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The heavy baryon spectra(PDG)2020

 (a)The spectra of singly-charmed baryons, (b)The spectra of singly-bottom baryons

PDG.2020
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Belle collaboration, Phys. Rev. Lett. 94, 122002 (2005)

State △M, MeV/𝒄𝒄𝟐𝟐 Width(MeV)              yield/𝟏𝟏𝟏𝟏𝟑𝟑

𝟓𝟓𝟏𝟏𝟓𝟓. 𝟒𝟒−𝟑𝟑.𝟏𝟏−𝟔𝟔.𝟏𝟏
+𝟑𝟑.𝟐𝟐+𝟐𝟐.𝟏𝟏 𝟔𝟔𝟏𝟏−𝟏𝟏𝟑𝟑−𝟏𝟏𝟑𝟑

+𝟏𝟏𝟏𝟏+𝟐𝟐𝟐𝟐 𝟐𝟐. 𝟐𝟐𝟒𝟒−𝟏𝟏.𝟓𝟓𝟓𝟓−𝟏𝟏.𝟓𝟓𝟏𝟏
+𝟏𝟏.𝟕𝟕𝟕𝟕+𝟏𝟏.𝟏𝟏𝟑𝟑

𝟓𝟓𝟏𝟏𝟓𝟓. 𝟒𝟒−𝟒𝟒.𝟔𝟔−𝟐𝟐.𝟏𝟏
+𝟓𝟓.𝟏𝟏+𝟏𝟏𝟐𝟐.𝟒𝟒 𝟔𝟔𝟐𝟐−𝟐𝟐𝟑𝟑−𝟑𝟑𝟏𝟏

+𝟑𝟑𝟕𝟕+𝟓𝟓𝟐𝟐 𝟏𝟏. 𝟓𝟓𝟒𝟒−𝟏𝟏.𝟓𝟓𝟕𝟕−𝟏𝟏.𝟏𝟏𝟏𝟏
+𝟏𝟏.𝟏𝟏𝟓𝟓+𝟏𝟏.𝟒𝟒𝟏𝟏

𝟓𝟓𝟏𝟏𝟒𝟒. 𝟓𝟓−𝟑𝟑.𝟏𝟏−𝟒𝟒.𝟕𝟕
+𝟑𝟑.𝟒𝟒+𝟐𝟐.𝟏𝟏 𝟕𝟕𝟓𝟓−𝟏𝟏𝟑𝟑−𝟏𝟏𝟏𝟏

+𝟏𝟏𝟏𝟏+𝟏𝟏𝟐𝟐 𝟐𝟐. 𝟏𝟏𝟏𝟏−𝟏𝟏.𝟔𝟔𝟏𝟏−𝟏𝟏.𝟒𝟒𝟕𝟕
+𝟏𝟏.𝟏𝟏𝟐𝟐+𝟏𝟏.𝟕𝟕𝟏𝟏

Σ𝒄𝒄(𝟐𝟐𝟏𝟏𝟏𝟏𝟏𝟏)𝟏𝟏

Σ𝒄𝒄(𝟐𝟐𝟏𝟏𝟏𝟏𝟏𝟏)++

Σ𝒄𝒄(𝟐𝟐𝟏𝟏𝟏𝟏𝟏𝟏)+

Belle Experiment for 𝚺𝚺𝐜𝐜

 The three Σ𝒄𝒄 baryons were discovered from the 𝜦𝜦𝒄𝒄
+π−/ 𝜦𝜦𝒄𝒄

+π𝟏𝟏/ 𝜦𝜦𝒄𝒄
+π+ mass spectrum at the 

KEKB asymmetric energy 𝒆𝒆+ 𝒆𝒆− collider.
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LHCb collaboration, Phys. Rev. Lett. 124, 222001 (2020)

State                              Mass(MeV)                        Width(MeV)             Signal yields

2923.04±0.25±0.20±0.14            7.1±0.8±1.8               5400±400

2938.55±0.21±0.17±0.14            10.2±0.8±1.1            10400±600  

2964.88±𝟏𝟏. 𝟐𝟐𝟔𝟔 ±0.14±0.14          14.1±0.9±1.3            11700±𝟔𝟔𝟏𝟏𝟏𝟏

Ξ𝒄𝒄(𝟐𝟐𝟕𝟕𝟐𝟐𝟑𝟑)𝟏𝟏

Ξ𝒄𝒄(𝟐𝟐𝟕𝟕𝟔𝟔𝟓𝟓)𝟏𝟏

Ξ𝒄𝒄(𝟐𝟐𝟕𝟕𝟑𝟑𝟕𝟕)𝟏𝟏

LHCb Experiment for Ξ𝒄𝒄

 The three Ξ𝒄𝒄 baryons were discovered from the 𝜦𝜦𝒄𝒄
+𝑲𝑲− mass spectrum studied with a 

data sample of pp collisions .
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LHCb Experiment for Ω𝒄𝒄

 The five 𝜴𝜴𝒄𝒄 baryons were observed by LHCb from Ξ𝒄𝒄
+𝑲𝑲− mass spectrum with a sample of pp 

collision.
 Belle confirmed the first four states

LHCb collaboration, Phys. Rev. Lett. 118, 182001 (2017) 
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Belle collaboration, Phys. Rev. D. 97, 051102 (2018) 



Based on the heavy quark effective theory, the leading order Lagrangian does 
not depend on 𝐦𝐦𝐐𝐐. The internal structure of heavy baryons(Q-q1 –q2 ) is :

Internal structure of heavy baryons

λ-excitation and ρ-excitation

𝑱𝑱 = 𝑠𝑠𝑄𝑄 + 𝑠𝑠𝑞𝑞1 + 𝑠𝑠𝑞𝑞2 + 𝑙𝑙𝜌𝜌 + 𝑙𝑙𝜆𝜆

= 𝑠𝑠𝑄𝑄 + 𝑠𝑠𝑞𝑞1 + 𝑠𝑠𝑞𝑞2 + 𝑙𝑙𝜌𝜌 + 𝑙𝑙𝜆𝜆 𝒋𝒋𝒍𝒍
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The Pauli principle can be directly applied to the two light quarks:

 color �𝟑𝟑𝑪𝑪 antisymmetric

 orbital 𝒍𝒍𝝆𝝆 �symmetric
antisymmetric

 spin 𝒔𝒔𝒒𝒒𝒒𝒒 = �𝟏𝟏 symmetric
0 antisymmetric

 SU(3) flavor �
𝟔𝟔𝑭𝑭 symmetric
�𝟑𝟑𝑭𝑭 antisymmetric

Categorization of p-wave charmed baryons

Thus the state function can be written as :
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Categorization of p-wave charmed baryons

P-wave baryons : 𝒍𝒍ρ+𝒍𝒍λ=1
 color �𝟑𝟑𝑪𝑪 antisymmetric

 orbital 𝒍𝒍𝝆𝝆 �𝟏𝟏 symmetric
𝟏𝟏 antisymmetric

 spin 𝒔𝒔𝒒𝒒𝒒𝒒 = �𝟏𝟏 symmetric
0 antisymmetric

 SU(3) flavor �
𝟔𝟔𝑭𝑭 symmetric
�𝟑𝟑𝑭𝑭 antisymmetric

We define notation of the baryons 
multiplet : [F,𝒋𝒋𝒍𝒍,𝒔𝒔𝒍𝒍,ρ/λ]
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Categorization of p-wave charmed baryons

P-wave baryons : 𝒍𝒍ρ+𝒍𝒍λ=1
 color �𝟑𝟑𝑪𝑪 antisymmetric

 orbital 𝒍𝒍𝝆𝝆 �𝟏𝟏 symmetric
𝟏𝟏 antisymmetric

 spin 𝒔𝒔𝒒𝒒𝒒𝒒 = �𝟏𝟏 symmetric
0 antisymmetric

 SU(3) flavor �
𝟔𝟔𝑭𝑭 symmetric
�𝟑𝟑𝑭𝑭 antisymmetric

𝒍𝒍𝝆𝝆=0
𝒍𝒍𝝀𝝀=1

𝒔𝒔𝒒𝒒𝒒𝒒=0,�3𝐹𝐹 𝑗𝑗𝑙𝑙 = 1: Λ𝑐𝑐1(1
2

−
, 3

2

−
)Ξ𝑐𝑐1(1

2

−
, 3

2

−
)[�𝟑𝟑𝑭𝑭,1,0,λ]

𝑗𝑗𝑙𝑙=0:Σ𝑐𝑐𝑐(1
2

−
)Ξ𝑐𝑐𝑐

′ (1
2

−
)Ω𝑐𝑐𝑐(1

2

−
) [𝟔𝟔𝑭𝑭,0,1,λ]

𝑗𝑗𝑙𝑙=1:Σ𝑐𝑐1(1
2

−
, 3

2

−
)Ξ𝑐𝑐1

′ (1
2

−
, 3

2

−
)Ω𝑐𝑐1(1

2

−
, 3

2

−
)[𝟔𝟔𝑭𝑭,1,1,λ]

𝑗𝑗𝑙𝑙=2: Σ𝑐𝑐2(3
2

−
, 5

2

−
)Ξ𝑐𝑐2

′ (3
2

−
, 5

2

−
)Ω𝑐𝑐2(3

2

−
, 5

2

−
)[𝟔𝟔𝑭𝑭,2,1,λ]

𝒔𝒔𝒒𝒒𝒒𝒒=1, 𝟔𝟔𝑭𝑭

We define notation of the baryons 
multiplet : [F,𝒋𝒋𝒍𝒍,𝒔𝒔𝒍𝒍,ρ/λ]

𝒍𝒍𝝆𝝆=1
𝒍𝒍𝝀𝝀=0

𝒔𝒔𝒒𝒒𝒒𝒒=0,6𝐹𝐹 𝑗𝑗𝑙𝑙=1:Σ𝑐𝑐1(1
2

−
, 3

2

−
)Ξ𝑐𝑐1

′ (1
2

−
, 3

2

−
) Ω𝑐𝑐1(1

2

−
, 3

2

−
)[6𝐹𝐹,1,0,ρ]  

𝑗𝑗𝑙𝑙=1:Λ𝑐𝑐1(1
2

−
, 3

2

−
)Ξ𝑐𝑐1(1

2

−
, 3

2

−
)[�𝟑𝟑𝑭𝑭,1,1,ρ]

𝑗𝑗𝑙𝑙=0:Λ𝑐𝑐𝑐(1
2

−
)Ξ𝑐𝑐𝑐(1

2

−
) [�𝟑𝟑𝑭𝑭,0,1,ρ]

𝒔𝒔𝒒𝒒𝒒𝒒=1, �3𝐹𝐹

𝑗𝑗𝑙𝑙=2: Λ𝑐𝑐2(3
2

−
, 5

2

−
)Ξ𝑐𝑐2(3

2

−
, 5

2

−
)[�𝟑𝟑𝑭𝑭,2,1,ρ]
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[6𝐹𝐹 , 1,0, ρ] �
Ξ𝑐𝑐

′𝑐 1
2

−
, Σ𝑐𝑐

𝑐 1
2

−
, Ω𝑐𝑐

𝑐(1
2

−
)

Ξ𝑐𝑐
′𝑐 3

2

−
, Σ𝑐𝑐

𝑐 3
2

−
, Ω𝑐𝑐

𝑐(3
2

−
)

[6𝐹𝐹 , 0,1, λ] �Ξ𝑐𝑐
′𝑐 1

2

−
, Σ𝑐𝑐

𝑐 1
2

−
, Ω𝑐𝑐

𝑐(1
2

−
)

[6𝐹𝐹 , 1,1, λ] �
Ξ𝑐𝑐

′𝑐 1
2

−
, Σ𝑐𝑐

𝑐 1
2

−
, Ω𝑐𝑐

𝑐(1
2

−
)

Ξ𝑐𝑐
′𝑐 3

2

−
, Σ𝑐𝑐

𝑐 3
2

−
, Ω𝑐𝑐

𝑐(3
2

−
)

[6𝐹𝐹 , 2,1, λ] �
Ξ𝑐𝑐

′𝑐 3
2

−
, Σ𝑐𝑐

𝑐 3
2

−
, Ω𝑐𝑐

𝑐(3
2

−
)

Ξ𝑐𝑐
′𝑐 5

2

−
, Σ𝑐𝑐

𝑐 5
2

−
, Ω𝑐𝑐

𝑐(5
2

−
)

Multiplet Baryon(𝑱𝑱𝑷𝑷)

Ξ𝑐𝑐
′𝑐 /Σ𝑐𝑐

𝑐 /Ω𝑐𝑐
𝑐 1

2

−
: M1(QCDSR),                           Γ1(LCSR)     

Ξ𝑐𝑐
′𝑐 /Σ𝑐𝑐

𝑐 /Ω𝑐𝑐
𝑐 3

2

−
: M2(QCDSR),                           Γ2(LCSR)

△M

Mass Difference Decay width

Ξ𝑐𝑐
′𝑐 /Σ𝑐𝑐

𝑐 /Ω𝑐𝑐
𝑐 1

2

−
: M1(QCDSR),          0                Γ1(LCSR) 

11

Categorization of p-wave charmed baryons

Ξ𝑐𝑐
′𝑐 /Σ𝑐𝑐

𝑐 /Ω𝑐𝑐
𝑐 1

2

−
: M1(QCDSR),                           Γ1(LCSR)     

Ξ𝑐𝑐
′𝑐 /Σ𝑐𝑐

𝑐 /Ω𝑐𝑐
𝑐 3

2

−
: M2(QCDSR),                           Γ2(LCSR)

△M

Ξ𝑐𝑐
′𝑐 /Σ𝑐𝑐

𝑐 /Ω𝑐𝑐
𝑐 3

2

−
: M1(QCDSR),                           Γ1(LCSR)     

Ξ𝑐𝑐
′𝑐 /Σ𝑐𝑐

𝑐 /Ω𝑐𝑐
𝑐 5

2

−
: M2(QCDSR),                           Γ2(LCSR)

△M
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Mass spectra of p-wave charmed baryons



 In sum rule analyses, we consider three-point correlation functions:

where η is the current which can couple to hadronic states.

 In  sum rule, we can calculate these matrix elements from QCD (OPE) and 
relate them to observables by using dispersion relation.

Light-cone sum rules

𝜫𝜫𝜶𝜶 𝒒𝒒𝟐𝟐 = 𝒊𝒊 � 𝒅𝒅𝟒𝟒𝒙𝒙𝒆𝒆𝒊𝒊𝒊𝒊𝒙𝒙 𝟏𝟏|𝑻𝑻𝜼𝜼 𝒙𝒙 �𝜼𝜼 𝟏𝟏 |𝝆𝝆\𝑲𝑲∗
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For example, we consider the state of [𝜩𝜩𝒄𝒄
′ 𝟑𝟑

𝟐𝟐

−
, 𝟔𝟔𝑭𝑭,2,1,λ] D-wave decaying into 𝜦𝜦𝒄𝒄𝑲𝑲 using the 

method of the light-cone sum rules. First, the three-point correlation function can be written 
as:

Feynman diagram

At the hadronic level, we can rewrite the correlation function by using double dispersion 
relation:

Light-cone sum rules studies on the charmed baryons

Ξ′𝒄𝒄
𝟏𝟏(𝒊𝒊𝟏𝟏)

𝜦𝜦𝒄𝒄
+(𝒊𝒊𝟏𝟏)

𝑲𝑲−(𝒊𝒊𝟐𝟐) （1）

（2）
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At the quark-gluon level, we can calculate the correlation function in terms of distribution 
amplitudes ：

Light-cone sum rules studies on the charmed baryons

（3）
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After Wick rotations and double Borel transformation we obtain 

Light-cone sum rules studies on the charmed baryons

𝑔𝑔
Ξ𝑐𝑐

0 3
2

−
→Λ𝑐𝑐

+𝐾𝐾−
𝐷𝐷

GeV−2

（4）
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Light-cone sum rules studies on the bottom baryons

 Lagrangian:

17

Γ(𝛯𝛯𝑐𝑐
′𝑐→𝛬𝛬𝑐𝑐

+𝐾𝐾−)

 Partial decay width

 The coupling constant 𝒈𝒈
𝜩𝜩𝒄𝒄

′𝟏𝟏[𝟑𝟑
𝟐𝟐

−
]→𝜦𝜦𝒄𝒄

+𝑲𝑲−
𝑫𝑫

as function of the Borel mass T :

(5)



Probable decay channels  
 We have been studied the S-wave and D-wave decays of P-wave Ξ𝒄𝒄

′ baryons into ground-state
charmed baryons by a pseudoscalar meson(𝝅𝝅 or K) . We also studied the S-wave decay of P-wave
Ξ𝒄𝒄

′ baryons into ground-state charmed baryons by a vector meson(ρ or 𝑲𝑲∗).

18

 S-wave( ->ground-state +pseudoscalar )  D-wave(-> ground-state +pseudoscalar )

P-wave baryons ground-state

Ξ𝒄𝒄
′ (𝟓𝟓/𝟐𝟐−)

Ξ𝒄𝒄
′ (𝟑𝟑/𝟐𝟐−)

Ξ𝒄𝒄
′ (𝟏𝟏/𝟐𝟐−)

S-wave 
D-wave 𝜮𝜮𝒄𝒄(𝟏𝟏/𝟐𝟐+)

Ξ𝒄𝒄
′ (𝟏𝟏/𝟐𝟐+)

Σ𝒄𝒄
∗ (𝟑𝟑/𝟐𝟐+)

Ξ𝑐𝑐
∗(3/2+) 6𝐹𝐹

𝜦𝜦𝒄𝒄(𝟏𝟏/𝟐𝟐+)
Ξ𝒄𝒄(𝟏𝟏/𝟐𝟐+) �3𝐹𝐹

K/π
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Probable decay channels  

 S-wave( ->ground-state+ vector  ->  ground-state + double pseudoscalar )
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Decay widths of P-wave charmed baryons
 S and D-wave decay of P-wave charmed baryons belonging to [𝟔𝟔𝑭𝑭,2,1,λ] doublet.

$\Xi_
c(3/
2^-
)_1$, 
$\Xi_
c(3/
2^-
)_2$,
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Mixed sates 

We consider two states mixing between the [Σ𝒄𝒄
𝟑𝟑
𝟐𝟐

−
/𝜩𝜩𝒄𝒄

′ 𝟑𝟑
𝟐𝟐

−
/Ω𝒄𝒄

𝟑𝟑
𝟐𝟐

−
, 𝟔𝟔𝑭𝑭,1,1,λ] and the 

[Σ𝒄𝒄
𝟑𝟑
𝟐𝟐

−
/𝜩𝜩𝒄𝒄

′ 𝟑𝟑
𝟐𝟐

−
/Ω𝒄𝒄

𝟑𝟑
𝟐𝟐

−
, 𝟔𝟔𝑭𝑭,2,1,λ], where θ2 is the mixing angle:

θ2 =37 ±𝟓𝟓𝟏𝟏

(6)

Q. F. L�̈�𝑢, Eur. Phys. J .C 80, 921 (2020)
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 S and D-wave decay of mixed 𝜩𝜩𝒄𝒄
′ and Ω𝒄𝒄 baryons

Exp

Mixed sates 
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Summary 
 Decay properties of P-wave 𝜮𝜮𝒄𝒄 baryons of SU(3) flavor 𝟔𝟔𝑭𝑭
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Summary 
 Decay properties of P-wave 𝚵𝚵𝐜𝐜

′ baryons of SU(3) flavor 𝟔𝟔𝑭𝑭

• 𝜩𝜩𝒄𝒄(𝟐𝟐𝟕𝟕𝟐𝟐𝟑𝟑)𝟏𝟏→ P-wave Ξ𝒄𝒄
′ baryon

∈[𝟔𝟔𝑭𝑭 𝜩𝜩𝒄𝒄 , 𝟏𝟏, 𝟏𝟏, 𝝀𝝀], 𝑱𝑱𝑷𝑷=𝟏𝟏/𝟐𝟐−

→ P-wave  mixed Ξ𝒄𝒄
′ baryons 

between [𝟔𝟔𝑭𝑭 𝜩𝜩𝒄𝒄 , 𝟏𝟏, 𝟏𝟏, 𝝀𝝀]  and 
[𝟔𝟔𝑭𝑭 𝜩𝜩𝒄𝒄 , 𝟐𝟐, 𝟏𝟏, 𝝀𝝀 ], θ2 =37 ±𝟓𝟓𝟏𝟏，
𝑱𝑱𝑷𝑷=3/𝟐𝟐−

• 𝜩𝜩𝒄𝒄(𝟐𝟐𝟕𝟕𝟑𝟑𝟕𝟕)𝟏𝟏𝜩𝜩𝒄𝒄(𝟐𝟐𝟕𝟕𝟔𝟔𝟓𝟓)𝟏𝟏

• a partner state →P-wave Ξ𝒄𝒄
′

∈[𝟔𝟔𝑭𝑭 𝜩𝜩𝒄𝒄 , 𝟐𝟐, 𝟏𝟏, 𝝀𝝀], 𝑱𝑱𝑷𝑷=𝟓𝟓/𝟐𝟐−,
M=M [𝜩𝜩𝒄𝒄(𝟐𝟐𝟕𝟕𝟔𝟔𝟓𝟓)𝟏𝟏]+ 𝟓𝟓𝟔𝟔−𝟑𝟑𝟓𝟓

+𝟑𝟑𝟏𝟏MeV,
Γ = 𝟏𝟏𝟏𝟏. 𝟏𝟏− 𝟏𝟏.𝟑𝟑

+𝟏𝟏𝟕𝟕.𝟕𝟕 MeV,
main decay channel:
𝜩𝜩𝒄𝒄

′ (𝟓𝟓/𝟐𝟐−)→𝜦𝜦𝒄𝒄K
𝜩𝜩𝒄𝒄

′ (𝟓𝟓/𝟐𝟐−)→𝜩𝜩𝒄𝒄π
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Summary 

• Ω𝒄𝒄(𝟑𝟑𝟏𝟏𝟏𝟏𝟏𝟏)𝟏𝟏 → P-wave Ω𝒄𝒄 baryon ∈ [𝟔𝟔𝑭𝑭 Ω𝒄𝒄 , 𝟏𝟏, 𝟏𝟏, ρ],  𝑱𝑱𝑷𝑷=𝟏𝟏/𝟐𝟐− or 𝟑𝟑/𝟐𝟐−

• Ω𝒄𝒄(𝟑𝟑𝟏𝟏𝟓𝟓𝟏𝟏)𝟏𝟏 →   P-wave Ω𝒄𝒄 baryon ∈ [𝟔𝟔𝑭𝑭 Ω𝒄𝒄 , 𝟏𝟏, 𝟏𝟏, λ], 𝑱𝑱𝑷𝑷=𝟏𝟏/𝟐𝟐−

• Ω𝒄𝒄(𝟑𝟑𝟏𝟏𝟔𝟔𝟔𝟔)𝟏𝟏

Ω𝒄𝒄(𝟑𝟑𝟏𝟏𝟕𝟕𝟏𝟏)𝟏𝟏

• Ω𝒄𝒄(𝟑𝟑𝟏𝟏𝟏𝟏𝟕𝟕)𝟏𝟏 → P-wave Ω𝒄𝒄 baryon ∈ [𝟔𝟔𝑭𝑭 Ω𝒄𝒄 , 𝟐𝟐, 𝟏𝟏, 𝝀𝝀],  𝑱𝑱𝑷𝑷=𝟓𝟓/𝟐𝟐−

→  P-wave  mixed Ω𝒄𝒄 baryons between [𝟔𝟔𝑭𝑭 𝜩𝜩𝒄𝒄 , 𝟏𝟏, 𝟏𝟏, 𝝀𝝀]  and [𝟔𝟔𝑭𝑭 𝜩𝜩𝒄𝒄 , 𝟐𝟐, 𝟏𝟏, 𝝀𝝀], θ2 =37 ±𝟓𝟓𝟏𝟏, 𝑱𝑱𝑷𝑷=𝟑𝟑/𝟐𝟐−

Thank you
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