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Introduction

Belle (KEK) 

BB* B*B*

Coincidences of the quarkonium-
like meson states with the open 
charm (bottom) thresholds 
motivate interpretations of those 
states as hadronic molecules.



X (3872):  The new charmonium-like resonance (1++) just at the DD* threshold
may not be a simple cc, but possibly a (ccqq) tetra-quark, or (DD* +D*D) 
molecule.

Note: At around the threshold, hadron molecular states are necessarily mixed.

This is not new, but has been seen in the strange sector;
Λ*(1405) coupled to the NKbar

f0, and a0 scalar mesons to KKbar

H dibaryon to ΛΛ, NΞ, ΣΣ

May have more hadron molecules with heavy quark(s).

Introduction
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Takeuchi, Shimizu, Takizawa, (arXiv:1110.3694)
A quark-model QQbar state is coupled to the two 
hadron bound/continuum states.



Introduction
Do dibaryons (baryon molecules) with heavy quarks exist?
 ΛcN, ΣcN, . . , (charmed deuteron) 
 ΞcN, ΛcΛc, ΛcΣc, . . (doubly charmed deuteron)
Do the charmed baryons, Λc, Σc, Ξc, . . ,  form nuclear bound states?
 Charmed hypernucleus
Do the charmed mesons, D, D*, . . , form mesonic nuclear bound states?  
 i.e., HQ version of the Kbar-nucleus

Not a new idea:
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PRL 39, 1506 (1977) Σc

Ξ’c Λc



Introduction
H. Bando, S. Nagata, PTP 69, 557 (1983), H. Bando, PTP S81, 197 (1984)

 SU(4) extension of the Nijmegen HC model potential is employed.
 No K, K* exchanges are allowed for the ΛcN, which results in the 

weaker YcN potential compared with ΛN.
 No 2-body bound state is found.
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Introduction
We reexamine the possibility of the YcN and YcYc bound states from the 
modern view points of the heavy quark symmetry and chiral symmetry.
Advantages of the heavy baryon systems:
- The large mass of Yc suppresses the kinetic energy.
- Strong Yc-Y*c channel couplings give extra attractions. 
We emphasize the importance of the Σc - Σc* degeneracy under the 
heavy quark spin symmetry and the couplings of the ΣcN, Σc*N virtual 
states to the ΛcN states through the central and tensor forces.
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NN (1S0, I=1) × NN (3S1-3D1, I=0) deuteron

ΛN-ΣN (1S0) × ΛN-ΣN (3S1-3D1) ×

ΛcN-ΣcN-Σ*cN (1S0-5D0) ? ΛcN-ΣcN-Σ*cN (3S1-3,5D1) ?
ΛΛ-NΞ-ΣΣ (1S0) H dibaryon

ΛcΛc-ΣcΣc-Σ*cΣ*c (0+) ?



Our framework:
 The Yc-N and Yc-Yc interactions are composed of one-pion or one-boson 

(π, σ, ρ, ω) exchange potentials.
 Heavy-quark spin symmetry, chiral symmetry, and hidden local 

symmetry are used to determine the meson-baryon couplings. 
 The OPE tensor force induces strong mixings of the D-wave ΣcN (S=1) 

and Σ*cN (S=1, 2) states, whose thresholds are degenerate in the large 
mQ limit.

Introduction
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Tensor coupling



The heavy quark (c, b) is “inactive” in the heavy-light hadron systems.

S=1/2
S=3/2

Heavy quark symmetry
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(S, f ) = (1/2  3bar)

(3/2  6)

(1/2  6)

ΛQ =
[
Q⊕ [ud ]S=0

f=3̄

]J=1/2

ΣQ =
[
Q⊕ {ud}S=1

f=6

]J=1/2

Σ∗
Q =

[
Q⊕ {ud}S=1

f=6

]J=3/2

Λc 2286 Λb 5620

Σc 2453

Σ*c 2518

Σb 5812

Σ*b 5833

Λ 1116

Σ 1193

Σ* 1385



Spectra of the heavy-light hadrons are insensitive to mQ.
The spin-dependent interactions are O(1/mQ) for the 
heavy quarks.

Heavy quark symmetry
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Heavy quark symmetry
Physics of heavy quark systems is simplified for mQ ≫ ΛQCD

Light quarks do not feel the mass and spin of the heavy quark in the 
mQ → ∞ limit.
- asymptotic freedom
- suppressed magnetic-gluon coupling
Effective field theory based on the 1/mQ expansion, which leads to a 
super-selection rule of the heavy quark velocity.

This is a symmetry of QCD in the large mQ regime.

The heavy quark spin is conserved at each velocity. (HQ spin symmetry)
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For small                                           , the velocity of the heavy quark is preserved.  
Then, we can remove the large momentum component by defining a new 
effective heavy quark field                                      .

kµ = O(ΛQCD)! mQvµ

pµ = mQvµ + kµ

Qv(x) = eimQv·xQ(x)



Heavy quark symmetry
Effective Lagrangian with the heavy-baryon and light mesons
 Heavy baryon Q(qq):  qq (di-quark)  (S, f )= (0+, 3bar) or (1+, 6)
→  (S, f ) = (1/2, 3bar) ⊕ [(1/2, 6) ⊕ (3/2, 6)]

 Pseudoscalar and vector nonet mesons
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(S, f ) = (1/2  3bar)

(3/2  6)

(1/2  6)

Pseudoscalar nonet mesons Vector nonet mesons

degenerate in the HQ limit
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Chiral and Hidden-Gauge symmetries for light quarks/hadrons
 Chiral transform SU(3)L×SU(3)R

 Hidden Local Gauge Symmetry:  h(x) ∈ SU(3)

 Light Vector mesons

Heavy quark symmetry
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Σ = eiΠ(x) = ξ2(x)

g2
V



Heavy-Quark-Chiral Effective Lagrangian

A flavor singlet (I=0) scalar σ meson is introduced.

Heavy quark symmetry
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       Pseudoscalar (π)

       Vector (ρ, ω)

       Scalar (σ)



The mesons couple to the light quarks only.

Σc → Λc + πlinear sigma model



OBEP
The Λc-N, Σc-N and Σ*c-N diagonal and transition potentials are 
composed of one-pion and/or  one-boson (π, σ, ρ, ω) exchange model.
Note that the Λc (in general the 3bar baryon) does not couple to the pion 
(pseudoscalar meson) directly. The other possible mesons, η and φ, are 
neglected because they give little contribution.
Short range part of the potential is implemented by the cutoff 
parameters in the form factors.
 The monopole form factor for each vertex is taken into account.

 The cutoff parameters are chosen in two ways:
(1) The universal cutoff for all the mesons
(2) The scaled cutoff  Λ = m + α ΛQCD (ΛQCD=220 MeV)
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F (q) =
Λ2 −m2

Λ2 − q2



Standard meson exchange potential with monopole form factors
 Neglect O(1/MQ) corrections and the contact terms.

OBEP
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and so on



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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σ

ω
π

ρ

σ

ωtotal
total

ΛcN(1S0)− ΣcN(1S0)− Σ∗
cN(5D0)



π

ρ

ω

total total
ρ

π

total π

ρ

Strong tensor mixings due to the pion 
exchange potential



One Pion Exchange Only

Λc N (1S0)

Σc N (1S0)

Σ*c N (5D0)

ΛcN(1S0)− ΣcN(1S0)− Σ∗
cN(5D0)



ΛcN(1S0)− ΣcN(1S0)− Σ∗
cN(5D0)



Λ = m(meson) + α ΛQCD
ΛcN(1S0)− ΣcN(1S0)− Σ∗

cN(5D0)
ΛcN(3S1 − 3D1)− ΣcN(3S1 − 3D1)− Σ∗

cN(3S1 − 3D1 − 5D1)





For the ΛcΛc systems, we take 
only the one-pion exchange 
interaction. 
  Note that there is no πΛcΛc 
coupling, and thus the binding 
comes only from the channel 
coupling effect.

Again the tensor coupling 
strength is very strong so that 
the Σ*cΣ*c channel contribution 
is large.



ΛcΛc 1S0

Σ*cΣ*c 5D0

Σ*cΣc 5D0



Charmed deuteron
How to find it
 Production

Heavy ion collision + coalescence
High energy collision + fragmentation
D+ + 3He => (Λc p) + p ?

 Decay
nonmesonic weak decays 
  via pion exchange

  (Λc+n)BS → Λp → ppπ-

   (Λc+p)BS → pp (Cabibbo suppressed)
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(Λc+n)BS (Λc+p)BS

Λc+ n (p)

(p) Λ p
π+ (π0)weak



Conclusion
Possibility of bound Charmed deuteron (ΛcN, or ΛcΛc bound states) has 
been studied in the one-boson exchange potential approach. 
The effective Lagrangian is derived from the heavy-quark spin symmetry 
for charm quarks as well as chiral symmetry and hidden local symmetry 
for the light quark sector in order to determine the couplings of pseudo-
scalar and vector mesons to the heavy baryons. 
The short-range part of the potential is parameterized by the cut-off 
parameters. The results are sensitive to the choice of the cutoff. It is an 
important and interesting future problem to evaluate the short range 
part of the BB interaction.
The couplings of the ΣcN and Σc*N (ΣcΣc, Σc*Σc and Σc*Σc*) channels are 
taken into account and we have found that the tensor couplings to the D 
wave Σc*N (5D0 etc) states are very important.

27



Further interests
Heavy quark baryons have a rich spectrum, which are not yet explored. 
Many “predictions”, Few data.
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Single, Double, Triple



Further interests
Mass of Triply-Heavy Baryon in LQCD
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Further interests
Mass of Triply-Heavy Baryon in LQCD
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Further interests
Mass of Triply-Heavy Baryon in LQCD
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QCDSR  violates M(Ωbbb)>1.5 M(Υ)



Further interests
Other possibilities of heavy-quark nuclei

 DN bound state (BE~200 MeV) will give Λ*c (1/2-).
A prediction in the coupled channel calculation by Mizutani, Ramos.
DNN and other D-Nuclear states are expected.

 Dbar N: exotic (pentaquark) bound state is predicted in OPE by Yasui 

and Sudo.

 Hidden-charm baryons and nuclei, i.e., J/ψ, ηc bound nuclei:
Attractive force with a (J/ψ, ηc) ~ 0.2-0.3 fm 
    predicted in lattice QCD calculation by Kawanai, Sasaki.
Such an attraction may produce a bound  (J/ψ, ηc ) - 4He nuclei.
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