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Recent progress in hypernuclear physics
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Abstract. Hypernuclear physics has become very exciting owing to new epoch-making experimental
data. The recent progress in theoretical and experimental studies of hypernuclei and discussion about

the future development in this filed are done.

1 Introduction

One of the main goals in hypernuclear physics is to un-
derstand the baryon-baryon interaction. The baryon-
baryon interaction is fundamental and important for
the study of nuclear physics. In order to understand
the baryon-baryon interaction, two-body scattering ex-
periment is the most useful. For this purpose, many
NN scattering experiments have been done and the
total number of NN data are more than 4,000. How-
ever, due to the difficulty of performing two-body hyp-
eron(Y)-nucleon(N) and hyperon(Y)-hyperon(Y") scat-
tering experiments, the total number of Y N scattering
data are very limited. Namely, the number of differen-
tial cross section are only about 40 and there is no Y'Y
scattering data. Then, YN and Y'Y potential models
so far proposed have large ambiguity.
Therefore, as a substitute for the two-body limited
Y N and non-existent Y'Y scattering data, the system-
atic investigation of light hypernuclear structure is es-
sential. Strategy to extract useful information about
YN and YY interactions from study of light hyper-
nuclear structure is as follows (cf. Fig. 1):
i) Firstly, we have candidate YN and Y'Y interac-
tions which are based on the meson
theory and the constituent quark model.
i) Secondly, we have hypernuclear spectroscopy
experiments performed in order to
provide information about the YN and Y'Y in-
teractions. However, these experiments
do not directly give any information about the
interactions.
ili) Therefore, using the interactions in i), accurate
calculation of hypernuclear struc-
ture is performed. The calculated result is com-
pared with the experimental data.
iv) From this comparison, suggestions to improve
the interactions are proposed.
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Within the programs among i) to iv), the author’s
role is to contribute to iii) and iv) using an accurate
three- and four-body calculational method developed
by the author and her collaborators (cf. the next sec-
tion).

YN and YY interactions
meson theory, quark model

(1) Use the (3) Suggest to improve
interactions the interactions

Accurate calculation of hypernuclear
structure

few-body model, cluster model, shell model

No direct information

with experimental data

l (2) Compare theoretical results

Spectroscopy experiments

high-resolusion gamma-ray experiments,
emulsion experiments

Fig. 1. Strategy for extracting information about YNV and
Y'Y interactions from the study of the structure of light
hypernuclei

2 S = —1 hypernuclei and Y N interaction

On the basis of the strategy mentioned in Sec. 1, we
have obtained information about the spin-spin, spin-
orbit and tensor term of YN interaction from the
study of S = —1 hypernuclei. As an example, the case
of the study of Y IV spin-orbit force is explained.

In the YN interaction, there are two kinds of LS
forces, symmetric LS force (SLS) and antisymmetric
LS (ALS) force, defined by

Vsrs =L - (sa +sn)vses(r),
Vars =L (sa — sn) vars(r),
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where s4 and sy are spins of A and N, respectively.
The ALS force vanishes in conventional nuclei because
of the Pauli principle. On the other hand, the ALS
force is produced in hypernuclei since no Pauli princi-
ple works between A and N.

Historically, it is well known that the ALS force
differs between meson theory and the constituent quark
model [9]. For instance, the quark model of the Kyoto-
Niigata group [10] predicts that the strength of the
ALS amounts to approximately 85% of that of the
SLS with the opposite sign. On the other hand, the
meson based interaction of the Nijmegen group [11,
12] generates much smaller strength in the ALS, some
20 — 40 % of that of the SLS with the opposite sign.
It is important to extract information about these LS
forces from the study of the structure of A hypernu-
clei.

For the study of spin-orbit force, % Be and 12C are
very useful. Recently, in high-resolution ~-ray exper-
iments, BNL-E930 [13] and BNL-E929 [14], the spin-
orbit splitting energies of % Be and 12C were measured.
Namely, the one (E930) observed ~ rays from the de-
cay of the 5/21 and the 3/2] states to the 1/2]
ground state in % Be, and the other (E929) measured
those from the 3/2] and 1/2] states to the 1/2]
ground state in }3C.

Before the measurements, we predicted those en-
ergy splittings in [15]. we took an a+a+ A three-body
model for 4Be and an a + « + « + A four-body cal-
culations for 1*C. We employed two types of the YN
spin-orbit force, namely, the Nijmegen meson-theory
based Y N interaction and the Kyoto-Niigata group’s
quark based YN interaction mentioned above. The
predicted energy splittings of 9Be and 12C are listed
in the second and third columns of Table 1. In both
nuclei, the splittings given by using the quark based
LS force is significantly smaller than those by using
the meson based LS force.

Recently, experimental data for these energy split-
tings of 9Be [13] and ?C [14] have been reported to
be 43 + 5 keV and 152 + 54 + 36 keV, respectively as
shown in Table 1. We see that the predicted energy
splitting using the quark-model based spin-orbit force
can explain both data. On the other hand, the pre-
dictions using the meson theory based one are much
larger than the data.

The reason why meson theory based YN inter-
action proposed large spin-orbit splitting in the case
of 9Be is as follows: Using the SLS force only, the
splitting energy is 140 — 250 keV depending on the
five models in the Y N interaction: it is not so small
value. When the ALS force is included, the ALS with
the opposite sign of the SLS reduces this splitting.
But, the strength of the ALS in the case of Nijme-
gen model, 20 — 40% of the SLS as mentioned be-
fore, is not enough to reproduce the observed data.
On the other hand, in the quark model, the ALS is
strong enough to reproduce the data. Therefore, we
suggested that there are two paths to improve the me-
son based model; one is to reduce the SLS strength
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and the other is to enhance the ALS strength so as
to reproduce the observed spin-orbit splittings in 9 Be
and 2C.

Recently, a new YN interaction based on meson
theory was proposed by the Nijmegen group (ESCO06)
[16]; they proposed a reduced strength of the SLS.
Using this potential, we obtained, as shown in Table
2, the energy splitting in 9 Be to be 98 keV in the case
of the SLS only and 39 keV with including the ALS,
which is in good agreement with the data.

To summarize with referring to the numbers in the
parentheses in the strategy diagram of Fig. 1, (1) we
used two types of the YN spin-orbit models, the Nij-
megen model and the Kyoto-Niigata model and calcu-
lated the energy splittings of % Be and 12C. (2) We then
compared our results with the experimental data. (3)
We suggested improving the strength of the LS force.
After that, the Nijmegen group proposed a new poten-
tial version ESCO06. Using this potential, we calculated
the energy splitting, and we compared them with the
experimental data. Then, the calculated results were
in good agreements with the experimental data. Since
1998, we have many ~y-ray spectroscopic data [17,18].
By the combined analysis of experiments and theoret-
ical calculations, we succeeding in extracting informa-
tion about the spin-spin, spin-orbit and tensor terms
of AN interaction.

3 S = —2 hypernuclei and Y'Y interaction

It is interesting to investigate the structure of the
multi-strangeness system when one or more As are
added to a S = —1 nucleus. It is conjectured that
extreme limit, which includes many As (and other hy-
perons) in nuclear matter is the core of a neutron star.
In this meaning, the sector of S = —2 nuclei, double A
hypernuclei and = hypernuclei, is just the entrance to
the multi-strangeness world. However, we have hardly
any knowledge of the Y'Y interaction because there
exist no Y'Y scattering data. Then, in order to under-
stand the Y'Y interaction, it is crucial to study the
structure of double A hypernuclei and = hypernuclei.
The equation of state with the strangeness degree of
freedom is a crucial component in understanding neu-
tron stars.

Recently, the epoch-making data has been reported
by the KEK-E373 experiment. Namely, the double A
hypernucleus 9 ,He was observed [19]. This observa-
tion was called NAGARA event. The formation of
¢ 1He was uniquely identified by the observation of
sequential weak decays, and the precise experimental
value of the 24 binding (separation) energy, Bas =
7.25+0.19751% MeV, was obtained.

Following the strategy mentioned in Sec. 1, we
studied double A hypernuclei with A = 6 — 10 [20].
Firstly, (1) we employed the AA interaction of Nijme-
gen model D and performed an o+ A + A three-body
calculation for § ,He. (2) By comparing the theoretical
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Table 1. Spin-orbit splitting energy in in 4Be and }C. Calculated values are given by Hiyama et al. [15] using the
meson-theory based AN spin-orbit force [11,12] and the quark-model based one [10]. Experimental values are taken from

[13] for % Be and from [14] for $C.

splitting CAL(meson theory) CAL(quark model) EXP

(keV) (keV) (keV)

%Be: E(5/2F-3/2]) 80 — 200 35 — 40 4345
B0 B(3/27 —1/27) 390 — 960 150 — 200 150 + 54 + 36

Table 2. Calculated spin-orbit splitting energy in in 4 Be using an improved meson theory based LS force (ESC06) [16].
Contribution of SLS is shown in comparison with that of SLS + ALS. CAL(meson theory) is the same as in Table 1.

splitting CAL(meson theory) CAL(ESCO06) EXP
e + + e
(keV) SLS SLS + ALS SLS  SLS+ ALS (keV)
%Be: E(5/2F -3/27) 140 — 250 80 — 200 98 39 43+5
result with the experimental data of the binding en- 8Be Be oBe
ergy of ¢ 1He, (3) we suggested reducing the strength Mev)
of 1Sy term of the AA interaction by half to reproduce 300
the data. Again, (2) using the improved potential, we 20
predicted energy spectra of new double A hypernuclei N I Y o
with A =7 — 10 [20], which is discussed below. TLoare et e
In fact, it is planned at J-PARC to produce many =0 § AHe+a 5
double A hypernuclei by emulsion experiment [21]. 4.0 s |3 283305 | | L

However, it will be difficult to determine spin-parities
and to know whether the observed state is the ground
state or an excited state. Therefore, it will be neces-
sary to compare the data with any theoretical study
for the identification of the state. The author’s role is
to contribute to the theoretical calculation using few-
body techniques.

A successful example to determine spin-parity of
double A hypernuclei is the case of 1, Be. There was
one more event found in the E373 experiment named
the 'Demachi-Yanagi’ event [22,23]. The most proba-
ble interpretation of this event is the production of a
bound state of 1*,Be having B = 12.33703% MeV.
But the experiment could not determine whether this
state was the ground state or any excited state. In or-
der to determine this, our calculation [20] mentioned
above was useful as following: We studied °,Be by
employing an a + a + A + A four-body model. The
AA interaction is the one improved from the Nijme-
gen Model D as mentioned above. The AA, aA and
o interactions were chosen so as to reproduce the
binding energies of all the subsystems, 6 ,He, 5 He,
8Be and 9Be. As shown in Fig. 2, it is striking that
our calculated value of Baa(})Be(27)) is 12.28 MeV
that agrees with the experimental data. Therefore, the
Demachi-Yanagi event can be interpreted most proba-
bly as the observation of the 27 excited state in }’; Be.

L ----——— 0.0 (0.00)
12 —6.64 cal.(exp.)

(ee'2T dxe) 8Z'ZT
>

Ey

-10.0

(oywg

-12.0

vT'ST

-14.0

-16.0

Fig. 2. Calculated energy levels of ®Be, %Be and },Be
on the basis of the a + a, a +a+ A, and a + o+ A +
A models, respectively. The level energies are measured
from the particle breakup thresholds or are given by the
excitation energies Fy. The calculated 27 state of %,Be
explains the Demachi-Yanagi event. This figures is taken
from [20]

In this way, we succeeded in interpreting the spin-
parity of 1%, Be by comparing the experimental data
and our theoretical calculation. Therefore, our four-
body calculation is considered to have a predictive
power. Hoping to observe new double A hypernuclei
in future experiments, we have predicted, as shown in
Fig. 3, level structure of double A hypernuclei with

01010-p.3



EPJ Web of Conferences

(MeV)
sol ASHe AnHe AALi ABLi AALi AaBe Be
0.0 TAFAFA A+FNFAFA A +p+A+ A QHd+AFA o+ t+ A+A o+ 3He A+A A+ArA+A
—2.0F
4.0
—6.01- 6 6 6
6 3
L+ -725 AnHe+n AnHerp . anHe+d AHe+t AnHe+ “He AnHe +a
O'——— e ap- s 2t Mlheeaan 563 OO---e-- gootooomee o mmmmemees
_g.0- —7.48 2Be+A
L 3/2° "ga7 AL +A
—10.0+ 52— 592
+ - 5.96
3" ——— 136 2 712" ——— 454
—12.01- . 2" 2.86
L 000 72 4.55
1+ -12.91
—14.0+ E,
L _ P
1/27 0.71 0" T1oos 0.00
-16.0 vz 073 32" Tygge 090 *
r 3/27 5o 900 Ex

—17.05

Fig. 3. Energy levels of double-A hypernuclei, § He, % ,He, G4Li, §4Li, 44Li, 34be and 1>, Be calculated using the
a+z+ A+ A model with z = 0,n, p,d, t,> He and «, respectively. This figure is taken from [20].

A =7-9 taking the framework of the a +x + A+ A
models with x = n,p,d,t and *He [20].

4 Observation of Hida event

In the KEK-E373 experiments, they have observed the
two events of double A hypernuclei, named as Nagara,
Demachi-Yanagi [19,22,23]. Recently, since the mass
of =~ has been modified by 0.4 MeV in the PDB,
they have re-analyzed them to be By4 = 6.91 £ 0.16
MeV for § ,He and to be Bys = 11.90 £0.13 MeV for
10/ Be. Also, in the KEK-E373 experiments, they ob-
served one more event, Hida event [24]. This observa-
tion is for Y, Be or 12, Be. The observed B4, for i Be
is 20.49 +1.15 MeV and B, for '} Be is 22.06 £1.15
MeV [24]. Then, we have two important issues: (1)
Can we reproduce the revised Deamchi-Yanagi event
using AA interaction which reproduce the revised NA-
GARA event? (2) Is the Hida event the observation of
1 Be or 12, Be?

In order to answer issue (1), we perform four-body
calculation of aaAA model for 1¥,Be. The employed
AA interaction is adjusted so as to reproduce the ob-
served Bas = 6.91 + 0.16 of § ,He. Calculated B,
of 27 state for 1¥;Be is 11.83 MeV which is in good
agreement with the revised data. Then, we can still in-
terpret the Demachi-Yanagi event as a observation of
the 27 excited state. Next, we discuss the Hida event.
We assume Hida event as )y Be and calculate the B4
with aanAA five-body problem. This five-body calcu-
lation is numerically difficult since we have three kinds
of particles such as a, A and neutron, and we have five
different kinds of interactions such as AA, An, Aa, na
and aa, and we have Pauli principle between o and «,
and between o and neutron. Recently, we succeeded
in performing this calculation.

01010-p.4

In the present a + o+ n + A + A five-body model
for 11 Be, it is absolutely necessary that all sub-cluster
systems composed of two a’s, a neutron and two A’s
are described reasonably with the interactions among
these units. In our previous work [20], our interactions,
which include the aa, an, aA, An and AA interactions,
were determined so as to reproduce reasonably well
the following observed quantities: (i) Energies of the
low-lying states and scattering phase shifts in the a+n
and o + « systems, (i) A-binding energies B, in 5He
(=a+A4),%He (= a+A+n) and %Be (= a+a+4),
(iii) double-A binding energies Baa in § He (= o +
A+ A), the Nagara event. Then, as mentioned above,
the Demachi-Yanagi event for )/ Be (= o+ a+ A+
A) was simultaneously reproduced with no additional
adjustable parameter.

In the present work, we employ the same inter-
actions of Ref.[20] so that those severe constraints are
also successfully met in our two-, three- and four-body
subsystems. But, as for the present core nucleus Be
(= a4+ a+ n), which does not belong to the subsys-
tems studied previously, use of the interactions that
explain well the property of the ca and an subsystems
do not well reproduce the energies of the low-lying
states of Be measured from the a + o + n threshold
(the same property of the calculated result was re-
ported in another microscopic o+ a+ n cluster-model
study [25]). Therefore, we additionally introduce a
phenomenological aan three-body force with a Gaus-
sian shape, voe’(TQ*Q/T“)L(RM*"/R“V, having r¢y =
3.6 fm, Ry = 2.0 fm and vy = —9.7 MeV (+13.0 MeV)
for the negative-parity (positive-parity) state; we thus
reproduce well the observed energies of the 3/27, 5/27,
1/27 and 1/2] states of °Be. The calculated Ba
of the ground state in ! Be is 18.23 MeV which is
not contradict with the observed value of Hida event,
BYY = 20.49 £ 1.15 MeV [24] within the two o er-
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ror bar. For the confirmation of Hida event, we expect
to have more precise data at J-PARC facility in the
future.

5 = hypernuclei

For the study of =N interaction, it is important to
study the structure of = hypernuclei. Our intention in
this section is to investigate the possible existence of =
hypernuclei and to explore the properties of the under-
lying =N interactions. Identification of = hypernuclei
in coming experiments at J-PARC will contribute sig-
nificantly to understanding nuclear structure and in-
teractions in S = —2 systems, which can lead to an en-
trance into the world of multi-strangeness. In order to
encourage new experiments seeking = hypernuclei, it
is essential to make a detailed theoretical investigation
of the possible existence of bound states, despite some
uncertainty in contemporary =N interaction models.

We investigate here the binding energies and struc-
ture of = hypernuclei produced by (K—, K™) reac-
tions on light targets on the basis of microscopic clus-
ter models. One of the primary issues is how to choose
the =N interaction. Although there are no definitive
data for any = hypernucleus at present, a few ex-
perimental data indicate that =-nucleus interactions
are attractive. One example is the observed spectrum
of the (K~, KT) reaction on a '2C target, where the
cross sections for =~ production in the threshold re-
gion can be interpreted by assuming a =-nucleus Wood-
Saxon (WS) potential with a depth of ~ 14 MeV [26].
Other indications of attractive =-nucleus interactions
are given by certain emulsion data, the events for twin-
A hypernuclei, where the initial =~ energies were de-
termined by the identification of all fragments after
the =~ p-AA conversion in nuclei. The inferred =~
binding energies are substantially larger than those
obtained using only the Coulomb interaction [27]. When
these =~ states are assumed to be 1p states, the WS
potentials obtained from the binding energies are sim-
ilar to the one above. These data suggest that the av-
erage =N interaction should be attractive, which we
utilize to select the appropriate interaction models.
In this work we adopt two types of =N interactions,
the Nijmegen Hard-Core model D (ND) [28] and the
Extended Soft-Core model (ESC04) [29,30].

The structure of light p-shell nuclei can be reason-
ably described in terms of cluster models composed of
two- or three-body subunits. Here, we model the pos-
sible =~ hypernuclei produced by (K—, KT) reactions
on available light p-shell targets as four-body cluster
structures: The possible targets 2C, 1'B, °B, 9Be
and “Li naturally lead to such cluster configurations as

aat=" (12 Be), aa2nZ" (2L Li), aanZ~ (22 Li), atn="(

and ann= ’(57, H), respectively, by conversion of a
proton into a =~ . (In our model calculations, the «=~
potential is generated from a G-matrix =N interac-
tion via a folding procedure.) In the case of lighter

targets, %Li, “He, 3He and d, the = -hypernuclear

states are composed of an=~, pnn=E~ (tZ7), pnE~
and n=" configurations, respectively. However, these
systems are not expected to support bound states,
considering the weakly attractive nature of the =N in-
teractions suggested so far, except for Coulomb-bound
(atomic) states. Then, among the above =~ hypernu-
clei, . H(ann=") is expected to be the lightest =~
bound system. Thus, possible =~ hypernuclear states
to be investigated lie in the light p-shell region and
may be considered to have basically a four-body clus-
ter structure.

In this work, we adopt two-types of G-matrix =N
potentials derived from the Nijmegen hard-core model
D(ND) [28] and the extended soft-core model (ESC04)
[29,30]. The detailed potential parameters in these
G-matrix ZN interaction are listed in Table II in
Ref.[31]. Tt is should be noted here that the even-state
interaction of ESC04 is more attractive than that of
ND, while the odd-state interaction of ND is more at-
tractive than ESCO04. The calculated energies of o=~
systems which is dominated by even-state spin- and
isospin- independent part, are —1.36 MeV for ESC04
and —0.57 MeV for ND, respectively. And the calcu-
lated energies of aa=" systems are —4.81 MeV for
ESC04 and —2.87 MeV for ND. In the aa=" sys-
tem, odd state spin-and isospin-independent term con-
tributes significantly. Thus, we can say that observa-
tions of aZ~ and aa=" systems certainly provide
information about spin-independent parts of the =N
interactions.

IH(ESC)
0 MeV __
————— e ————(+N#N+E
~0.96 _ =057 019
g T T TmtT T 6He+=-
ZHEZDeartntn ~1.29
- -1.83
12" Y
(i) ke =0.9 (ii) ke =1.055 (i) ke=1.3
LLi (ESC)
0 MeV
———————————————————————— —0+0 +n+ =
__ =104 .
{g7 T T T T T T TETTTTTTTT Be+=
—_———— —2.89
—257 -3.13
2L = Jeatn. =
-5.17 -5.16
9 He) -7 s
2 835
(i) k:=0.9 (ii) ke =1.055 (i) ke =1.3

= Hand (b)2° Li

Fig. 4. Calculated energy levels of (a)
for three kr values using ESC.

01010-p.5



EPJ Web of Conferences

In reality, however, there are no corresponding nu-
clear targets to produce the above systems by the
(K—, KT) reaction. As their actual substitutes, in the
following, we investigate the structures of
L_H(annZ") and P Li(aanZ~) having additional
neutron(s) and propose to perform the "Li(K~, K*)
and 1"B(K~, K) reaction experiments with available
targets. The calculated energies in the 1/2% ground
state for -~ H(annZ=") and 1~ and 2~ state for 1 Li
using ESC are demonstrated in Fig.3 as a function of
kp.

In A=7 hypernucleus, the four-body calculation
predicts the existence of nuclear bound states in ESC
case at reasonable kp values of around 0.9 fm~!. It is
interesting to note that the addition of two neutrons
to the «=~ system gives rise to about 1.3 (2.0) MeV
more binding. The same tendency is seen in ND. This
means that an experimental finding of a 75,H bound
state indicates the existence of an =~ bound state
in which the even-state spin- and iso-spin independent
part of the =N substantially attractive. This state-
ment is almost independent on the interaction model.

In A=10 hypernucleus, we have obtained the nu-
clear =~ bound states as a result of careful four-body
calculations with kp ~ 1.0 fm~!'. Furthermore, we
have similar binding energies of the J = 2~ state for
both the ESC and ND interactions. Then, to produce
150, Li, we propose to perform the °B(K~, K*) reac-
tion experiment at J-PARC in addition to that with
a 2C target. We say that the can=" (L. Li) system
produced by the (K, K*) reaction on 1B is suitable
to investigate =~ interaction, namely the spin- and
iso-spin independent terms of even and odd-state =N
interactions.
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