
KEK Nov. 22, 2017

KEK理論センター研究会
『ハドロン・原子核物理の理論研究最前線 2017』

2017年 11月 20日～ 22日 於 KEK

パリティ混合モデルによる
12
Λ

B と 10
Λ

Be の構造分析および生成断面積

梅谷篤史（日本工業大学）

元場俊雄（大阪電気通信大学）

糸永一憲（岐阜大学）

1



KEK Nov. 22, 2017
最近の p殻 Λハイパー核の生成実験 (1)

γ線分光 Hypernuclear !-ray data since 1998   (figure by H.Tamura)

!Millener (p-shell model),    ! Hiyama (few-body)
5

from H. Tamura et al., NPA914 (2013).
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γ線分光 Hypernuclear !-ray data since 1998   (figure by H.Tamura)

!Millener (p-shell model),    ! Hiyama (few-body)
5

from H. Tamura et al., NPA914 (2013).

有効 ΛN 相互作用（s殻, p殻のハイパー核に対して）
Veff
ΛN = V0+Vσσ σN ·σΛ+VSLS ℓΛN ·(s

Λ
+ sN)+VALS ℓΛN ·(s

Λ
− sN)+VTensor S12

• p-shell model D.J. Millener, Nucl. Phys. A 804, 84 (2008).
• Few-body E. Hiyama, Prog. Part. Nucl. Phys. 63, 339 (2009).
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最近の p殻 Λハイパー核の生成実験 (2)
12C(e, e′K+)12

Λ
B 反応

Fig. 1. 12C(e, e′K+) 12
Λ

B 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
Λ

B hypernuclear states with extended wave functions expressed selfevidently by

12
Λ

B(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
Λ

B are expressed symbolically as

12
Λ

B(J−) = {[s4 p7; J−c ] × Λs} + {[s4 p6(sd)1; J+c ] × Λp} + {[s3 p8; J+c ] × Λp} (2)

12
Λ

B(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
Λ

B 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)
remarkably high resolution data

Theoretical calculation
T. Motoba et al., PTPS185, 224 (2010)
DWIA計算
従来の p殻配位で構成されたコア核
Λ粒子は s軌道または p軌道

DWIA 計算で予言された major peaksと subpeaksが実験で確認できる
しかし Ex ≃ 9 MeVの励起エネルギーの領域に extra strengthsが見られる

−→コア核に対する模型空間の拡張が必要
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effects: the possible systematic error in estimating the energy

resolution, and the linearity of the energy scale. The fact that

the energy separations are getting wider as the angular mo-

mentum of the ! orbit increases suggests that they are due to

the spin-orbit splitting. In this regard, the !
89Y spectrum was

compared with a theoretical one "1,28# based on a distorted-
wave impulse approximation $DWIA% calculation with a
simple ! single-particle potential of the Woods-Saxon form,

as

U!$r %!V0
! f $r %"VLS

! $&/m'c %2
1

r

d f $r %

dr
l!•s! ,

f $r %!(1"exp"$r#R %/a#)#1, $5.1%

with the parameters, V0
!

!#30MeV, R!1.1(A#1)1/3 fm,

a!0.60 fm, and VLS
!

!4 MeV, where the strength of the !

spin-orbit potential (VLS
! ) of 4 MeV gives rise to the splitting

of about 1.5 MeV in the f orbit of !
89Y. The global structure

FIG. 8. $a% !
12C spectrum obtained with the thick carbon target.

$b% Angular distributions of kaons leading to the observed peaks for

the 12C('",K") reaction, derived from the above high-statistics

spectrum. The quoted errors are statistical only. The DWIA calcu-

lations by Itonaga are also shown as solid lines.

TABLE VIII. Results of the Þtting for the !
89Y spectrum. The

quoted errors are statistical.

Peaks

(F1)

B!

$MeV%

FWHM

$MeV%

Cross sections

$*b/sr%

l!0 23.11$0.10

!1.65$Þxed%
0.60$0.06

l!1#L 17.10$0.08 2.00$0.22

l!1#R 15.73$0.18 1.38$0.19

l!2#L 10.32$0.06 5.10$0.31

l!2#R 8.69$0.13 3.52$0.25

l!3#L 3.13$0.07 6.87$0.33

l!3#R 1.43$0.07 6.79$0.31

Peaks

(F2)

Energy shift (+B)
$MeV%

FWHM

$MeV%

Cross sections

$*b/sr%

l!0 "4.18$0.07 " 3.24$0.15

0.18$0.06

l!1 1.83$0.14

l!2 6.17$0.28

TABLE IX. Results of the Þtting for the !
51V spectrum, where

the quoted ratios show the strength ratios of F2 and F3 to F1 . The

quoted errors are statistical.

Peaks

(F1)

B!

$MeV%

FWHM

$MeV%

Cross sections

$*b/sr%

l!0 19.97$0.13

!1.95$Þxed%
1.15$0.10

l!1#L 11.90$0.17 4.20$0.38$sum%

l!1#R 10.57$0.15 (L:R!1:1)

l!2#L 3.55$0.14 8.48$0.83$sum%

l!2#R 1.55$0.11 (L:R!1:1)

Peaks

(F2)

Energy shift (+B)
$MeV%

FWHM

$MeV%

Ratio (A l /a l)

3.31$0.18 1.95$Þxed% 0.45$0.06

Peaks

(F3)

Energy shift (+B!)

$MeV%

FWHM

$MeV%
Ratio (A l!/a l)

6.57$0.21 3.46$Þxed% 1.13$0.23

TABLE X. Results of the Þtting for the !
12C spectrum obtained

with the thin target, where Ex shows the excitation energy. The

quoted errors are statistical.

Peaks

Ex

$MeV%

B!

$MeV%

Errors

$MeV%

FWHM

$MeV%

Cross sections

$*b/sr%

#1 10.76 $Þxed%

!1.44$0.05

8.07$0.38

#2 2.51 8.25 $0.17 1.04$0.14

#3 6.30 4.46 $0.11 1.29$0.21

#4 8.06 2.70 $0.19 0.99$0.17

#5 10.66 0.10 $0.04 7.71$0.45

#6 12.37 #1.61 $0.09 3.01$0.40

H. HOTCHI et al. PHYSICAL REVIEW C 64 044302

044302-12

(π+,K+)反応（H. Hotchi et al., PRC64, 044302 (2001)）でも
(γ,K+)反応と同じエネルギーの領域に extra strengthsが見られる
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最近の p殻 Λハイパー核の生成実験 (3)
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10B (γ,K+) 10
Λ

Be 反応

First theoretical prediction
T. Motoba, M. Sotona, K. Itonaga,
PTPS117, 123 (1994).

Recent and first experiment
T. Gogami et al., PRC93, 034314
(2006).

赤丸でかこった部分に extra peak
が見られる
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最近の p殻 Λハイパー核の生成実験 (4)!!

!!

!"#

"#$%$&'()!*+$,#$*'%-.!%-.%/.-*',(0!123,!4-#'*567'8'()9!

:;<=##$%&''#()*&'+##

!!!!>?!@,*,A-B!@?!C,*,(-B!!

!!!!!D?!E*,(-)-B!!"?>?"?!C/44.?!FFGB!

!!!!!F<;!1FHHI9?!!!

!!!!>?!@,*,A-B!"?!J5&K,L0M5B!!

!!!!!@?!C,*,(-B!D?!E*,(-)-B!!

!!!!!"?>?"?!C/44.?FNO!1<PFP9?!

:;;=!$%&''#()*&'+##

!!!!!!Q?R?!@'..$($#B!S?"?T!NNFB!

!!!!!!<HN!1<PF<9?!

:<;=!,'-./&0#()*&'+#

!!!!!!U?!V'5-7-B!W?!W-7-7,*,B!

!!!!!!"?>?"?!F<NB!FPO!1<PF<9?!

:;I=!123#()*&'+#

!!!!!!@?!E0-M-!$*!-.?B!X$26J,&5!

!!!!!!C50*?!OIB!F<FH!1<PF;9!!!!

4'56#&789##>?!Y,)-7'!$*!-.?B!!"?Z?![!H;B!P;I;FI!1<PF\9!T. Gogami et al., PRC93, 034314 (2016).

[32] shell model
T. Motoba, M. Sotona, K. Itonaga,
PTPS117, 123 (1994).
T. Motoba, P. Bydzovsky, M. Sotona,
K. Itonaga, PTPS185 (2010).

[33] shell model
D.J. Millener, NPA881, 298 (2012).

[23] cluster model
E. Hiyama, Y. Yamamoto, PTP128,
105 (2012).

[34] AMD model
M. Isaka et al., Few-Body Syst. 54,
1219 (2013).
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殻模型計算における模型空間の拡張（12

Λ
B の場合）

11B コアに対して
(A)従来の殻模型空間 J−core (0s)4 (0p)7 (0p-0h)

(B)拡張した殻模型空間 J+core (0s)3 (0p)8 ⊕ (0s)4 (0p)6 (sd)1 (1p-1h)
12
Λ

B ハイパー核に対する従来の模型空間
(a) J−core ⊗ 0sΛ ⇒ 12

Λ
B(J−) (b) J−core ⊗ 0pΛ ⇒ 12

Λ
B(J+)

拡張 (1) 1p-1h (1~ω)のコア励起を考慮
(a) J−core ⊗ 0sΛ ⇒ 12

Λ
B(J−) (b) J−core ⊗ 0pΛ ⇒ 12

Λ
B(J+)

(c) J+core ⊗ 0sΛ ⇒ 12
Λ

B(J+) (d) J+core ⊗ 0pΛ ⇒ 12
Λ

B(J−)

拡張 (2) ΛN相互作用による配位混合
(a) J−core ⊗ 0sΛ ⊕ J+core ⊗ 0pΛ ⇒ 12

Λ
B(J−)

(b) J−core ⊗ 0pΛ ⊕ J+core ⊗ 0sΛ ⇒ 12
Λ

B(J+)

7
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12
Λ

B の unnatural parity状態における配位混合

11B (J −
core)⊗ Λ(0s)

11B (J −
core)⊗ Λ(0p)

11B (J +
core)⊗ Λ(0s)

11B (J +
core)⊗ Λ(0p)

10 MeV

12
ΛB (J −)

12
ΛB (J +)

⇒

⇒

12
ΛB (J −)

12
ΛB (J +)⇒

⇒

11B (J −
core)

11B (J +
core)

7 MeV Mixing

今までの殻模型計算ではコア核は natural parityのみ
12
Λ

B(J−)は Λが 0sにいる状態, 12
Λ

B(J+)は Λが 0pにいる状態
しかし
Λ(0s), Λ(0p) のエネルギー差と 11B(J−core),

11B(J+core) のエネルギー差は同程度
コア核が unnatural parityの状態に励起したものも考えられる
ΛN相互作用によってコア核が natural parityの状態と

コア核が unnatural parityに励起した状態とが混合する

8
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標的核 12C に対する模型空間の拡張

(0s)4(0p)7(fp)1 (0s)2(0p)10 (0s)4(0p)6(sd)2

(0s)4(0p)7 (sΛ)1

(0s)4(0p)8 (0s)3(0p)8(sd)1

(0s)4(0p)7 (pΛ)1 (0s)3(0p)8 (sΛ)1 (0s)4(0p)6(sd)1 (sΛ)1

(0s)3(0p)8 (pΛ)1 (0s)4(0p)6(sd)1 (pΛ)1

12
ΛB (J +)

12
ΛB (J −)

12C (J +)

標的核 12C に対して模型空間を 2p-2h (2~ω)まで拡張 12C

−→様々な配位を通して 12
Λ

B が生成される

9
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殻模型ハミルトニアン
NN相互作用
⟨p2|V|p2⟩ Cohen-Kurath (6–16) 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

T. T. S. Kuo, G. E. Brown, NP85, 40 (1966)
Others Anantaraman-Toki-Bertsch G-matrix

N. Anantaraman, H. Toki, G. F. Bertsch, NPA398, 269 (1983)
ΛN相互作用
⟨NΛ|V|NΛ⟩ Nijmegen NSC97e

Th. A. Rijken, V. G. J. Stoks, Y. Yamamoto, PRC59, 21 (1999)
1粒子エネルギー

low-lying energy levelsの実験値を再現するように調整
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結果 : 11B と 12

Λ
B のエネルギーレベル
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PSfrag replacements

11B (exp.) 11B (cal.) 12
Λ

B (cal.)

おもな配位 J− 状態（青）11B(J−core) ⊗ Λ(0s)
J+ 状態（紫）11B(J−core) ⊗ Λ(0p) J+ 状態（赤）11B(J+core) ⊗ Λ(0s)
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結果 : 11B と 12

Λ
B のエネルギーレベル
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結果 : Pickup反応（12C から 11B）の Spectroscopic factor
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結果 : 12C (π+, K+) 12

Λ
B 反応の生成断面積

Fig. 1. 12C(e, e′K+) 12
Λ

B 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
Λ

B hypernuclear states with extended wave functions expressed selfevidently by

12
Λ

B(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
Λ

B are expressed symbolically as

12
Λ

B(J−) = {[s4 p7; J−c ] × Λs} + {[s4 p6(sd)1; J+c ] × Λp} + {[s3 p8; J+c ] × Λp} (2)

12
Λ

B(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
Λ

B 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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コアのパリティ混合を起こす ΛN 相互作用

p −
Λ

Λ
s +

Λ
Λ

n
p −

n dn

V
10B(J + )

p −
Λ

Λ
s +

Λ
Λ11B(J − )

12B(J + )Λ Λ
12B(J + )

12B(J + )Λ Λ
12B(J + )

11B(J + )

10B(J + )
n

+

V
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10
Λ

Be の場合

coreの parity-mixingを考慮した配位

10
ΛBe(J−) =

∑[
9Be(J−c ) ⊗ sΛ

]
+
∑[

9Be(J+c ) ⊗ pΛ
]
,

10
ΛBe(J+) =

∑[
9Be(J−c ) ⊗ pΛ

]
+
∑[

9Be(J+c ) ⊗ sΛ
]

標的核の配位

10B(J+g.s.) =
∑[

9Be(J−c ) ⊗ jN
p

]
+
∑[

9Be(J+c ) ⊗ jN
s,sd

]
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結果 : 9Be と 10

Λ
Be のエネルギーレベル
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結果 : 9Be と 10

Λ
Be のエネルギーレベル
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結果 : 10B (γ, K+) 10

Λ
Be 反応の生成断面積
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まとめと今後
Unnatural parityの状態に励起したコア核を記述できるように拡張
した殻模型空間で Λハイパー核 12

Λ
B と 10

Λ
Be の生成断面積を計算した

(0s)4(0p)7(fp)1 (0s)2(0p)10 (0s)4(0p)6(sd)2

(0s)4(0p)7 (sΛ)1

(0s)4(0p)8 (0s)3(0p)8(sd)1

(0s)4(0p)7 (pΛ)1 (0s)3(0p)8 (sΛ)1 (0s)4(0p)6(sd)1 (sΛ)1

(0s)3(0p)8 (pΛ)1 (0s)4(0p)6(sd)1 (pΛ)1

12
ΛB (J +)

12
ΛB (J −)

12C (J +)

• Unnatural parityの状態に励起したコア核を持つ状態が
Λが p殻の軌道に入った状態の周辺に現れる
• 拡張した模型空間に対応した NN, ΛN相互作用の検討を行う
• 新たに現れた状態についてどのような成分を持つのか調べる
• 11
Λ

Be に対しても計算を行う
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