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Introduction : strange baryon spectrum

Selected baryon resonances
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Strange quark in QCD
Introduction

 quark at intermediate —> rich/complicated hadron spectrums

Strong interaction is governed by QCD

ℒQCD = − 1
4 Ga

μνGμν
a + q̄α(iγμDαβ

μ − mqδαβ)qβ

- nonperturbative at low energy (confinement, SCSB)

Quark mass scale and QCD symmetries

log(mq /MeV)

u(2.16) d(4.67) c(1270)s(93) b(4180)

ΛQCD(200)Chiral symmetry  (mq → 0) HQ symmetry (mq → ∞)
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Observed hadrons (2018)
Introduction
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http://pdg.lbl.gov/PDG 2018 edition

155 baryons 206 mesons

All ~ 360 hadrons emerge from single QCD Lagrangian.
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Observed hadrons (2020)
Introduction

PDG 2020 edition JP
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New states in 2 years (6 strange baryons)

209 mesons162 baryons
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Unstable states via strong interaction
Introduction

Stable/unstable hadrons

Most of hadrons are unstable (above two-hadron threshold)
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Introduction

Relation to unstable nuclei
Stable nuclei (~300), unstable nuclei (~2000)

安定核

…アングルカメラ
　該当番号の解説図の視点を示しています。

中性子数
（横軸は同じ元素）

結合エネルギー

中性子スキン

最も安定
（一番低い）

日本初の元素発見

アルファ崩壊

安定の島

ナトリウム 27～32
ヘリウム 8等

ヘリウム 6、リチウム 11、
ベリリウム 11,14、ホウ素 17,19
炭素 19等ヘリウム 6

ヘリウム 4

リチウム 6

陽子数
（元素の種類）

不安定核
未発見の原子核
理研で発見した原子核

鉄56
魔法数 20

ｒ過程、
超新星爆発

魔法数

113番元素

ウラン 235

ウラン 238
トリウム 234

？

中性子

水素
ヘリウム

リチウム

ベリリウム

ホウ素

炭素
窒素

酸素
フッ素

ネオン
ナトリウム マグネシウム

アルミニウム
ケイ素
リン 硫黄

塩素 アルゴン

カリウム カルシウム
スカンジウム

チタン
バナジウム

クロム
マンガン鉄

コバルト

ニッケル

銅
亜鉛

ガリウム
ゲルマニウム

ヒ素
臭素

クリプトン
ルビジウム

ストロンチウム
イットリウム
ジルコニウム

ニオブ
モリブデン
テクネチウム
ルテニウム
ロジウム
パラジウム

カドミウム
インジウム

スズ
アンチモン

テルル

ヨウ素
キセノン
セシウム
バリウム
ランタン
セリウム

プラセオジム
ネオジム

プロメチウム
サマリウム

ガドリニウム
テルビウム

ジスプロシウム
ホルミウム

エルビウム
ツリウム

イッテルビウム
ルテチウム
ハフニウム

タンタル
タングステン

レニウム
オスミウム
イリジウム

白金

金
水銀
タリウム

鉛
ビスマス
ポロニウム
アスタチン

ラドン
フランシウム

ラジウム
アクチニウム

プロトアクチ
ニウム

トリウム

ウラン
ネプツニウム
プルトニウム
アメリシウム

ユウロピウム

銀

セレン

1

5

6

4

2

3

ヘリウム4
×92
×143

陽子

ウラン235

×2
×2

原子核は陽子と中性子の集合体でできてい

ます。例えばヘリウム 4 は 2 つの陽子と 2

つの中性子からなり、ウラン235は 92個

の陽子と 143 個の中性子からなっていま

す。陽子と中性子の数はそれぞれの原子核

ごとに安定する値があり、そのバランスが

崩れると原子核が壊れて別の原子核へと変

化していきます。

原子核＝陽子+中性子

9

8

仁科センターの森田浩介研究員らの

グループは世界でこれまで未確認だった

新しい113番元素の発見に成功しました。

新元素の発見は、目的とする原子核のできる確率が極端に小

さいためとても困難で、世界中でその発見を競っています。

113番元素の場合、亜鉛とビスマスの原子核同士を100兆

9 日本史上初の元素発見「113番元素」

線形加速器リニアック
（RILAC）からのビーム

入射粒子
原子番号30番

亜鉛
標的核

原子番号83番
ビスマス

励起状態
（高温の複合核）

279[113]*

基底状態の核
（目的核種）
278[113]

目的核種の娘核
274[111]

中性子を放出して冷却

アルファ崩壊核反応

時
間
経
過

原子核の構成要素

中性子

陽子

核図表で最も安定した元素は鉄 56 です。し

たがって鉄は谷の中で最も低い位置にあり

ます。宇宙での元素合成は水素・ヘリウムを

材料としてまずは恒星内の核融合反応に

よって進みます。あたかも山の頂に

あるような水素から鉄までは谷を

下るように合成されるのです。し

かし鉄より先は登りですから、何

らかの力を借りる必要があり、そ

の一つとして超新星爆発の力を借

りて谷を登るように合成されて

いったと考えられています。
（※大きな核図表は紙面の都合で谷の

スケールを低く調整してあり、

一方この核図表は一般的

10 鉄はターニングポイント

鉄56
（最も谷底にあり最も安定）

恒星内で進行した
核融合反応

超新星爆発での
原子核合成

水素

ウラン

↓

↓

10

11

7

原子核には色々な形が存在することがわかって

います。球状だけでなく、バナナ型やミカン型な

ど様々です。特に上記に示した原子核は特徴的

です。中性子スキンは過剰な中性子が原子核の

外にしみ出して中性子だけの皮を作っています。

中性子ハローはしみ出した中性子が大きく広

がってしまい、おぼろげに存在します。

65 塊だけじゃない─色々な原子核

中
性
子
ス
キ
ン

中
性
子
ハ
ロ
ー

※分割断面

周りが中性子で
覆われている 周りに中性子がおぼろげに存在

水素↓

　　本来、超重原子核は非常に不安定ですが、理論的に

このような離れた位置に安定核が存在するかもしれな

いとされています。このあたりに魔法数が存在すると思

われているからです。周りは全て不安定原子核の海のよ

うになっていることから、安定の島と呼ばれています。

8 安定の島

再び安定した原子核が
現れるかもしれない！？

鉄までの原子核は恒星内で生まれました。鉄より重い元素はど

のようにしてできたのでしょうか。これまでの研究でその半分

位は超新星爆発によってできたと考えられています。この時の

爆発的な元素合成の道筋が左図の青色のラインで、ｒ過程と呼

ばれます。超新星爆発の際に発生する大量の中性子を通常の原

子核が沢山取り込み、一気に重たい中性子過剰核へと変貌。途中

から中性子の取り込みと中性子が陽子に変わる反応（ベータ崩

壊）のバランスで複雑なラインを描くことになると考えられて

います。爆発が落ち着き中性子の供給が止まると、ベータ崩壊に

よってまさに谷を下るように安定核へと変化する道筋を緑色の

ラインで示しました。RIBF※8 ではこの中性子過剰核を作り、そ

れを調べる事ができます。

11 不安定核を介して鉄より重い元素が出来る

超新星爆発での
r過程の経路

鉄

中性子過剰になると
安定に向かう

水素

ウラン

↓

原子核はとても固く簡単には壊

せません。しかし不安定核はより

安定な原子核へと自らを変化さ

せます。その際に起きる現象を

「崩壊」と呼びます。崩壊にはアル

ファ (α)、ベータ (β)、ガンマ

(γ) の３種類あります。α崩壊は

左上図のように、原子核からヘリ

ウム原子核（陽子２、中性子２）が

飛び出す現象です。当然軽くなり

原子番号が２つ減ります。また飛

び出たヘリウム原子核をα線と

呼びます。β崩壊は左下図のよう

に、原子核内の中性子が陽子に変

化する反応です。その時、電子と

反ニュートリノを放出します。重さはほぼ変わりませんが、陽子がふえ

ますから、原子番号が１つ増えます。飛び出た電子をβ線と呼びます。

なお崩壊した直後の原子核は興奮して熱くなっています。これが冷え

る時に光を出します、この光をγ線と呼びます。

43 原子核の崩壊─アルファ崩壊、ベータ崩壊

ウラン238
放射性同位体

トリウム234
放射性同位体

α崩壊

α線（ヘリウム4）

ヘリウム6
放射性同位元素

リチウム6
安定同位元素

反ニュートリノ

β崩壊

β線（電子）

中性子→陽子

　　原子核の安定には陽子数と中性子数のバランスが大切

です。それとともに、陽子・中性子が好む数字があり、

これを魔法数と呼びます。今知られているのは

2、8、20、28、50、82、126です。

例えば、カルシウムは陽子数20

ですから魔法数です。そのため

バランスが崩れる程

中性子が多くても、

安定な原子核が

あるのが分かり

魔法数（マジックナンバー）

2
2

20

20

28

28

50

50

82

126

82

8

8

カルシウム

中性子が多くても
安定核が存在

ニッケル

スズ

鉛

酸素
ヘリウム

11

10

8

※断面図

https://www.nishina.riken.jp/enjoy/kakuzu/index.html

- clustering, halo nuclei, Efimov effect, …
Structure of unstable nuclei



Well-defined characterization : pole of scattering amplitude
T. Hyodo, M. Niiyama, arXiv: 2010.07592 [hep-ph], to appear in PPNP

Theoretical analysis to pin down the pole position

pole of s-matrix/
scattering amplitude

|sℓ(p) | → ∞

- bound states (E < 0)

- resonances (E ∈ ℂ)

Schrödinger eq. + outgoing b.c.
at energy E (p = 2μE)

zero of Jost function

| fℓ(p) | → ∞p = iκ (κ > 0)

p ∈ ℂ (Im p < 0)

⇔ ⇔f
`
(p) = 0

<latexit sha1_base64="LwDYLv/3PHA+BN+zK6dqOoSVCKw="></latexit>

8

Introduction

Pole of resonances
Signals of a resonance

σ(E )

E E

δ(E )

π
2

Im E Re E
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QCD calculation
Introduction

Lattice QCD (effective mass method)
G.P. Engel et al. (BGR), Phys. Rev. D87, 074504 (2013)

VI. SUMMARY

We have derived results for the low lying energy levels
in all baryon channels (spin 1=2 and 3=2, both parities) for
baryons with light and strange valence quark content.
The light quarks were included as dynamical quarks in
the generation of gauge configurations by the Hybrid
Monte Carlo method. The quarks were implemented as
chirally improved quarks; the pion masses range from
255 to 596 MeV.

Figure 26 shows our results for the extrapolation (lead-
ing order chiral perturbation theory linear in m2

!) of the
finite volume energy levels to physical pion mass. We find
good agreement of the ground state energy levels with the
experimental values, where available. In some cases (e.g.,
in the ! and the " sectors) our results suggest the exis-
tence of yet unobserved resonance states. We use three-
quark interpolators for the baryons throughout and find no
signal for a coupling to dynamically generated meson-
baryon states in p and d wave channels. This is not so
clear for the s wave channels. These show several energy
levels close to ground states in the 1

2

!
channels. In these

cases there could be mixing with the swave meson-baryon
sectors.

We want to mention that for all our ensembles (i.e., over
the whole pion mass range) the Gell-Mann-Okubo formula
[60,61] is fulfilled with high precision. The values of the
combination of the spin 1=2 positive parity octet ground
state masses obey
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2MN þ 2M" þM# þ 3M$
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for all pion masses studies here.
We analyze the flavor symmetry content by identifying

the singlet/octet/decuplet contributions. For the ground
states agreement with the expectations from the quark
model is found. In the 1
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þ
nucleon channel the first excitation

is considerably higher than the Roper resonance and one
possible interpretation is that the physical state couples very
weakly to our interpolators. This may also be the case in the

$ 1
2
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channel, where the first excitation is dominated by

singlet interpolators matching$ð1810Þ (singlet in the quark
model) and the Roper-like $ð1600Þ (octet in the quark
model) seems to be missing.
We study the systematic errors due to the final choice of

interpolator sets and fit ranges and we also perform infinite

0.5 0.5

1.0 1.0

1.5 1.5

2.0 2.0

2.5 2.5

3.0 3.0

m
as

s 
[G

eV
]

J
P
=1/2

+

N ∆ Λ Σ Ξ Ω

J
P
=3/2

+

N ∆ Λ Σ Ξ Ω

0.5 0.5

1.0 1.0

1.5 1.5

2.0 2.0

2.5 2.5

3.0 3.0

m
as

s 
[G

eV
]

J
P
=1/2

-

N ∆ Λ Σ Ξ Ω

J
P
=3/2

-

N ∆ Λ Σ Ξ Ω

FIG. 26. Energy levels for positive parity (top) and negative
parity baryons (bottom). All values are obtained by chiral
extrapolation linear in the pion mass squared. Horizontal lines
or boxes represent experimentally known states; dashed lines
indicate poor evidence, according to Ref. [48]. The statistical
uncertainty of our results is indicated by bands of 1", that of the
experimental values by boxes of 1". The strange quarks are
implemented in valence approximation. Grey symbols denote a
poor #2=d:o:f: of the chiral fits (see Tables V and VI).

1.5

2

m
as

s 
[G

eV
]

0 0.1 0.2 0.3 0.4
mπ

2
 [GeV

2
]

1.5

2

m
as

s 
[G

eV
] Ξ 3/2

+

χ2
/d.o.f.=6.67/3

Σ 3/2+

FIG. 25 (color online). Energy levels for # spin 3=2þ (upper
pane) and " spin 3=2þ (lower pane) ground states in the infinite
volume limit. After infinite volume extrapolation we extrapolate
to physical pion masses. We obtain m# ¼ 1431ð25Þðþ07Þ MeV
and m" ¼ 1540ð22Þðþ15Þ MeV.

0 0

0.5 0.5

1 1

1.5 1.5

2 2

2.5 2.5

m
as

s 
[G

eV
]

J
P
=1/2

+

N Λ Σ Ξ

J
P
=3/2

+

∆ Λ Σ

J
P
=1/2

-

Λ

J
P
=3/2

-

ΛΞ Ω

FIG. 27. Energy levels of baryons in the infinite volume limit
at physical pion mass. Horizontal lines and boxes represent
experimentally known states [48]. The statistical uncertainty of
our results is indicated by bands of 1".

ENGEL et al. PHYSICAL REVIEW D 87, 074504 (2013)

074504-14

VI. SUMMARY

We have derived results for the low lying energy levels
in all baryon channels (spin 1=2 and 3=2, both parities) for
baryons with light and strange valence quark content.
The light quarks were included as dynamical quarks in
the generation of gauge configurations by the Hybrid
Monte Carlo method. The quarks were implemented as
chirally improved quarks; the pion masses range from
255 to 596 MeV.

Figure 26 shows our results for the extrapolation (lead-
ing order chiral perturbation theory linear in m2

!) of the
finite volume energy levels to physical pion mass. We find
good agreement of the ground state energy levels with the
experimental values, where available. In some cases (e.g.,
in the ! and the " sectors) our results suggest the exis-
tence of yet unobserved resonance states. We use three-
quark interpolators for the baryons throughout and find no
signal for a coupling to dynamically generated meson-
baryon states in p and d wave channels. This is not so
clear for the s wave channels. These show several energy
levels close to ground states in the 1
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channels. In these

cases there could be mixing with the swave meson-baryon
sectors.

We want to mention that for all our ensembles (i.e., over
the whole pion mass range) the Gell-Mann-Okubo formula
[60,61] is fulfilled with high precision. The values of the
combination of the spin 1=2 positive parity octet ground
state masses obey
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the singlet/octet/decuplet contributions. For the ground
states agreement with the expectations from the quark
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is considerably higher than the Roper resonance and one
possible interpretation is that the physical state couples very
weakly to our interpolators. This may also be the case in the
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channel, where the first excitation is dominated by

singlet interpolators matching$ð1810Þ (singlet in the quark
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after V → ∞
before V → ∞

Scattering calculations are awaited.

- lowest quark mass mπ ∼ 255 MeV

- ground states : OK
- excited states : noisy
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Introduction : strange baryon spectrum

Selected baryon resonances

Summary

Contents

Contents

- S = − 1 : Λ(1405)/Λ(1380)
Y. Ikeda, T. Hyodo, W. Weise, PLB 706, 63 (2011); NPA 881, 98 (2012);
Y. Kamiya, T. Hyodo, K. Morita, A. Ohnishi, W. Weise. PRL124, 132501 (2020)

T. Hyodo, M. Niiyama, arXiv: 2010.07592 [hep-ph], to appear in PPNP;
P.A. Zyla, et al. (Particle Data Group), PTEP 2020, 083C01 (2020)

- S = − 2 : Ξ(1620)/Ξ(1690)

- S = − 3 : Ω(2012)

K. Miyahara, T. Hyodo, M. Oka, J. Nieves, E. Oset. PRC95, 035212 (2017)
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 and  scatteringΛ(1405) K̄N
S = − 1 : Λ(1405)/Λ(1380)

 does not fit in standard picture —> exotic candidateΛ(1405)

: experiment

Λ(1405)

: theory

N. Isgur and G. Karl, Phys. Rev. D18, 4187 (1978)

Resonance in coupled-channel scattering

Detailed analysis of -  scattering is necessary.K̄N πΣ

 thresholdK̄N

en
er

gy Λ(1405)

 thresholdπΣ
N

K̄

- coupling to MB states

Σ
π

u d
s
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Strategy for  interactionK̄N
Above the  threshold : direct constraintsK̄N

-  total cross sections (old data)K−p

Below the  threshold: indirect constraintsK̄N

-  mass spectra (new data : LEPS, CLAS, HADES, …)πΣ

-  threshold branching ratios (old data)K̄N
-  scattering length (new data : SIDDHARTA)K−p

K̄N

πΣ
energy

Λ(1405)

S = − 1 : Λ(1405)/Λ(1380)
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Construction of the realistic amplitude
Chiral SU(3) coupled-channels  approach(K̄N, πΣ, πΛ, ηΛ, ηΣ, KΞ)

= +

TW model

Chiral perturbation theory

TWB model NLO model

T V TV

Y. Ikeda, T. Hyodo, W. Weise, PLB 706, 63 (2011); NPA 881 98 (2012)

O(p2)O(p)

O(p)

2) Born terms1) TW term 3) NLO terms

7 LECs6 cutoffs

S = − 1 : Λ(1405)/Λ(1380)



TW TWB NLO Experiment

�E [eV] 373 377 306 283± 36± 6 [10]

� [eV] 495 514 591 541± 89± 22 [10]

� 2.36 2.36 2.37 2.36± 0.04 [11]

Rn 0.20 0.19 0.19 0.189± 0.015 [11]

Rc 0.66 0.66 0.66 0.664± 0.011 [11]

�2/d.o.f 1.12 1.15 0.96

pole positions 1422� 16i 1421� 17i 1424� 26i

[MeV] 1384� 90i 1385� 105i 1381� 81i

Table 1
Results of the systematic �2 analysis using leading order (TW) plus Born terms (TWB) and full NLO
schemes. Shown are the energy shift and width of the 1s state of the kaonic hydrogen (�E and �),
threshold branching ratios (�, Rn and Rc), �2/d.o.f of the fit, and the pole positions of the isospin I = 0
amplitude in the K̄N -⇡⌃ region.

the subtraction constants ai in Eq. (7), especially those in the ⇡⇤ and ⌘⌃ channels,
exceed their expected “natural” values ⇠ 10�2 by more than an order of magnitude [14].
This clearly indicates the necessity of including higher order terms in the interaction
kernel Vij . It also emphasizes the important role of the accurate kaonic hydrogen data in
providing sensitive constraints.

The additional inclusion of direct and crossed meson-baryon Born terms does not
change �E and �2/d.o.f. in any significant way. It nonetheless improves the situation
considerably since the subtraction constants ai now come down to their expected “nat-
ural” sizes.

The best fit (with �2/d.o.f. = 0.96) is achieved when incorporating NLO terms in the
calculations. The inputs used are: the decay constants f⇡ = 92.4 MeV, fK = 110.0 MeV,
f⌘ = 118.8 MeV, and axial vector couplings D = 0.80, F = 0.46 (i.e. gA = D+F = 1.26);
subtraction constants at a renormalization scale µ = 1 GeV (all in units of 10�3): a1 =
a2 = �2.38, a3 = �16.57, a4 = a5 = a6 = 4.35, a7 = �0.01, a8 = 1.90, a9 = a10 =
15.83; and NLO parameters (in units of 10�1 GeV�1): b̄0 = �0.48, b̄D = 0.05, b̄F =
0.40, d1 = 0.86, d2 = �1.06, d3 = 0.92, d4 = 0.64. Within the set of altogether
“natural”-sized constants ai the relative importance of the K⌅ channels involving double-
strangeness exchange is worth mentioning.

As seen in Table 1, the results are in excellent agreement with threshold data. The
same input reproduces the whole set of K�p cross section measurements as shown in
Fig. 2 (Coulomb interaction e↵ects are included in the diagonal K�p ! K�p channel
as in Ref. [6]). A systematic uncertainty analysis has been performed by varying the
parameters obtained from �2 fits within the range permitted by the uncertainty measures
of the kaonic hydrogen experimental data. Since the shift and width of kaonic hydrogen
are rather insensitive to the I = 1 scattering amplitudes, the total cross section of
K�p ! ⇡0⇤ reaction is also used for the uncertainty analysis. We find that all cross
sections are well reproduced with the constraint from the kaonic hydrogen measurement
as shown by the shaded areas in Fig. 2. A detailed description of this analysis will be
given in a longer forthcoming paper [15].

Equipped with the best fit to the observables at K�p threshold and above, an opti-
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Best-fit results

Branching ratios
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Comparison with SIDDHARTA

TW and TWB are reasonable, while best-fit requires NLO.

800

600

400

200

0

W
id

th
 K

 [e
V

]

-500 -400 -300 -200 -100 0

Shift 6E [eV]

SIDDHARTA

KEK-PS DEAR

TW TWB NLO

χ2/d.o.f. 1.12 1.15 0.957

S = − 1 : Λ(1405)/Λ(1380)
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Subthreshold extrapolation

SIDDHARTA is essential for subthreshold extrapolation.

Uncertainty of  amplitude below thresholdK̄N → K̄N(I = 0)

Y. Kamiya, K. Miyahara, S. Ohnishi, Y. Ikeda, T. Hyodo, E. Oset, W. Weise, 
NPA 954, 41 (2016)
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Figure 5.13: Real (left panel) and imaginary part (right panel) of the I = 0 K̄N and
πΣ amplitudes in the full approach. The best fit is represented by the solid lines while
the bands comprise all fits in the 1σ region. The πΣ and K̄N thresholds are indicated
by the dotted vertical lines.

R. Nissler, Doctoral Thesis (2007)

SIDDHARTA

S = − 1 : Λ(1405)/Λ(1380)

f (I=0) = ( fK−pK−p + 2fK−pK̄0n + fK̄0nK̄0n)/2
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Extrapolation to complex energy: two poles

J.A. Oller, U.G. Meißner, PLB 500, 263 (2001);
D. Jido, J.A. Oller, E. Oset, A. Ramos, U.G. Meißner, NPA 723, 205 (2003);
U.G. Meißner, Symmetry 12, 981 (2020); M. Mai, arXiv: 2010.00056 [nucl-th]; 
T. Hyodo, M. Niiyama, arXiv: 2010.07592 [hep-ph], to appear in PPNP

Two poles : superposition of two eigenstates
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NLO analysis confirms the two-pole structure.

S = − 1 : Λ(1405)/Λ(1380)
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PDG has changed
2020 update of PDG

- “ ” is no longer at 1405 MeV but ~ 1420 MeV.Λ(1405)

P.A. Zyla, et al., PTEP 2020, 083C01 (2020); http://pdg.lbl.gov/

- Lower pole: two-star resonance Λ(1380)

T. Hyodo, M. Niiyama, arXiv: 2010.07592 [hep-ph], to appear in PPNP
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Citation: P.A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01 (2020)

Λ(1405) 1/2− I (JP ) = 0(12
−) Status: ∗∗∗∗

In the 1998 Note on the Λ(1405) in PDG 98, R.H. Dalitz discussed
the S-shaped cusp behavior of the intensity at the N-K threshold ob-
served in THOMAS 73 and HEMINGWAY 85. He commented that
this behavior ”is characteristic of S-wave coupling; the other below
threshold hyperon, the Σ (1385), has no such threshold distortion
because its N-K coupling is P-wave. For Λ(1405) this asymmetry is

the sole direct evidence that JP = 1/2−.”

A recent measurement by the CLAS collaboration, MORIYA 14,

definitively established the long-assumed JP = 1/2− spin-parity
assignment of the Λ(1405). The experiment produced the
Λ(1405) spin-polarized in the photoproduction process γ p →

K+Λ(1405) and measured the decay of the Λ(1405)(polarized) →

Σ+ (polarized)π−. The observed isotropic decay of Λ(1405) is
consistent with spin J = 1/2. The polarization transfer to the

Σ+(polarized) direction revealed negative parity, and thus estab-

lished JP = 1/2−.

See the related review(s):
Pole Structure of the Λ(1405) Region

Λ(1405) POLE POSITIONΛ(1405) POLE POSITIONΛ(1405) POLE POSITIONΛ(1405) POLE POSITION

REAL PARTREAL PARTREAL PARTREAL PART
VALUE (MeV) DOCUMENT ID TECN

• • • We do not use the following data for averages, fits, limits, etc. • • •

1429+ 8
− 7

1 MAI 15 DPWA

1434± 2 2 MAI 15 DPWA

1421+ 3
− 2 GUO 13 DPWA

1424+ 7
−23 IKEDA 12 DPWA

1Solution number 4.
2 Solution number 2.

−2×IMAGINARY PART−2×IMAGINARY PART−2×IMAGINARY PART−2×IMAGINARY PART
VALUE (MeV) DOCUMENT ID TECN

• • • We do not use the following data for averages, fits, limits, etc. • • •

24+ 4
− 6

1 MAI 15 DPWA

20+ 4
− 2

2 MAI 15 DPWA

38+16
−10 GUO 13 DPWA

52+ 6
−28 IKEDA 12 DPWA

1Solution number 4.
2 Solution number 2.

HTTP://PDG.LBL.GOV Page 1 Created: 6/1/2020 08:30

Citation: P.A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01 (2020)

Λ(1380) 1/2− JP = 1
2
− Status: ∗∗

OMITTED FROM SUMMARY TABLE
See the related review on ”Pole Structure of the Λ(1405) Region.”

Λ(1380) POLE POSITIONΛ(1380) POLE POSITIONΛ(1380) POLE POSITIONΛ(1380) POLE POSITION

REAL PARTREAL PARTREAL PARTREAL PART
VALUE (MeV) DOCUMENT ID TECN

• • • We do not use the following data for averages, fits, limits, etc. • • •

1325±15 1 MAI 15 DPWA

1330+ 4
− 5

2 MAI 15 DPWA

1388± 9 GUO 13 DPWA

1381+18
− 6 IKEDA 12 DPWA

1Solution number 4.
2 Solution number 2.

−2×IMAGINARY PART−2×IMAGINARY PART−2×IMAGINARY PART−2×IMAGINARY PART
VALUE (MeV) DOCUMENT ID TECN

• • • We do not use the following data for averages, fits, limits, etc. • • •

180+24
−36

1 MAI 15 DPWA

112+34
−22

2 MAI 15 DPWA

228+48
−50 GUO 13 DPWA

162+38
−16 IKEDA 12 DPWA

1Solution number 4.
2 Solution number 2.

Λ(1380) REFERENCESΛ(1380) REFERENCESΛ(1380) REFERENCESΛ(1380) REFERENCES

MAI 15 EPJ A51 30 M. Mai, U.-G. Meissner (BONN, JULI)
GUO 13 PR C87 035202 Z.-H. Guo, J. Oller
IKEDA 12 NP A881 98 Y. Ikeda, T. Hyodo, W. Weise (MUNT, RIKEN, TINT)

HTTP://PDG.LBL.GOV Page 1 Created: 6/1/2020 08:31

new!

- Particle Listing section:

S = − 1 : Λ(1405)/Λ(1380)



the transport code used in the simulation from GEANT3 [48]
to GEANT4 [49].
The effects related to momentum resolution effects are

accounted for by correcting the theoretical correlation
function, similarly to what shown in Refs. [33] and [41].
The theoretical correlation function Cðk"Þtheoretical depends
not only on the interaction between particles, but also on
the profile and the size of the particle emitting source.
Under the assumption that there is a common Gaussian
source for all particle pairs produced in pp collisions at a
fixed energy, the size of the source considered in the present
analysis is fixed from the baryon-baryon analyses described
in Refs. [33] and [41]. The impact of strongly decaying
resonances (mainly K" decaying into K and Δ decaying
into p) on the determination of the radius for Kp pairs was
studied using different Monte Carlo simulations [45,46]
and found to be 10%. This contribution was linearly added
to the systematic uncertainty associated with the radius.
The radii of the considered Gaussian sources are r0 ¼
1.13% 0.02þ0.17

−0.15 fm [33] for collisions at
ffiffiffi
s

p
¼ 5 and

7 TeV, and r0 ¼ 1.18% 0.01% 0.12 fm [41] for the
ffiffiffi
s

p
¼

13 TeV collisions.
The comparison of the measured Cðk"Þ for same-charge

Kp pairs with different models is shown in Fig. 1. Each
panel presents the results at different collision energy and
the comparison with two different scenarios. The blue band
represents the correlation function evaluated as described in
Eq. (1), assuming only the presence of the Coulomb
potential to evaluate the Cðk"Þtheoretical term. The red band
represents the correlation function assuming the strong
potential implemented in the Jülich model [50] in addition
to the Coulomb potential. The latter has been implemented

using the Gamow factor [51]. In the bottom panels, the
difference between data and model evaluated in the middle
of each k" interval, and divided by statistical error of data
for the three considered collision energies are shown. The
width of the bands represents the n-σ range associated to
the model variations. The reduced χ2 are also shown. This
comparison reveals that the Coulomb interaction is not able
to describe the data points, as expected, while the intro-
duction of a strong potential allows us to reproduce
consistently the data when the same source radius as for
baryon-baryon pairs is considered. Hence, the measured
correlation functions are sensitive to the strong interaction
and can be used to test different strong potentials for the
K−p system, assuming a common source for all the Kp
pairs produced in a collision.
Similar to Fig. 1 for like-sign pairs, Fig. 2 shows the

data-model comparison for unlike-sign pairs. The measured
Cðk"Þ is reported for the three different collision energies
and the Cðk"Þ distributions were compared with different
interaction models. Since all the models considered in this
Letter do not take the presence of Λð1520Þ into account,
only the region below 170 MeV=c is considered in the
comparison. The blue bands show results obtained using
CATS with a Coulomb potential only.
The remaining curves include, on top of the Coulomb

attraction, different descriptions of the K̄N strong inter-
action. The width of each band accounts for the uncer-
tainties in the λ parameters, the source radius and the
baseline. The light blue bands corresponds to the Kyoto
model calculations with approximate boundary conditions
on the K−p wave function which neglect the contributions
from Σπ and Λπ coupled channels [26,52–55]. Moreover,
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FIG. 2. (K−p ⊕ Kþp̄) correlation functions obtained (from left to right) from pp collisions at
ffiffiffi
s

p
¼ 5, 7, 13 TeV. The fourth panel

shows the combined results at the three colliding energies; the number of pairs in each data sample has been used as weight. The inset
shows the correlation function evaluated for pp collisions at

ffiffiffi
s

p
¼ 5 TeV in a wider k" interval. The measurement is presented by the

black markers; the vertical lines and the boxes represent the statistical and systematic uncertainties, respectively. Bottom panels
represent comparison with models as described in the text.
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New data :  correlation functionK−p
 total cross sectionsK−p

—> important constraint on  theoriesΛ(1405)

- Old bubble chamber data

- Excellent precision (  cusp)K̄0n

Y. Ikeda et al. / Physics Letters B 706 (2011) 63–67 65

Fig. 2. Calculated K − p elastic, charge exchange and strangeness exchange cross sections as function of K − laboratory momentum, compared with experimental data [12].
The solid curves represent best fits of the full NLO calculations to the complete data base including threshold observables. The shaded uncertainty bands are explained in
the text.

with the K −p reduced mass, µr = mK M p/(mK + M p), and includ-
ing important second order corrections [6]. We use the accurate
SIDDHARTA measurements [10]:

!E = 283 ± 36(stat) ± 6(syst) eV,

Γ = 541 ± 89(stat) ± 22(syst) eV.

The available data base is completed by the collection of (less
accurate) scattering cross sections [12] (see Fig. 2). We do not in-
clude measured πΣ mass spectra in the fitting procedure itself but
rather generate them as “predictions” from our coupled-channels
calculations.

4. Results and discussion

Using the unitary coupled-channels method just described, the
basic aim of the present work is to establish a much improved
input set for chiral SU(3) dynamics, by systematic comparison
with a variety of empirical data and with special focus on the
new constraints provided by the recent kaonic hydrogen measure-
ments [10]. A detailed uncertainty analysis is performed. It will be

demonstrated that previous uncertainty measures [7,9] can be re-
duced considerably.

We have carried out χ2 fits to the empirical data set in several
consecutive steps: first starting with the leading order (TW) terms,
then adding direct and crossed Born terms, and finally using the
complete NLO effective Lagrangian. The results are summarized in
Table 1. All calculations have been performed using empirical me-
son and baryon masses. This implies in particular that those parts
of the NLO parameters b0,bD and bF responsible for shifting the
baryon octet masses from their chiral limit, M0, to their physi-
cal values, are already taken care of. The remaining renormalized
parameters, denoted by b̄0, b̄D and b̄F , are then expected to be
considerably smaller in magnitude than the ones usually quoted in
tree-level chiral perturbation theory. Similar renormalization argu-
ments imply that the pseudoscalar meson decay constants should
be chosen at or close to their physical values [13],

fπ = 92.4 MeV, f K = (1.19 ± 0.01) fπ ,

fη = (1.30 ± 0.05) fπ . (11)

It turns out that best fit results can indeed be achieved with these
physical decay constants as inputs. This is a non-trivial obser-

Y. Ikeda, T. Hyodo, W. Weise, PLB 706, 63 (2011)

- Low-energy data below K̄0n

cross section

S = − 1 : Λ(1405)/Λ(1380)
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Prediction from chiral SU(3) dynamics
Theoretical calculation of C(q)

K. Miyahara. T. Hyodo, W. Weise, PRC98, 025201 (2018)
- wave function  : coupled-channel  potentialΨ(−)

q (r) K̄N-πΣ-πΛ

C(q) ≃ ∫ d3r S(r) |Ψ(−)
q (r) |2

- source function  : determined by  dataS(r) K+p

Correlation function is well reproduced.

small and the correlation function is not very sensitive to
ωπ0Λ, the effects of πΣ channels are important because of
the strong K̄N − πΣ coupling. Then we fix ωπ0Λ ¼ 1 and
vary the parameter ωπΣ around the reference value,
obtained by the simplest statistical model estimate [34],
ωðstatÞ
πΣ ≃ exp½ðmK þmN −mπ −mΣÞ=Tc& ≃ 2.0 with Tc ¼

154 MeV [35,36]. As for the source size, the ALICE
collaboration fixed R ¼ 1.18 fm by assuming the same
source size as that of Kþp, which was obtained by the
femtoscopic correlation fit based on the Jülich Kþp
interaction [25], with Coulomb effects treated by the
Gamow factor correction. Although this correction
describes the Coulomb effect well for light systems such
as π − π, it lacks the necessary accuracy for heavier
systems [32]. Thus, we also consider the variation of R
in the fitting procedure. While the source size can in
principle be channel dependent, possible size differences
between channels can be compensated by varying the
source weights. We therefore use a common source size
in K̄N, πΣ, and πΛ channels. We also assume that the
source function has a Gaussian shape and the source weight
is isospin symmetric.
The measured correlation function is assumed to be

described in the form [20]

CfitðqÞ ¼ N ½1þ λfCðqÞ − 1g&; ð8Þ

whereN is a normalization constant and λ is the pair purity
parameter, known also as the chaoticity parameter. The pair
purity parameter is experimentally determined through a
Monte Carlo simulation, λexp ¼ 0.64' 0.06, so we allow
for variations of λ within 1σ. We fit the correlation function
data in the momentum range q < 120 MeV=c, where the
distortion of the s wave is considered to give the dominant
contribution.
In Fig. 2 the χ2=d:o:f: distribution is plotted in the

ðR;ωπΣÞ plane. A good fit (χ2=d:o:f:≲ 1) is achieved in the

region from ðR;ωπΣÞ ¼ ð0.6 fm; 0Þ to ð1.1 fm; 5.0Þ. The
source size R ≃ 1 fm is reasonable for pp collisions, while
ωπΣ should be consistent with the simple statistical model
estimate within a factor of 2 to 3. Thus, we consider
parameter sets in this region with 0.5 ≤ ωπΣ ≤ 5 as equally
acceptable. On the other hand, if we take the R ¼ 1.18 fm
as adopted by the ALICE Collaboration, ωπΣ ≳ 8 gives a
good fit, but such large ωπΣ values appear to be signifi-
cantly beyond the statistical model estimate.
Figure 3 shows the fitted K−p correlation function

with R ¼ 0.9 fm as an example of a result satisfying
χ2=d:o:f: < 1. The other parameters are chosen as

ωπΣ ¼ 2.95; N ¼ 1.13; λ ¼ 0.58; ð9Þ

to give the minimum value of χ2=d:o:f: ¼ 0.58. The
enhancement in the low-momentum range and the char-
acteristic cusp structure are evidently well reproduced.
Recalling the importance of the πΣ component in the K−p
correlation as shown in Fig. 1, the sizable value of ωπΣ
indicates that the contribution from the πΣ source is
essential to reproduce the data.
The peak structure seen in Fig. 3 around q ∼ 240 MeV=c

represents the Λð1520Þ resonance. The contribution from
this resonance can be simulated by a Breit-Wigner func-
tion:

CresðqÞ ¼
bΓ2

ðq2=2μK−p þmp þmK− − ERÞ2 þ Γ2=4
; ð10Þ

with parameters b, ER, and Γ. We can isolate the resonance
by subtracting CfitðqÞ from the correlation data, using the
parameters of Eq. (9) and R ¼ 0.9 fm. The remaining
structure in the interval 150 MeV=c < q < 300 MeV=c is

FIG. 2. Reduced χ2 distribution in the ðR;ωπΣÞ plane. From
inward out the contour lines correspond to χ2=d:o:f: ¼ 0.5, 1,
1.5, and 2, respectively.

FIG. 3. Correlation function with the best fit parameters (solid
line). The result including the Λð1520Þ contribution is shown by
the dotted line. The dashed line shows the prediction with
R ¼ 1.6 fm. Its shaded area shows the uncertainty with respect
to the variation of ωπΣ. For comparison, we also plot the
corresponding area for the case with R ¼ 0.9 fm. The ALICE
data set is taken from Ref. [20].

PHYSICAL REVIEW LETTERS 124, 132501 (2020)

132501-4

Y. Kamiya, T. Hyodo, K. Morita, A. Ohnishi, W. Weise. PRL124, 132501 (2020)
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K−

cor.S(r) r

S = − 1 : Λ(1405)/Λ(1380)
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Introduction : strange baryon spectrum

Selected baryon resonances

Summary

Contents

Contents

- S = − 1 : Λ(1405)/Λ(1380)
Y. Ikeda, T. Hyodo, W. Weise, PLB 706, 63 (2011); NPA 881, 98 (2012);
Y. Kamiya, T. Hyodo, K. Morita, A. Ohnishi, W. Weise. PRL124, 132501 (2020)

T. Hyodo, M. Niiyama, arXiv: 2010.07592 [hep-ph], to appear in PPNP;
P.A. Zyla, et al. (Particle Data Group), PTEP 2020, 083C01 (2020)

- S = − 2 : Ξ(1620)/Ξ(1690)

- S = − 3 : Ω(2012)

Y. Miyahara, T. Hyodo, M. Oksa, J. Nieves, E. Oset. PRC95, 035212 (2017)
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 baryon spectrumS = − 2, − 3
Baryon spectrum with S = − 2, − 3

S = − 2 : Ξ(1620)/Ξ(1690); S = − 3 : Ω(2012)

- not well explored

-  determined only for 
   a few states

JP  determinedJP

NΞ ∼ NN + NΔ

NΩ ∼ NΔ

—> New data (heavy hadron decays at Belle, LHCb, BES,…)

 (difficulty in fixed target 
  experiments)

- Flavor SU(3) symmetry?
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New data for  resonancesΞ
 decay at BelleΞc → ππΞ
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S = − 2 : Ξ(1620)/Ξ(1690); S = − 3 : Ω(2012)

M. Sumihama, et al. (Belle), PRL 122, 072501 (2019)

- clear peaks of  
  and 

Ξ(1620)
Ξ(1690)

- not seen in the sideband
  (non- ) eventsΞc

- Breit-Wigner fit
MΞ(1620) = 1610 ± 6.0+6.1

−4.2 MeV
ΓΞ(1620) = 59.9 ± 4.8+2.8

−7.1 MeV

Effect of thresholds? K̄Λ ∼ 1612 MeV, K̄Σ ∼ 1689 MeV

Ξ(1530)
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Theoretical analysis
Theoretical study of  decay (before experiment)Ξc → ππΞ

S = − 2 : Ξ(1620)/Ξ(1690); S = − 3 : Ω(2012)

Update of meson-baryon amplitude with Belle data

K. Miyahara, T. Hyodo, M. Oka, J. Nieves, E. Oset. PRC95, 035212 (2017)
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- spectrum near  thresholdK̄Σ

resonance peak threshold cusp

- even without resonance, peak like structure appears
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New  resonanceΩ
 spectra in  decays at BelleK̄Ξ Υ(nS)

2
Co

m
bin

at
ion

s/2
.5

 M
eV

/c

20
40
60
80

100
120
140
160 (a)

2 K) GeV/cΞM(
1.9 1.95 2 2.05 2.1 2.15 2.2

2
Co

m
bin

at
ion

s/2
.5

 M
eV

/c

0
50

100
150
200
250
300
350 (b)

S = − 2 : Ξ(1620)/Ξ(1690); S = − 3 : Ω(2012)

J. Yelton, et al. (Belle), PRL 121, 052003 (2018)

- clear peak of Ω(2012)
- Breit-Wigner fit

MΩ(2012) = 2012.4 ± 0.7 ± 0.6 MeV
ΓΩ(2012) = 6.4+2.5

−2.0 ± 1.6 MeV

Ξ0K−

Ξ−K0
S

S. Jia, et al. (Belle), PRD 100, 032006 (2019)
- not seen in Ω(2012) → K̄Ξ(1530) → K̄πΞ

-  molecule?K̄Ξ(1530)
M.P. Valderrama, PRD 98, 054009 (2018), …

Discussion is ongoing…

- upper limit is compatible with  moleculeK̄Ξ(1530)
J.X. Lu, et al., EPJC 80, 361 (2020), …
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Strange baryons : complicated but interesting!

Pole structure of the  region is now well 
constrained by the experimental data.        
“ ” —>  and 

Spectroscopy of  sectors are 
stimulated by the new data of heavy hadron 
decays. Theoretical investigation is needed.

Λ(1405)

Λ(1405) Λ(1405) Λ(1380)

S = − 2, − 3

Summary

Summary
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