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Contents

1. Recent LHCb experiments show us that there is two 
resonances in the N-J/ψ channel, whose spin and parity are 
most probably (3/2- 5/2+), or maybe (3/2+ 5/2-), (5/2+ 3/2-).

• In this talk, we will show that there is a state which gains a 
large attraction from the color-magnetic interaction in the 
uudcc ! I(JP)=1/2(3/2-) channel. 

• This state may be seen as a resonance in the N-J/ψ 
channel.

2. We also found that there is an equally or more attractive state 
in the channel with strangeness, udscc!, I(JP)=0(1/2-).

• We would like to discuss the possibility to find it as a 
resonance in the Λ-J/ψ or Λ-ηc channels.

3. We also would like to show a brief summary on the possibility 
that the 1++ cc!-component of the X(3872) is seen in the X
(3872) radiative decay in the LHCb experiments.
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Today’s menu No.1

• The model can give the single baryon and 
meson spectra

• cc!8-qqq8 state can be attractive. 

• There may be a""  " " " "  bound state, 

• which mixes with" " " " strongly, but 
with"" " " weakly.  

• Scattering calc suggests rich spectrum.

qqqcc! pentaquarks are investigated 
by a simple quark cluster model

ΛcD∗

Σ∗
cD( 32

−
)

NJ/ψ
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Quark Model

• hamiltonian

• orbital configuration: (0s)n
H = K + V

Conf + V
Coul + V

CEI + V
CMI

φ(r, b): gaussian with size parameter b

fixed b for all flavors

should be different from each other,
but very complicated. So, as a first step,
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Quark Model (simple version)

• hamiltonian

H = K + V
Conf + V

Coul + V
CEI + V

CMI

V Conf = −ac
�

(λi · λj)rij (1)

V Coul = −
� (λi · λj)

4

αs

rij
(2)

V CEI =
�

(λi · λj)αsζqq�δ
3(�rij) (3)

V CMI = −
�

(λi · λj)(σi · σj)αsξqq�δ
3(�rij) (4)

ξqc �= ξqc
b

Mqqq, Mqq!

hfs
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Table 2: Matrix elements of the color magnetic operator, −
∑

(λ · λ)(σ · σ), and the isospin-averaged
masses, and the model masses by the (0s)n quark configuration for single hadrons. The operator is not
diagonal for Ξc and Ξ′

c when SU(3)f is broken. Off-diagonal element Ξc-Ξ′
c is also shown.

Baryon CMI av mass model A model B

N −8 939 937.04 937.04

Λ −8 1116 1113.80 1113.80

Σ 8
3 − 32

3 ξs 1193 1193.78 1193.78

Σ∗ 8
3 + 16

3 ξs 1385 1385.19 1385.19

Λc −8 2286 2288.34 2288.34

Σc
8
3 − 32

3 ξc 2454 2452.91 2425.23

Σ∗
c

8
3 + 16

3 ξc 2518 2517.44 2531.28

Ξc −8ξs 2469 2486.10 2488.79

Ξ′
c −8

3 (2ξc + 2ξcs − ξs) 2577 2560.09 2545.11

Ξc-Ξ′
c −8

√
3

3 (ξc − ξcs)

Ξ∗
c

8
3 (ξs + ξc + ξcs) 2646 2645.90 2652.05

Meson

ηc −16ξcc 2984 2983.60 2983.60

J/ψ 16
3 ξcc 3097 3096.92 3096.92

D −16ξc 1867 1908.10 1866.58

D∗ 16
3 ξc 2009 1994.14 2007.98

Ds −16ξcs 1968 1964.32 1968.94

D∗
s

16
3 ξcs 2112 2114.28 2112.74

4

Baryons
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Mesons
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Blue, Red: QM
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Pentaquarks

Pc Pentaquark

Pc ! J/"+p  July 13, 2015 
 
two penta-quark states with (hidden) ccbar 
 
Pc(4380) (3/2+?)  
Pc(4450) (5/2-?)  
 

!2
Makoto Oka@Tokyo Tech

Pc(4450) (5/2-)

Pc(4380) (3/2+)
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Pc Pentaquark

SU(3) quark model 
c-cbar   spin 0 or 1 
  color 1 or 8  
 
qqq (uud, . . ) 
  color 1 or 8 
  SU(6): even L ! 56 [3] or 70 [21]  
   odd L ! 70 [21] or 56[3]+70[21]+20[13]  

This can be B8 spectroscopy. 
 
(Ref: S.G. Yuan, et al., EPJ A48 (2012) 61, ArXiv:1201.0807)

!3
Makoto Oka@Tokyo Tech

ηc

η8
c

J/ψ

ψ8
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Quark Model

• hamiltonian

• configuration
H = K + V

Conf + V
Coul + V

CEI + V
CMI

φ(r, b): gaussian with size parameter b

fixed b for all flavors
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Quark Model

• hamiltonian

• configuration
H = K + V

Conf + V
Coul + V

CEI + V
CMI

φ(r, b): gaussian with size parameter b

fixed b for all flavors

color-singlet

color-singlet

color-singlet
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Quark Model

• hamiltonian

• configuration
H = K + V

Conf + V
Coul + V

CEI + V
CMI

φ(r, b): gaussian with size parameter b

fixed b for all flavors

color-octet

color-octet

color-singlet
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Spin dependence

!7
Makoto Oka@Tokyo Tech

color 1 ccbar 
56 = (8, 1/2) + (10, 3/2)  
(8,1/2)   ! = -8 ccbar uud (udd) = J/"+p 
(10,1/2)   ! =  8 

color 8 ccbar 
70 = (1, 1/2) + (8, 1/2) + (8, 3/2) + (10, 1/2)  
(1,1/2)  ! = -14    ccbar uds = "8+ #8 
(8,1/2)   ! =   0 
(8,3/2)  ! =   4 
(10,1/2)   ! = 10

S =1/2 S =3/2

co
lo

r 
8 

cc
!   

   
  c

ol
or

-1
 c

c!

flavor sym.
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qqqcc I(JP)=1/2(1/2-) 

• 7 BM channels:

• 2 forbidden states for totally symmetric in 
the orbital space:

• 2 color-singlet cc! states:

• 3 color-octet cc! states

• 2 qqq spin 1/2 and 1 qqq spin 3/2 states

Nηc, NJ/ψ, ΛcD, ΛcD∗, ΣcD, ΣcD∗, Σ∗
cD

∗

2.1.1 qqqcc I(JP ) = 1
2 ( 1

2

−) 7 channels: Nηc, NJ/ψ, ΛcD, ΛcD∗, ΣcD, ΣcD∗, Σ∗
cD

∗

Table 4: Normalization

Nηc NJ/ψ ΛcD ΛcD∗ ΣcD ΣcD∗ Σ∗
cD

∗

Nηc 1 0 −
√

1
24 −

√
1
8 −

√
1
24

√
1
72 −1

3

NJ/ψ 1 −
√

1
8

√
1
24

√
1
72 −

√
25
216 −

√
1
27

ΛcD
5
6 0 0 −

√
1
12 −

√
1
6

ΛcD∗ 5
6 −

√
1
12

1
3 −

√
1
18

ΣcD
7
6

√
1
27 −

√
1
54

ΣcD∗ 17
18 −

√
1

162

Σ∗
cD

∗ 8
9

The qqqcc I(JP ) = 1
2 ( 1

2

−) states consist of 7 baryon-meson channels: Nηc, NJ/ψ, ΛcD, ΛcD∗, ΣcD,
ΣcD∗, Σ∗

cD
∗. They are not orthogonal to each other in a quark model. The normalization of the spin-

color-flavor space is shown in Table 4. All the diagonal elements are close to one, which means that no
state is affected strongly by the quark Pauli-blocking.

There are two forbidden states when the system is totally symmetric in the orbital space:

|Q1〉 =
√

1
32

(√
8|Nηc〉 +

√
3|ΛcD〉 +

√
9|ΛcD∗〉 +

√
3|ΣcD〉 −

√
1|ΣcD∗〉 +

√
8|Σ∗

cD
∗〉

)
(53)

|Q2〉 =
√

1
96

( √
24|NJ/ψ〉 +

√
27|ΛcD〉 −

√
9|ΛcD∗〉 −

√
3|ΣcD〉 +

√
25|ΣcD∗〉 +

√
8|Σ∗

cD
∗〉

)
.

(54)

The norm eignevalues of all other states are is 4
3 .

When we take all ξ’s to be 1 (the SU(4)f limit), the eigenvalues of the color magnetic operator (divided
by the normalization eigenvalue 4

3 ) are { − 8
3 (8 ±

√
31), −56

3 , 8
3 (1 ±

√
10) }, or, { −36.2, −6.5, −18.7,

−5.8, 11.1 }. Corresponding eigenstates, α4, can be expressed by the baryon meson states, x,

α4 = T · x (55)
tα4 =

(
|A〉 |B〉 |C〉 |D〉 |E〉

)
(56)

tx =
(
|Nηc〉 |NJ/ψ〉 |ΛcD〉 |ΛcD∗〉 |ΣcD〉 |ΣcD∗〉 |Σ∗

cD
∗〉

)
. (57)

The transfer matrix, T , is listed in Table 5 together with the expectation values of the color magnetic
interaction at the flaver SU(4) limit, 〈cmi4〉, the one at the SU(3) limit, 〈cmi3〉. The three light quarks
can be in the color-singlet state or the color-octet state; they also form the spin 1

2 or the spin 3
2 state. The

sizes of the color-singlet and the spin 1
2 component of the three light quarks, c-1 and s-1

2 , respectively,
are also listed in Table 5.

At the SU(4)f limit, there is one state where the cmi is strongly attractive, |A〉, which consists mainly
of Nηc and ΣcD. The observed threshold energies of these two baryon-meson states, however, are by 398
MeV different from each other. A more realistic calculation should be done to know if this mixing really
occurs.

At the SU(3)f and HQ limit, where we set ξc = ξcc = 0, the eigenvalues of the color magnetic operator
(divided by the normalization eigenvalue 4

3 ) become { −8, −8, −2, −2, 2 }. We use the notation for the
corresponding five eigenstates, α3, such as

tα3 =
(
|1A〉 |1B〉 |8A〉 |8B〉 |8C〉

)
. (58)
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qqqcc! I(JP)=1/2(1/2-) 

Table 5: Masses and quantum numbers of the qqqcc I(JP ) = 1
2 ( 1

2

−) states. The entries under the c-1 or
s- 1

2 columns are the probabilites of the 3 light quarks are in the color-singlet or the spin-1
2 , respectively,

in each states.

state 〈cmi4〉 〈cmi3〉 c-1 s- 1
2 |Nηc〉 |NJ/ψ〉 |ΛcD〉 |ΛcD∗〉 |ΣcD〉 |ΣcD∗〉 |Σ∗

cD
∗〉

SU4 |A〉 −36.2 −3.6 0.50 0.66 −0.611 0.048 0.249 −0.020 0.748 −0.059 0

|B〉 −18.7 −2.7 0.33 0.67 −0.433 −0.250 0.530 0.306 −0.530 −0.306 0

|C〉 −6.5 −4.4 0.50 0.84 −0.048 −0.611 0.020 0.249 0.059 0.748 0

|D〉 −5.8 −4.1 0.39 0.94 0.427 −0.327 0.523 −0.400 0.174 −0.133 −0.477

|E〉 11.1 −3.2 0.28 0.89 −0.069 −0.453 −0.085 −0.555 −0.028 −0.185 0.662

SU3 |1A〉 −24 −8 1 1 0.866 0 −0.177 −0.306 −0.177 0.102 −0.289

|1B〉 − 8
3 −8 1 1 0 0.866 −0.306 0.177 0.102 −0.295 −0.167

|8A〉 − 8
3 −2 0 1 0 0 0 0.707 −0.408 0.471 −0.333

|8B〉 −8 −2 0 1 0 0 0.707 0 0 −0.408 −0.577

|8C〉 − 56
3 2 0 0 0 0 0 0 0.816 0.471 −0.333

state energy (MeV) c-1 s- 1
2 |Nηc〉 |NJ/ψ〉 |ΛcD〉 |ΛcD∗〉 |ΣcD〉 |ΣcD∗〉 |Σ∗

cD
∗〉

Parameter set A

|1a〉〉 3915 0.99 0.99 0.860 −0.002 −0.223 −0.271 −0.260 0.115 −0.236

|1b〉〉 4030 0.99 1.00 0.003 0.862 −0.339 0.116 0.145 −0.307 −0.115

|8a〉〉 4361 0.01 0.56 0.089 −0.048 0.163 −0.536 0.805 −0.085 −0.143

|8b〉〉 4383 0.00 0.86 0.031 0.039 0.633 −0.036 −0.289 −0.586 −0.411

|8c〉〉 4463 0.01 0.59 −0.032 −0.057 −0.179 −0.499 −0.236 −0.500 0.639

Thresholds (MeV) 3921 4034 4196 4282 4361 4447 4512

Parameter set B

|1a〉〉 3903 0.96 0.98 0.848 −0.009 −0.248 −0.238 −0.330 0.122 −0.198

|1b〉〉 4024 0.97 1.00 0.017 0.854 −0.362 0.071 0.181 −0.305 −0.089

|8a〉〉 4309 0.04 0.35 0.145 −0.095 −0.016 −0.463 0.845 0.180 −0.098

|8b〉〉 4365 0.01 0.97 0.092 0.034 0.628 −0.232 −0.046 −0.606 −0.416

|8c〉〉 4479 0.02 0.71 −0.043 −0.099 −0.194 −0.544 −0.133 −0.448 0.661

Thresholds (MeV) 3921 4034 4155 4296 4292 4433 4539
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qqqcc! I(JP)=1/2(1/2-) (0s)5 calc 

Table 5: Masses and quantum numbers of the qqqcc I(JP ) = 1
2 ( 1

2

−) states. The entries under the c-1 or
s- 1

2 columns are the probabilites of the 3 light quarks are in the color-singlet or the spin-1
2 , respectively,

in each states.

state 〈cmi4〉 〈cmi3〉 c-1 s- 1
2 |Nηc〉 |NJ/ψ〉 |ΛcD〉 |ΛcD∗〉 |ΣcD〉 |ΣcD∗〉 |Σ∗

cD
∗〉

SU4 |A〉 −36.2 −3.6 0.50 0.66 −0.611 0.048 0.249 −0.020 0.748 −0.059 0

|B〉 −18.7 −2.7 0.33 0.67 −0.433 −0.250 0.530 0.306 −0.530 −0.306 0

|C〉 −6.5 −4.4 0.50 0.84 −0.048 −0.611 0.020 0.249 0.059 0.748 0

|D〉 −5.8 −4.1 0.39 0.94 0.427 −0.327 0.523 −0.400 0.174 −0.133 −0.477

|E〉 11.1 −3.2 0.28 0.89 −0.069 −0.453 −0.085 −0.555 −0.028 −0.185 0.662

SU3 |1A〉 −24 −8 1 1 0.866 0 −0.177 −0.306 −0.177 0.102 −0.289

|1B〉 − 8
3 −8 1 1 0 0.866 −0.306 0.177 0.102 −0.295 −0.167

|8A〉 − 8
3 −2 0 1 0 0 0 0.707 −0.408 0.471 −0.333

|8B〉 −8 −2 0 1 0 0 0.707 0 0 −0.408 −0.577

|8C〉 − 56
3 2 0 0 0 0 0 0 0.816 0.471 −0.333

state energy (MeV) c-1 s- 1
2 |Nηc〉 |NJ/ψ〉 |ΛcD〉 |ΛcD∗〉 |ΣcD〉 |ΣcD∗〉 |Σ∗

cD
∗〉

Parameter set A

|1a〉〉 3915 0.99 0.99 0.860 −0.002 −0.223 −0.271 −0.260 0.115 −0.236

|1b〉〉 4030 0.99 1.00 0.003 0.862 −0.339 0.116 0.145 −0.307 −0.115

|8a〉〉 4361 0.01 0.56 0.089 −0.048 0.163 −0.536 0.805 −0.085 −0.143

|8b〉〉 4383 0.00 0.86 0.031 0.039 0.633 −0.036 −0.289 −0.586 −0.411

|8c〉〉 4463 0.01 0.59 −0.032 −0.057 −0.179 −0.499 −0.236 −0.500 0.639

Thresholds (MeV) 3921 4034 4196 4282 4361 4447 4512

Parameter set B

|1a〉〉 3903 0.96 0.98 0.848 −0.009 −0.248 −0.238 −0.330 0.122 −0.198

|1b〉〉 4024 0.97 1.00 0.017 0.854 −0.362 0.071 0.181 −0.305 −0.089

|8a〉〉 4309 0.04 0.35 0.145 −0.095 −0.016 −0.463 0.845 0.180 −0.098

|8b〉〉 4365 0.01 0.97 0.092 0.034 0.628 −0.232 −0.046 −0.606 −0.416

|8c〉〉 4479 0.02 0.71 −0.043 −0.099 −0.194 −0.544 −0.133 −0.448 0.661

Thresholds (MeV) 3921 4034 4155 4296 4292 4433 4539
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Table 5: Masses and quantum numbers of the qqqcc I(JP ) = 1
2 ( 1

2

−) states. The entries under the c-1 or
s- 1

2 columns are the probabilites of the 3 light quarks are in the color-singlet or the spin-1
2 , respectively,
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∗〉
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|1b〉〉 4030 0.99 1.00 0.003 0.862 −0.339 0.116 0.145 −0.307 −0.115

|8a〉〉 4361 0.01 0.56 0.089 −0.048 0.163 −0.536 0.805 −0.085 −0.143

|8b〉〉 4383 0.00 0.86 0.031 0.039 0.633 −0.036 −0.289 −0.586 −0.411

|8c〉〉 4463 0.01 0.59 −0.032 −0.057 −0.179 −0.499 −0.236 −0.500 0.639

Thresholds (MeV) 3921 4034 4196 4282 4361 4447 4512
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|1a〉〉 3903 0.96 0.98 0.848 −0.009 −0.248 −0.238 −0.330 0.122 −0.198

|1b〉〉 4024 0.97 1.00 0.017 0.854 −0.362 0.071 0.181 −0.305 −0.089

|8a〉〉 4309 0.04 0.35 0.145 −0.095 −0.016 −0.463 0.845 0.180 −0.098
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qqqcc I(JP)=1/2(3/2-) 

• 5 BM channels:

• 1 forbidden states for totally symmetric in 
the orbital space:

• 1 color-singlet cc! states:

• 3 color-octet cc! states

• 1 qqq spin 1/2 and 2 qqq spin 3/2 states

2.1.1 qqqcc I(JP ) = 1
2 ( 1

2

−) 7 channels: Nηc, NJ/ψ, ΛcD, ΛcD∗, ΣcD, ΣcD∗, Σ∗
cD

∗

Table 4: Normalization

Nηc NJ/ψ ΛcD ΛcD∗ ΣcD ΣcD∗ Σ∗
cD

∗

Nηc 1 0 −
√

1
24 −

√
1
8 −

√
1
24

√
1
72 −1

3

NJ/ψ 1 −
√

1
8

√
1
24

√
1
72 −

√
25
216 −

√
1
27

ΛcD
5
6 0 0 −

√
1
12 −

√
1
6

ΛcD∗ 5
6 −

√
1
12

1
3 −

√
1
18

ΣcD
7
6

√
1
27 −

√
1
54

ΣcD∗ 17
18 −

√
1

162

Σ∗
cD

∗ 8
9

The qqqcc I(JP ) = 1
2 ( 1

2

−) states consist of 7 baryon-meson channels: Nηc, NJ/ψ, ΛcD, ΛcD∗, ΣcD,
ΣcD∗, Σ∗

cD
∗. They are not orthogonal to each other in a quark model. The normalization of the spin-

color-flavor space is shown in Table 4. All the diagonal elements are close to one, which means that no
state is affected strongly by the quark Pauli-blocking.

There are two forbidden states when the system is totally symmetric in the orbital space:

|Q1〉 =
√

1
32

(√
8|Nηc〉 +

√
3|ΛcD〉 +

√
9|ΛcD∗〉 +

√
3|ΣcD〉 −

√
1|ΣcD∗〉 +

√
8|Σ∗

cD
∗〉

)
(53)

|Q2〉 =
√

1
96

( √
24|NJ/ψ〉 +

√
27|ΛcD〉 −

√
9|ΛcD∗〉 −

√
3|ΣcD〉 +

√
25|ΣcD∗〉 +

√
8|Σ∗

cD
∗〉

)
.

(54)

The norm eignevalues of all other states are is 4
3 .

When we take all ξ’s to be 1 (the SU(4)f limit), the eigenvalues of the color magnetic operator (divided
by the normalization eigenvalue 4

3 ) are { − 8
3 (8 ±

√
31), −56

3 , 8
3 (1 ±

√
10) }, or, { −36.2, −6.5, −18.7,

−5.8, 11.1 }. Corresponding eigenstates, α4, can be expressed by the baryon meson states, x,

α4 = T · x (55)
tα4 =

(
|A〉 |B〉 |C〉 |D〉 |E〉

)
(56)

tx =
(
|Nηc〉 |NJ/ψ〉 |ΛcD〉 |ΛcD∗〉 |ΣcD〉 |ΣcD∗〉 |Σ∗

cD
∗〉

)
. (57)

The transfer matrix, T , is listed in Table 5 together with the expectation values of the color magnetic
interaction at the flaver SU(4) limit, 〈cmi4〉, the one at the SU(3) limit, 〈cmi3〉. The three light quarks
can be in the color-singlet state or the color-octet state; they also form the spin 1

2 or the spin 3
2 state. The

sizes of the color-singlet and the spin 1
2 component of the three light quarks, c-1 and s-1

2 , respectively,
are also listed in Table 5.

At the SU(4)f limit, there is one state where the cmi is strongly attractive, |A〉, which consists mainly
of Nηc and ΣcD. The observed threshold energies of these two baryon-meson states, however, are by 398
MeV different from each other. A more realistic calculation should be done to know if this mixing really
occurs.

At the SU(3)f and HQ limit, where we set ξc = ξcc = 0, the eigenvalues of the color magnetic operator
(divided by the normalization eigenvalue 4

3 ) become { −8, −8, −2, −2, 2 }. We use the notation for the
corresponding five eigenstates, α3, such as

tα3 =
(
|1A〉 |1B〉 |8A〉 |8B〉 |8C〉

)
. (58)

7

2.1.2 qqqcc I(JP ) = 1
2 ( 3

2

−) 5 channels: NJ/ψ, ΛcD∗, ΣcD∗, Σ∗
cD, Σ∗

cD
∗

The qqqcc I(JP ) = 1
2 ( 3

2

−) states consist of 5 baryon-meson channels: NJ/ψ, ΛcD∗, ΣcD∗, Σ∗
cD, Σ∗

cD
∗.

Σ∗
cD is the channel which does not exist in the 1

2 ( 1
2

−) states. The normalization of the spin-color-flavor
space is shown in Table 6. Again, all the diagonal elements are close to one, which means that no state
is affected strongly by the quark Pauli-blocking.

Table 6: Normalization

NJ/ψ ΛcD∗ ΣcD∗ Σ∗
cD Σ∗

cD
∗

NJ/ψ 1 −
√

1
6 −

√
1
54

√
1
18 −

√
5
54

ΛcD∗ 5
6 −1

6

√
1
12 −

√
5
36

ΣcD∗ 23
18

√
1

108 −
√

5
324

Σ∗
cD

7
6

√
5

108

Σ∗
cD

∗ 19
18

There is one forbidden state when the system is totally symmetric in the orbital space:

|Q〉 =
√

1
24

(√
6|NJ/ψ〉 +

√
9|ΛcD∗〉 +

√
1|ΣcD∗〉 −

√
3|Σ∗

cD〉 +
√

5|Σ∗
cD

∗〉
)

(60)

The norm eigenvalues of the other four states are all 4
3 .

When we take all ξ’s to be 1 (the SU(4)f limit), the eigenvalues of the color magnetic operator
(divided by the normalization eigenvalue 4

3 ) are { −12, −20
3 , 4

3 , 40
3 }. Corresponding eigenstates, α4, can

be expressed by the baryon meson states, x, as

α4 = T · x (61)
tα4 =

(
|A〉 |B〉 |C〉 |D〉

)
(62)

tx =
(
|NJ/ψ〉 |ΛcD∗〉 |ΣcD∗〉 |Σ∗

cD〉 |Σ∗
cD

∗〉
)

(63)

T =





√
18
304

√
27
304

√
3

304

√
256
304 0

−
√

6
16

√
1
16

√
9
16 0 0

−
√

2
8

√
3
8 −

√
3
8 0 0

−
√

30
456 −

√
45
456 −

√
5

456

√
15
456

√
361
456




(64)

The transfer matrix, T , is listed in Table 7 together with the expectation values, 〈cmi4〉 and 〈cmi3〉. In
this case also, the three light quarks can be in the color-singlet state or the color-octet state; they also
form the spin 1

2 or the spin 3
2 state. The sizes of these components, c-1 and s- 1

2 , are also listed in Table
7. The q4 component of A has color [211], spin 1, SU(4)f [22] symmetry, and its cmi is − 16

3 . The q4

component of B has spin 1, SU(4)f [211] symmetry, and its cmi is − 40
3 . The q4 component of C and D

has SU(4)f [31] symmetry, and the spin is mixed state of 2 and 1. Note that the |A〉 state, where the
CMI is the most attractive, mostly consists of Σ∗

cD, whose overlaps to the other states are zero or small.
When we take ξc = ξcc = 0, the eigenvalues of the color magnetic operator divided by the normalization

eigenvalue 4
3 become { −8, −2, 2, 2 }. The corresponding five eigenstates, α3, such as

tα3 =
(
|1A〉 |8A〉 |8B〉 |8C〉

)
. (65)

|1A〉 has color-singlet three light quarks, whereas they are color-octet in the other three states. The
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2 ( 3
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cD, Σ∗

cD
∗

The qqqcc I(JP ) = 1
2 ( 3

2

−) states consist of 5 baryon-meson channels: NJ/ψ, ΛcD∗, ΣcD∗, Σ∗
cD, Σ∗

cD
∗.

Σ∗
cD is the channel which does not exist in the 1

2 ( 1
2

−) states. The normalization of the spin-color-flavor
space is shown in Table 6. Again, all the diagonal elements are close to one, which means that no state
is affected strongly by the quark Pauli-blocking.

Table 6: Normalization

NJ/ψ ΛcD∗ ΣcD∗ Σ∗
cD Σ∗

cD
∗

NJ/ψ 1 −
√

1
6 −

√
1
54

√
1
18 −

√
5
54

ΛcD∗ 5
6 −1

6

√
1
12 −

√
5
36

ΣcD∗ 23
18

√
1

108 −
√

5
324

Σ∗
cD

7
6

√
5

108

Σ∗
cD

∗ 19
18

There is one forbidden state when the system is totally symmetric in the orbital space:

|Q〉 =
√

1
24

(√
6|NJ/ψ〉 +

√
9|ΛcD∗〉 +

√
1|ΣcD∗〉 −

√
3|Σ∗

cD〉 +
√

5|Σ∗
cD

∗〉
)

(60)

The norm eigenvalues of the other four states are all 4
3 .

When we take all ξ’s to be 1 (the SU(4)f limit), the eigenvalues of the color magnetic operator
(divided by the normalization eigenvalue 4

3 ) are { −12, −20
3 , 4

3 , 40
3 }. Corresponding eigenstates, α4, can

be expressed by the baryon meson states, x, as

α4 = T · x (61)
tα4 =

(
|A〉 |B〉 |C〉 |D〉

)
(62)

tx =
(
|NJ/ψ〉 |ΛcD∗〉 |ΣcD∗〉 |Σ∗

cD〉 |Σ∗
cD

∗〉
)

(63)

T =
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304

√
3

304
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256
304 0

−
√
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1
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√
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−
√

2
8

√
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8 −

√
3
8 0 0

−
√
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456 −

√
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456 −

√
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√
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456

√
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(64)

The transfer matrix, T , is listed in Table 7 together with the expectation values, 〈cmi4〉 and 〈cmi3〉. In
this case also, the three light quarks can be in the color-singlet state or the color-octet state; they also
form the spin 1

2 or the spin 3
2 state. The sizes of these components, c-1 and s- 1

2 , are also listed in Table
7. The q4 component of A has color [211], spin 1, SU(4)f [22] symmetry, and its cmi is − 16

3 . The q4

component of B has spin 1, SU(4)f [211] symmetry, and its cmi is − 40
3 . The q4 component of C and D

has SU(4)f [31] symmetry, and the spin is mixed state of 2 and 1. Note that the |A〉 state, where the
CMI is the most attractive, mostly consists of Σ∗

cD, whose overlaps to the other states are zero or small.
When we take ξc = ξcc = 0, the eigenvalues of the color magnetic operator divided by the normalization

eigenvalue 4
3 become { −8, −2, 2, 2 }. The corresponding five eigenstates, α3, such as

tα3 =
(
|1A〉 |8A〉 |8B〉 |8C〉

)
. (65)

|1A〉 has color-singlet three light quarks, whereas they are color-octet in the other three states. The
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Table 7: Masses and quantum numbers of the qqqcc I(JP ) = 1
2 ( 3

2

−) states. The entries under the c-1 or
s- 1

2 columns are the probabilites of the 3 light quarks are in the color-singlet, the spin-1
2 , or the flavor

SU(3) octet symmetry, respectively, in each states.

state 〈cmi4〉 〈cmi3〉 c-1 s- 1
2 |NJ/ψ〉 |ΛcD∗〉 |ΣcD∗〉 |Σ∗

cD〉 |Σ∗
cD

∗〉

SU4 |A〉 −12.0 −0.1 0.079 0.395 0.243 0.298 0.099 0.918 0

|B〉 −6.7 −3.0 0.500 0.500 -0.612 0.250 0.750 0 0

|C〉 1.3 −2.7 0.333 0.667 -0.500 0.612 -0.612 0 0

|D〉 13.3 −0.3 0.088 0.439 -0.256 -0.314 -0.105 0.181 0.890

SU3 |1A〉 − 8
3 −8 1 1 0.866 -0.354 -0.118 0.204 -0.264

|8A〉 4
3 −2 0 1 0 0.707 -0.236 0.408 -0.527

|8B〉 − 8
3 2 0 0 0 0 0.943 0.204 -0.264

|8C〉 0 2 0 0 0 0 0 0.791 0.612

state energy (MeV) c-1 s- 1
2 |NJ/ψ〉 |ΛcD∗〉 |ΣcD∗〉 |Σ∗

cD〉 |Σ∗
cD

∗〉

parameter set A

|1a〉〉 4032 0.997 0.997 0.865 −0.350 −0.151 0.234 −0.229

|8a〉〉 4399 0.000 0.745 −0.018 0.617 −0.052 0.759 −0.198

|8b〉〉 4461 0.000 0.115 0.016 −0.246 0.912 0.298 0.135

|8c〉〉 4513 0.003 0.143 −0.043 −0.247 −0.317 0.394 0.826

Thresholds (MeV) 4034 4282 4447 4426 4512

parameter set B

|1a〉〉 4030 0.991 0.991 0.862 −0.343 −0.173 0.256 −0.208

|8a〉〉 4377 0.002 0.561 −0.035 0.543 0.077 0.832 −0.080

|8b〉〉 4453 0.002 0.175 0.041 −0.310 0.941 0.122 0.045

|8c〉〉 4536 0.005 0.273 −0.062 −0.341 −0.192 0.321 0.860

Thresholds (MeV) 4034 4296 4433 4398 4539
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Table 7: Masses and quantum numbers of the qqqcc I(JP ) = 1
2 ( 3

2

−) states. The entries under the c-1 or
s- 1

2 columns are the probabilites of the 3 light quarks are in the color-singlet, the spin-1
2 , or the flavor

SU(3) octet symmetry, respectively, in each states.

state 〈cmi4〉 〈cmi3〉 c-1 s- 1
2 |NJ/ψ〉 |ΛcD∗〉 |ΣcD∗〉 |Σ∗

cD〉 |Σ∗
cD

∗〉

SU4 |A〉 −12.0 −0.1 0.079 0.395 0.243 0.298 0.099 0.918 0

|B〉 −6.7 −3.0 0.500 0.500 -0.612 0.250 0.750 0 0

|C〉 1.3 −2.7 0.333 0.667 -0.500 0.612 -0.612 0 0

|D〉 13.3 −0.3 0.088 0.439 -0.256 -0.314 -0.105 0.181 0.890

SU3 |1A〉 − 8
3 −8 1 1 0.866 -0.354 -0.118 0.204 -0.264

|8A〉 4
3 −2 0 1 0 0.707 -0.236 0.408 -0.527

|8B〉 − 8
3 2 0 0 0 0 0.943 0.204 -0.264

|8C〉 0 2 0 0 0 0 0 0.791 0.612

state energy (MeV) c-1 s- 1
2 |NJ/ψ〉 |ΛcD∗〉 |ΣcD∗〉 |Σ∗

cD〉 |Σ∗
cD

∗〉

parameter set A

|1a〉〉 4032 0.997 0.997 0.865 −0.350 −0.151 0.234 −0.229

|8a〉〉 4399 0.000 0.745 −0.018 0.617 −0.052 0.759 −0.198

|8b〉〉 4461 0.000 0.115 0.016 −0.246 0.912 0.298 0.135

|8c〉〉 4513 0.003 0.143 −0.043 −0.247 −0.317 0.394 0.826

Thresholds (MeV) 4034 4282 4447 4426 4512

parameter set B

|1a〉〉 4030 0.991 0.991 0.862 −0.343 −0.173 0.256 −0.208

|8a〉〉 4377 0.002 0.561 −0.035 0.543 0.077 0.832 −0.080

|8b〉〉 4453 0.002 0.175 0.041 −0.310 0.941 0.122 0.045

|8c〉〉 4536 0.005 0.273 −0.062 −0.341 −0.192 0.321 0.860

Thresholds (MeV) 4034 4296 4433 4398 4539
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Table 7: Masses and quantum numbers of the qqqcc I(JP ) = 1
2 ( 3

2

−) states. The entries under the c-1 or
s- 1

2 columns are the probabilites of the 3 light quarks are in the color-singlet, the spin-1
2 , or the flavor

SU(3) octet symmetry, respectively, in each states.

state 〈cmi4〉 〈cmi3〉 c-1 s- 1
2 |NJ/ψ〉 |ΛcD∗〉 |ΣcD∗〉 |Σ∗

cD〉 |Σ∗
cD

∗〉

SU4 |A〉 −12.0 −0.1 0.079 0.395 0.243 0.298 0.099 0.918 0

|B〉 −6.7 −3.0 0.500 0.500 -0.612 0.250 0.750 0 0

|C〉 1.3 −2.7 0.333 0.667 -0.500 0.612 -0.612 0 0

|D〉 13.3 −0.3 0.088 0.439 -0.256 -0.314 -0.105 0.181 0.890

SU3 |1A〉 − 8
3 −8 1 1 0.866 -0.354 -0.118 0.204 -0.264

|8A〉 4
3 −2 0 1 0 0.707 -0.236 0.408 -0.527

|8B〉 − 8
3 2 0 0 0 0 0.943 0.204 -0.264

|8C〉 0 2 0 0 0 0 0 0.791 0.612

state energy (MeV) c-1 s- 1
2 |NJ/ψ〉 |ΛcD∗〉 |ΣcD∗〉 |Σ∗

cD〉 |Σ∗
cD

∗〉

parameter set A

|1a〉〉 4032 0.997 0.997 0.865 −0.350 −0.151 0.234 −0.229

|8a〉〉 4399 0.000 0.745 −0.018 0.617 −0.052 0.759 −0.198

|8b〉〉 4461 0.000 0.115 0.016 −0.246 0.912 0.298 0.135

|8c〉〉 4513 0.003 0.143 −0.043 −0.247 −0.317 0.394 0.826

Thresholds (MeV) 4034 4282 4447 4426 4512

parameter set B

|1a〉〉 4030 0.991 0.991 0.862 −0.343 −0.173 0.256 −0.208

|8a〉〉 4377 0.002 0.561 −0.035 0.543 0.077 0.832 −0.080

|8b〉〉 4453 0.002 0.175 0.041 −0.310 0.941 0.122 0.045

|8c〉〉 4536 0.005 0.273 −0.062 −0.341 −0.192 0.321 0.860

Thresholds (MeV) 4034 4296 4433 4398 4539
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Quark Cluster Model

• hamiltonian

H = K + V
Conf + V

Coul + V
CEI + V

CMI

V Conf = −ac
�

(λi · λj)rij (1)

V Coul = −
� (λi · λj)

4

αs

rij
(2)

V CEI =
�

(λi · λj)αsζqq�δ
3(�rij) (3)

V CMI = −
�

(λi · λj)(σi · σj)αsξqq�δ
3(�rij) (4)

ξqc �= ξqc
b
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Quark Cluster Model
• parameter set

• mu = 313 MeV, mc = 1548 MeV
• αs = 0.878, ac = 163.33 MeV/fm
• b = 0.49 fm (fixed for all flavors)
• No instanton induced interaction

• CEM, CMI flavor-dependent factors     
← hadron masses

• Kin replaced by the real masses

  Takeuchi Shimzu PRC76 035204 modified
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Quark Cluster Model

• configuration

• 2 clusters (baryon-meson) whose orbital 
wave function is the gaussian.

• The size parameter for all flavors are the 
same. (J/ψ needs correction)

b
b

R

↑ solve the 
relative wave function

2016年 2月 29日 月曜日
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Potential

• Potential calculated by
• put the two clusters r[fm] 

apart from each other,
• obtain the energy: 

H(r,r)
• V = H(r,r)-H(#, #)

    w/o Kinetic term
• Kinetic energy:

"~ 30 MeV (b=1fm)

-30

-20

-10

0

10

0 1 2 3
r [fm]

Σ∗
cD( 32

−
)

�H−K�
�1� GCM

[MeV]

3
4µb2

Σc*D is weakly bound? or resonance?
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A bound state in 3/2- ?

• Single channel calculation:

   YES    BE = 0.7 MeV $(No J/ψ correction)

• 3 channel calculation:

   YES    BE = 5.8 MeV $(No J/ψ correction)

Σ∗
cD ( 32

−
) bound state?

Σ∗
cD

Σ∗
cD-ΣcD∗-Σ∗

cD
∗

2016年 2月 29日 月曜日



Mini-workshop on exotic hadrons from LHCb@Tokai    19 Feb. 2016

A bound state in 3/2- ?

• Single channel calculation:

   YES   BE ~ 0 MeV$ (w/ J/ψ correction)

• 3 channel calculation:

   YES    BE = 9.8 MeV $(w/ J/ψ correction)

It seems the bound state survives the 
correction. 

Σ∗
cD

Σ∗
cD-ΣcD∗-Σ∗

cD
∗

preliminary
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Phase shifts

• Σc*D single channel calculations

• There is a very shallow bound state.

Σ∗
cD

!
"

preliminary

2016年 2月 29日 月曜日
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Phase shifts

• Σc*D-
ΣcD*-
Σc*D* 
coupled 
channel
• There are a 

bound state 
and a 
resonance 
state.

very very 
preliminary

Σ∗
cD-ΣcD∗-Σ∗

cD
∗

!

x

π

π
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Phase shifts very very 
preliminary

• Λc*D-
Σc*D 
coupled 
channel
• there is a  

resonanc
e around 
the Σc*D 
threshold
.

Σ∗
cD

2.1.2 qqqcc I(JP ) = 1
2 ( 3

2

−) 5 channels: NJ/ψ, ΛcD∗, ΣcD∗, Σ∗
cD, Σ∗

cD
∗

The qqqcc I(JP ) = 1
2 ( 3

2

−) states consist of 5 baryon-meson channels: NJ/ψ, ΛcD∗, ΣcD∗, Σ∗
cD, Σ∗

cD
∗.

Σ∗
cD is the channel which does not exist in the 1

2 ( 1
2

−) states. The normalization of the spin-color-flavor
space is shown in Table 6. Again, all the diagonal elements are close to one, which means that no state
is affected strongly by the quark Pauli-blocking.

Table 6: Normalization

NJ/ψ ΛcD∗ ΣcD∗ Σ∗
cD Σ∗

cD
∗

NJ/ψ 1 −
√

1
6 −

√
1
54

√
1
18 −

√
5
54

ΛcD∗ 5
6 −1

6

√
1
12 −

√
5
36

ΣcD∗ 23
18

√
1

108 −
√

5
324

Σ∗
cD

7
6

√
5

108

Σ∗
cD

∗ 19
18

There is one forbidden state when the system is totally symmetric in the orbital space:

|Q〉 =
√

1
24

(√
6|NJ/ψ〉 +

√
9|ΛcD∗〉 +

√
1|ΣcD∗〉 −

√
3|Σ∗

cD〉 +
√

5|Σ∗
cD

∗〉
)

(60)

The norm eigenvalues of the other four states are all 4
3 .

When we take all ξ’s to be 1 (the SU(4)f limit), the eigenvalues of the color magnetic operator
(divided by the normalization eigenvalue 4

3 ) are { −12, −20
3 , 4

3 , 40
3 }. Corresponding eigenstates, α4, can

be expressed by the baryon meson states, x, as

α4 = T · x (61)
tα4 =

(
|A〉 |B〉 |C〉 |D〉

)
(62)

tx =
(
|NJ/ψ〉 |ΛcD∗〉 |ΣcD∗〉 |Σ∗

cD〉 |Σ∗
cD

∗〉
)

(63)

T =





√
18
304

√
27
304

√
3

304

√
256
304 0

−
√

6
16

√
1
16

√
9
16 0 0

−
√

2
8

√
3
8 −

√
3
8 0 0

−
√

30
456 −

√
45
456 −

√
5

456

√
15
456

√
361
456




(64)

The transfer matrix, T , is listed in Table 7 together with the expectation values, 〈cmi4〉 and 〈cmi3〉. In
this case also, the three light quarks can be in the color-singlet state or the color-octet state; they also
form the spin 1

2 or the spin 3
2 state. The sizes of these components, c-1 and s- 1

2 , are also listed in Table
7. The q4 component of A has color [211], spin 1, SU(4)f [22] symmetry, and its cmi is − 16

3 . The q4

component of B has spin 1, SU(4)f [211] symmetry, and its cmi is − 40
3 . The q4 component of C and D

has SU(4)f [31] symmetry, and the spin is mixed state of 2 and 1. Note that the |A〉 state, where the
CMI is the most attractive, mostly consists of Σ∗

cD, whose overlaps to the other states are zero or small.
When we take ξc = ξcc = 0, the eigenvalues of the color magnetic operator divided by the normalization

eigenvalue 4
3 become { −8, −2, 2, 2 }. The corresponding five eigenstates, α3, such as

tα3 =
(
|1A〉 |8A〉 |8B〉 |8C〉

)
. (65)

|1A〉 has color-singlet three light quarks, whereas they are color-octet in the other three states. The

10

!

π

π
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other quark models
• Quark model (OGE + OBE, Chiral)

• Pc(4380) is a bound state of ΣcD*? (similar 
to our results with a bound state approach)
[H Huang, C Deng J Ping F Wang,arXiv:1510.04648]

[G.Yang J Ping arXiv:151109053]

• Diquark-diquark-qbar

• K-J/ψ for Pc(4380)? Strangeness is 
important.

[V.V. Anisovich etal arXiv:1509.04898]

• Review
[HX Chen W Chen X Liu S-L Zhu,arXiv:1601.02092]
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Today’s menu No.2

• The model can give the single baryon and 
meson spectra

• cc!8-qqq8 state can be attractive (flavor 
singlet state!). 

• There may be a  " "  " " " "  bound state, 

• which mixes with Ληc, ΛJ/ψ weakly.  

qqscc! pentaquarks are investigated 
by a simple quark model

2.2.1 qqqcc I(JP ) = 0( 1
2

−) 9 channels: Ληc, ΛJ/ψ, ΛcDs, ΛcD∗
s , ΞcD, ΞcD∗, Ξ′

cD, Ξ′
cD

∗, Ξ∗
cD

∗

Table 9: Normalization

Ληc ΛJ/ψ ΛcDs ΛcD∗
s ΞcD ΞcD∗ Ξ′

cD Ξ′
cD

∗ Ξ∗
cD

∗

Ληc 1 0 − 1
6 − 1

2
√

3
− 1

6
√

2
− 1

2
√

6
− 1

2
√

6
1

6
√

2
−1

3

ΛJ/ψ 0 1 − 1
2
√

3
1
6 − 1

2
√

6
1

6
√

2
1

6
√

2
− 5

6
√

6
− 1

3
√

3

ΛcDs −1
6 − 1

2
√

3
1 0 − 1

3
√

2
0 0 − 1

3
√

2
−1

3

ΛcD∗
s − 1

2
√

3
1
6 0 1 0 − 1

3
√

2
− 1

3
√

2

√
2
27 − 1

3
√

3

ΞcD − 1
6
√

2
− 1

2
√

6
− 1

3
√

2
0 7

6 0 0 −1
6 − 1

3
√

2

ΞcD∗ − 1
2
√

6
1

6
√

2
0 − 1

3
√

2
0 7

6 − 1
6

1
3
√

3
− 1

3
√

6

Ξ′
cD − 1

2
√

6
1

6
√

2
0 − 1

3
√

2
0 − 1

6
7
6

1
3
√

3
− 1

3
√

6

Ξ′
cD

∗ 1
6
√

2
− 5

6
√

6
− 1

3
√

2

√
2
27 −1

6
1

3
√

3
1

3
√

3
17
18 − 1

9
√

2

Ξ∗
cD

∗ −1
3 − 1

3
√

3
− 1

3 − 1
3
√

3
− 1

3
√

2
− 1

3
√

6
− 1

3
√

6
− 1

9
√

2
8
9

The normalization is shown in Table 9. There is no strongly repulsive state due to the quark Pauli
blocking. When the states are totally symmetric in the orbital space, there are two forbidden states:

|Q1〉 =
√

1
32

(√
8|Ληc〉 +

√
2|ΛcDs〉 +

√
6|ΛcD∗

s〉 +
√

1|ΞcD〉 +
√

3|ΞcD∗〉 +
√

3|Ξ′
cD〉 −

√
1|Ξ′

cD
∗〉 +

√
8|Ξ∗

cD
∗〉

)

(67)

|Q2〉 =
√

1
96

( √
24|ΛJ/ψ〉 +

√
18|ΛcDs〉 −

√
6|ΛcD∗

s〉 +
√

9|ΞcD〉 −
√

3|ΞcD∗〉 −
√

3|Ξ′
cD〉 +

√
25|Ξ′

cD
∗〉 +

√
8|Ξ∗

cD
∗〉

)

(68)

The norm eignevalue of each of the other 7 states is 4
3 .

When we take all the ξ’s to be 1 (the SU(4)f limit), the eigenvalues of the color magnetic operator,
−

∑
(λλ)(σσ), divided by the normalization eigenvalue 4

3 , are { − 8
3 (8±

√
31), − 8

3 (8±
√

31), −56
3 , 8

3 (1±√
10) }, namely, { −36.2, −36.2, −18.7, −6.5, −6.5, −5.8, 11.1 }. Corresponding eigenfunctions are listed

in Table 10.
At the SU(3)f limit with ξc = ξcc = 0, the eigenvalues change to { −14, −14, −8, −8, −2, −2, 2 }.

One of the eigenstates with eigenvalue −14, |8A〉, is almost the same as the one with −36.2 at the SU(4)f

limit, |A〉: 〈8A|−
∑

(λλ)(σσ)
∣∣∣
SU(4)limit

|8A〉 = −36. (See A and 8A in the Table 10.)

The calculations by the parameter sets A and B give the essentially same results as those of the
SU(3)f limit.

• The candidates to have a bound state or a resonance are 1a, 1b and 8a, which should appear in the
Ληc, ΛJ/ψ, and ΛcDs-ΞcD channels, respectively

14
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qqscc I(JP)=0(1/2-) 

• 9 BM channels:

• 2 forbidden states for totally symmetric in the 
orbital space:

• 2 color-singlet cc! states:

• 5 color-octet cc! states
• 4 qqq spin 1/2 and 1 qqq spin 3/2 states
• 2 flavor singlet states

2.1.1 qqqcc I(JP ) = 0( 12
−
) 9 channels: Ληc, ΛJ/ψ, ΛcDs, ΛcD∗

s , ΞcD, ΞcD∗, Ξ′
cD, Ξ′

cD
∗, Ξ∗

cD
∗

Table 3: Normalization

Ληc ΛJ/ψ ΛcDs ΛcD∗
s ΞcD ΞcD∗ Ξ′

cD Ξ′
cD

∗ Ξ∗
cD

∗

Ληc 1 0 − 1
6 − 1

2
√
3

− 1
6
√
2

− 1
2
√
6

− 1
2
√
6

1
6
√
2

− 1
3

ΛJ/ψ 0 1 − 1
2
√
3

1
6 − 1

2
√
6

1
6
√
2

1
6
√
2

− 5
6
√
6

− 1
3
√
3

ΛcDs − 1
6 − 1

2
√
3

1 0 − 1
3
√
2

0 0 − 1
3
√
2

− 1
3

ΛcD∗
s − 1

2
√
3

1
6 0 1 0 − 1

3
√
2

− 1
3
√
2

√
2
27 − 1

3
√
3

ΞcD − 1
6
√
2

− 1
2
√
6

− 1
3
√
2

0 7
6 0 0 − 1

6 − 1
3
√
2

ΞcD∗ − 1
2
√
6

1
6
√
2

0 − 1
3
√
2

0 7
6 − 1

6
1

3
√
3

− 1
3
√
6

Ξ′
cD − 1

2
√
6

1
6
√
2

0 − 1
3
√
2

0 − 1
6

7
6

1
3
√
3

− 1
3
√
6

Ξ′
cD

∗ 1
6
√
2

− 5
6
√
6

− 1
3
√
2

√
2
27 − 1

6
1

3
√
3

1
3
√
3

17
18 − 1

9
√
2

Ξ∗
cD

∗ − 1
3 − 1

3
√
3

− 1
3 − 1

3
√
3

− 1
3
√
2

− 1
3
√
6

− 1
3
√
6

− 1
9
√
2

8
9

The normalization is shown in Table 3. There is no strongly repulsive state due to the quark Pauli
blocking. When the states are totally symmetric in the orbital space, there are two forbidden states:

|Q1〉 =
√

1

32

(√
8|Ληc〉 +

√
2|ΛcDs〉+

√
6|ΛcD∗

s〉+
√
1|ΞcD〉+

√
3|ΞcD∗〉+

√
3|Ξ′

cD〉 −
√
1|Ξ′

cD
∗〉+

√
8|Ξ∗

cD
∗〉
)

(53)

|Q2〉 =
√

1

96

( √
24|ΛJ/ψ〉+

√
18|ΛcDs〉 −

√
6|ΛcD∗

s〉+
√
9|ΞcD〉 −

√
3|ΞcD∗〉 −

√
3|Ξ′

cD〉+
√
25|Ξ′

cD
∗〉+

√
8|Ξ∗

cD
∗〉
)

(54)

The norm eignevalue of each of the other 7 states is 4
3 .

When we take all the ξ’s to be 1 (the SU(4)f limit), the eigenvalues of the color magnetic operator,
−
∑

(λλ)(σσ), divided by the normalization eigenvalue 4
3 , are { − 8

3 (8±
√
31), − 8

3 (8±
√
31), − 56

3 , 8
3 (1±√

10) }, namely, { −36.2, −36.2, −18.7, −6.5, −6.5, −5.8, 11.1 }. Corresponding eigenfunctions are listed
in Table 4.

At the SU(3)f limit with ξc = ξcc = 0, the eigenvalues change to { −14, −14, −8, −8, −2, −2, 2 }.
One of the eigenstates with eigenvalue −14, |8A〉, is almost the same as the one with −36.2 at the SU(4)f

limit, |A〉: 〈8A|−
∑

(λλ)(σσ)
∣∣∣
SU(4)limit

|8A〉 = −36. (See A and 8A in the Table 4.)

The calculations by the parameter sets A and B give the essentially same results as those of the
SU(3)f limit.

• The candidates to have a bound state or a resonance are 1a, 1b and 8a, which should appear in the
Ληc, ΛJ/ψ, and ΛcDs-ΞcD channels, respectively

7

2.1.1 qqqcc I(JP ) = 0( 12
−
) 9 channels: Ληc, ΛJ/ψ, ΛcDs, ΛcD∗

s , ΞcD, ΞcD∗, Ξ′
cD, Ξ′

cD
∗, Ξ∗

cD
∗

Table 3: Normalization

Ληc ΛJ/ψ ΛcDs ΛcD∗
s ΞcD ΞcD∗ Ξ′

cD Ξ′
cD

∗ Ξ∗
cD

∗

Ληc 1 0 − 1
6 − 1

2
√
3

− 1
6
√
2

− 1
2
√
6

− 1
2
√
6

1
6
√
2

− 1
3

ΛJ/ψ 0 1 − 1
2
√
3

1
6 − 1

2
√
6

1
6
√
2

1
6
√
2

− 5
6
√
6

− 1
3
√
3

ΛcDs − 1
6 − 1

2
√
3

1 0 − 1
3
√
2

0 0 − 1
3
√
2

− 1
3

ΛcD∗
s − 1

2
√
3

1
6 0 1 0 − 1

3
√
2

− 1
3
√
2

√
2
27 − 1

3
√
3

ΞcD − 1
6
√
2

− 1
2
√
6

− 1
3
√
2

0 7
6 0 0 − 1

6 − 1
3
√
2

ΞcD∗ − 1
2
√
6

1
6
√
2

0 − 1
3
√
2

0 7
6 − 1

6
1

3
√
3

− 1
3
√
6

Ξ′
cD − 1

2
√
6

1
6
√
2

0 − 1
3
√
2

0 − 1
6

7
6

1
3
√
3

− 1
3
√
6

Ξ′
cD

∗ 1
6
√
2

− 5
6
√
6

− 1
3
√
2

√
2
27 − 1

6
1

3
√
3

1
3
√
3

17
18 − 1

9
√
2

Ξ∗
cD

∗ − 1
3 − 1

3
√
3

− 1
3 − 1

3
√
3

− 1
3
√
2

− 1
3
√
6

− 1
3
√
6

− 1
9
√
2

8
9

The normalization is shown in Table 3. There is no strongly repulsive state due to the quark Pauli
blocking. When the states are totally symmetric in the orbital space, there are two forbidden states:

|Q1〉 =
√

1

32

(√
8|Ληc〉 +

√
2|ΛcDs〉+

√
6|ΛcD∗

s〉+
√
1|ΞcD〉+

√
3|ΞcD∗〉+

√
3|Ξ′

cD〉 −
√
1|Ξ′

cD
∗〉+

√
8|Ξ∗

cD
∗〉
)

(53)

|Q2〉 =
√

1

96

( √
24|ΛJ/ψ〉+

√
18|ΛcDs〉 −

√
6|ΛcD∗

s〉+
√
9|ΞcD〉 −

√
3|ΞcD∗〉 −

√
3|Ξ′

cD〉+
√
25|Ξ′

cD
∗〉+

√
8|Ξ∗

cD
∗〉
)

(54)

The norm eignevalue of each of the other 7 states is 4
3 .

When we take all the ξ’s to be 1 (the SU(4)f limit), the eigenvalues of the color magnetic operator,
−
∑

(λλ)(σσ), divided by the normalization eigenvalue 4
3 , are { − 8

3 (8±
√
31), − 8

3 (8±
√
31), − 56

3 , 8
3 (1±√

10) }, namely, { −36.2, −36.2, −18.7, −6.5, −6.5, −5.8, 11.1 }. Corresponding eigenfunctions are listed
in Table 4.

At the SU(3)f limit with ξc = ξcc = 0, the eigenvalues change to { −14, −14, −8, −8, −2, −2, 2 }.
One of the eigenstates with eigenvalue −14, |8A〉, is almost the same as the one with −36.2 at the SU(4)f

limit, |A〉: 〈8A|−
∑

(λλ)(σσ)
∣∣∣
SU(4)limit

|8A〉 = −36. (See A and 8A in the Table 4.)

The calculations by the parameter sets A and B give the essentially same results as those of the
SU(3)f limit.

• The candidates to have a bound state or a resonance are 1a, 1b and 8a, which should appear in the
Ληc, ΛJ/ψ, and ΛcDs-ΞcD channels, respectively

7

2.2.1 qqqcc I(JP ) = 0( 1
2

−) 9 channels: Ληc, ΛJ/ψ, ΛcDs, ΛcD∗
s , ΞcD, ΞcD∗, Ξ′

cD, Ξ′
cD

∗, Ξ∗
cD

∗

Table 9: Normalization

Ληc ΛJ/ψ ΛcDs ΛcD∗
s ΞcD ΞcD∗ Ξ′

cD Ξ′
cD

∗ Ξ∗
cD

∗

Ληc 1 0 − 1
6 − 1

2
√

3
− 1

6
√

2
− 1

2
√

6
− 1

2
√

6
1

6
√

2
−1

3

ΛJ/ψ 0 1 − 1
2
√

3
1
6 − 1

2
√

6
1

6
√

2
1

6
√

2
− 5

6
√

6
− 1

3
√

3

ΛcDs −1
6 − 1

2
√

3
1 0 − 1

3
√

2
0 0 − 1

3
√

2
−1

3

ΛcD∗
s − 1

2
√

3
1
6 0 1 0 − 1

3
√

2
− 1

3
√

2

√
2
27 − 1

3
√

3

ΞcD − 1
6
√

2
− 1

2
√

6
− 1

3
√

2
0 7

6 0 0 −1
6 − 1

3
√

2

ΞcD∗ − 1
2
√

6
1

6
√

2
0 − 1

3
√

2
0 7

6 − 1
6

1
3
√

3
− 1

3
√

6

Ξ′
cD − 1

2
√

6
1

6
√

2
0 − 1

3
√

2
0 − 1

6
7
6

1
3
√

3
− 1

3
√

6

Ξ′
cD

∗ 1
6
√

2
− 5

6
√

6
− 1

3
√

2

√
2
27 −1

6
1

3
√

3
1

3
√

3
17
18 − 1

9
√

2

Ξ∗
cD

∗ −1
3 − 1

3
√

3
− 1

3 − 1
3
√

3
− 1

3
√

2
− 1

3
√

6
− 1

3
√

6
− 1

9
√

2
8
9

The normalization is shown in Table 9. There is no strongly repulsive state due to the quark Pauli
blocking. When the states are totally symmetric in the orbital space, there are two forbidden states:

|Q1〉 =
√

1
32

(√
8|Ληc〉 +

√
2|ΛcDs〉 +

√
6|ΛcD∗

s〉 +
√

1|ΞcD〉 +
√

3|ΞcD∗〉 +
√

3|Ξ′
cD〉 −

√
1|Ξ′

cD
∗〉 +

√
8|Ξ∗

cD
∗〉

)

(67)

|Q2〉 =
√

1
96

( √
24|ΛJ/ψ〉 +

√
18|ΛcDs〉 −

√
6|ΛcD∗

s〉 +
√

9|ΞcD〉 −
√

3|ΞcD∗〉 −
√

3|Ξ′
cD〉 +

√
25|Ξ′

cD
∗〉 +

√
8|Ξ∗

cD
∗〉

)

(68)

The norm eignevalue of each of the other 7 states is 4
3 .

When we take all the ξ’s to be 1 (the SU(4)f limit), the eigenvalues of the color magnetic operator,
−

∑
(λλ)(σσ), divided by the normalization eigenvalue 4

3 , are { − 8
3 (8±

√
31), − 8

3 (8±
√

31), −56
3 , 8

3 (1±√
10) }, namely, { −36.2, −36.2, −18.7, −6.5, −6.5, −5.8, 11.1 }. Corresponding eigenfunctions are listed

in Table 10.
At the SU(3)f limit with ξc = ξcc = 0, the eigenvalues change to { −14, −14, −8, −8, −2, −2, 2 }.

One of the eigenstates with eigenvalue −14, |8A〉, is almost the same as the one with −36.2 at the SU(4)f

limit, |A〉: 〈8A|−
∑

(λλ)(σσ)
∣∣∣
SU(4)limit

|8A〉 = −36. (See A and 8A in the Table 10.)

The calculations by the parameter sets A and B give the essentially same results as those of the
SU(3)f limit.

• The candidates to have a bound state or a resonance are 1a, 1b and 8a, which should appear in the
Ληc, ΛJ/ψ, and ΛcDs-ΞcD channels, respectively
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Table 10: Masses and quantum numbers of the qqqcc I(JP ) = 0(1
2

−) states. The entries under the c-1,
s- 1

2 , or f-1 columns are the probabilites of the 3 light quarks are in the color-singlet, the spin-1
2 , or the

flavor SU(3) singlet symmetry, respectively, in each states.

state 〈cmi〉 c-1 s- 1
2 f-1 |Ληc〉 |ΛJ/ψ〉 |ΛcDs〉 |ΛcD∗

s〉 |ΞcD〉 |ΞcD∗〉 |Ξ′
cD〉 |Ξ′

cD
∗〉 |Ξ∗

cD
∗〉

SU4 |A〉 −36.2 0 1 1 0 0 -0.576 0.045 0.814 -0.064 0 0 0

|B〉 −6.5 0 1 1 0 0 -0.045 -0.576 0.064 0.814 0 0 0

|C〉 −36.2 0.500 0.660 0 -0.611 0.048 0.204 -0.016 0.144 -0.011 0.748 -0.059 0

|D〉 −6.5 0.500 0.840 0 -0.048 -0.611 0.016 0.204 0.011 0.144 0.059 0.748 0

|E〉 −18.7 0.333 0.667 0 0.433 0.250 -0.433 -0.250 -0.306 -0.177 0.530 0.306 0

|F 〉 −5.8 0.386 0.943 0 -0.427 0.327 -0.427 0.327 -0.302 0.231 -0.174 0.133 0.477

|G〉 11.1 0.281 0.890 0 -0.069 -0.453 -0.069 -0.453 -0.049 -0.321 -0.028 -0.185 0.662

SU3 |1A〉 −8 1 1 0 0.866 0 -0.144 -0.250 -0.102 -0.177 -0.177 0.102 -0.289

|1B〉 −8 1 1 0 0 0.866 -0.250 0.144 -0.177 0.102 0.102 -0.295 -0.167

|8A〉 −14 0 1 1 0 0 -0.577 0 0.816 0 0 0 0

|8B〉 −14 0 1 1 0 0 0 -0.577 0 0.816 0 0 0

|8C〉 −2 0 1 0 0 0 0 0.577 0 0.408 -0.408 0.471 -0.333

|8D〉 −2 0 1 0 0 0 0.577 0 0.408 0 0 -0.408 -0.577

|8E〉 2 0 0 0 0 0 0 0 0 0 0.816 0.471 -0.333

state energy c-1 s- 1
2 f-1 |Ληc〉 |ΛJ/ψ〉 |ΛcDs〉 |ΛcD∗

s〉 |ΞcD〉 |ΞcD∗〉 |Ξ′
cD〉 |Ξ′

cD
∗〉 |Ξ∗

cD
∗〉

thresholds 4097.40 4210.72 4252.66 4402.63 4394.21 4480.24 4468.19 4554.22 4640.04

A |1a〉〉 4083.52 0.946 0.992 0.020 0.842 0.003 -0.299 -0.173 -0.046 -0.170 -0.279 0.151 -0.198

|1b〉〉 4197.95 0.901 0.999 0.061 -0.033 0.821 -0.447 0.025 -0.027 0.106 0.183 -0.279 -0.031

|8a〉〉 4240.75 0.091 1.000 0.844 -0.149 -0.215 -0.579 0.120 0.708 -0.052 -0.033 0.191 0.204

|8b〉〉 4390.37 0.024 0.996 0.852 -0.053 0.125 0.021 0.762 -0.141 -0.581 -0.165 0.102 -0.076

|8c〉〉 4473.84 0.012 0.459 0.048 0.037 -0.089 -0.189 -0.152 -0.295 -0.322 0.744 0.397 0.176

|8d〉〉 4490.96 0.016 0.940 0.127 0.110 0.003 0.287 -0.141 0.495 -0.424 0.363 -0.401 -0.411

|8e〉〉 4594.79 0.009 0.614 0.049 -0.031 -0.078 -0.086 -0.286 -0.141 -0.460 -0.225 -0.492 0.616

thresholds 4097.40 4210.72 4252.28 4401.08 4355.37 4496.76 4411.69 4553.08 4660.03

B |1a〉〉 4075.60 0.937 0.973 0.004 0.838 -0.011 -0.249 -0.166 -0.108 -0.143 -0.354 0.135 -0.180

|1b〉〉 4196.25 0.855 0.997 0.093 -0.002 -0.801 0.493 -0.027 -0.024 -0.045 -0.204 0.263 0.033

|8a〉〉 4212.47 0.106 1.000 0.868 -0.076 -0.271 -0.527 0.069 0.763 -0.053 -0.044 0.180 0.133

|8b〉〉 4385.89 0.036 0.893 0.633 -0.109 0.123 0.011 0.782 -0.086 -0.417 -0.423 0.026 -0.020

|8c〉〉 4448.65 0.027 0.440 0.285 0.118 -0.079 -0.044 0.071 -0.111 -0.599 0.711 0.300 -0.080

|8d〉〉 4480.46 0.020 0.992 0.069 0.117 0.041 0.391 -0.079 0.490 -0.296 0.025 -0.547 -0.444

|8e〉〉 4599.05 0.019 0.705 0.048 -0.047 -0.109 -0.109 -0.307 -0.140 -0.479 -0.146 -0.446 0.641
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Table 4: Masses and quantum numbers of the qqqcc I(JP ) = 0( 12
−
) states. The entries under the c-1,

s- 12 , or f-1 columns are the probabilites of the 3 light quarks are in the color-singlet, the spin-12 , or the
flavor SU(3) singlet symmetry, respectively, in each states.

state 〈cmi〉 c-1 s- 12 f-1 |Ληc〉 |ΛJ/ψ〉 |ΛcDs〉 |ΛcD∗
s〉 |ΞcD〉 |ΞcD∗〉 |Ξ′

cD〉 |Ξ′
cD

∗〉 |Ξ∗
cD

∗〉

SU4 |A〉 −36.2 0 1 1 0 0 -0.576 0.045 0.814 -0.064 0 0 0

|B〉 −6.5 0 1 1 0 0 -0.045 -0.576 0.064 0.814 0 0 0

|C〉 −36.2 0.500 0.660 0 -0.611 0.048 0.204 -0.016 0.144 -0.011 0.748 -0.059 0

|D〉 −6.5 0.500 0.840 0 -0.048 -0.611 0.016 0.204 0.011 0.144 0.059 0.748 0

|E〉 −18.7 0.333 0.667 0 0.433 0.250 -0.433 -0.250 -0.306 -0.177 0.530 0.306 0

|F 〉 −5.8 0.386 0.943 0 -0.427 0.327 -0.427 0.327 -0.302 0.231 -0.174 0.133 0.477

|G〉 11.1 0.281 0.890 0 -0.069 -0.453 -0.069 -0.453 -0.049 -0.321 -0.028 -0.185 0.662

SU3 |1A〉 −8 1 1 0 0.866 0 -0.144 -0.250 -0.102 -0.177 -0.177 0.102 -0.289

|1B〉 −8 1 1 0 0 0.866 -0.250 0.144 -0.177 0.102 0.102 -0.295 -0.167

|8A〉 −14 0 1 1 0 0 -0.577 0 0.816 0 0 0 0

|8B〉 −14 0 1 1 0 0 0 -0.577 0 0.816 0 0 0

|8C〉 −2 0 1 0 0 0 0 0.577 0 0.408 -0.408 0.471 -0.333

|8D〉 −2 0 1 0 0 0 0.577 0 0.408 0 0 -0.408 -0.577

|8E〉 2 0 0 0 0 0 0 0 0 0 0.816 0.471 -0.333

state energy c-1 s- 12 f-1 |Ληc〉 |ΛJ/ψ〉 |ΛcDs〉 |ΛcD∗
s〉 |ΞcD〉 |ΞcD∗〉 |Ξ′

cD〉 |Ξ′
cD

∗〉 |Ξ∗
cD

∗〉

thresholds 4097.40 4210.72 4252.66 4402.63 4394.21 4480.24 4468.19 4554.22 4640.04

A |1a〉〉 4083.52 0.946 0.992 0.020 0.842 0.003 -0.299 -0.173 -0.046 -0.170 -0.279 0.151 -0.198

|1b〉〉 4197.95 0.901 0.999 0.061 -0.033 0.821 -0.447 0.025 -0.027 0.106 0.183 -0.279 -0.031

|8a〉〉 4240.75 0.091 1.000 0.844 -0.149 -0.215 -0.579 0.120 0.708 -0.052 -0.033 0.191 0.204

|8b〉〉 4390.37 0.024 0.996 0.852 -0.053 0.125 0.021 0.762 -0.141 -0.581 -0.165 0.102 -0.076

|8c〉〉 4473.84 0.012 0.459 0.048 0.037 -0.089 -0.189 -0.152 -0.295 -0.322 0.744 0.397 0.176

|8d〉〉 4490.96 0.016 0.940 0.127 0.110 0.003 0.287 -0.141 0.495 -0.424 0.363 -0.401 -0.411

|8e〉〉 4594.79 0.009 0.614 0.049 -0.031 -0.078 -0.086 -0.286 -0.141 -0.460 -0.225 -0.492 0.616

thresholds 4097.40 4210.72 4252.28 4401.08 4355.37 4496.76 4411.69 4553.08 4660.03

B |1a〉〉 4075.60 0.937 0.973 0.004 0.838 -0.011 -0.249 -0.166 -0.108 -0.143 -0.354 0.135 -0.180

|1b〉〉 4196.25 0.855 0.997 0.093 -0.002 -0.801 0.493 -0.027 -0.024 -0.045 -0.204 0.263 0.033

|8a〉〉 4212.47 0.106 1.000 0.868 -0.076 -0.271 -0.527 0.069 0.763 -0.053 -0.044 0.180 0.133

|8b〉〉 4385.89 0.036 0.893 0.633 -0.109 0.123 0.011 0.782 -0.086 -0.417 -0.423 0.026 -0.020

|8c〉〉 4448.65 0.027 0.440 0.285 0.118 -0.079 -0.044 0.071 -0.111 -0.599 0.711 0.300 -0.080

|8d〉〉 4480.46 0.020 0.992 0.069 0.117 0.041 0.391 -0.079 0.490 -0.296 0.025 -0.547 -0.444

|8e〉〉 4599.05 0.019 0.705 0.048 -0.047 -0.109 -0.109 -0.307 -0.140 -0.479 -0.146 -0.446 0.641
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Table 10: Masses and quantum numbers of the qqqcc I(JP ) = 0(1
2

−) states. The entries under the c-1,
s- 1

2 , or f-1 columns are the probabilites of the 3 light quarks are in the color-singlet, the spin-1
2 , or the

flavor SU(3) singlet symmetry, respectively, in each states.

state 〈cmi〉 c-1 s- 1
2 f-1 |Ληc〉 |ΛJ/ψ〉 |ΛcDs〉 |ΛcD∗

s〉 |ΞcD〉 |ΞcD∗〉 |Ξ′
cD〉 |Ξ′

cD
∗〉 |Ξ∗

cD
∗〉

SU4 |A〉 −36.2 0 1 1 0 0 -0.576 0.045 0.814 -0.064 0 0 0

|B〉 −6.5 0 1 1 0 0 -0.045 -0.576 0.064 0.814 0 0 0

|C〉 −36.2 0.500 0.660 0 -0.611 0.048 0.204 -0.016 0.144 -0.011 0.748 -0.059 0

|D〉 −6.5 0.500 0.840 0 -0.048 -0.611 0.016 0.204 0.011 0.144 0.059 0.748 0

|E〉 −18.7 0.333 0.667 0 0.433 0.250 -0.433 -0.250 -0.306 -0.177 0.530 0.306 0

|F 〉 −5.8 0.386 0.943 0 -0.427 0.327 -0.427 0.327 -0.302 0.231 -0.174 0.133 0.477

|G〉 11.1 0.281 0.890 0 -0.069 -0.453 -0.069 -0.453 -0.049 -0.321 -0.028 -0.185 0.662

SU3 |1A〉 −8 1 1 0 0.866 0 -0.144 -0.250 -0.102 -0.177 -0.177 0.102 -0.289

|1B〉 −8 1 1 0 0 0.866 -0.250 0.144 -0.177 0.102 0.102 -0.295 -0.167

|8A〉 −14 0 1 1 0 0 -0.577 0 0.816 0 0 0 0

|8B〉 −14 0 1 1 0 0 0 -0.577 0 0.816 0 0 0

|8C〉 −2 0 1 0 0 0 0 0.577 0 0.408 -0.408 0.471 -0.333

|8D〉 −2 0 1 0 0 0 0.577 0 0.408 0 0 -0.408 -0.577

|8E〉 2 0 0 0 0 0 0 0 0 0 0.816 0.471 -0.333

state energy c-1 s- 1
2 f-1 |Ληc〉 |ΛJ/ψ〉 |ΛcDs〉 |ΛcD∗

s〉 |ΞcD〉 |ΞcD∗〉 |Ξ′
cD〉 |Ξ′

cD
∗〉 |Ξ∗

cD
∗〉

thresholds 4097.40 4210.72 4252.66 4402.63 4394.21 4480.24 4468.19 4554.22 4640.04

A |1a〉〉 4083.52 0.946 0.992 0.020 0.842 0.003 -0.299 -0.173 -0.046 -0.170 -0.279 0.151 -0.198

|1b〉〉 4197.95 0.901 0.999 0.061 -0.033 0.821 -0.447 0.025 -0.027 0.106 0.183 -0.279 -0.031

|8a〉〉 4240.75 0.091 1.000 0.844 -0.149 -0.215 -0.579 0.120 0.708 -0.052 -0.033 0.191 0.204

|8b〉〉 4390.37 0.024 0.996 0.852 -0.053 0.125 0.021 0.762 -0.141 -0.581 -0.165 0.102 -0.076

|8c〉〉 4473.84 0.012 0.459 0.048 0.037 -0.089 -0.189 -0.152 -0.295 -0.322 0.744 0.397 0.176

|8d〉〉 4490.96 0.016 0.940 0.127 0.110 0.003 0.287 -0.141 0.495 -0.424 0.363 -0.401 -0.411

|8e〉〉 4594.79 0.009 0.614 0.049 -0.031 -0.078 -0.086 -0.286 -0.141 -0.460 -0.225 -0.492 0.616

thresholds 4097.40 4210.72 4252.28 4401.08 4355.37 4496.76 4411.69 4553.08 4660.03

B |1a〉〉 4075.60 0.937 0.973 0.004 0.838 -0.011 -0.249 -0.166 -0.108 -0.143 -0.354 0.135 -0.180

|1b〉〉 4196.25 0.855 0.997 0.093 -0.002 -0.801 0.493 -0.027 -0.024 -0.045 -0.204 0.263 0.033

|8a〉〉 4212.47 0.106 1.000 0.868 -0.076 -0.271 -0.527 0.069 0.763 -0.053 -0.044 0.180 0.133

|8b〉〉 4385.89 0.036 0.893 0.633 -0.109 0.123 0.011 0.782 -0.086 -0.417 -0.423 0.026 -0.020

|8c〉〉 4448.65 0.027 0.440 0.285 0.118 -0.079 -0.044 0.071 -0.111 -0.599 0.711 0.300 -0.080

|8d〉〉 4480.46 0.020 0.992 0.069 0.117 0.041 0.391 -0.079 0.490 -0.296 0.025 -0.547 -0.444

|8e〉〉 4599.05 0.019 0.705 0.048 -0.047 -0.109 -0.109 -0.307 -0.140 -0.479 -0.146 -0.446 0.641
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A bound state in JP=1/2- ?

• An attractive state in the               channels.
• There, uds is in the color octet, spin 1/2, 

flavor singlet. CMI is very attractive in the SU
(3)f limit as well as in the SU(4)f limit.
• can be a resonance in the ΛJ/ψ?

I’m working on the QCM calc...

2.2.1 qqqcc I(JP ) = 0( 1
2

−) 9 channels: Ληc, ΛJ/ψ, ΛcDs, ΛcD∗
s , ΞcD, ΞcD∗, Ξ′

cD, Ξ′
cD

∗, Ξ∗
cD

∗

Table 9: Normalization

Ληc ΛJ/ψ ΛcDs ΛcD∗
s ΞcD ΞcD∗ Ξ′

cD Ξ′
cD

∗ Ξ∗
cD

∗

Ληc 1 0 − 1
6 − 1

2
√

3
− 1

6
√

2
− 1

2
√

6
− 1

2
√

6
1

6
√

2
−1

3

ΛJ/ψ 0 1 − 1
2
√

3
1
6 − 1

2
√

6
1

6
√

2
1

6
√

2
− 5

6
√

6
− 1

3
√

3

ΛcDs −1
6 − 1

2
√

3
1 0 − 1

3
√

2
0 0 − 1

3
√

2
−1

3

ΛcD∗
s − 1

2
√

3
1
6 0 1 0 − 1

3
√

2
− 1

3
√

2

√
2
27 − 1

3
√

3

ΞcD − 1
6
√

2
− 1

2
√

6
− 1

3
√

2
0 7

6 0 0 −1
6 − 1

3
√

2

ΞcD∗ − 1
2
√

6
1

6
√

2
0 − 1

3
√

2
0 7

6 − 1
6

1
3
√

3
− 1

3
√

6

Ξ′
cD − 1

2
√

6
1

6
√

2
0 − 1

3
√

2
0 − 1

6
7
6

1
3
√

3
− 1

3
√

6

Ξ′
cD

∗ 1
6
√

2
− 5

6
√

6
− 1

3
√

2

√
2
27 −1

6
1

3
√

3
1

3
√

3
17
18 − 1

9
√

2

Ξ∗
cD

∗ −1
3 − 1

3
√

3
− 1

3 − 1
3
√

3
− 1

3
√

2
− 1

3
√

6
− 1

3
√

6
− 1

9
√

2
8
9

The normalization is shown in Table 9. There is no strongly repulsive state due to the quark Pauli
blocking. When the states are totally symmetric in the orbital space, there are two forbidden states:

|Q1〉 =
√

1
32

(√
8|Ληc〉 +

√
2|ΛcDs〉 +

√
6|ΛcD∗

s〉 +
√

1|ΞcD〉 +
√

3|ΞcD∗〉 +
√

3|Ξ′
cD〉 −

√
1|Ξ′

cD
∗〉 +

√
8|Ξ∗

cD
∗〉

)

(67)

|Q2〉 =
√

1
96

( √
24|ΛJ/ψ〉 +

√
18|ΛcDs〉 −

√
6|ΛcD∗

s〉 +
√

9|ΞcD〉 −
√

3|ΞcD∗〉 −
√

3|Ξ′
cD〉 +

√
25|Ξ′

cD
∗〉 +

√
8|Ξ∗

cD
∗〉

)

(68)

The norm eignevalue of each of the other 7 states is 4
3 .

When we take all the ξ’s to be 1 (the SU(4)f limit), the eigenvalues of the color magnetic operator,
−

∑
(λλ)(σσ), divided by the normalization eigenvalue 4

3 , are { − 8
3 (8±

√
31), − 8

3 (8±
√

31), −56
3 , 8

3 (1±√
10) }, namely, { −36.2, −36.2, −18.7, −6.5, −6.5, −5.8, 11.1 }. Corresponding eigenfunctions are listed

in Table 10.
At the SU(3)f limit with ξc = ξcc = 0, the eigenvalues change to { −14, −14, −8, −8, −2, −2, 2 }.

One of the eigenstates with eigenvalue −14, |8A〉, is almost the same as the one with −36.2 at the SU(4)f

limit, |A〉: 〈8A|−
∑

(λλ)(σσ)
∣∣∣
SU(4)limit

|8A〉 = −36. (See A and 8A in the Table 10.)

The calculations by the parameter sets A and B give the essentially same results as those of the
SU(3)f limit.

• The candidates to have a bound state or a resonance are 1a, 1b and 8a, which should appear in the
Ληc, ΛJ/ψ, and ΛcDs-ΞcD channels, respectively
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Summary of cc! Pentaquarks

• It seems there is a bound state of          
I(JP)=1/2(3/2-), which can be seen in 
the  
• There is probably a bound state of            

I(JP)=0(1/2-) 

• attraction due to the color-magnetic 
interaction
• To include J/ψ, one needs to 

introduce the quark cluster with 
different b. (which is complicated)

Σ∗
cD

2.1.2 qqqcc I(JP ) = 1
2 ( 3

2

−) 5 channels: NJ/ψ, ΛcD∗, ΣcD∗, Σ∗
cD, Σ∗

cD
∗

The qqqcc I(JP ) = 1
2 ( 3

2

−) states consist of 5 baryon-meson channels: NJ/ψ, ΛcD∗, ΣcD∗, Σ∗
cD, Σ∗

cD
∗.

Σ∗
cD is the channel which does not exist in the 1

2 ( 1
2

−) states. The normalization of the spin-color-flavor
space is shown in Table 6. Again, all the diagonal elements are close to one, which means that no state
is affected strongly by the quark Pauli-blocking.

Table 6: Normalization

NJ/ψ ΛcD∗ ΣcD∗ Σ∗
cD Σ∗

cD
∗

NJ/ψ 1 −
√

1
6 −

√
1
54

√
1
18 −

√
5
54

ΛcD∗ 5
6 −1

6

√
1
12 −

√
5
36

ΣcD∗ 23
18

√
1

108 −
√

5
324

Σ∗
cD

7
6

√
5

108

Σ∗
cD

∗ 19
18

There is one forbidden state when the system is totally symmetric in the orbital space:

|Q〉 =
√

1
24

(√
6|NJ/ψ〉 +

√
9|ΛcD∗〉 +

√
1|ΣcD∗〉 −

√
3|Σ∗

cD〉 +
√

5|Σ∗
cD

∗〉
)

(60)

The norm eigenvalues of the other four states are all 4
3 .

When we take all ξ’s to be 1 (the SU(4)f limit), the eigenvalues of the color magnetic operator
(divided by the normalization eigenvalue 4

3 ) are { −12, −20
3 , 4

3 , 40
3 }. Corresponding eigenstates, α4, can

be expressed by the baryon meson states, x, as

α4 = T · x (61)
tα4 =

(
|A〉 |B〉 |C〉 |D〉

)
(62)

tx =
(
|NJ/ψ〉 |ΛcD∗〉 |ΣcD∗〉 |Σ∗

cD〉 |Σ∗
cD

∗〉
)

(63)

T =





√
18
304

√
27
304

√
3

304

√
256
304 0

−
√

6
16

√
1
16

√
9
16 0 0

−
√

2
8

√
3
8 −

√
3
8 0 0

−
√

30
456 −

√
45
456 −

√
5

456

√
15
456

√
361
456




(64)

The transfer matrix, T , is listed in Table 7 together with the expectation values, 〈cmi4〉 and 〈cmi3〉. In
this case also, the three light quarks can be in the color-singlet state or the color-octet state; they also
form the spin 1

2 or the spin 3
2 state. The sizes of these components, c-1 and s- 1

2 , are also listed in Table
7. The q4 component of A has color [211], spin 1, SU(4)f [22] symmetry, and its cmi is − 16

3 . The q4

component of B has spin 1, SU(4)f [211] symmetry, and its cmi is − 40
3 . The q4 component of C and D

has SU(4)f [31] symmetry, and the spin is mixed state of 2 and 1. Note that the |A〉 state, where the
CMI is the most attractive, mostly consists of Σ∗

cD, whose overlaps to the other states are zero or small.
When we take ξc = ξcc = 0, the eigenvalues of the color magnetic operator divided by the normalization

eigenvalue 4
3 become { −8, −2, 2, 2 }. The corresponding five eigenstates, α3, such as

tα3 =
(
|1A〉 |8A〉 |8B〉 |8C〉

)
. (65)

|1A〉 has color-singlet three light quarks, whereas they are color-octet in the other three states. The
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2.2.1 qqqcc I(JP ) = 0( 1
2

−) 9 channels: Ληc, ΛJ/ψ, ΛcDs, ΛcD∗
s , ΞcD, ΞcD∗, Ξ′

cD, Ξ′
cD

∗, Ξ∗
cD

∗

Table 9: Normalization

Ληc ΛJ/ψ ΛcDs ΛcD∗
s ΞcD ΞcD∗ Ξ′

cD Ξ′
cD

∗ Ξ∗
cD

∗
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√
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√
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− 1

2
√
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− 1

2
√

6
1

6
√

2
−1

3
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2
√

3
1
6 − 1

2
√

6
1

6
√

2
1

6
√

2
− 5

6
√

6
− 1

3
√

3

ΛcDs −1
6 − 1

2
√

3
1 0 − 1

3
√

2
0 0 − 1

3
√

2
−1

3

ΛcD∗
s − 1

2
√

3
1
6 0 1 0 − 1

3
√

2
− 1

3
√

2

√
2
27 − 1

3
√

3

ΞcD − 1
6
√

2
− 1

2
√

6
− 1

3
√

2
0 7

6 0 0 −1
6 − 1

3
√

2

ΞcD∗ − 1
2
√

6
1

6
√

2
0 − 1

3
√

2
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6 − 1
6

1
3
√

3
− 1

3
√

6

Ξ′
cD − 1

2
√

6
1

6
√

2
0 − 1

3
√

2
0 − 1

6
7
6

1
3
√

3
− 1

3
√

6

Ξ′
cD

∗ 1
6
√

2
− 5

6
√

6
− 1

3
√

2

√
2
27 −1

6
1

3
√

3
1

3
√

3
17
18 − 1

9
√

2

Ξ∗
cD

∗ −1
3 − 1

3
√

3
− 1

3 − 1
3
√

3
− 1

3
√

2
− 1

3
√

6
− 1

3
√

6
− 1

9
√

2
8
9

The normalization is shown in Table 9. There is no strongly repulsive state due to the quark Pauli
blocking. When the states are totally symmetric in the orbital space, there are two forbidden states:

|Q1〉 =
√

1
32

(√
8|Ληc〉 +

√
2|ΛcDs〉 +

√
6|ΛcD∗

s〉 +
√

1|ΞcD〉 +
√

3|ΞcD∗〉 +
√

3|Ξ′
cD〉 −

√
1|Ξ′

cD
∗〉 +

√
8|Ξ∗

cD
∗〉

)

(67)

|Q2〉 =
√

1
96

( √
24|ΛJ/ψ〉 +

√
18|ΛcDs〉 −

√
6|ΛcD∗

s〉 +
√

9|ΞcD〉 −
√

3|ΞcD∗〉 −
√

3|Ξ′
cD〉 +

√
25|Ξ′

cD
∗〉 +

√
8|Ξ∗

cD
∗〉

)

(68)

The norm eignevalue of each of the other 7 states is 4
3 .

When we take all the ξ’s to be 1 (the SU(4)f limit), the eigenvalues of the color magnetic operator,
−

∑
(λλ)(σσ), divided by the normalization eigenvalue 4

3 , are { − 8
3 (8±

√
31), − 8

3 (8±
√

31), −56
3 , 8

3 (1±√
10) }, namely, { −36.2, −36.2, −18.7, −6.5, −6.5, −5.8, 11.1 }. Corresponding eigenfunctions are listed

in Table 10.
At the SU(3)f limit with ξc = ξcc = 0, the eigenvalues change to { −14, −14, −8, −8, −2, −2, 2 }.

One of the eigenstates with eigenvalue −14, |8A〉, is almost the same as the one with −36.2 at the SU(4)f

limit, |A〉: 〈8A|−
∑

(λλ)(σσ)
∣∣∣
SU(4)limit

|8A〉 = −36. (See A and 8A in the Table 10.)

The calculations by the parameter sets A and B give the essentially same results as those of the
SU(3)f limit.

• The candidates to have a bound state or a resonance are 1a, 1b and 8a, which should appear in the
Ληc, ΛJ/ψ, and ΛcDs-ΞcD channels, respectively
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Today’s menu No.3

• All the quark model predict that there is The 
1++ cc !(2P) state.
• But, the 1++ cc!(2P) state is missing because 

the mass should be above the open charm 
threshold, DD*.  

• Its pole may have been seen in the X(3872) γ 
decay spectrum by LHCb.

• It is because cc!(2P) decays to ψ’, but not to 
J/ψ (or only weekly).

The 1++ cc!-component of the X(3872) may 
be seen in the X(3872) radiative decay?
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X(3872) γ-decay
▶B+ → X(3872) ＋ K+ 

! ! → J/ψ ＋ ρ or ω →"n

! !

40

B
ρ,ω

J/ψ

K

X(3872)W
u s c

cb

ππ (π )

B
D

K

X(3872)W
u s c

cb

D*
D0D ̅*0 exp
T.Aushev et al. [Belle] PRD81, 031103 (2010)
B.Aubert et al. [BaBar] PRD77, 011102 (2008)

J/ψ "2 Exp:
S.K.Choi et al. [Belle] PRL91, 262001 (2003)
B.Aubert et al. [BaBar] PRD71, 071103 (2005)

→ D ＋ D ̅*

!"#$%&'()*+,-"#$%*.$/$+,$01,2"!)*3*.'+,$45*6789:;":<;=>,?)&@A@)B
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LHCb’s results: X(3872)→ J/ψγ

41

Invariant mass  
of

Invariant mass  
of

J /! " K +

J /! "
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LHCb’s results: X(3872)→ ψ(2S)γ

42

Invariant mass  
of

Invariant mass  
of

!(2S) " K +

!(2S) "
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Our picture of X(3872)
▶Two-meson molecule with a cc ̄ core:
▷cc̄(1P) - cc ̄(2P) - D0D ̅*0 - D+D-* - J/ψω - J/ψρ

▷ω and ρ have width.

▷J/ψω and J/ψρ couple to cc̄ only via DD ̅* 
channels (OZI).

cc̄
DD ̅*-J/ψV

-",#$%*.$/$,$01,!",#$%&'()*+,C4DE",#)&D4",FG@",C)HI",;:8J+,:=:JK:8
!"#$%&'()*+,2"!)*3*.'+,$01,-"#$%*.$/$+,C4DE",#)&D4",FG@",C)HI",;:8<+,8;JK:8

cc̄ …
D0D ̅*0! D+D-*! J/ψω! D0D ̅*0! J/ψρ 

cc̄
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Radiative decay width: bound X(3872)
▶E1 transition of !C1(ccbar core) to J/"("’) #

▷harmonic oscillator 

44

Γ
(
X(3872) → J/ψ(ψ′) + γ

)
=

4
9
|Qc|2α

ω3
γEψ

MX

∣∣∣〈cc|r|ψ〉
∣∣∣
2

Z2
cc (58)

Z2
cc: cc probability in X(3872).

〈cc|r|ψ〉: the cc core in X(3872) to the final J/ψ or ψ(2S) by E1.

7

<χ|r|ψ> J/ψ ψ(2S)
!c1(2P)

!c1(1P)

0 #5/2 b
#3/2 b -b

Γ
(
X(3872) → J/ψ(ψ′) + γ

)
=

4
9
|Qc|2α

ω3
γEψ

MX

∣∣∣Zcc〈cc|r|ψ〉
∣∣∣
2

(58)

Z2
cc: cc probability in X(3872).

〈cc|r|ψ〉: the cc core in X(3872) to the final J/ψ or ψ(2S) by E1.

7
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Radiative decay width: bound X(3872)

▶E1 transiton of ccbar core to J/"("’) #

▷To see the !c1(2P) pole, look into "(2S)# 

45

Γ
(
X(3872) → J/ψ(ψ′) + γ

)
=

4
9
|Qc|2α

ω3
γEψ

MX

∣∣∣〈cc|r|ψ〉
∣∣∣
2

Z2
cc (58)

Z2
cc: cc probability in X(3872).

〈cc|r|ψ〉: the cc core in X(3872) to the final J/ψ or ψ(2S) by E1.

7

r J/ψ ψ(2S)
!c1(2P)

!c1(1P)

0.04 0.52
0.33 -0.41

Γ
(
X(3872) → J/ψ(ψ′) + γ

)
=

4
9
|Qc|2α

ω3
γEψ

MX

∣∣∣Zcc〈cc|r|ψ〉
∣∣∣
2

(58)

Z2
cc: cc probability in X(3872).

〈cc|r|ψ〉: the cc core in X(3872) to the final J/ψ or ψ(2S) by E1.

7

▷To explain the 
final J/" #,   !C1
(1P) should be 
included.
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Radiative decay : γ spectrum 

▶X(3872), created from ccbar(2P), decays 
into ψγ :

46

Γ
(
X(3872) → J/ψ(ψ′) + γ

)
=

4
9
|Qc|2α

ω3
γEψ

MX

∣∣∣Zcc〈cc|r|ψ〉
∣∣∣
2

(58)

Z2
cc: cc probability in X(3872).

〈cc|r|ψ〉: the cc core in X(3872) to the final J/ψ or ψ(2S) by E1.

dW (cc → ψγ)
dE

= − 1
π

Im GQ
γ (59)

= δ(E − (Ωψ + ωγ))
∑

ε

∣∣∣〈ψγkε|(VγQ + VγP G(P )VPQ)GQ|cc〉
∣∣∣
2

(60)

(61)
dW (cc → ψγ)

dE
=

∑

ε

∣∣∣
∑

β

〈ψγkε|VγQ|ccβ〉〈ccβ |GQ|cc〉
∣∣∣
2

E=Ωψ+ωγ

(62)

= − 1
π

∑

ε

Im 〈kε|Gγ
0 |kε〉

∣∣∣〈kε|(VγQ + VγP G(P )VPQ)GQ|cc〉
∣∣∣
2

(63)

∑

ε

∣∣∣〈kε|(VγQ|cc〉〈cc|GQ|cc〉
∣∣∣
2

(64)

γ-decay from the ccβ state

7

Γ
(
X(3872) → J/ψ(ψ′) + γ

)
=

4
9
|Qc|2α

ω3
γEψ

MX

∣∣∣Zcc〈cc|r|ψ〉
∣∣∣
2

(58)

Z2
cc: cc probability in X(3872).

〈cc|r|ψ〉: the cc core in X(3872) to the final J/ψ or ψ(2S) by E1.

dW (cc → ψγ)
dE

= − 1
π

Im GQ
γ (59)

= δ(E − (Ωψ + ωγ))
∑

ε

∣∣∣〈ψγkε|(VγQ + VγP G(P )VPQ)GQ|cc〉
∣∣∣
2

(60)

(61)
dW (cc → ψγ)

dE
=

∑

ε

∣∣∣
∑

β

〈ψγkε|VγQ|ccβ〉〈ccβ |GQ|cc〉
∣∣∣
2

E=Ωψ+ωγ

(62)

= − 1
π

∑

ε

Im 〈kε|Gγ
0 |kε〉

∣∣∣〈kε|(VγQ + VγP G(P )VPQ)GQ|cc〉
∣∣∣
2

(63)

∑

ε

∣∣∣〈kε|(VγQ|cc〉〈cc|GQ|cc〉
∣∣∣
2

(64)

γ-decay from the ccβ state

7

Γ
(
X(3872) → J/ψ(ψ′) + γ

)
=

4
9
|Qc|2α

ω3
γEψ

MX

∣∣∣Zcc〈cc|r|ψ〉
∣∣∣
2

(58)

Z2
cc: cc probability in X(3872).

〈cc|r|ψ〉: the cc core in X(3872) to the final J/ψ or ψ(2S) by E1.

dW (cc → ψγ)
dE

= − 1
π

Im GQ
γ (59)

= δ(E − (Ωψ + ωγ))
∑

ε

∣∣∣〈ψγkε|(VγQ + VγP G(P )VPQ)GQ|cc〉
∣∣∣
2

(60)

(61)
dW (cc → ψγ)

dE
=

∑

ε

∣∣∣
∑

β

〈ψγkε|VγQ|ccβ〉〈ccβ |GQ|cc〉
∣∣∣
2

E=Ωψ+ωγ

(62)

= − 1
π

∑

ε

Im 〈kε|Gγ
0 |kε〉

∣∣∣〈kε|(VγQ + VγP G(P )VPQ)GQ|cc〉
∣∣∣
2

(63)

∑

ε

∣∣∣〈kε|(VγQ|cc〉〈cc|GQ|cc〉
∣∣∣
2

(64)

γ-decay from the ccβ state

7

Γ
(
X(3872) → J/ψ(ψ′) + γ

)
=

4
9
|Qc|2α

ω3
γEψ

MX

∣∣∣Zcc〈cc|r|ψ〉
∣∣∣
2

(58)

Z2
cc: cc probability in X(3872).

〈cc|r|ψ〉: the cc core in X(3872) to the final J/ψ or ψ(2S) by E1.

dW (cc → ψγ)
dE

= − 1
π

Im GQ
γ (59)

= δ(E − (Ωψ + ωγ))
∑

ε

∣∣∣〈ψγkε|(VγQ + VγP G(P )VPQ)GQ|cc〉
∣∣∣
2

(60)

Γ
(
χc1(mP ) → ψ(nS) + γ

)
(61)

dW (cc → ψγ)
dE

=
∑

ε

∣∣∣
∑

β

〈ψγkε|VγQ|ccβ〉〈ccβ |GQ|cc〉
∣∣∣
2

E=Ωψ+ωγ

(62)

= − 1
π

∑

ε

Im 〈kε|Gγ
0 |kε〉

∣∣∣〈kε|(VγQ + VγP G(P )VPQ)GQ|cc〉
∣∣∣
2

(63)

∑

ε

∣∣∣〈kε|(VγQ|cc〉〈cc|GQ|cc〉
∣∣∣
2

(64)

γ-decay from the ccβ state

7

phase is not phenomenologically determined.
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Radiative decay : γ spectrum 

▶dΓ(X→ψγ)/dE
▷model only with 
ccbar(2P)
▷Ratio of the 
strength at peak 

▷ψ(2S)γ spectrum 
shows the χc1(2P) 
pole.

47

!

!

R! =
B(X(3872)!"(2S) ! )
B(X(3872! J /" ! )

= 3.43

χc1(2P) pole 
3959-i72/2

preliminary
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Radiative decay : γ spectrum 

▶dΓ(X→ψγ)/dE
▷model only with 
ccbar(2P)
▷Ratio of the 
strength at peak 
▷ψ(2S)γ / J/ψ γ = 
3.54 

▷ψ(2S)γ spectrum 
clearly shows the 
χc1(2P) pole.

48

!

!

J/ψγ

ψ(2S)γ

χc1(2P) pole 
3959-i72/2

preliminary
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Summary
▶Radiative decay of X(3872) is calculated by 
using the model which includes
▷χc1(1P) - cc ̄(2P) - D0D ̅*0 - D+D-* - J/ψω - J/ψρ
▶X(3872) feature can be explained by a two-
meson molecule with the cc̄ components.
▶The structure of X(3872), such as χc1(2P) pole 
may be seen in the radiative decay spectrum.
▶The ratio of the decay  
is sensitive to the χc1(1P) 
component.
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R! =
B(X(3872)!"(2S) ! )
B(X(3872! J /" ! )
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