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Introduction
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Basic motivations

(1) p-shell nuclei and hypernuclei provide a variety of interesting
phenomena (shell-, cluster-, and coexistent characters),
depending on Ex and mass.

(2) High-precision experiments in hypernuclear spectroscopy
are in progress.

(3) Detailed look in Jlab (e, e′K+) spectroscopic data requires an
extended description with multi-configuration parity-mixing
mediated by hyperon.
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Recent (e, e′K+) reaction experiments done at the Jefferson Lab
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Recent experimental result
T. Gogami et al., PRC93, 034314 (2016)

Shell-model prediction
T. Motoba et al., PTPS117, 123 (1994)
• Core nucleus calculated with

conventional p-shell model
• Λ in s-orbit

This experiment has confirmed the major
peaks (#1, #2, #3, #4) predicted in DWIA by
emplying the Λ particle in s-orbit coupled
with the nuclear core states confined within
the p-shell configuration.
However, it is interesting to observe extra
strengths at E

Λ
= 0 MeV excitation (a).

⇓
The extension of the model space is necessary
and interesting challenge in view of the
present hypernuclear spectroscopy.
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Splitting of p-state in the deformed nuclei

The bump in the cross sections of 10
Λ

Be will be explained by the splitting
of pΛ-state in the deformed core-nucleus.

E
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rg
y

Deformation parameter δ

S. G. Nilsson, Mat. Fis. Medd. Dan. Vid. Selsk. 29 (1955) No. 16

Eigenvalues Ω of z-component of angular momentum operator and
parities are good quantum numbers in the Nilsson diagram.

p3/2 → Ωπ = 1/2−, 3/2−
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[p−1 pΛ⊥] and [p−1 pΛ

//
] states of 9

Λ
Be (1)
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In 9
Λ

Be, it is well known that the p
Λ

-state splits into two orbital states expressed
by p⊥ and p//, which is due to the strong coupling with nuclear core deformation
having the α-α structure. T. Motoba et al., PTPS81, 42 (1985)

The p// state tends to the configuration with an SU(3) classification
[ f ](λµ) = [54](50) called supersymmetric.

R. H. Dalitz, A. Gal, PRL36, 362 (1976); AP131, 314 (1981)
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[p−1 pΛ⊥] and [p−1 pΛ

//
] states of 9

Λ
Be (2)

9Be (K−, π−) 9
Λ

Be

T. Motoba et al., PTPS81, 42 (1985)
R. Bertini et al. (H-S-S Collaboration),
NPA368, 365 (1981)

pΛ//

not observed

pΛ⊥

To describe hypernuclei with deformed nuclear core such as αα, we need to extend the model space.
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This talk

We have calculated the energy levels and the production cross sections for
p-shell hypernuclei by using the extended shell model.

We focus on the p-state Λ hyperon in the p-shell Λ hypernuclei.
• Energy levels and cross sections for 9

Λ
Be, 10

Λ
Be (10

Λ
B), 11

Λ
B and 12

Λ
B (12

Λ
C)

• pΛ⊥ and pΛ
//

states in hypernuclei with A = 9, 10 and 11

•Mixing of natural- and unnatural-parity nuclear-core states

We show the numerical cross sections of (γ, K+) reactions for 9
Λ

Li and 11
Λ

Be which
have T = 1.

• 9Be (e, e′K+) experiment has been done at JLab.

• 11B (e, e′K+) experiment may be performed.
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Framework of calculations
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Shell-model configurations (10

Λ
Be case)
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Extension of the model space in the shell model (10

Λ
Be case)

Model space for 9Be core
(A) conventional model space J−core (0s)4 (0p)5 (0p-0h)

(B) extended model space J+core (0s)3 (0p)6 ⊕ (0s)4 (0p)4 (sd)1 (1p-1h)

Conventional model space for 10
Λ

Be

(I) J−core ⊗ 0sΛ ⇒ 10
Λ

Be(J−) (II) J−core ⊗ 0pΛ ⇒ 10
Λ

Be(J+)

Extension (1) 1p-1h (1ℏω) core excitation is taken into account

(a) J−core ⊗ 0sΛ ⇒ 10
Λ

Be(J−) (b) J−core ⊗ 0pΛ ⇒ 10
Λ

Be(J+)

(c) J+core ⊗ 0sΛ ⇒ 10
Λ

Be(J+) (d) J+core ⊗ 0pΛ ⇒ 10
Λ

Be(J−)

Extension (2) Configrations mixed by ΛN interaction

J−core ⊗ 0sΛ ⊕ J+core ⊗ 0pΛ ⇒ 10
Λ

Be(J−)

J−core ⊗ 0pΛ ⊕ J+core ⊗ 0sΛ ⇒ 10
Λ

Be(J+)
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Configration mixing in 10

Λ
Be unnatural parity states

9
Be (J

 −

core) ⊗ Λ(0s)

9
Be (J

 −

core) ⊗ Λ(0p)

9
Be (J

 +

core) ⊗ Λ(0s)

9
Be (J

 +

core) ⊗ Λ(0p)

10

ΛBe (J
 −

)

10

ΛBe (J
 +

)

⇒

⇒

10

ΛBe (J
 −

)

10

ΛBe (J
 +

)⇒

⇒

9
Be (J

 −

core)

9
Be (J

 +

core)

Mixing

1~ω

1~ω

In the conventional shell model, only natural-parity nuclaer-core states (J−core)
are taken into account. Λ particle is in the 0s orbit in 10

Λ
Be(J−).

In 10
Λ

Be(J+), the energy difference between Λ(0s) and Λ(0p) is 1ℏω, and
the energy difference between 9Be(J−core) and 9Be(J+core) is 1ℏω.

By ΛN interaction, natural-parity nuclaer-core configurations and
unnatural-parity nuclaer-core configurations can be mixed.
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Extended model space for target nucleus 10B
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Extension of model space for target nucleus 10B up to 2p-2h (2ℏω) allows
the 10

Λ
Be production through various configurations.

extended model space for the target nucleus
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NN interaction and nucleon single-particle energy
NN effective interactions
⟨p2|V|p2⟩ Cohen-Kurath (8–16) TBME

S. Cohen, D. Kurath, NP73, 1 (1965)
⟨(sd)2|V|(sd)2⟩ modified Kuo-Brown G-matrix

T. T. S. Kuo, G. E. Brown, NP85, 40 (1966)
⟨p(sd)|V|p(sd)⟩ Millener-Kurath

D. J. Millener, D. Kurath, NPA255, 315 (1975)
⟨p2|V|(sd)2⟩ modified Kuo-Brown G-matrix (SFO)

T. Suzuki, R. Fujimoto, T. Otsuka, PRC67, 044302 (2003)
Other part (contains a role of removal of spurious center-of-mass motion effects)

Anantaraman-Toki-Bertsch G-matrix
N. Anantaraman, H. Toki, G. F. Bertsch, NPA398, 269 (1983)

Single-particle energies
adjusting to reproduce the experimental low-lying energy levels
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ΛN interaction and Λ single-particle energy

⟨NΛ|V |NΛ⟩ Nijmegen NSC97e
Th. A. Rijken, V. G. J. Stoks, Y. Yamamoto, PRC59, 21 (1999)

εΛs and εΛp are determined
to reproduce the #1 (2−)
and #6 (3+) peaks in 12

Λ
B

production cross-section.

εΛs and εΛp are applied to
10
Λ

Be.

JLab Hall C, E05-115
L. Tang et al.,
PRC90, 034320 (2014)
Theoretical calculation
T. Motoba et al.,
PTPS185, 224 (2010)Fig. 1. 12C(e, e′K+) 12

ΛB experimental spectrum (top) taken from JLab E05-115 experiment [9] and the
theoretical photoproduction spectrum (bottom) calculated by employing the elementary amplitude SLA [16].

shell hypernuclei, only the negative parity core states with 0!ω such as 11B(s4 p7; J−c ) have been
considered so far with a Λ particle being coupled mostly in the s-state (and sometimes in the p-state).
If one couples a Λ in p-state which lies about 10 MeV higher than the s-state, then the 1!ω core
excited states coupled with a s-state Λ come in the similar excitation energy region. Thus the two
configurations are more or less mixed even when the ΛN interaction is weak. In other word, the
parity-mixing intershell coupling is naturally induced by the presence of Λ particle as has been tried
in Ref. [19]. Also Millener has suggested such possibility [20]. Therefore it is natural to describe the
whole 12

ΛB hypernuclear states with extended wave functions expressed selfevidently by
12
ΛB(J±) = {11B(J∓c ) × Λp} + {11B(J±c ) × Λs} (1)

In the actual calculation, we remove the spurious effect of the center-of-mass (CM) excitation in
treating the 1!ω excited configuration. Thus the extended wave functions for negative and positive
parity states of 12

ΛB are expressed symbolically as
12
ΛB(J−) = {[s4 p7; J−c ] × Λs} + {[s4 p6(sd)1; J+c ] × Λp} + {[s3 p8; J+c ] × Λp} (2)
12
ΛB(J+) = {[s4 p7; J−c ] × Λp} + {[s4 p6(sd)1; J+c ] × Λs} + {[s3 p8; J+c ] × Λs} (3)
12C(0+GS ) = |s4 p8〉 + |s4 p7( f p)1〉 + |s4 p6(sd)2〉 + |s3 p8(sd)1〉 + |s2 p10〉 (4)

Here we also show the extended wave function for the 12C target ground state within the (0 + 2)!ω
configurations, Eq.(4), which is used in the cross section estimates of hypernuclear production reac-
tion in a consistent manner with Eqs.(2) and (3). It is remarked that only the underlined parts of the
above expressions have been employed in the standard calculations done so far, because usually the
p-shell proton is assumed to be converted into s- and p-shell Λ in the hypernuclear production reac-
tions. Anyway such assumption has worked quite well in explaing the major trend of hypernuclear
production spectra. In the extended treatment, however, one sees from Eqs.(2), (3) and (4) that there
are many possible transitions between additional components when one is going to estimate the cross
sections using these target and hypernuclear wave functions.

Figure 2 shows the energy levels of 11B and 12
ΛB obtained in the multi-configuration shell model

calculations. As compared in the first and second columns in Fig. 2, the 11B positive parity core-
excited states belonging to 1!ω configuration, observed at Ex ! 7 MeV, are well reproduced by the

3
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Numerical values of B

Λ
for A = 9–12 hypernuclei

unit in MeV
9
ΛLi 9

ΛBe 10
ΛBe 11

ΛBe 11
ΛB 12

ΛB
Jπ 3/2+, 5/2+ 1/2+ 1−, 2− 1/2+ 5/2+, 7/2+ 1−, 2−

Eg.s. −21.87 −37.19 −40.72 −49.49 −51.38 −64.26
E1st ex. −21.56 — −40.55 — −51.09 −64.14
∆E(cal) 0.31 — 0.17 — 0.29 0.12
∆E(exp) 0.57 — 0.10 — 0.26 0.16
Core 8Li(2+) 8Be(0+) 9Be(3/2−) 10Be(0+) 10B(3+) 11B(3/2−)
Ecore(cal) −14.50 −30.30 −32.09 −39.47 −41.07 −52.67
Ecore(exp) −30.84 −32.50 −41.06 −52.52
B
Λ

(cal) 7.37 6.89 8.63 10.02 10.31 11.59
B
Λ

(exp) 8.36 6.71 8.55 10.24 11.52

E denotes the binding energy with respect to the 4He core.
The same two-body matrix elements of the ΛN interaction are used in the A = 9–12 hypernucei.
Our results of binding energies and doublet spacing are good agreement with the experimental data.
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A = 9 hypernucleus, 9
ΛBe
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Results : Energy levels of 8Be and 9

Λ
Be
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Results : Comparison with the cluster model (1) – Energy level –

Cluster model T. Motoba et al., PTPS81, 42 (1985)
This work
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Results : Comparison to the cluster model (2) – Cross section –

 0

 200

 400

 600

 800

 1000

 1200

−15 −10 −5  0  5  10  15  20

g.s.

9Be (K−, π−) 9
Λ

Be

Hypernuclear Energy E
Λ

(MeV)

C
ro

ss
S

ec
ti

o
n

d
2
σ
/
d
Ω

d
E

(µ
b
/
sr
/
M

eV
) pL

K
= 0.72 GeV/c, θLπ = 2◦

p⊥p⊥

p
‖

αα

αααα

n

Λ

Λ

9Be 9
Λ

Be

[p
−1

p
Λ

⊥]

[p
−1

p
Λ

//
]

pΛ//

pΛ//

pΛ⊥

pΛ⊥

T. Motoba et al., PTPS81, 42 (1985)

20



THEIA/REIMEI Seminar Mar. 24, 2021
Results : Cross sections of (K−, π−) and (π+, K+) reactions
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Fig. 14. Calculated energy levels of 9
ΛBe for three cluster configurations. A band corresponding to genuine

hypernuclear states appears as an α − α − Λ(pΛ) configuration. The 9
ΛBe spins before the Λ spin is coupled are

shown [3].

Fig. 15. Excitation spectrum of 9
ΛBe measured using the (π+, K+) reaction with the SKS spectrometer system.

p∥
Λ hyperon to the core of 8Be 1− and 3−. Previously, the BNL exploratory 9

ΛBe spectrum
suggested the excitation of the predicted genuine hypernuclear states [20]. The present
spectrum confirms and clearly establishes the existence of these states.

In addition, structure is observed at about EX = 15 MeV. It can be considered as an α
cluster excitation of the core nucleus, as was predicted in the recent cluster calculations of
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A = 10 hypernucleus, 10
ΛBe
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Results : Energy levels of 9Be and 10

Λ
Be
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Results : Energy levels of 10

Λ
Be (comparison with JLab experiments)
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New bump
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Results : Cross sections of the 10B (γ, K+) 10

Λ
Be reaction (1)
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Recent experimental result
T. Gogami et al., PRC93, 034314 (2016)

For hypernucleus 10
Λ

Be
(1) 1p-1h (1ℏω) core excitation
(2) Configration mixing byΛN int.
are taken into account

DWIA calculation by using
Saclay-Lyon model A

Our new calculation reproduces
the four major peaks
(#1, #2, #3, #4).

Our new calculation explains the
new bump (a) as a sum of cross
sections of some J+ states.
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Λ
Be reaction (2)

10B(γ,K +) Λ10Be　Excitation Energies and Cross Sections  (Summary)

Eγ = 1.5 GeV EXP = T. Gogami et al, PRC93 (2016)
9Be (Ji) Λ

10Be (Jk)  CAL θ = 7 deg EXP Fit I
Ji Ei (exp) Ei (cal) Jk Ex −BΛ dσ/dΩ exp Ex −BΛ dσ/dΩ

C2S C2S [MeV] [MeV] [nb/sr] peak [MeV] [MeV] [nb/sr]
3/2− 0.000 0.000 1− 0.000 −8.600 9.609 21.62 #1 0.00 −8.55±0.07 17.0±0.51.0(rel) 1.0(rel) 2− 0.165 −8.435 12.008

5/2− 2.429 2.644 2− 2.712 −5.888 11.654 21.05 #2 2.78±0.11 −5.76±0.09 16.5±0.50.958 1.020 3− 2.860 −5.740 9.391

7/2− 6.380 6.189 3− 6.183 −2.417 7.625 21.13 #3 6.26±0.16 −2.28±0.14 10.5±0.30.668 0.942 4− 6.370 −2.230 13.505

2+(3) 7.807 −0.793 4.495 9.46

#a 8.34±0.41 −0.20±0.40 23.2±0.7

1+(3) 7.935 −0.665 4.968
3+(2) 8.712 0.112 6.150

19.91 
(29.37)

2+(4) 8.828 0.228 1.431
2+(5) 9.002 0.402 9.893
3+(3) 9.059 0.459 2.434

7/2− 11.283 10.241 3− 10.105 1.505 3.913 21.90 #4 10.83±0.10 2.28±0.07 17.2±0.51.299 1.355 4− 10.455 1.855 17.985
1+(5) 10.828 2.228 4.598 29.54  

(51.44)4+(3) 11.318 2.718 11.185
3+(5) 11.543 2.943 13.759

 1
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Results : Configrations of J+ states corresponding to the new bump

Jπn (−B
Λ

[MeV]) [Jπcore] jΛ [Jπcore] jΛ [Jπcore] jΛ

XS [nb/sr]
2+3 (−0.739)

4.49
[3/2−1 ](p3/2 p1/2)Λ

82.5%
[5/2−1 ](p3/2 p1/2)Λ

15.8%
1+3 (−0.665)

4.97
[3/2−1 ](p3/2 p1/2)Λ

79.5%
[5/2−1 ]pΛ3/2

17.9%
2+4 (0.228)

1.43
[5/2+2 ]sΛ1/2

87.5%
[3/2−1 ](p3/2 p1/2)Λ

9.4%
[5/2−1 ](p3/2 p1/2)Λ

2.4%
2+5 (0.402)

9.89
[5/2+2 ]sΛ1/2

11.3%
[3/2−1 ](p3/2 p1/2)Λ

70.9%
[5/2−1 ](p3/2 p1/2)Λ

10.8%
3+2 (0.112)

6.15
[5/2+2 ]sΛ1/2

31.6%
[3/2−1 ]pΛ3/2

55.4%
[5/2−1 ](p3/2 p1/2)Λ

9.7%
3+3 (0.459)

2.43
[5/2+2 ]sΛ1/2

67.5%
[3/2−1 ]pΛ3/2

27.1%
[5/2−1 ](p3/2 p1/2)Λ

2.7%
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Results : Cross sections of the 10B (K−, π−) 10

Λ
B reaction (1)
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In the (K−, π−) reaction, the
large peak at EΛ = 4.4 MeV is
a p-substitutional state via the
pN

3/2 → pΛ3/2, which is strongly
excited by recoilless reaction.

The small peak at EΛ = 0 MeV
corresponds to the new bump and
is explained as a mixture of sΛ and
pΛ states.

The large peak at EΛ = 4.4 MeV
in 10
Λ

Be corresponds to the [p−1 pΛ⊥]
state in 9

Λ
Be (9Be analog state).

The small peak at EΛ = 0 MeV
in 10
Λ

Be corresponds to the [p−1 pΛ//]
state in 9

Λ
Be.
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Results : Cross sections of the 10B (K−, π−) 10

Λ
B reaction (2)
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FIG. 2. Binding energy spectrum of 10
! Be. A distribution of an

accidental coincidence between an e′ and a K+ was obtained by the
mixed event analysis as described in the text.

by the mixed event analysis. This analysis reconstructs the
missing mass with a random combination of e′ and K+ events
in each spectrometer acceptance in an off-line analysis. The
method gives the accidental-coincidence spectrum with higher
statistics as much as we needed to reduce the effect of statistical
uncertainty enough when the accidental-coincidence spectrum
was subtracted from the original missing mass spectrum in the
further analysis.

The quasifree ! (−B! ! 0) spectrum was assumed to
be represented by a third-order polynomial function con-
voluted by a Voigt function (convolution of Lorentz and
Gauss functions) having the experimental energy resolution.
The accidental coincidence and quasifree ! spectra were
subtracted from the original binding energy spectrum, and a
test of statistical significance (= S/

√
S + N ) was performed

to find peak candidates.
Figure 3 shows the binding energy spectrum with the

ordinate axis of (dσ/d#K ), as defined by Eq. (2). A fitting
result by Voigt functions for peak candidates with statistical
significance of !5σ are also shown in the figure. The peak
candidates are labeled #1, #2, #3, and #4, and are identified as
candidates of hypernuclear states.

The enhancements between peaks #3 and #4 are considered
to be several states and were included by fitting with a shape
having a broader width (indicated as a in Fig. 3). The FWHMs
of the Voigt functions for peaks of #1–#4 and a were found to
be 0.78 and 2.87 MeV, respectively. The 0.78 MeV (FWHM)
resolution is almost three times better than the measurement
of its mirror ! hypernucleus, 10

! B measured at KEK (2.2 MeV
FWHM) using the (π+,K+) reaction [31]. The fitted results
are summarized in Table I as Fit I. The statistical error is given
in the results.

Figure 4 shows the measured excitation energy levels
(Fit I), the theoretical calculations of 10

! Be [23,32–34], and the
experimental results for 9Be [35] and 10

! B [31]. The differential
cross section of each state for the 10B(γ ∗, K+) 10

! Be reaction
relates to that of a spectroscopic factor (C2S) of the proton
pickup reaction from 10B. The C2S of 10B(e,e′p) 9Be are

0

2

4

6

8

-10 -8 -6 -4 -2 0 2 4 6

0 5 10

dσ
/d
Ω

K  
p

er
 0

.3
 M

eV
 [

n
b

/s
r]

EΛ [MeV]

-BΛ [MeV]

JLab E05-115JLab E05-115
1010B(e,e’KB(e,e’K+)1010

ΛBeBe

#1 #2

#4

#3 a

(Fit I)(Fit I)

FIG. 3. Binding energy (B!) and excitation energy [E! ≡
−(B! − B!(#1))] spectra for the 10B(e,e′K+) 10

! Be reaction with a
fitting result of Fit I. The ordinate axis is (dσ/d#K ) per 0.3 MeV.

reported in [35], and they are 1.000,0.985,0.668, and 1.299 for
J π = 3/2−, 5/2−, 7/2−

1 , and 7/2−
2 states in 9Be, respectively.

Comparing energy levels and the differential cross sections
of hypernuclear states (Table I) with energy levels of 9Be
(Fig. 4) and C2S of 10B(e,e′p) 9Be, peaks #1, #2, #3, and #4,
respectively, correspond to J π = 3/2−, 5/2−, 7/2−

1 , and 7/2−
2

states in 9Be. In the theoretical predictions of 10
! Be energy

levels shown in Fig. 4, the states of 0−, 1− ( 9Be[J π ; Ex] ⊗
j! = [1/2−; 2.78 MeV] ⊗ s!

1/2) and 0+, 1+ ( 9Be[J π ; Ex] ⊗
j! = [1/2+; 1.68 MeV] ⊗ s!

1/2) are predicted to be above the
2−, 3− states ( 9Be[J π ; Ex] ⊗ j! = [5/2−; 2.43 MeV] ⊗ s!

1/2)
by about 1 MeV. There might be a possibility that these
states are at around 1 MeV above peak #2, assuming peak
#2 corresponds to the 2− 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 peak #2 was also
performed, and the fitting result is shown in Table I (labeled
as Fit II) and Fig. 5.

A systematic error on the cross section come from un-
certainties of trigger efficiency, analysis efficiencies such as
tracking and event selection, correction factors such as the
solid angle of the spectrometer system and K+ decay factor,
and so on. A square root of the 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 peaks #4 and a depend on the
assumption of quasifree ! distribution in the fitting. We
tested usages of lower-order polynomial functions (first and
second orders) for the quasifree ! events in order to estimate
additional systematic errors for peaks #4 and a. As a result,
the differential cross sections for peaks #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 peaks #4
and a were estimated to be (+10%/−9%) and (+42%/−9%),
respectively. It is noted that in the test, the obtained peak means

034314-4

CONCLUDE:
αα-like core deformation causes
splitting of pΛ-states, then low-
energy pΛ// can mix with sΛ-states.

[9Be(J−) × Λ(p//)] + [9Be(J+) × Λ(s)]

These parity-mixed wave functions
at EΛ = 0 MeV can explain the extra
peak #a.
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A = 12 hypernucleus, 12
ΛB
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Results : Cross sections of the 12C (γ, K+) 12

Λ
B reaction

Fig. 1. 12C(e, e′K+) 12
ΛB experimental spectrum (top) taken from JLab E05-115 experiment [9] and the

theoretical photoproduction spectrum (bottom) calculated by employing the elementary amplitude SLA [16].

shell hypernuclei, only the negative parity core states with 0!ω such as 11B(s4 p7; J−c ) have been
considered so far with a Λ particle being coupled mostly in the s-state (and sometimes in the p-state).
If one couples a Λ in p-state which lies about 10 MeV higher than the s-state, then the 1!ω core
excited states coupled with a s-state Λ come in the similar excitation energy region. Thus the two
configurations are more or less mixed even when the ΛN interaction is weak. In other word, the
parity-mixing intershell coupling is naturally induced by the presence of Λ particle as has been tried
in Ref. [19]. Also Millener has suggested such possibility [20]. Therefore it is natural to describe the
whole 12

ΛB hypernuclear states with extended wave functions expressed selfevidently by
12
ΛB(J±) = {11B(J∓c ) × Λp} + {11B(J±c ) × Λs} (1)

In the actual calculation, we remove the spurious effect of the center-of-mass (CM) excitation in
treating the 1!ω excited configuration. Thus the extended wave functions for negative and positive
parity states of 12

ΛB are expressed symbolically as
12
ΛB(J−) = {[s4 p7; J−c ] × Λs} + {[s4 p6(sd)1; J+c ] × Λp} + {[s3 p8; J+c ] × Λp} (2)
12
ΛB(J+) = {[s4 p7; J−c ] × Λp} + {[s4 p6(sd)1; J+c ] × Λs} + {[s3 p8; J+c ] × Λs} (3)
12C(0+GS ) = |s4 p8〉 + |s4 p7( f p)1〉 + |s4 p6(sd)2〉 + |s3 p8(sd)1〉 + |s2 p10〉 (4)

Here we also show the extended wave function for the 12C target ground state within the (0 + 2)!ω
configurations, Eq.(4), which is used in the cross section estimates of hypernuclear production reac-
tion in a consistent manner with Eqs.(2) and (3). It is remarked that only the underlined parts of the
above expressions have been employed in the standard calculations done so far, because usually the
p-shell proton is assumed to be converted into s- and p-shell Λ in the hypernuclear production reac-
tions. Anyway such assumption has worked quite well in explaing the major trend of hypernuclear
production spectra. In the extended treatment, however, one sees from Eqs.(2), (3) and (4) that there
are many possible transitions between additional components when one is going to estimate the cross
sections using these target and hypernuclear wave functions.

Figure 2 shows the energy levels of 11B and 12
ΛB obtained in the multi-configuration shell model

calculations. As compared in the first and second columns in Fig. 2, the 11B positive parity core-
excited states belonging to 1!ω configuration, observed at Ex ! 7 MeV, are well reproduced by the

3

JLab Hall C, E05-115
L. Tang et al.,
PRC90, 034320 (2014)

Theoretical calculation
T. Motoba et al.,
PTPS185, 224 (2010)
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for #4.

pΛ-state does not split
because the core is spherical.
A new question if the extra peak #4
in Hall C experiment can survive in
future experiment with better
statistics
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A = 11 hypernucleus, 11
ΛB
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magenta T=0, J−; J+core ⊗ p
Λ

brown T=1, J−; J−core ⊗ s
Λ
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3rd and 4th column
D. J. Millener, NPA804, 84 (2008).

Our result of the energy of the
2nd doublet (1/2+, 3/2+) is almost
the same as Millener’s result and
is 300 keV lower than the
experimental result.

For this doublet, effect of the LS

term of the ΛN int. is suggested.
D. J. Millener, NPA804, 84 (2008).
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Λ
B reaction (1)
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green T=1, J+; J+core ⊗ s
Λ

magenta T=0, J−; J+core ⊗ p
Λ

orange T=1, J−; J+core ⊗ p
Λ
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Results : Cross sections of the 11B (K−, π−) 11

Λ
B reaction (2)
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(A) 5/2+g.s.
10B(3+g.s.) ⊗ sΛ1/2 99.5%

(B) 3/2+2
10B(1+2 ) ⊗ sΛ1/2 98.0%

(C) 3/2+1 (T=1)
10B(2+1 ; T=1) ⊗ sΛ1/2 99.3%

ΛN int. is weak coupling for sΛ

(A)
↓

(B)
↓

(C)
↓
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Results : Cross sections of the 11B (K−, π−) 11

Λ
B reaction (3)
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(D) 3/2−
10B(3+g.s.) ⊗ pΛ3/2 51.4%
10B(1+2 ) ⊗ pΛ1/2 23.0%
10B(3+2 ) ⊗ pΛ3/2 9.4%
→ substitutional state

(E) 5/2−
10B(3+g.s.) ⊗ pΛ3/2 56.1%
10B(3+g.s.) ⊗ pΛ1/2 35.7%
→ p// state

ΛN int. is strong coupling for
pΛ as in the case of 9

Λ
Be

(D)←

(E)
↓
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Results : Cross sections of the 11B (K−, π−) 11

Λ
B reaction (4)

 0

 200

 400

 600

 800

 1000

 1200

−15 −10 −5  0  5  10

5/2
+
g.s. 3/2

+
3/2

+
;1

3/2
−

3/2
−

3/2
−

3/2
−

3/2
−

3/2
−
;1

3/2
−
;1

3/2
−
;1

11B (K−, π−) 11
Λ

B

Hypernuclear Energy E
Λ

[MeV]

C
ro

ss
S

ec
ti

o
n

d
2
σ
/
d
Ω

d
E

[µ
b
/
sr
/
M

eV
]

pL
K
= 0.80 GeV/c, θLπ = 2◦

 0

 20

 40

 60

 80

 100

 120

−15 −10 −5  0  5  10

5/2
+
g.s.

1/2
+

1/2
+
;1

3/2
+ 3/2

+
;1

3/2
+
;1

5/2
−

7/2
−

5/2
−

3/2
−

5/2
−
;1

3/2
−
;1

11B (K−, π−) 11
Λ

B

Hypernuclear Energy E
Λ

[MeV]

C
ro

ss
S

ec
ti

o
n

d
2
σ
/
d
Ω

d
E

[µ
b
/
sr
/
M

eV
]

pL
K
= 1.80 GeV/c, θLπ = 6◦

(F) 3/2−
10B(2−3 ) ⊗ sΛ1/2 31.6%
10B(3+g.s.) ⊗ pΛ3/2 11.1%
10B(1+1 ) ⊗ pΛ1/2 46.9%

(G) 5/2−(T=1)
10B(3−3 ; T=1) ⊗ sΛ1/2 21.2%
10B(2+1 ; T=1) ⊗ pΛ3/2 29.3%
10B(2+1 ; T=1) ⊗ pΛ1/2 42.0%

large parity mixing
in the core nucleus

(F)
↓

(G)
↓
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Results : Energy of p

//
-state
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g.s. pΛ// pΛ⊥
7 MeV

8 MeV

9 MeV

The pΛ-state splits into p⊥- and p//-states
due to the strong coupling with nuclear
core deformation.

In 9
Λ

Be, the enregy of pΛ//-state comes down
to Ex ≈ 7 MeV from the Λ single-particle
energy difference εΛp − εΛs ≈ 11 MeV.

The bump at Ex ≈ 8 MeV in the cross sec-
tions of 10

Λ
Be corresponds to the pΛ//-state.

In the cross sections of 11
Λ

B, the small 5/2−

peak at Ex ≈ 9 MeV corresponds to the
pΛ//-state.

The energy splitting between p⊥- and p//-
states in 11

Λ
B is smaller than that in 9

Λ
Be,

which is due to the small deformation of
the nuclear core in 11

Λ
B.
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pΛ state in the sperical nuclear core

A=9 A=10 A=11 A=12 A=13

deformed  (αα) spherical

Λ Λ

p
Λ

⊥

p
Λ

//

p
Λ

3/2

In the spherical nuclear core, pΛ-state does not split into pΛ// and pΛ⊥.

The new type wave function should appear in 9,10
Λ

Be and 10,11
Λ

B due to the core
deformation, but “not” in spherical systems without enough deformation.
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A = 9 and T = 1 hypernucleus, 9
ΛLi
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Results : Energy levels of 8Be (8Li) and 9

Λ
Be ( 9

Λ
Li)
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Results : Cross sections of the 9Be (γ, K+) 9

Λ
Li reactionG. M. URCIUOLI et al. PHYSICAL REVIEW C 91, 034308 (2015)
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FIG. 2. The binding-energy spectrum obtained after kaon selec-
tion with aerogel detectors and RICH in (a) the whole energy range
and (b) restricted to the region of interest.

detection at very forward angles [21] and a ring imaging
Cherenkov (RICH) detector [22–25] has been used in the
hadron arm to provide an unambiguous identification of kaons
when combined with the standard particle identification appa-
ratus of Hall A, based on aerogel Cherenkov detectors [26–28].
In the present experiment a 92.5 mg/cm2 solid 9Be target with
a beam current of ∼100 µA was used at a beam energy of
3775 MeV. Both HRSs were physically positioned at an angle
of 12.5◦, but the pair of septum magnets yielded an effective
angle for both the scattered electron and the hadron detection
of ∼6◦.

Figure 2 shows the observed binding-energy spectrum of
9
!Li. The broad peak centered at a small positive binding energy
corresponds to the 9

!Li states in Fig. 1 corresponding to the
lowest three states of 8Li. The rise in cross section starting
at 0 MeV corresponds to states with the ! in a p orbit and,
because these states are unbound, the states are broad and no
structure is observed. As in Refs. [4,5], the background was
determined from the binding-energy spectrum obtained with
a coincidence time shifted with respect to the coincidence
time between secondary electrons and produced kaons and
was rather flat for values of binding energy ranging from 15
to 0 MeV. Its value was calculated as the average of the counts
in the range 9.95 MeV ! binding energy ! 18.35 MeV.

For the calculation of the absolute cross section, we com-
puted the following quantities: detector efficiencies, detector
dead time, detector phase space, kaon survival in HRS,
integrated luminosity. The calculations of efficiencies for the
standard HRS package are well established and implemented
in the Hall A analysis software. Therefore, those procedures
were used for that purpose. For the RICH and aerogel
Cherenkov detectors, we used one detector to determine the
efficiency of the other one in the following way: we selected
a pure sample of kaons by means of aerogel detectors and we
measured the fraction of those kaons detected by the RICH
and vice versa. The detector dead time was measured by the
Hall A data acquisition system. The detector phase space was
calculated by using the SIMC code [29]. Kaon survival was
calculated considering the average path length inside the HRS
arm. The integrated luminosity was calculated by means of
beam current monitor devices. Then, the cross section was
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FIG. 3. (Color online) The 9
!Li differential cross section as a

function of the binding energy. Experimental points vs Monte Carlo
results (red curve) and vs Monte Carlo results with radiative effects
turned off (blue histogram).

computed according to

dσ 3

d#e′d#KdEe′
= N

KsurϵLPLT

, (3)

where N is the event number in the experiment, ϵ is the
global detector efficiency, LT is the detector live time, P
is the detector phase space, Ksur is the kaon survival in the
HRS, L is the integrated luminosity, d#e′ and d#K are the
solid angular ranges of the detected scattered electrons and
produced kaons respectively, and dEe′ is the energy range of
the detected scattered electrons.

Figure 3 shows the background-subtracted experimental
binding-energy spectrum, together with Monte Carlo simu-
lations [29] (red curve) and the same simulations with the
radiative effects turned off (blue curve). The error bars in the
data are statistical. The simulations used the five peak positions
and widths listed as configuration α in Appendix A. The red
curve fits the experimental data well with a corresponding
χ2/ndf value of 36.69/35. Several other peak configurations,
with different numbers, heights, positions, and widths of the
peaks, have been found to reproduce the red curve. All of
those are also expected to generate the same spectrum (the
blue curve of Fig. 3) when radiative corrections are turned off,
since radiative corrections are independent of the assumptions
regarding the number and type of the peaks that build up the
experimental spectrum. In practice, the simulated data do not
overlap perfectly with the experimental data, which produces
small systematic errors on the radiatively corrected spectrum.

The unfolding for radiative corrections has been done bin
by bin. The content of each bin of the radiatively corrected
spectrum was obtained by multiplying the corresponding bin
of the experimental spectrum by the ratio of the blue and
red curves of Fig. 3 for that bin. In order to avoid possible
removals of background enhancements or to artificially null the
spectrum in the regions where the blue curve is zero, the ratio
between the blue and red curves of Fig. 3 was performed after
summing the background to each of them. The background
value was then subtracted from the result of the product of
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A = 11 and T = 1 hypernucleus, 11
ΛBe
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Results : Energy levels of 10B (10Be) and 11

Λ
B (11

Λ
Be)
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Results : Cross sections of the 11B (γ, K+) 11

Λ
Be reaction (1)
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configurations green T=1, J+; J+core ⊗ s

Λ
orange T=1, J−; J+core ⊗ p

Λ

47



THEIA/REIMEI Seminar Mar. 24, 2021
Results : Cross sections of the 11B (γ, K+) 11

Λ
Be reaction (2)
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(a) 5/2+(T=1)
10Be(2+1 ) ⊗ sΛ1/2 99.5%

(b-1) 5/2−(T=1)
10Be(3−3 ) ⊗ sΛ1/2 73.7%
10Be(2+1 ) ⊗ pΛ3/2 4.2%
10Be(2+1 ) ⊗ pΛ1/2 17.9%

(b-2) 5/2−(T=1)
10Be(3−3 ) ⊗ sΛ1/2 21.2%
10Be(2+1 ) ⊗ pΛ3/2 29.3%
10Be(2+1 ) ⊗ pΛ1/2 42.0%

large parity mixing
in the core nucleus

(a)→
(b)←
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Summary
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Summary

We have calculated the energy levels and the production cross sections for
p-shell hypernuclei by using the extended shell model.

• Strong coupling between p-state Λ and core deformation is realized in
9,10,11

Λ
Be and 10,11

Λ
B.

• In these nuclei, pΛ-state splits into pΛ// and pΛ⊥.

• In 10
Λ

Be, the lower pΛ// comes down in energy and [9Be(J−)×Λ(p//)] couples
easily with [9Be(J+) × Λ(s)].

• Such new type wave function should appear in 9,10,11
Λ

Be and 10,11
Λ

B due to
the core deformation.

The finding of peak #a in 10B (e, e′K+) 10
Λ

Be is a novel evidence for genuine hyper-
nuclear wave function with parity-mixing realized in “deformed” hypernuclei.

Detailed analysis for 9
Λ

Li and 11
Λ

Be with T=1 are now in progress.
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