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Introduction

◮ Hadronic molecule: loosely bound state of hadrons
[inter-hadron distance]>[confinement size]

◮ Exotic heavy quark mesons (near-threshold states):
DsJ(2317), X(3872), Y (3940), X(4260), Z+(4430), ...
⇒ heavy quark molecule problem
e.g. DK, DD̄∗, D∗D̄∗, DD1, D

∗D1, ...

◮ Kinetic term vs. potential

H =
p2

2µ
+ V (r)

µ larger ⇒ advantageous for bound states.
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Introduction

◮ Hidden charm hadron-hadron states

◮ Possible two-body bound states
(cq̄)(c̄q), (c̄q̄q̄)(cqq), (c̄q)(cqq): DD̄∗, ΛcΛ̄c, D̄Λc, ...
(cc̄)(qq̄)..., (cc̄)(qqq)...: J/ψω, J/ψN , ...

◮ Nuclear-bound charmonium or hadro-charmonium

◮ Charmed bound states:
◮ D̄ −N , D −N : Yasui, X. Liu, J. He, Haidenbauer, Meissner, ...
◮ Λc/Σc hypernuclei: Dover, Bando, Tsushima, ...
◮ Two body ΣcN , ΞccN , ΣcΣc, ...: Riska [NPA 750, 337 (2005)]

◮ Λc: lowest charmed baryon

◮ Detailed studies of ΛcN and ΛcΛc:
ΛcN − ΣcN − Σ∗

cN & ΛcΛc − ΣcΣc − Σ∗
cΣ

∗
c − ΣcΣ

∗
c :

heavy quark spin symmetry ⇒ coupled channel effects may be
important
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The systems (ΛcN & ΛcΛc)

◮ Λc: 2286.46 MeV, N : 938 MeV
Σc: 2453 MeV,

(
(
(
(

(
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(h

h
h
h

h
h
h

∆: 1232 MeV
Σ∗
c : 2518 MeV

For loosely bound molecule, short-range D meson exchange small,
ΞccN neglected.
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The systems: thresholds & coupled channel effects
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Framework

◮ Heavy quark limit

◮ One-meson-exchange potential model (OMEP): π, σ, ρ, ω

N(-p
→/)

N(-p
→

)B1(p
→

)

B2(p
→/)

q
→

B1, B2: Λ
+
c , Σc, Σ

∗
c

(For ΛcΛc, N → B1, B2)

◮

Baryon: heavy quark symmetry
π: chiral symmetry
ρ, ω: hidden local symmetry
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Heavy quark symmetry for (qqQ) baryon

◮ q: triplet of SU(3)F , Q: singlet of SU(3)F

◮ Flavor: 3× 3 = 3̄(antisymmetric) + 6(symmetric)

◮ Spin:

(

0
1

)

diquark

+ (12 )Q =

(

1
2

1
2 ,

3
2

)

total

B3̄ =





0 Λ+
c Ξ+

c

−Λ+
c 0 Ξ0

c

−Ξ+
c −Ξ0

c 0



 , B6 =







Σ++
c

1√
2
Σ+

c
1√
2
Ξ′+
c

1√
2
Σ+

c Σ0
c

1√
2
Ξ′0
c

1√
2
Ξ′+
c

1√
2
Ξ′0
c Ω0

c







B∗
6 =







Σ∗++
c

1√
2
Σ∗+

c
1√
2
Ξ∗′+
c

1√
2
Σ∗+

c Σ∗0
c

1√
2
Ξ∗′0
c

1√
2
Ξ∗′+
c

1√
2
Ξ∗′0
c Ω∗0

c







Heavy quark spin symmetry ⇒ B6 and B∗
6 degenerate

◮ Superfield: Sµ = B∗
µ + δ 1√

3
(γµ + vµ)γ

5B6 [σzhSµ = Sµ ⇒ δ = −1]
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Chiral symmetry & hidden local symmetry
Definitions

Π =
√
2







π0√
2
+ η√

6
π+ K+

π− − π0√
2
+ η√

6
K0

K− K̄0 − 2√
6
η






,

V µ = i gV√
2







ρ0√
2
+ ω√

2
ρ+ K∗+

ρ− − ρ0√
2
+ ω√

2
K∗0

K∗− K̄∗0 φ







µ

,

Aµ = i
2 [ξ

†(∂µξ) + (∂µξ)ξ
†], Γµ = 1

2 [ξ
†(∂µξ)− (∂µξ)ξ

†],

ξ = exp[ iΠ2f ], Fµν = ∂µVν − ∂νVµ + [Vµ, Vν ],

DµB3̄ = ∂µB3̄ + ΓµB3̄ +B3̄Γ
T
µ ,

DµSν = ∂µSν + ΓµSν + SνΓ
T
µ .
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Effective Lagrangian

LB = LB3̄
+ LS + Lint, (1)

LB3̄
=

1

2
tr[B̄3̄(iv ·D)B3̄] + iβBtr[B̄3̄v

µ(Γµ − Vµ)B3̄]

+ℓBtr[B̄3̄σB3̄] (2)

LS = −tr[S̄α(iv ·D −∆B)Sα] +
3

2
g1(ivκ)ǫ

µνλκtr[S̄µAνSλ]

+iβStr[S̄µvα(Γ
α − V α)Sµ] + λStr[S̄µF

µνSν ]

+ℓStr[S̄µσS
µ] (3)

Lint = g4tr[S̄
µAµB3̄] + iλIǫ

µνλκvµtr[S̄νFλκB3̄] + h.c., (4)

LN = −gA
2f
N̄γµγ5∂µ(π

iτ i)N − hσN̄σN

−hV N̄γµ(τ iρiµ + ωµ)N − hT N̄σ
µν∂µ(τ

iρiν + ων)N.
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Coupling constants

◮ π: g1, g4
σ: ℓB , ℓS
ρ, ω: βB , βS , λS, λI

Couping Quark Model Chiral Multiplet VMD QSR Decay
g1 1.00
g4 1.06 0.94 0.999

ℓB −3.65 −∆M
2fπ

≈ −3.1

ℓS 7.30 ∆M
fπ

≈ 6.2

(βBgV ) −6.0 ≈ −5.04
(βSgV ) 12.0 ≈ 10.08
(λSgV ) 19.2 GeV−1 21.0, 13.5 GeV−1

(λIgV ) −6.8 GeV−1

gA 1.25
hσ 10.95 14.6
hV 3.0
hT 6.4 GeV−1

Table: The coupling constants in different methods. For the quark model
estimation, we use gqA = 0.75, gqσ = 3.65, gqρ = 3.0, and f q

ρ = 0.0.
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Potentials

◮ Approximations in deriving non-relativistic potentials:

(1). For ΛcN , q0 = 0, do not consider term like q0

MN
× ...

(2). Neglect O( 1
MΛc

) correction. For ΛcN , keep O( 1
M2

N

) term.

(3). Neglect δ-functional terms.

Vπ = Cπ(i, j)
m3

π

24πf2
π

{

~O1 · ~O2Y1(mπ ,Λ, r) +OtenH3(mπ ,Λ, r)
}

,

Vσ = Cσ(i)
mσ

16π

{

4Y1(mσ ,Λ, r) + ~L · ~σ2

(

mσ

MN

)2

Z3(mσ ,Λ, r)
}

,

Vρ = Cρ1(i, j)
mρ

32π

{

8Y1(mρ, r) + (1 +
4MNhT

hV

)
m2

ρ

M2
N

[

Y1(mρ, r)− 2~L · ~σ2Z3(mρ, r)
]}

+ Cρ2(i, j)
m3

ρ

36πMN

{

(1 +
2MNhT

hV

)
[

2 ~O1 · ~O2Y1(mρ, r)−OtenH3(mρ,Λ, r)
]

−6~L · ~O1Z3(mρ, r)
}

,
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Potentials

Y (x) =
e−x

x
, Z(x) = (

1

x
+

1

x2
)Y (x), H(x) = (1 +

3

x
+

3

x2
)Y (x),

Y1(m,Λ, r) = Y (mr)−
(

Λ

m

)

Y (Λr)− Λ2 −m2

2mΛ
e−Λr ,

Y3(m,Λ, r) = Y (mr)−
(

Λ

m

)

Y (Λr)− (Λ2 −m2)Λ

2m3
e−Λr ,

Z3(m,Λ, r) = Z(mr)−
(

Λ

m

)3

Z(Λr)− (Λ2 −m2)Λ

2m3
Y (Λr),

H3(m,Λ, r) = H(mr) −
(

Λ

m

)3

H(Λr)− (Λ2 −m2)Λ

2m3
Y (Λr)− (Λ2 −m2)Λ

2m3
e−Λr.

Cutoff Λ: F (q) = Λ2−m2

Λ2−q2
, [Free parameters: Λπ, Λσ, Λρ, Λω ]
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ΛcN : 0+

Diagonal potentials with Λπ = Λσ = Λvec = 1 GeV

(11): ΛcN(1S0) ↔ ΛcN(1S0) (22): ΣcN(1S0) ↔ ΣcN(1S0)

⇐ (33): Σ∗
cN(5D0) ↔ Σ∗

cN(5D0)
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ΛcN : 0+

Transition potentials with Λπ = Λσ = Λvec = 1 GeV

(12): ΛcN(1S0) ↔ ΣcN(1S0) (13): ΛcN(1S0) ↔ Σ∗
cN(5D0)

⇐ (23): ΣcN(1S0) ↔ Σ∗
cN(5D0)
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ΛcN : 0+

◮ Variational method






































OPEP

{

w/o
w/

OMEP















Λπ = Λσ = Λvec = Λcom

{

w/o
w/

⇐ common cutoff

απ = ασ = αρ = αω = α

{

w/o
w/

⇐ scaled cutoff

OPEP: one-pion-exchange potential
OMEP: one-meson-exchange potential
w/o: without channel coupling
w/: with channel coupling
Λexch = mexch + αΛQCD

◮ Only present OPEP results
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ΛcN : 0+

OPEP model:

JP= 0+ GeV (B.E. in MeV)

3.1

3.2

3.3

3.4

1.2 1.3 1.4 1.5 1.6 1.7
Λπ (GeV)

ΛcN
1S0

ΣcN
1S0

Σc
*N

5D0

 0.64  6.16
18.51

38.88

68.29

107.64
(w/)

Binding energies (B.E.) Wave functions with Λπ = 1.3 GeV
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ΛcN : 1+

OPEP model (compare with 0
+)

JP= 0+ GeV (B.E. in MeV)

3.1

3.2

3.3

3.4

1.2 1.3 1.4 1.5 1.6 1.7
Λπ (GeV)

ΛcN
1S0

ΣcN
1S0

Σc
*N

5D0

 0.64  6.16
18.51

38.88

68.29

107.64
(w/)

JP= 1+ GeV (B.E. in MeV)

3.1

3.2

3.3

3.4

1.0 1.2 1.4 1.6 1.8 2.0
Λπ (GeV)

ΛcN
3S1, (3D1)

ΣcN
3S1, 3D1  0.08  4.09

17.34

44.69

91.52 (w/o)

Σc
*N

3S1,3D1,5D1  0.47
10.27

33.66
(w/o)

 1.17

20.64

72.39 (w/)

JP = 0+ JP = 1+
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ΛcN : comparison

JP ΛcN (S-wave) ΛcN − ΣcN − Σ∗
cN

0+ OPEP (Λ) × [1.367: 13.60, 1.38]
OMEP (Λ) [0.900: 1.24, 3.86] [0.900: 13.60, 1.46]
OMEP (α) [1.533: 0.25, 8.13] [1.533: 13.57, 1.37]

1+ OPEP (Λ) × [1.353: 13.54, 1.40]
OMEP (Λ) [0.900: 1.24, 3.86] [0.900: 13.49, 1.47]
OMEP (α) [1.618: 0.80, 4.72] [1.618: 13.47, 1.39]

Table: Comparison among different cases. The meaning of the numbers are
[cutoff Λcom in GeV or dimensionless α: B.E. in MeV, RMS radius in fm].
(Λ = mmeson + αΛQCD)

For the coupled channel calculation, one may get similar binding energies
(and the corresponding RMS radiuses) in the OMEP model and in the
OPEP model.
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ΛcΛc (JP = 0+): Diagonal potentials with Λπ = 1 GeV
OPEP model

(22): ΣcΣc(
1S0) → ΣcΣc(

1S0) (33): Σ∗
cΣ

∗
c(

1S0) → Σ∗
cΣ

∗
c(

1S0)

(44): Σ∗
cΣ

∗
c(

5D0) → Σ∗
cΣ

∗
c(

5D0) (55): ΣcΣ
∗
c(

5D0) → ΣcΣ
∗
c(

5D0)
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ΛcΛc (JP = 0+): Transition potentials with Λπ = 1 GeV
OPEP model

(12): ΛcΛc(
1S0) → ΣcΣc(

1S0) (13): ΛcΛc(
1S0) → Σ∗

cΣ
∗
c(

1S0)

(14): ΛcΛc(
1S0) → Σ∗

cΣ
∗
c(

5D0) (15): ΛcΛc(
1S0) → ΣcΣ

∗
c(

5D0)
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ΛcΛc (JP = 0+): Transition potentials with Λπ = 1 GeV (con’t)
OPEP model

(23): ΣcΣc(
1S0) → Σ∗

cΣ
∗
c(

1S0) (24): ΣcΣc(
1S0) → Σ∗

cΣ
∗
c(

5D0)

(25): ΣcΣc(
1S0) → ΣcΣ

∗
c(

5D0) (34): Σ∗
cΣ

∗
c(

1S0) → Σ∗
cΣ

∗
c(

5D0)

24 / 36



ΛcΛc (JP = 0+): Transition potentials with Λπ = 1 GeV (con’t)
OPEP model

(35): Σ∗
cΣ

∗
c(

1S0) → ΣcΣ
∗
c(

5D0) (45): Σ∗
cΣ

∗
c(

5D0) → ΣcΣ
∗
c(

5D0)

◮ Tensor force is important.
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ΛcΛc (JP = 0+)

◮ Without channel coupling: No S-wave ΛcΛc and ΣcΣc binding
solutions

Λ (GeV) 1.1 1.3 1.5 1.7
B.E. (MeV) 0.23 9.22 31.83 72.03

Σ∗
cΣ

∗
c

√

〈r2〉 (fm) 5.9 1.3 0.9 0.7
Prob. (%) (94.8, 5.2) (88.1, 11.9) (86.3, 13.7) (85.2, 14.8)

◮ With channel coupling

Λ (GeV) 1.0 1.1 1.2 1.3
B.E. (MeV) 3.39 14.45 35.44 68.37
√

〈r2〉 (fm) 2.0 1.2 0.9 0.7
Prob. (%) (97.4/0.2/0.2 (94.3/0.5/0.5 (90.7/1.1/1.0 (86.8/1.8/1.8

/0.6/1.6) /1.3/3.4) /2.0/5.2) /2.6/7.0)
D-wave prob. 2.2% 4.7% 7.2% 9.6%

Λ = 1.0 ∼ 1.2 GeV are molecule-like but Λ = 1.3 ∼ 1.5 GeV may be
beyond our model.
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ΛcΛc (JP = 0+)

JP= 0+ GeV (B.E. in MeV)

4.5

5.0

1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7
Λ (GeV)

ΛcΛc (1S0)

ΣcΣc (1S0)

ΣcΣc
*  (5D0)

Σc
*Σc

* (1S0, 5D0)
 0.23  3.21  9.22 18.60 31.83 49.46

72.03
(w/o)

 3.37 14.40
35.40

68.30 (w/)

Binding energies (B.E.) Wave functions with Λπ = 1.0 GeV
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Discussion

◮ Channel coupling is important in binding charmed baryons

◮ For ΛcN , solutions almost spin-independent. How about ΛcΣc,
ΛcΛ, ΛcΣ, Λc∆, or ... ?

◮ Cutoff dependence including δ-functional terms in OPEP model

Λ (GeV) 0.75 0.80 0.85
EJ=0 (MeV) 0.1 14.8 43.9

ΛcN
√

〈r2〉 (fm) 10.8 1.1 0.7
Prob. (%) (93.3/6.6/0.1) (51.0/49.0/0.0) (37.9/62.1/0.0)

Λ (GeV) 0.70 0.75
B.E. (MeV) 3.99 32.77

ΛcΛc

√

〈r2〉 (fm) 1.7 0.7
Prob. (%) (91.4/4.0/4.2 (71.8/13.3/14.5

/0.1/0.3) /0.1/0.3)
D-wave prob. 0.4% 0.4%

◮ Possible places to search for ΛcN and ΛcΛc: GSI-Fair, J-PARC,
RHIC, BELLE
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Summary

◮ Construct Lagrangian reflecting heavy quark, chiral, and hidden
local symmetries and determine the coupling constants with various
methods

◮ Channel coupling is important for possible molecule-like bound
states ΛcN (J = 0, 1) and ΛcΛc (J = 0). If they exist, should be
stable.

◮ Preliminary: ΛcΣc (I = 1, JP = 0+, 1+), ΣcΣc (I = 2, JP = 0+)
may also form molecule-like bound states. But such states decay
and need further study.

Thank you !
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Backup slides
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ΛcN : 0+

OMEP model (Λcom & α)

JP= 0+ GeV (B.E. in MeV)

3.1

3.2

3.3

3.4

0.8 0.9 1.0 1.1 1.2 1.3 1.4
Λcom (GeV)

ΛcN
1S0

 1.24

11.09
27.07

46.66

68.45

91.58
(w/o)

ΣcN
1S0  2.22

14.22
31.56

52.08

74.62
(w/o)

Σc
*N

5D0

 0.12
13.60

52.50

123.14 (w/)

JP= 0+ GeV (B.E. in MeV)

3.1

3.2

3.3

3.4

1.2 1.5 1.8 2.1 2.4 2.7 3.0 3.3 3.6 3.9
α

ΛcN
1S0

 0.12
 2.91  8.80

17.09
27.25

38.86
51.59

65.18
79.43
(w/o)

ΣcN
1S0

 0.17  4.06 11.17
20.54

31.64
44.08

57.56 71.84
(w/o)

Σc
*N

5D0 21.28

146.97
(w/o)

 0.11
11.12

43.05

94.98 (w/)
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ΛcN : 1+

OMEP model (Λcom, compare with 0
+)

JP= 0+ GeV (B.E. in MeV)

3.1

3.2

3.3

3.4

0.8 0.9 1.0 1.1 1.2 1.3 1.4
Λcom (GeV)

ΛcN
1S0

 1.24

11.09
27.07

46.66

68.45

91.58
(w/o)

ΣcN
1S0  2.22

14.22
31.56

52.08

74.62
(w/o)

Σc
*N

5D0

 0.12
13.60

52.50

123.14 (w/)

JP= 1+ GeV (B.E. in MeV)

3.1

3.2

3.3

3.4

0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7
Λcom (GeV)

ΛcN
3S1, (3D1)

1.24

11.09
27.07

46.66

68.45

91.58 (w/o)

ΣcN
3S1, 3D1  2.84

26.20

78.51

157.59 (w/o)

Σc
*N

3S1,3D1,5D1  0.73  6.21 13.10 20.09 27.04 34.33
42.89 55.02

77.36
(w/o)

 0.22
13.49

47.50

106.16 (w/)

JP = 0+ JP = 1+
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ΛcN : 1+

OMEP model (α, compare with 0
+)

JP= 0+ GeV (B.E. in MeV)

3.1

3.2

3.3

3.4

1.2 1.5 1.8 2.1 2.4 2.7 3.0 3.3 3.6 3.9
α

ΛcN
1S0

 0.12
 2.91  8.80

17.09
27.25

38.86
51.59

65.18
79.43
(w/o)

ΣcN
1S0

 0.17  4.06 11.17
20.54

31.64
44.08

57.56 71.84
(w/o)

Σc
*N

5D0 21.28

146.97
(w/o)

 0.11
11.12

43.05

94.98 (w/)

JP= 1+ GeV (B.E. in MeV)

3.1

3.2

3.3

3.4

1.0 1.3 1.6 1.9 2.2 2.5 2.8 3.1 3.4 3.7
α

ΛcN
3S1, (3D1)

 0.65

 4.57 11.33
20.30

30.98
42.99

56.03
69.86
(w/o)

ΣcN
3S1, 3D1  2.46

19.52

51.39

95.77

150.55 (w/o)

Σc
*N

3S1,3D1,5D1  0.48  6.39

38.38
(w/o)

 0.66
12.26

40.98

87.88 (w/)

JP = 0+ JP = 1+
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Coupling constants

◮ π: g1, g4
σ: ℓB , ℓS
ρ, ω: βB , βS , λS, λI

◮ Can use strong decay:

Γ(Σ∗
c → Λπ) =

g24
12πf2π

MΛc

MΣ∗
c

|~p 3
π | ⇒ g4 = 0.999

◮ Can use Quark Model:

Lq = −g
q
A

2f
ψ̄γµγ5∂µ(π

iτ i)ψ − gqσψ̄σψ − gqρψ̄γ
µ(ρiµτ

i + ωµ)ψ

−f qρ ψ̄σµν∂µ(ρiντ i + ων)ψ. (5)

◮ Can use chiral multiplet assumption:
SU(3)L × SU(3)R chiral partners: B3̄ ∼ B̃3̄, B6 ∼ B̃6

⇒ ℓB = −M
Λ̃c

−MΛc

2fπ
∼ −3.1, ℓS =

M
Σ̃c

−MΣc

fπ
∼ 6.2
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Coupling constants

◮ Can use vector meson dominance (VMD):

+ =ρρ

c q q c q q B (Iγ=1)

(βBgV ) = −
√
2mρ

fρ
= −5.04, (βSgV ) =

2
√
2mρ

fρ
= 10.08

◮ Can use QCD sum rule results (QSR)
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Coupling constants

◮ Phase convention















H11 H12 H13 H14 H15 · · ·
H22 H23 H24 H25 · · ·

H33 H34 H35 · · ·
H44 H45 · · ·

H55 · · ·
· · ·















(6)

⇒















H11 δ2H12 δ3H13 δ4H14 δ5H15 · · ·
H22 (δ∗2 δ3)H23 (δ∗2δ4)H24 (δ∗2δ5)H25 · · ·

H33 (δ∗3δ4)H34 (δ∗3δ5)H35 · · ·
H44 (δ∗4δ5)H45 · · ·

H55 · · ·
· · ·















, (7)

◮ Phases of g4 and λI do not matter.
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