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Introduction

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

• High-precision experiments in hypernuclear spectroscopy
are in progress.

• Detailed look in Jlab (e, e′K+) spectroscopic data requires an
extended description with multi-configuration parity-mixing
mediated by hyperon.

• We have calculated 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.
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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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Framework of extended shell model (10

Λ
Be case)
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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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Results : Cross sections of the 10B (γ, K+) 10

Λ
Be reaction
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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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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
ne

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
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αααα

n

Λ

Λ

9Be 9
Λ

Be

[p
−1

p
Λ

⊥]

[p
−1

p
Λ

//
]

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)

R. H. Dalitz, A. Gal, PRL36, 362 (1976); AP131, 314 (1981)
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Results : Comparison to the cluster model – 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)

8



HIEI2022 Mar. 22, 2022
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
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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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Results : Cross sections of the 11B (K−, π−) 11

Λ
B reaction (1)
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Λ
T=1, J−; J+core ⊗ p

Λ

(A) 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

(B) 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

(A)←

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

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

(D) 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

(C)
↓

(D)
↓
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Results : Cross sections of the 11B (γ, K+) 11

Λ
Be reaction (1)
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Results : Cross sections of the 11B (γ, K+) 11

Λ
Be reaction (2)
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10Be(3−3 ) ⊗ sΛ1/2 73.7%
10Be(2+1 ) ⊗ pΛ3/2 4.2%
10Be(2+1 ) ⊗ pΛ1/2 17.9%

(E-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

(E)←

14



HIEI2022 Mar. 22, 2022
Results : Energy of p

//
-state

 0

 200

 400

 600

 800

 1000

 1200

−15 −10 −5  0  5  10

1/2g.s.
+

5/2
+

3/2
+

3/2
−

3/2
−

3/2
−

3/2
−

9Be (K−, π−) 9
Λ

Be

Hypernuclear Energy E
Λ

(MeV)

Cr
os

sS
ec

tio
n

d2 σ
/d
Ω

dE
(µ

b/
sr/

M
eV

) pL
K
= 0.80 GeV/c, θLπ = 2◦

 0

 10

 20

 30

 40

 50

−15 −10 −5  0  5  10

1
−
2

−
2

−

3
− 3

−
4

−
3

−
4

−

2
+

1
+
3

+
2

+
4

+
3

+

QF

10B (γ,K+) 10
Λ

Be

Hypernuclear Energy E
Λ

(MeV)

Cr
os

sS
ec

tio
n

d2 σ
/d
Ω

dE

(n
b/

sr/
M

eV
) E

L
γ = 1.50 GeV, θL

K
= 7◦

 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)

Cr
os

sS
ec

tio
n

d2 σ
/d
Ω

dE
(µ

b/
sr/

M
eV

) pL
K
= 1.80 GeV, θL = 6◦

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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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 functions 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.
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