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Section Ⅰ

Experimental status of  the singly and doubly heavy baryons

3第二届理论实验联合研讨会：重子谱和衰变 (兰州大学)



The terminology for the singly and doubly heavy baryons
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With the Jacobi coordinates, the excited baryon systems can be
classified as the ρ-mode, λ-mode, and mixing mode excitations.

For singly heavy baryons, we consider the symmetry between two
light quarks;
For doubly heavy baryons, we consider the symmetry between
two heavy quarks;

𝛙diquark = 𝐶𝐴 ⊗𝜙flavor ⊗𝜒spin ⊗𝜓spatial
symmetric !

Take the charm baryon as an example,

❶.  for Λ𝑄, 𝜙flavor[A], then even 𝑙𝜌 (𝜓spatial[S]) ⟺𝑆diquark = 0

then odd 𝑙𝜌 (𝜓spatial[A]) ⟺𝑆diquark = 1;

❷.  for Σ𝑄, 𝜙flavor[S], then even 𝑙𝜌 (𝜓spatial[S]) ⟺𝑆diquark = 1

then odd 𝑙𝜌 (𝜓spatial[A]) ⟺𝑆diquark = 0.



ඁอ 𝑛𝜌𝑙𝜌 ⊗ 𝑛𝜆𝑙𝜆 𝐿
⊗ 𝑠𝜌

𝑗𝑙

⊗𝑠𝑄
𝐽

The classification of  the singly and doubly heavy baryons
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For 𝐿 = 𝑙𝜌 + 𝑙𝜆 ≤ 2, the allowed singly heavy baryon states in the three-body picture are 

listed in the following table. The parity of a state is determined by 𝑃 = −1 𝐿.

Table (1)
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Experimental results of the singly heavy baryon states

Mass spectra, widths (in units of MeV), and decay modes of the observed charmed baryons

Status of charmed baryons
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Experimental results of the singly heavy baryon states
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Status of bottom baryons

Mass spectra, widths (in units of MeV), and decay modes of the observed bottom baryons 

第二届理论实验联合研讨会：重子谱和衰变 (兰州大学)

Bing Chen, Ke-wei Wei, Xiang Liu, and Ailin Zhang, 

Phys. Rev. D 98, 031502 (2018)

Experimental results of the singly heavy baryon states
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Experimental results of the doubly heavy baryon states

1. First Observation of the Doubly Charmed 𝛯𝑐𝑐
+ , SELEX Collaboration, Phys. Rev. Lett. 89, 

112001 (2002) .
2. Observation of the doubly charmed baryon 𝛯𝑐𝑐

++, LHCb Collaboration, Phys. Rev. Lett. 119, 
112001 (2017) .

3. First Observation of the Doubly Charmed Baryon Decay 𝛯𝑐𝑐
++ → Ξ𝑐

+ 𝜋+, LHCb Collaboration, 
Phys. Rev. Lett. 121, 162002 (2018) .

4. Measurement of the Lifetime of the Doubly Charmed Baryon 𝛯𝑐𝑐
++, LHCb Collaboration, Phys. 

Rev. Lett. 121, 052002 (2018) .



Section Ⅱ

Study of  singly and doubly heavy baryons in diquark picture
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Experimental and theoretical foundation for the diquark picture

Within the diquark picture, the mass difference between the corresponding Ξ𝑐 and Λ𝑐 states
is about 180~200 MeV, while the corresponding Ξ𝑐

′ and Σ𝑐 states is about 120~130 MeV

doublet 𝑠𝑙
𝑃 𝐽𝑃 𝚲𝒄 (cud) 𝚵𝒄 (csq) 𝜹𝑴

1S 0+ 𝟏

𝟐

+ 𝛬𝑐(2286) 𝛯𝑐(2470) 184

2S 0+ 𝟏

𝟐

+ 𝛬𝑐(2760) 𝛯𝑐(2970) 200

1P 1−
𝟏

𝟐

−
𝛬𝑐(2595) 𝛯𝑐(2790) 200

𝟑

𝟐

−
𝛬𝑐(2625) 𝛯𝑐(2815) 188

1D 2+
𝟑

𝟐

+ 𝛬𝑐(2860) 𝛯𝑐(3055) 201

𝟓

𝟐

+ 𝛬𝑐(2880) 𝛯𝑐(3080) 198

2P 1−
𝟏

𝟐

−

𝟑

𝟐

−
𝛬𝑐(2940) 𝛯𝑐(3123) 184

𝑚Ξ𝑐
′ (2930) −𝑚Σ𝑐 2800 ≈

𝑚Ξ𝑐
′ 2570 −𝑚Σ𝑐 2455 ≈

𝑚Ξ𝑐
′ 2645 −𝑚Σ𝑐 2520 ≈

125 MeV

𝛿"𝑔𝑜𝑜𝑑" = (𝑚𝑠 −𝑚𝑞) + 
3

4
𝜆;

𝛿"𝑏𝑎𝑑" = (𝑚𝑠 −𝑚𝑞) −
1

4
𝜆;

16𝜋𝛼

9𝑚𝑖𝑚𝑗
𝛿3 Ԧ𝑟𝑖𝑗

3 Ԧ𝑆𝑖 ∙ Ԧ𝑆𝑗
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Within the diquark picture, the mass difference between the corresponding Ξ𝑄 and Λ𝑄 states

is about 180~200 MeV, while the corresponding Ξ𝑄
′ and Σ𝑄 states is about 120~130 MeV
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Experimental and theoretical foundation for the diquark picture
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This observation supports the theory that the diquark production is the main process of
charmed baryon production from 𝑒+𝑒− annihilation and that the diquark structure exists 
in the ground state and low-lying excited states of Λ𝑐

+ baryons. 

第二届理论实验联合研讨会：重子谱和衰变 (兰州大学)

Experimental and theoretical foundation for the diquark picture
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If we assume that two light quarks in the charmed baryon systems develop into a quark
cluster, then the mass differences between Ξ𝑐 and Λ𝑐 states can be understood well. In the
quark cluster picture (or diquark picture), the degree of freedom of two light quarks in a
diquark system is frozen. Only the degree of freedom between the center of mass of two light
quarks and the c quark can be excited.

1q 2q

Q

ρ

λ

𝐻0 =

𝑖=1

3
𝑝𝑖
2

2𝑚𝑖
+

𝑖<𝑗

1

2
𝜅𝑟𝑖𝑗

2 + 𝑈 𝑟𝑖𝑗 −
σ𝑖 𝑝𝑖

2

2𝑀

In terms of Jacobi relative coordinates

Ԧ𝜌 =
1

2
Ԧ𝑟2 − Ԧ𝑟1 ; Ԧ𝜆 =

1

6
Ԧ𝑟1 + Ԧ𝑟2 − 2Ԧ𝑟3

𝐻0 =
𝑝𝜌
2

2𝑚𝜌
+

𝑝𝜆
2

2𝑚𝜆
+
1

2
𝑚𝜌𝜔𝜌

2𝜌2 +
1

2
𝑚𝜆𝜔𝜆

2𝜆2 + 𝑈

𝐸𝜌,𝜆 = 2𝑛𝜌 + 𝑙𝜌 +
3

2
𝜔𝜌 + 2𝑛𝜆 + 𝑙𝜆 +

3

2
𝜔𝜆
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Experimental and theoretical foundation for the diquark picture
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Since the oscillator frequencies 𝜔𝜌 and 𝜔𝜆 are different in the charmed baryons (𝑚𝑄 ≫ 𝑚𝑞) 

𝜔𝜆

𝜔𝜌
=

1

3
1 +

2𝑚𝑞

𝑚𝑄
< 1

which indicates that the λ mode excited charmed baryons would have lower excited energies. 

2q

Q

120O

1q

−
𝛻𝜌
2

2𝑚𝜌
+ −

2

3

𝛼

𝜌
+

3

4
𝑏𝜌 +

16𝜋𝛼

9𝑚2 റ𝑠1 ⋅ റ𝑠2𝛿
3 റ𝜌

−
𝛻𝜆
2

2𝑚𝜆
+ −

4

3

𝛼

𝜆2 +
𝜌2

4

+ 𝑏𝜆 +
16𝜋𝛼

9𝑚𝑚𝑄
റ𝑠𝑑𝑖 ⋅ റ𝑠𝑄𝛿

3 റ𝜏

Ψ റ𝜌, റ𝜆 = 𝐸Ψ റ𝜌, റ𝜆

ρ

τ
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Experimental and theoretical foundation for the diquark picture
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Masses and decays of charmed baryons in diquark picture

Q
O

diquark In the relativistic flux tube (RFT) model, Selem and Wilczek have
obtained the following mass formula,

E = M+
𝜎𝐿

2
+ 21/4𝜅𝐿−1/4𝜇3/2

A. Selem, F. Wilczek, arXiv:hep-ph/ 0602128 

We have extended equation above to the radial excited heavy baryons as 

휀𝑛𝐿 −𝑚𝑄
2
=
1

2
𝜎 𝜅𝑛 + 𝐿 + 𝑚𝑙 + 휁𝑄

2

where 휁𝑄 = 𝑚𝑄𝑢1
2。

Chew-Frautschi formula 

Finally, we added the റ𝑠𝑄 ⋅ 𝐿 couplings term as 

𝐻𝑛𝐿
𝑠𝑜 =

1

3×25/2
𝛼𝑠

𝑢1+𝑢2
3

𝜎

𝜅𝑛+𝐿

3/2 1

𝑚𝑙𝑚𝑄
റ𝑠𝑄 ⋅ 𝐿
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Masses and decays of charmed baryons in diquark picture

Results of the excited Λ𝑐
+ and Ξ𝑐 excited states:

Bing Chen, Ke-Wei Wei, Ailin Zhang, 
Eur.Phys.J. A 51 (2015) 82

第二届理论实验联合研讨会：重子谱和衰变 (兰州大学)
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Masses and decays of charmed baryons in diquark picture

LHCb Collaboration (R. Aaij (CERN) et al.), JHEP 1705 (2017) 030

3

2

+
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The assignments of singly heavy baryons in diquark picture

中国物理学会高能物理分会第十届全国会员代表大会暨学术年会 (上海)

doublet 𝑠𝑙
𝑃 𝑱𝑷 𝚲𝒄 (cud) 𝚵𝒄 (csq) 𝚲𝒃 (bud) 𝚵𝒃 (bsq) comment

1S 0+ 1/𝟐+ 𝛬𝑐(2286) 𝛯𝑐(2470) 𝛬𝑏(5620) 𝛯𝑏(5795) ****

2S 0+ 1/𝟐+ 𝛬𝑐(2760) 𝛯𝑐(2980) *

1P 1−
1/𝟐− 𝛬𝑐(2595) 𝛯𝑐(2790) 𝛬𝑏(5912)

***3/𝟐− 𝛬𝑐(2625) 𝛯𝑐(2815) 𝛬𝑏(5920)

1D 2+
𝟑/𝟐+ 𝛬𝑐(2860) 𝛯𝑐(3055)

**~***5/𝟐+ 𝛬𝑐(2880) 𝛯𝑐(3080)

2P 1−
𝟏/𝟐−

*~**𝟑/𝟐− 𝛬𝑐(2940) 𝛯𝑐(3123)

Bing Chen, Ke-Wei Wei, Xiang Liu, Takayuki Matsuki,  Eur. Phys.  J. C 77, 154 (2017)

Bing Chen, Xiang Liu, and Ailin Zhang, Phys. Rev. D 95, 074022 (2017)

Bing Chen and Xiang Liu, Phys. Rev. D 95, 074022 (2017)
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Bing Chen, Ke-Wei Wei, Xiang Liu, Takayuki Matsuki,  Eur. Phys.  J. C 77, 154 (2017)

Bing Chen, Xiang Liu, and Ailin Zhang, Phys. Rev. D 95, 074022 (2017)

Bing Chen and Xiang Liu, Phys. Rev. D 95, 074022 (2017)

nL 1S 1P 2S

𝑱𝑷 1/𝟐+ 3/𝟐+ 1/𝟐− 1/𝟐′− 3/𝟐− 3/𝟐′− 5/𝟐− 1/𝟐+ 3/𝟐+

Σ𝑐 Σ𝑐(2455) Σ𝑐(2520) Σ𝑐(2800)

Ξ𝑐
′ Ξ𝑐

′ (2570) Ξ𝑐
′ (2645) Ξ𝑐

′ (2930)

Ω𝑐 Ω𝑐(2700) Ω𝑐 (2760) Ω𝑐(3000) Ω𝑐(3090) Ω𝑐(3050) Ω𝑐(3119) Ω𝑐 (3066) Ω𝑐(3188)

Σ𝑏 Σ𝑏(5815) Σ𝑏 (5835) 𝜮𝒃 𝟔𝟎𝟗𝟕 ±

Ξ𝑏
′ Ξ𝑏

′ (5935) Ξ𝑏
′ (5955) 𝜩𝒃

′ (6227)−

Ω𝑏 Ω𝑏(6045) Ω𝑏 (6360)?

Bing Chen, Ke-wei Wei, Xiang Liu, and Ailin Zhang, Phys. Rev. D 98, 031502 (2018)

Bing Chen and Xiang Liu, Phys. Rev. D 98, 074032 (2018)

For bottom baryons

第二届理论实验联合研讨会：重子谱和衰变 (兰州大学)

The assignments of singly heavy baryons in diquark picture
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Explanation of the five narrow 𝛀𝒄 states

Bing Chen and Xiang Liu, Phys. Rev. D 96, 094015 (2017)

第二届理论实验联合研讨会：重子谱和衰变 (兰州大学)

ۧȁΩc 3033
ۧȁΩc 3075

=
Cos158∘ −Sin158∘

Sin158∘ Cos158∘
ൿΩcห0, 1/2

−

Ωc ൿห1, 1/2−

ۧȁΩc 3000
ۧȁΩc 3090

=
Cos116.3∘ −Sin116.3∘

Sin116.3∘ Cos116.3∘
ൿΩcห0, 1/2

−

Ωc ൿห1, 1/2−

Mass:

Decay:
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Explanation of the five narrow 𝛀𝒄 states

Bing Chen and Xiang Liu, Phys. Rev. D 96, 094015 (2017)
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Explanation of the newly discovered bottom baryon:  𝜩𝒃 𝟔𝟐𝟐𝟕 −

Bing Chen, Ke-wei Wei, Xiang Liu, and Ailin Zhang, Phys. Rev. D 98, 031502 (2018)

第二届理论实验联合研讨会：重子谱和衰变 (兰州大学)

𝜩𝒃 𝟔𝟐𝟐𝟕 −

Phys. Rev. Lett. ,121, 072002 (2018)
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Explanation of the newly discovered bottom baryon:  𝚺𝒃 𝟔𝟎𝟗𝟕 ±

Bing Chen and Xiang Liu, Phys. Rev. D 98, 031502 (2018)

第二届理论实验联合研讨会：重子谱和衰变 (兰州大学)

𝚺𝒃 𝟔𝟎𝟗𝟕 ±

arXiv:1809.07752, Submitted to Phys. Rev. Lett.

𝚺𝒃 𝟔𝟎𝟗𝟕 − :
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The measured  branching ratios

𝑩 𝜦𝒄(𝟐𝟖𝟖𝟎)→𝜮𝒄(𝟐𝟓𝟐𝟎)𝝅

𝑩 𝜦𝒄(𝟐𝟖𝟖𝟎)→𝜮𝒄(𝟐𝟒𝟓𝟓)𝝅
= 𝟎. 𝟐𝟐𝟓 ± 0.062 ± 0.025;

Belle [2007]
Phys. Rev. Lett. 98, 262001 (2007)

𝐵 Ξ𝑐(3080)→Σ𝑐 2520 𝐾

𝐵 Ξ𝑐(3080)→Σ𝑐 2455 𝐾
=

0.55±0.05±0.05

0.45±0.05±0.05
= 0.82 ~ 1.86;

BABAR [2008]
Phys. Rev. D 77, 012002 (2008) 

𝐵 Ξ𝑐(3080)→Σ𝑐 2520 𝐾

𝐵 Ξ𝑐(3080)→Σ𝑐 2455 𝐾
= 1.07 ± 0.27 ± 0.04;

𝐵 Ξ𝑐(3080)→Λ𝐷

𝐵 Ξ𝑐(3080)→Σ𝑐 2455 𝐾
= 1.29 ± 0.30 ± 0.15;

𝐵 Ξ𝑐(3055)→Λ𝐷

𝐵 Ξ𝑐(3055)→Σ𝑐 2455 𝐾
= 5.09 ± 1.01 ± 0.76;

Belle [2016]
Phys. Rev. D 94, 032002 (2016) 

Hai-Yang Cheng, Chun-Khiang Chua, Phys.Rev. D 75 (2007) 014006
Bing Chen, Xiang Liu, and Ailin Zhang, Phys.Rev. D 95, 074022 (2017)
Ya-Xiong Yao, Kai-Lei Wang, Xian-Hui Zhong, arXiv:1803.00364 

第二届理论实验联合研讨会：重子谱和衰变 (兰州大学)
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A short summary : success and difficulty

Λ𝑐 2940 +

So the coupled-channel effects should be considered for the 2P Λ𝑐
+states. 

states Expt. CWLM EFG CWZ CI

ȁ ۧ2𝑃, 1/2− 2980 2983 2989 3030

ȁ ۧ2𝑃, 3/2− 2939.3 3004 3005 3000 3035

𝑫∗ 𝒑 𝑫∗ 𝒏

2950 2950

Some thresholds in an S wave plays an important dynamical role in making the ȁ ۧ2𝑃, 3/2−

state a notable mass shift.  

Mass (in MeV)

第二届理论实验联合研讨会：重子谱和衰变 (兰州大学)
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M
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s 
(G

eV
)

Λ𝑐 2286 +

Λ𝑐 2760 +

Λ𝑐 2626 +

Λ𝑐 2595 +

Λ𝑐 2860 +

Λ𝑐 2880 +

Λ𝑐 2940 +

experimental states

predicted masses in
diquark picture

states allowed in three-
body picture
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A short summary : success and difficulty
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A short summary: success and difficulty

In the heavy quark-light diquark picture, most of the observed charmed baryon states
can be explained including their mass spectrum and strong decays. As discussed above,
however, there are some questions which should be investigated deeply.

(1) The branching ratios of Λ𝑐 2880 +and Ξ𝑐 3080 pose challenges to the diquark
picture,

(2) The coupled-channel effects should be studied for the 2P Λ𝑐
+ states, 

(3) The spin-parity of Λ𝑐 2760 + [or a Σ𝑐 2760 + state] and Ξ𝑐
′
2980 should be 

measured,

(4) We may ask why no ρ-mode excited heavy baryon state has been detected by any 
experiment. If they exist, how are we going to find them?

第二届理论实验联合研讨会：重子谱和衰变 (兰州大学)
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Study the masses of heavy baryon in three-body picture
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Different confinement mechanism
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1q 2q

Q

ρ

λ

2q

Q

120O

1q ρ

τ

1q 2q

Q

ρ

λ

∆- type Y- type diquark

1.  “Heavy baryons in a quark model”,
W. Roberts and M. Pervin, Int. J. Mod. Phys. A 23, 2817 (2008).

2.  “Baryons in a Relativized Quark Model with Chromodynamics”,
S. Capstick and N. Isgur, Phys. Rev. D 34, 2809 (1986)

3.  “Precise determination of the three-quark potential in SU(3) lattice gauge”,
Y. Koma and M. Koma, Phys. Rev. D 95 , 094513 (2017).



A baryon system in the harmonic oscillator potential
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The Hamiltonian could be written as

In the Jacobi coordinates, we may define 

1 1 2 2 1 1 2 2 3 3
1 2 3

1 2 1 2 3

; ; ;
m r m r m r m r m r

r r r R
m m m m m

 
+ + +

= − = − =
+ + +

Then the part of 𝐻0 could be reduced as 

𝐻0

( )
( )

22 2 23 3
2

1 2 2 1
2

1 1, 1

2 2

2

0

1 2

1
1

2 2 2 2 2
ˆ i

i j
i i i ji

pp p P m m m m
K r r K K

m m m M m
H

m
K

mm

 

 

  
= = 

  −
= + − = + + + − + 

++

+
 

 

where

( )3 1 21 2
1 2 3

1 2 1 2 3

; ; ;
m m mmm

m m M m m m
m m m m m

 

+
= = = + +

+ + +

2 1 3 1 2
1 2 12 3 1 2 3

1 2 1 2 1 2 3 1 2 3

; ; .
m m m m m

p p p p p p P p p p
m m m m m m m m m m

 

+
= − = − = + +

+ + + + + +



A baryon system contains at least two identical quarks

32第二届理论实验联合研讨会：重子谱和衰变 (兰州大学)

1q 2q

Q

ρ

λ

∆- type

( ) ( )
2 2 2 3

2
1 2 3

1,

2

1,1 2 3

1ˆ
2 2 2 2

ˆ ,ij
ii j

j
i i

i
j

p p p
H K g r H

m m
Sr Lr

m =  = 

= + +    + − + 

The Hamiltonian could be written as

Now, we define 

( ) ( ) 1 2 3
1 2 1 2 3

1 1
; 2 ; ;

22 6

mr mr r
r r r r r R

m


 



+ +
= − = + − =

+

Then the part of 𝐻0 could be reduced as 

𝐻0

( ) ( )
22 2 23 3

2 2

1,

2
0

1

1 3

2 2 2 2 2
ˆ

2
i

i j
i i i ji

pp p P
K r r K

m m m M
H  




= = 

= + − = + + + + 

where
3

; 2 ;
2

m
m M m

m






= = +

+

( )1 2 12 3 1 2 3

1 3
; 6 ; .

2 2 22

m
p p p p p p P p p p

m m
 



 
= − = − = + +

+ +



The frequencies of  the ρ mode and λ mode
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q q

q

ρ

λ

2q

Q

1q ρ

q

Q ρ

qqq qqQ QQq

Q

λ λ

𝜔𝜌

𝜔𝜆
=

3
2
𝐾/𝑚

3
2𝐾/𝑚𝜆

=
𝑚𝜆

𝑚
=

3𝜇

2𝑚 + 𝜇

❶ qqq baryon
𝜇 = 𝑚
𝜔𝜌 = 𝜔𝜆

❷ qqQ baryon
𝜇 > 𝑚
𝜔𝜌 > 𝜔𝜆

❸ QQq baryon
𝜇 < 𝑚
𝜔𝜌 < 𝜔𝜆
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q qρ

λ

qqQQ

2 2 2 3
1

,
0

2 3

12 2 2
ˆ

ij
i i j i

q

j

qQ

p p p
br

m m r
H C



 = 

 
= + + + − + +  

 


( )

( )

1 2

1 2 3

1 2 3

1
;

2

1
2 ;

6

;
2

r r

r r r

mr mr r
R
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= −

= + −

+ +
=

+

1

2

3

;

;

3

2 22

3

2 22

6
2

;

R
m

R

r

R

r

r

m

m

m

 




 







+ +
+

− +
+

−
+

=

=

=

( )
( ) '

2

0

2

2 2

2 2

4
2ˆ 2 3

2 2 2 2 3
qqQH

p p
b b

m m
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   = + + − + + − + + +   + 

 

We try to solve the following Schrödinger equation

with

We have

Comment

How to obtain the masses of  singly heavy baryons 

in three-body picture



To solve the Schrödinger equation
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( )
( ) '

2

0

2

2 2

2 2

4
2ˆ 2 3

2 2 2 2 3
qqQH

p p
b b

m m
C 



 
  

  

 
   = + + − + + − + + +   + 

 

To solve the equation above, one may define the wave function of a heavy baryon state as 
follows  

Ψ𝐽𝑀 = 

𝑀𝐿,𝑚

𝐽𝑀 𝐿𝑀𝐿, 𝑆𝑀 −𝑀𝐿 𝐿𝑀𝐿 𝑙𝜌𝑚, 𝑙𝜆𝑀𝐿 −𝑚 𝜓𝑙𝜌𝑚
𝑛𝜌 𝛒 𝜓𝑙𝜆𝑚

𝑛𝜆 𝛌 𝜒𝑆 𝑀 −𝑀𝐿

The Ψ𝐽𝑀 can be denoted in in abbreviation, i.e., 

Ψ𝐽𝑀 ≡ 𝜓𝐿𝑀𝐿

𝑛𝜌𝑙𝜌 𝑛𝜆𝑙𝜆 𝜌, 𝜆 𝜒𝑆 𝑀 −𝑀𝐿
𝐽𝑀

≡ ඁቤ 𝑙𝜌 ⊗ 𝑙𝜆 𝐿

𝑛𝜌𝑛𝜆 ⊗ 𝑠𝜌 ⊗ 𝑠𝑄 𝑆
𝐽

The harmonic oscillator wave function could be used to denote the spatial part of a heavy 
baryon state, i.e., 

𝜓𝑙𝑚
𝑛 𝐫 = 𝛼 Τ3 2

2(𝑛 − 1)!

Gamma[𝑛 + 𝑙 +
1
2
]
(𝛼𝑟)𝑙L𝑛−1

𝑙+
1
2 𝛼2𝑟2 𝑒−

𝛼2𝑟2

2 𝑌𝑙𝑚 𝐫



An example 
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If we try to calculate the mass of Λ𝑐 2286 + by the method above, we should first construct 
the spin-space wave functions as following (see  Roberts & Pervin, Int. J. Mod. Phys. A 23 (2008) 

2817) 

If we want to calculate the masses of higher excited baryon states, we should construct a 
more complicated wave function;

The obtained wave function is very difficult to be used to calculate the strong decays.



“Y-type” confinement mechanism
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2q

Q

120O

1q ρ

τ

Y- type

Here we take the work by Capstick and Isgur to discuss this 
question:

“Baryons in a Relativized Quark Model with Chromodynamics” 
[ Phys. Rev. D 34, 2809 (1986) ]

1 2 3

2

3
s

q q q ij iO ij
i j i i jij

V fbr b r f r
r



 

   
= − + + −    

  
  

where the junction O should minimise the sum of 𝑟𝑖𝑂. 

2q

Q

120

O

1q

ρ
⟺

1 2 3 2
2

2 3 4

3 4 3

4

q q qV b b
 

 
 



 
  
 = − + + − + 
   + 
 

Comment



Spin-dependent interactions with OGE mechanism
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❶. The magnetic-dipole-magnetic-dipole interaction 

𝑽𝒉𝒚𝒑 =

𝑖<𝑗

3
2𝛼𝑠

3𝑚𝑖𝑚𝑗

8𝜋

3
𝐬𝑖 ∙ 𝐬𝑗𝛿

3 𝐫𝑖𝑗 +
1

𝑟𝑖𝑗
3

𝐬𝑖 ∙ 𝐫𝑖𝑗𝐬𝑗 ∙ 𝐫𝑖𝑗

𝑟𝑖𝑗
2 − 𝐬𝑖 ∙ 𝐬𝑗

❷. The color-magnetic piece

𝑽𝒔𝒐
𝒄𝒎 =

𝑖<𝑗

3
2𝛼𝑠

3𝑟𝑖𝑗
3

𝐫𝑖𝑗 × 𝐩𝑖 ∙ 𝐬𝑖

𝑚𝑖
2 +

𝐫𝑖𝑗 × 𝐩𝑖 ∙ 𝐬𝑗

𝑚𝑖𝑚𝑗
−
𝐫𝑖𝑗 × 𝐩𝑗 ∙ 𝐬𝑗

𝑚𝑗
2 −

𝐫𝑖𝑗 × 𝐩𝑗 ∙ 𝐬𝑖

𝑚𝑖𝑚𝑗

❸. The Thomas piece

𝑽𝒔𝒐
𝐓𝐏 = −

𝑖<𝑗

3
1

2𝑟𝑖𝑗

𝜕𝑉𝑠𝑖
𝜕𝑟𝑖𝑗

𝐫𝑖𝑗 × 𝐩𝑖 ∙ 𝐬𝑖

𝑚𝑖
2 −

𝐫𝑖𝑗 × 𝐩𝑗 ∙ 𝐬𝑗

𝑚𝑗
2

here 𝐫𝑖𝑗 = 𝐫𝑖 − 𝐫𝑗. 



Spin-dependent interactions with OGE mechanism
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In the center of mass coordinate of the heavy baryon, we have 

𝐫1 =
𝛒

2
+

3

2

𝜇

2𝑚 + 𝜇
𝛌

𝐫2 = −
𝛒

2
+

3

2

𝜇

2𝑚 + 𝜇
𝛌

𝐫3 = − 6
𝑚

2𝑚 + 𝜇
𝛌

𝐩1 =
1

2
𝐩𝜌 +

1

6
𝐩𝜆

𝐩2 = −
1

2
𝐩𝜌 +

1

6
𝐩𝜆

𝐩3 = −
2

3
𝐩𝜆

With the relationships above, we can deal with the spin-dependent interaction before.

“The Spectrum of  the nucleons and the strange hyperons and chiral dynamics”

L.Ya. Glozman and D.O. Riska, Phys. Rep. 268, 263 (1996) 

Goldstone boson exchange

Wigner-Eckhart Theorem



The predicted masses given by Capstick and Isgur
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2800

“Baryons in a Relativized Quark Model with Chromodynamics” [ Phys. Rev. D 34, 2809 (1986) ]



A approximate “T-type” confinement mechanism

diquark model
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q

Q ρ

QQq

Q

λ

❶. For the singly heavy baryons, two light quarks in a λ-mode 
excited state can be treated as a block with the antitriplet ( 3 )
color structure and peculiar size. 

❷. For the doubly heavy baryons, the velocity of two heavy 
quarks is much lower than the light quark. Then we may 
divide the dynamics of QQq system into two parts (Born-
Oppenheimer approximation):

𝐻𝑄𝑄𝑞 ≃ 𝐻𝑄𝑄 + 𝐻𝑞

1. “Spectroscopy of  doubly heavy baryons”, S. S. Gershtein, et. al., Phys. Rev. D 62, 054021 (2000) ;

2. “Mass spectra of  doubly heavy 𝜴𝑸𝑸′ baryons”, V.V. Kiselev, et. al., Phys. Rev. D 66, 034030 (2002) ;

3. “Mass spectra of  doubly heavy baryons in the relativistic quark model”, D. Ebert, et. al., Phys. Rev. D 

66, 014008 (2002) ;

4. “Mass spectra and radiative transitions of  doubly heavy baryons in a relativized quark model”,      

Qi-Fang Lü, Kai-Lei Wang, Li-Ye Xiao, and Xian-Hui Zhong, Phys. Rev. D 96, 114006 (2007) ;



A approximate “T-type” confinement mechanism

diquark model
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q

Q ρ

QQq

Q

λ ඁอ 𝑙𝜌 ⊗ 𝑙𝜆 𝐿
⊗ 𝑠𝑞

𝑗𝑙

⊗𝑠𝑄𝑄
𝐽

Based on the heavy quark symmetry, we may choose the 
following the basis 

to study the strong decays of QQq baryons.

ฬ 𝑙𝜌 ⊗𝑠𝑄𝑄 𝐽𝜌
⊗ 𝑙𝜆 ⊗ 𝑠𝑞 𝐽𝑞

𝐽



The obtained masses of  Ξ𝑐𝑐 baryons in the diquark picture
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“Spectroscopy of  doubly heavy baryons”, S. S. Gershtein, et. al., Phys. Rev. D 62, 054021 (2000) ;

“Mass spectra of  doubly heavy baryons in the relativistic quark model”, D. Ebert, et. al., Phys. Rev. D 66, 

014008 (2002) ;



The obtained masses of  Ξ𝑐𝑐 baryons in the diquark picture
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“Spectroscopy of  doubly heavy baryons”, S. S. Gershtein, et. al., Phys. Rev. D 62, 054021 (2000) ;

“Mass spectra of  doubly heavy baryons in the relativistic quark model”, D. Ebert, et. al., Phys. Rev. D 66, 

014008 (2002) ;



The obtained masses of  Ξ𝑐𝑐 baryons in the diquark picture
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“Mass spectra of  doubly heavy baryons in the relativistic quark model”, D. Ebert, et. al., Phys. Rev. D 66, 

014008 (2002) ;



Summary and outlook  
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(1) More and more heavy baryon states have been discovered by experiments. However,
most of all can be explained as the λ-mode excitations;

(2) The definite ρ- mode excited heavy baryons may help us to deeply understand the
confinement mechanism.

(3) The five narrow Ω𝑐 states have never been investigated thoroughly in the three-body
picture,

(4) How to distinguish the different confinement mechanism? Can we give some definite
criteria which can be tested by experiments?

(5) Here we just give a scheme for studying the masses and strong decays in the
conventional quenched quark model. In fact, The effects of hadron loops may play an
important role for some (heavy) baryon states. The “unquenched” quark mode is still in
the development stage.

(6) If we want to disentangle the puzzles of the baryon dynamics, maybe we should try to
study the whole baryon family in a suite way.



47

Summary : success and difficulty
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