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Recent (e, e′K+) reaction experiments done at the Jefferson Lab

132 T. Motoba, M. Sotona and K. Itonaga 

target. Taking the L1E value into account, we try to sum the calculated cross 
sections up to EA S: 15 MeV and obtain 

(dt:J/dQ)cAL=0.32 ttb/sr((:h=15')-0.15 ttb/sr(fA=20"). 
£.,;;15 

These values are well comparable to the 
above data. 

Another interesting example is the 
10B(r, reaction of which excita-
tion function is shown in Fig. 7. The 
lowest four peaks are attributed to the 
following doublets: 

[ 9Be(3/2I-)Q9s02)]=1-, 2-, 

3-, 

[ 9Be(7 =3-, 4- , 

[ 9Be(7 /22-)®s02JJ =3-, 4-. 

As shown in Fig. 7 all the doublet part-
ners are appreciably excited in the 
(r, K+) reaction. On the other hand, the 

c: 
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' 1:) 
"0 
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Fig. 7. The predicted excitation function for the 
10B(r, reactima at Er=l.2 GeV /c (8L 
=W). 

recent 10B(7r+, reaction performed at KEK26> seems to reveal the corresponding 
four peaks (dominantly] =2-, 3-, 3-, 3-) except the replacement of the core 9B for 9Be. 
The (7r+, K+) data turned out to be well comparable to the theoretical excitation 
function/7> and some interesting deviations of level energies from the nuclear core 
states are observed. The underlying physics is expected to be a dynamical interplay 
between a A particle and the a+ a+ N nuclear cluster. The present estimate is based 
on the Cohen-Kurath type shell mode for both nuclear target and hypernuclear 
structures. At present, however, the (7r+, K+) experimental resolution ( MeV) 
prevents us from making detailed comparison. Thus high-resolution (r, K+) mea-
surement should be hopeful for that purpose. 

§ 5. Concluding remarks 

On the basis of the phenomenological parametrization for the elementary r+ P 
--+A+ K+ process amplitudes done by Schorsch et al., the hypernuclear production 
cross sections and polarizations have been estimated for the ( r. K+) reactions on 
typical P-shell targets. The ( r, K+) reaction provides a very useful tool complemen-
tary to the (7r+, K+) and (K-, 7r-) processes, since the dominant spin-flip interactions 
excite unnatural parity states more strongly than natural parity ones. The polar-
izability is a little smaller than the (7r+, K+) and (K-, 7r-) reactions at incident 
momentum of 1 GeV /c, but the amount is appreciable so that the high-intensity and 
high-resolution CEBAF facility will play a unique role in hypernuclear spectroscopy. 

The experimental project to observe the elementary process in wider range of 
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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

Shell-model prediction
T. Motoba et al.,
PTPS117, 123 (1994)
Core nucleus calculated with
standard p-shell model
Λ in s-orbit

Recent experimental result
T. Gogami et al.,
PRC93, 034314 (2016)

This experiment has confirmed the major peaks
(#1, #2, #3, #4) predicted in DWIA by emplying
theΛ 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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Extension of the model space in the shell model (10

Λ
Be case)

Model space for 9Be core
(A) standard 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)

Standard 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 standard 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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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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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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Results : Spectroscopic factors of the pickup reaction, 10B → 9Be
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Results : Cross sections of the 10B (γ, K+) 10

Λ
Be reaction (1)
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Results : Cross sections of the 10B (γ, K+) 10

Λ
Be reaction (2)T. GOGAMI et al. PHYSICAL REVIEW C 93, 034314 (2016)
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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
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T. Gogami et al.,
PRC93, 034314 (2016)

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

Λ
Be reaction (3)

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

12
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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
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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.

p⊥p⊥

p
‖

αα

αααα

n

Λ

Λ

9Be 9
Λ

Be

[p
−1

p
Λ

⊥]

[p
−1

p
Λ
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]
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[p−1 pΛ⊥] and [p−1 pΛ

//
] states of 9

Λ
Be

9Be (K−, π−) 9
Λ

Be

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

We have calculated the cross sections in 10
Λ

Be productions by using the
extended shell model to describe the unnatural-parity nuclear core.T. GOGAMI et al. PHYSICAL REVIEW C 93, 034314 (2016)
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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
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• Our new calculation explains the new bump in the JLab experimental
results as a sum of cross sections of some J+ states.
• These states have a large mixture of unnatural- and natural-parity

nuclear-core states.
• The new bump in 10

Λ
Be corresponds to the [p−1 pΛ

//
] state in 9

Λ
Be.
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