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Outline

l hadron spectroscopy

l 3p0 model

l summary and outlook
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Ø doubly charmed baryons

Ø charmonium states



Hadron spectroscopy: we know 6 quarks & 6 leptons
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We know four types of interactions
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• Gravity is responsible for the structure of the Universe
• Electromagnetic interaction  the molecules and atoms
• Weak interaction  the stars shine
• Strong interaction  the structure of the nuclei, nucleons, hadronic matters from  
                                     the building blocks ---quarks!                      but HOW?
                                                                    



We know quark pair makes mesons and three quarks makes baryons
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M. Gell-Mann
Published in Physics Letters 8, 214 (1964);
Similar idea by G. Zweig, CERN-TH-401 (1964).



What did we observe?
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We can put (all of) them in a simple picture!
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We can put (all of) them in a simple picture!
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Doubley charmed baryons:
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Doubley charmed baryons:
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Doubley charmed baryons:
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Doubley charmed baryons:
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Doubley charmed baryons:
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Doubley charmed baryons:
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Doubley charmed baryons:
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Doubley charmed baryons:
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Doubley charmed baryons:

17肖立叶，北京大学

DCBS

Mass spectra

Semileptonic decays

Radiative decays

Others

D. Ebert, R. N. Faustov, V. O. Galkin, and A. P. Martynenko, 
Phys. Rev. D 66, 014008(2002).
A. Faessler, T. Gutsche, M. A. Ivanov, J. G. Korner, and
V. E. Lyubovitskij, Phys. Rev. D 80, 034025 (2009).
W. Wang, F. S. Yu, and Z. X. Zhao, arXiv:1707.02834.
H. S. Li, L. Meng, Z.W. Liu, and S. L. Zhu, Phys. Rev. D 96, 
076011 (2017).
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Doubley charmed baryons:
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20、   PRD66,014008 (2002). 46、   PRD77,074008 (2008).



Doubley charmed baryons:
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3 P 0  m
odel

20、   PRD66,014008 (2002). 46、   PRD77,074008 (2008).



3P0 model：
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3P0 model：
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3P0 model：
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C. Hayne and N. Isgur,  Phys.Rev. D25,1944(1982).



Result: 1Pρ
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mass（MeV） 3838 3959 4002 4102

PS JL  /
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32

Pcc

doubly charmed baryon+light flavor meson

orthogonality of SHO function below the threshold

singly charmed baryon+heavy-light meson

The decay widths of the 1Pρ states should be fairly narrow !

D. Ebert        PRD66,014008 (2002).



Result: 1Pλ
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Result: 1Pλ
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Result: 1Pλ
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Result: 1Pλ
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Result: 1Pλ
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Result: 1Pλ
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Result: 1Pλ

302018-9-19 肖立叶，北京大学



Result: 1Pλ
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Result:  Ξ++
cc1Pλ
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states

mass(MeV) 4136 4196 4053 4101 4155
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Result:  Ωcc1Pλ
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states

mass(MeV) 4271 4325 4208 4252 4303
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Result:  Ξ++
cc2Dρρ
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The main decay channels are 
sensitive to the masses. 



Result:  Ωcc2Dρρ
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The main decay channels are 
sensitive to the masses. 



Result:  Ξ++
cc2Dλλ
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Result:  Ωcc2Dλλ
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Summary: Doubley charmed baryons with 3P0 model
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The strong decay properties of the doubly charmed baryons: Ξ++
cc  and Ωcc 

ØFor the 1P ρ mode states:   Γ ∽ fairly narrow 

ØFor the 1P λ mode states:   Γ ∽ 100 MeV 

ØFor the 2Dρρ states:   They mainly decay via emitting a heavy-light meson 
Γ ∽ several tens MeV

ØFor the 2Dλλ states:   Γ > 100 MeV    
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Y(4660)→ΛcΛc



Charmonium spectroscopy

M
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(4040)
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(13D2)
2015 BESIIIc0(2P)

Godfrey & Isgur, PRD32, 189 (1985)

2017 Belle

n(2S+1)LJ
n  radial quantum number

S total spin of c & cbar

L orbital angular momentum

J = S + L

S and D-wave spin-triplets have 
the same quantum number as the 
photon!
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41Godfrey & Isgur, PRD32, 189 (1985)
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Charmonium(like) spectroscopy

predicted, discoveredhc(1S)

J/

hc(2S)
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c0(1P)

c1(1P) c2(1P)
2005

1974
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c2(2P)

(13D2)X(3872)

Y(4260)
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Y(4660)
Ø Charmonium-like (XYZ) particles
Ø New type of hadron (multi-quark …)?
Ø Too many vector states! Exotics?

unpredicted, discovered

2015 BESIII

charged
Zc(3900)

Zc(4020)

Zc(4430)

c0(2P)
2017 Belle X(3915)

X(3960)
X(4160)
X(4350)
X(4500)
X(4700)
Y(4008)
Y(4230)
Y(4140)
Y(4274)
Z(4030)
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......
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CMS

CDF and D0

CLEO-c

BESIII

LHCb
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Y(4660) : first observation at Belle
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PRL99 142002(2007)
673/fb data

MeVY
MeVYM

tot 31548))4660((
5114664))4660((




5.8σ



Y(4660) : not be confirmed by BaBar
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PRL98 212001(2007)
298/fb data

PRD78 014032(2008)
Fit BaBar and Belle data
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Y(4660) : confirmation by BaBar in 2012
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PRD89 111103(2014)
520/fb data

MeVY
MeVYM

tot 1048104))4660((
3129466))4660((




5.7σ



Y(4630) : first observation at Belle

2018-9-19 45肖立叶，北京大学

PRL101 172001(2008)
695/fb data

MeVsyststatY
MeVsyststatYM
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8.2σ

consistent with Y(4660)



Y(4660) and Y(4630): interpretation in theory
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Ø ψ(6S)
Ø ψ(5S)
Ø ψ(4S)

lAs charmonium state: 

Ø ψ(5D)
Ø ψ(4D)
Ø ψ(3D)

Ø ψ'f0(980) bound state
Ø tetraquark state
Ø hadro-charmonium state

lAs exotic state: 

Phys. Rept. 639, 1-121 (2016)

Y(4660)

Y(4630)

Ø ΛcΛc bound state

lAs exotic state: 

Ø tetraquark state
Y(4660) and Y(4630)

lAs charmonium state: 

Ø tetraquark state

Ø ψ'f0(980) bound state

2018-9-19 肖立叶，北京大学



3P0 model：ψ(nS/nD)→ΛcΛc
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quark level:      intermediate state - initial state = two quarks    

constant a as     26.0 qmGeVEAEk 

PRD89 114010(20014)



3P0 model：ψ(nS/nD)→ΛcΛc
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ff
f

fqq xdmH   32

constant a as     26.0 qmGeVEAEk 

nonrelativistic limit



3P0 model：ψ(nS/nD)→ΛcΛc
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meson wave function

baryon wave function

spatial wave function

SHO wave function

C. Hayne and N. Isgur,  Phys.Rev. D25,1944(1982).
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3P0 model：ψ(nS/nD)→ΛcΛc
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Result:
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))6/5/4(( ccSSS   ∽ a few MeV
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))5/4/3(( ccDDD   ∽ less than one MeV

MeVY
MeVYM

tot 1172))4660((
94643))4660((




If the enhancement Y(4630) in the ΛcΛc invariant-mass distribution is the same atructure
 as Y(4660), the Y(4660) resoannce is most likely to be a S-wave charmonium state.



Result:
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10、   PRD79,094004 (2009). 50、   arXiv:0810.2875.
47、   PRD72,094004 (2005).
48、   PRD21,203 (1980).
49、   PRD32,189 (1985).

51、   Phys. Atom. Nucl.72,638 (2009).

52、   PRD72,054026 (2005).



Result:
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Result:
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Summary
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l The ΛcΛc partial decay width of the excited vector charmonium states around 4.6 GeV:  

))6/5/4(( ccSSS   ∽ a few MeV
))5/4/3(( ccDDD   ∽ less than one MeV

★

★

l If the enhancement Y(4630) in the ΛcΛc invariant-mass distribution is the same atructure
 as Y(4660), the Y(4660) resoannce is most likely to be a S-wave charmonium state.

l This OZI allowed mode provides a new tool to explore the higer charmonium, which can
be produced abundantly at Belle-II. 



Outlook
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Outlook
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