by event, depending on K™ momentum. We estimated an integral of the virtual photon
flux, which is defined in [29], over the HES acceptance with a Monte Carlo technique. The
integrated virtual photon flux was obtained as 5.67 x 107° [/electron], and it was multiplied
by the number of incident electrons on the target to evaluate the N .. The AQIKS and
some of correction factors were also estimated by Monte Carlo simulations. It is noted that
the differential cross section is averaged over the acceptance of our spectrometer system as

shown in [14].

B. Missing Mass Spectrum and Peak Fitting

Fig. 2 shows the A binding energy spectrum of °Be. The target, a 0.056 g/cm? '“B foil,
was isotopically enriched to a purity of 99.9%. The nuclear masses, 8392.75 MeV/c? and
9324.44 MeV /c?, for *Be [30] and '°B [30], respectively, were used to calculate the A’s binding
energy. The spectrum of accidental coincidences between an e’ and a K+ was obtained
by the mixed event analysis. This analysis reconstructs the missing mass with a random
combination of ¢ and Kt events in each spectrometer acceptance in an off-line analysis. The
method gives the accidental-coincidence spectrum with higher statistic as much as we need
to reduce enough an effect of the statistical uncertainty when the accidental-coincidence
spectrum was subtracted from the original missing mass spectrum in the further analysis.

The quasi-free A (—By > 0) spectrum was assumed to be represented by a third order
polynomial function convoluted by a Voigt function (convolution of Lorentz and Gauss
functions) having the experimental energy resolution. The accidental coincidence and quasi-
free A spectra were subtracted from the original binding energy spectrum, and a test of
statistical significance (= S/+/S + N) was performed to find peak candidates. Fig. 3 shows
the binding energy spectrum with the ordinate axis of (do/dQy), as defined by Eq. (2). A
fitting result by Voigt functions for peak candidates with statistical significance of > 5o are
also shown in the figure. The peak candidates are labeled as #1, #2, #3 and #4, and are
identified as candidates of hypernuclear states.

The enhancements between the peaks of #3 and #4 are considered to be several states and
were included by fitting with a shape having broader width (indicated as a in Fig. 3). The
FWHMs of the Voigt functions for the peaks of #1-4 and a were found to be 0.78 MeV and
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FIG. 2. (Color online) The binding energy spectrum of {’Be. A distribution of an accidental
coincidence between an ¢/ and a K+ was obtained by the mixed event analysis as described in the

text.
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FIG. 3. (Color online) The binding energy (Bhx)
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spectra for the 1°B(e, ¢’ K1)1’Be reaction with
a fitting result of Fit I. The ordinate axis is

(do/dQ) per 0.3 MeV.

2.87 MeV, respectively. The 0.78 MeV (FWHM) resolution is almost three times better than
the measurement of its mirror A hypernucleus, ’B measured at KEK (2.2 MeV FWHM)

using the (7, KT) reaction [31]. The fitted results are summarized in Table. I as Fit I.
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TABLE I. The binding energies (B, ), excitation energies (Ex = By — Ba(#1) ) and differential
cross sections for 19B(v*, K*)1Be. The error is statistical. The systematic errors on By and Ej

are 0.11 MeV and 0.05 MeV, respectively. The systematic errors on the differential cross sections
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FIG. 4. (Color online) The binding energy (By)

and excitation energy (Epn = Bj — Ba(#1) )

spectra for the 1°B(e, ¢’ K7)’Be reaction with

a fitting result of Fit II. The ordinate axis is

(do/dQ2) per 0.3 MeV.

are £9% for #1,2,3,b, (+10%/—9%) for #4, and (+42%/—9%) for a.

1D Fit I Fit I
~ By [MeV]| By [MeV] | (2 ) [nb/st]| - By MeV]| By [MeV] | () [nb/sr]

#1| -8.55+0.07 0.0 17.0+£0.5 -8.55£0.07 0.0 17.1+0.5
#2|-5.761+0.09 | 2.78£0.11 16.5£0.5 -5.87£0.18 | 2.68+0.19 14.5+0.4
#3|-2.2840.14 | 6.26£0.16 10.5£0.3 -2.29+0.14 | 6.26+0.15 10.7£0.3
#4(42.28+£0.07(10.83£0.10|  17.240.5 +2.29£0.07|10.83£0.10|  17.7£0.5
a |-0.20£0.40 | 8.34+0.41 23.2+0.7 -0.19£0.38 | 8.36+£0.39 20.5£0.6
b -4.98+0.53 | 3.57£0.53 4.44+0.1

The statistical error is given in the results. Fig. 5 shows the measured excitation energy

levels (Fit I), the theoretical calculations of Be [23, 32-34], and the experimental results
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of ?Be [35] and I°B [31]. The differential cross section of each state for the *B(y*, K)\"Be
reaction relates to that of a spectroscopic factor (C2S) of the proton pickup reaction from
19B. The C2S of 1°B(e, ¢'p)?Be are reported in [35], and they are 1.000, 0.985, 0.668 and 1.299
for J©™ = 3/27,5/27, 7/2] and 7/2; states in Be, respectively. Comparing energy levels
and the differential cross sections of hypernuclear states (Table. I) with energy levels of “Be
(Fig. 5) and C?S of 1°B(e, ¢'p)?Be, the peaks of #1, #2 #3 and #4 respectively correspond
to J™ =3/27,5/27 7/27 and 7/2; states in “Be. In the theoretical predictions of }’Be energy
levels shown in Fig. 5, the states of 0=, 17 (*Be[J™; E,] ® j* = [1/27; 2.78 MeV]| ® sjl\/Q)
and 0%, 1% (°Be[J™; E,] ® j* = [1/2%; 1.68 MeV] ® 311\/2) are predicted to be above the 27,
3~ states ("Be[J™; B, @ j» = [5/27; 2.41 MeV] ® 3[1\/2) by about 1 MeV. There might be a
possibility that these states are at around 1 MeV above the peak of #2, assuming the peak
of #2 corresponds to the 27 and 3~ states. Thus, a fitting with an additional peak function
(labeled as b) with a width of 0.78 MeV (FWHM) around 1 MeV above the peak of #2 was
also performed, and the fitting result is shown in Table. I (labeled as Fit II) and Fig. 4.

108@
Be APE B
=141
212: Exp. | Exp. | Theoretical calculations | Exp.
Wl B1oasm | —— —
108872 7083 4 3% 95
8- 834 3.4
26767—/27 ._ ,: 37’47 ’|+ 2+ i'z
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MR 23 LO Bloni1r) s
2437572 — 5= —
2;'68,1,/2+ 2.78 2,3 2 3 2_ 3
0F00 00 — ’ 00
Vr|lmE T2 T2 T2 12
D
35] |&m (32 [33] (23] [34] | [31]
23
g
301

FIG. 5. (Color online) The obtained energy levels of {’Be (Fit I) compared to those of the theoret-
ical calculations [23, 32-34]. The energy levels of “Be [35] and "B [31] are shown for comparisons

as well.

A systematic error on the cross section come from uncertainties of trigger efficiency,

analysis efficiencies such as tracking and event selection, correction factors such as the solid
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angle of spectrometer system and KT decay factor, and so on. A square-root of sum of
squares of these uncertainties was obtained to be 9%, and it is used as the systematic
error on the differential cross section. Obtained differential cross sections of the peak #4
and a depend on the assumption of quasi-free A distribution in the fitting. We tested
usages of lower-order polynomial functions (first and second orders) for the quasi-free A
events in order to estimate additional systematic errors for the peak #4 and a. As results,
the differential cross sections for peak #4 and a were changed by < +5% and < +41%,
respectively, although the others were not changed within the statistical errors. Therefore,
the systematic errors on the differential cross sections for the peak #4 and a were estimated
to be (+10%/—9%) and (+42%/—9%), respectively. It is noted that, in the test, obtained

peak-means for all of peak candidates did not vary within the statistical errors.

VII. DISCUSSION

The peak of #1 is identified as the sum of the 1~ and 2~ states (*Be[J™; E,|®j* = [3/27;
g.s.] ® sf/z). The energy spacing between these two states is expected to be less than
~ 0.1 MeV according to a gamma-ray measurement of the mirror hypernucleus, \’B [36]
and theoretical calculations [23, 33]. The differential cross sections for these states were
predicted to be comparable in DWIA calculation [37]. We performed a simulation varying
the cross-section ratio of 1~ to that of 27 from 0.5 to 1.5, and also the energy separation
between these two states from 0.05 to 0.15 MeV, in order to estimate the ground state

binding energy. As a result of the simulation, the ground state binding energy would be:
B (WBe) = Ba(#1) + C4, (3)
where C = 0.05 4+ 0.05 MeV. Thus,

BL* (VBe) = (8.55 + 0.05) £ 0.07%“" 4 (0.11 + 0.05)*¥* MeV (4)
= 8.60 + 0.075" £ 0.16°* MeV. (5)

A comparison of the binding energy of ’Be with its isotopic mirror hypernucleus, "B
provides an information of the AN CSB effect. Before comparing the current results with
previous measurements, we note that there appears to be a systematic discrepancy between

the binding energies obtained from emulsion experiments and those obtained from (7%, K1)
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FIG. 6. (Color online) The binding energy differences of RLi, iBe, 1°B and {2C between the
emulsion experiments [16] and the (7, K) experiments [2] with the statistical errors. The values
of (77, K1) experiments were subtracted from those of the emulsion experiments. The weighted
mean was obtained to be 4+0.54 + 0.05 MeV as represented by a solid line. The plots should be
on a line of zero (dashed line) if the binding energies measured in the (77, K*) and emulsion

experiments are consistent.

experiments. This is illustrated in Fig. 6, which shows the binding energy differences between
the emulsion experiments [16] and the (7, KT) experiments [2]. The binding energy of ’B
was measured by both the emulsion experiment [16] and the (7%, KT) experiment [31].
The reported binding energies of LB obtained by the emulsion experiment and (7, KT)
experiment are respectively 8.89 4= 0.065"" £ 0.04%¥% MeV and 8.1 4 0.15% £ 0.5%%5- MeV,
which are not consistent. In the (7%, KT) experiment, however, the binding energy was
derived using a reference of binding energy of }*C which was measured by the emulsion
experiments [16, 38]. There are binding energy data of {Li, 3Be, "B and }?C by the
(7, KT) experiments using the }?C reference to be compared with those measured in the
emulsion experiments. The binding energy differences of {Li, 3 Be, )’B and }*C between the
emulsion experiments [16] and the (71, KT) experiments [2] with the statistical errors are
respectively Dgpu—kex = +0.36 £+ 0.09, +0.72 + 0.08, +0.79 + 0.16 and +0.31 £ 0.13 MeV
as shown in Fig. 6. It seems there is a systematic energy difference, and the difference is
found to be D]{SZNL_KEK = 40.54 £+ 0.05 MeV by the weighted mean of these four points as
represented by a solid line in Fig. 6. It indicates that the reported binding energy of }>C is
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shifted by about (Cy =) 0.54 MeV. If the binding energy of B measured by the (77, KT)
experiment is corrected with Cs, it becomes consistent with that of emulsion experiment
within the errors. Since the results from (7, KT) experiments all calibrated to the earlier
12C binding energy measurement, it is prudent to consider the possibility that they should

be recalibrated to the emulsion results for the four hypernuclei shown in Fig. 6.

TABLE TII. Corrected binding energies to be compared with each other for A = 10 and A = 12
A hypernuclei. The errors are statistical. The systematic errors are 0.16 MeV for II\OBe (present
data), 0.11 MeV for }2B (JLab), 0.04 MeV for }’Be, "B, }2C and }’B measured by the emulsion

experiments, 0.50 MeV for °B measured by the (7, KT) experiment at KEK.

Hypernucleus| Experiment |Reported B{* [MeV]|Correction [MeV]|Corrected BY* [MeV]
Be Present data 8.60 £ 0.07 - 8.60 £ 0.07
Emulsion [24, 25] 9.11 +£0.22 - 9.11 +£0.22
B KEK [31] 8.1+0.1 Coy = +0.54 8.64 +0.1
Emulsion [16] 8.89 £0.12 - 8.89 £0.12
2B JLab [14] 11.529 4+ 0.025 - 11.529 4 0.025
Emulsion [16] 11.37 £ 0.06 - 11.37 £ 0.06
12c Emulsion [16, 38] 10.76 +0.19 Co 11.30 £0.19

The ground state binding energies of 1B and °Be to be compared from each other, taking
into account the above corrections (C}) are summarized in Table. II. The present result
shows that the ground state binding energy of °Be is shallower than the weighted-mean value
of three events reported in the emulsion experiments by 0.51 +0.23 MeV, and differences of
the ground state binding energies between }’B and ’Be were obtained to be AB,(}'B —1°
Be) = 0.04 + 0.12 MeV (KEK after the Cy correction and JLab) and 0.29 £ 0.14 MeV
(Emulsion and JLab). The obtained binding energy would be a considerable constraint for
the study of AN CSB interaction in the A = 10, "= 1/2 iso-doublet A hypernuclear system
since the effect on the binding energy difference among mirror hypernuclei is expected to be
a few hundred keV level or less [19, 23|. For example, the effect of AN CSB interaction on
the binding energy difference between Y’Be and {°B is predicted to be only 0.2 MeV by the
four-body cluster model with the phenomenological even-state AN CSB potential [23].
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In the above discussion, the correction of Cy (= 0.54 MeV) was used for the (71, KT)
result. The 0.54 MeV shift of the reported binding energy of }>C gives a great impact
since it was used as a reference of the binding energy measurements for all the (7%, K1)
experiments in which most energy levels of A hypernuclei with A > 16 were obtained and
used as theoretical inputs for the study of AN potential. Therefore, well-calibrated binding
energy measurements particularly for medium to heavy mass region are needed, and only
the (e, e’ KT) experiment would be suitable for the purpose at the moment.

Moreover, the 0.54 MeV shift changes a situation of the binding energy difference in
A = 12 isotopic mirror A hypernuclear system. Previous published results indicate that
there is a large binding energy difference between }2C and }>B as shown in Table. II. The
large difference of > 0.6 MeV is hard to be explained theoretically, and is considered to
be caused by unexpectedly large AN CSB effect. However, the binding energy difference
becomes AB, (32C —}’B) = —0.23 £ 0.19 MeV (Emulsion and JLab) if the correction of
Cy = 0.54 MeV is applied. It shows that the binding energy difference between isotopic
mirror hypernuclei in A = 12 system is less than a few hundred keV as well as that in
A = 10 system, implying the effect of AN CSB would be small in p-shell A hypernuclei as
expected in the theoretical prediction [19].

VIII. SUMMARY

This paper reports on a high resolution (e,e' KT) experiment which obtained for the
first time the energy spectrum of the hypernucleus, \’Be. The experiment which used a new
magnetic spectrometer system was successfully carried out to obtain hypernuclear structures
with an energy resolution of ~ 0.78 MeV (FWHM) and a systematic error of 0.11 MeV on
the binding energy measurement. The A’s binding energy of the first doublet (17, 27) was
obtained to be 8.55 £ 0.07 MeV. The result implies that the ground state is shallower than
that reported in the emulsion experiment by about 0.5 MeV, which would provide insights
for the study of the CSB effect in the AN interaction. In the discussion of the binding energy
difference between A = 10, T' = 1/2 iso-doublet hypernuclei, a correction of 0.54 MeV on
12C which is indicated by the emulsion and (7%, KT) experiments was used. The 0.54 MeV
correction on }2C binding energy makes results in the emulsion and (7, KT) experiments

consistent, and support a small AN CSB effect in the A = 10 and A = 12 hypernuclear
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systems.

The present result demonstrated that the (e,e’ K™) experiment is able to measure en-
ergy levels with a better accuracy in addition to higher resolution than that of the hadron
missing mass spectroscopy, and it would be a powerful tool to investigate energy levels of A

hypernuclei particularly for medium to heavy mass region in the future.

ACKNOWLEDGMENTS

We would like to thank JLab staff of physics, accelerator and engineer divisions for sup-
port for the experiment. Also, we would like to thank E. Hiyama, M. Isaka, D.J. Millener,
Y. Yamamoto and T. Motoba for intensive discussions related to their theoretical works. The
program at JLab Hall-C is supported by the Specially promoted program (12002001), the
Creative research program (16GS0201), Grant-in-Aid by MEXT (15684005), Japan, JSPS
Research Fellowships for Young Scientists (244123), US-Japan collaboration research pro-
gram, the JSPS Core-to-Core Program (21002) and the Strategic Young Researcher Overseas
Visits Program for Accelerating Brain Circulation (R2201) by JSPS. This work is supported
by U.S. Department of Energy contract DE-AC05-060R23177 under which Jefferson Science

Associates, LLC, operates the Thomas Jefferson National Accelerator Facility.

[1] M. Danysz and J. Pniewski, Phil. Mag. 44 (1953).
[2] O. Hashimoto and H. Tamura, Progress in Particle and Nuclear Physics 57, 564653 (2006).
[3] List of proposed experiments, http://j-parc.jp/researcher /Hadron/en/Experiments_e.html
[4] T.R. Saito et al., Nuclear Physics A 881, 218-227 (2012).
[5] A. Esser et al., Physical Review Letters 114, 232501 (2015).
6] T.O. Yamamoto et al., Physical Review Letters 115, 222501 (2015).
[7] T. Miyoshi et al., Physical Review Letters 90, 23 (2003).
[8] L. Yuan et al., Physical Review C 73, 044607 (2006).
[9] M. Iodice et al., Physical Review Letters 99, 052501 (2007).
[10] F. Cusanno et al., Physical Review Letters 103, 202501 (2009).
[11] F. Cusanno et al., Nuclear Physics A 835, 129-135 (2010).

16



[12] O. Hashimoto et al., Nuclear Physics A 835, 121-128 (2010).

[13] S.N. Nakamura et al., Physical Review Letters 110, 012502 (2013).

[14] L. Tang et al., Physical Review C 90, 034320 (2014).

[15] K. Nakamura et al., Journal of Physics G 37, 075021 (2010).

[16] D.H. Davis, Nuclear Physics A 754, 3c-13c (2005).

[17] B.F. Gibson, A. Goldberg and M.S. Weiss, Physical Review C 6, 3 (1972).

[18] A.R. Bodmer and Q. N. Usmani, Physical Review C' 31, 1400 (1985).

[19] A. Gal, Physics Letters B 744, 352-357 (2015).

[20] A. Nogga, H. Kamada and W. Glockle, Physical Review Letters 88, 17 (2002).

[21] E. Hiyama, Y. Yamamoto, T. Motoba and K. Kamimura, Physical Review C 80, 054321
(2009).

[22] Y. Akaishi, T. Harada, S. Shinmura and Khin Swe Myint, Physical Review Letters 84, 16
(2000).

[23] E. Hiyama and Y. Yamamoto, Progress of Theoretical Physics 128, 1 (2012).

[24] M. Juri¢ et al., Nuclear Physics B 52, 1-30 (1973).

[25] T. Cantwell et al., Nuclear Physics A 236, 445-456 (1974).

[26] K. Nakazawa et al., Progress of Theoretical and Ezxperimental Physics, 033D02 (2015).

[27) T. Gogami et al., Nuclear Instruments and Methods in Physics Research A 729, 816-824
(2013).

[28] Y. Fujii et al., Nuclear Instruments and Methods in Physics Research A 795, 351-363 (2015).

[29] M. Sotona and S. Frullani, Progress of Theoretical Physics Supplement 117, 151 (1994).

[30] G. Audi, A.H. Wapstra and C. Thibault, Nuclear Physics A 729, 337-676 (2003).

[31] T. Hasegawa et al., Physical Review C' 53, 1210 (1996).

[32] T. Motoba, P. Bydzovsky, M. Sotona and K. Itonaga, Progress of Theoretical Physics Supple-
ment, 185 (2010).

[33] D.J. Millener, Nuclear Physics A 881, 298-309 (2012).

[34] M. Isaka et al., Few Body Systems 54, 1219-1222 (2013).

[35] D.R. Tilley et al., Nuclear Physics A 745, 155-362 (2004).

[36] H. Tamura et al., Nuclear Physics A 754, 58c-69¢ (2005).

[37] T. Motoba, M. Sotona and K. Itonaga, Progress of Theoretical Physics Supplement, 117
(1994).

17



[38] P. Dluzewski et al., Nuclear Physics A 484, 520-524 (1988).

18



