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I have been studying the following subjects from view point of few-body problem
using my own method called Gaussian Expansion Method.
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To describe the data of Pc(4380)+ and Pc(4459)+ state, there are theoretical
effort.  

・Cusp?
Phys. Rev. D92 071502 (2015), Phys. Lett. B751 59 (2015)

・Meson-Baryon state?
Phys. Rev. Lett. 115 172001(2015),  Phys. Rev. D92 094003 (2015)
Phys. Rev. Lett. 132002 (2015),    Phys. Rev. D92 114002 (2015)

Phys. Lett. B753 547 (2016)

・Baryoncharmonnia
Phys. Rev. D92 031502 (2015)

・Tightly bound pentaquark states
Eur. Phys. J. A48 61 (2012),   Phys. Lett. B 749 454 (2015),
Phys. Lett. B749 289 (2015) , Phys. Lett. B764 254 (2017)  etc.
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Motivated by the experimental data of pentaquark system at LHCb,
We calculate this system within the framework of non-relativistic
constituent quark model.
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To describe the experimental data,
It is necessary to reproduce the observed
threshold.

The Hamiltonian is important
to reproduce the low-lying energy
spectra of meson and baryon system.



Hamiltonian

ーΛ/r

K=0.5069

Λ=0.1653GeV2

ξα=(2π/3)kp β=A((2mimj)/(mi+mj))
(-B)

Kp=1.8609         A=1.6553         B=0.2204

mq=315 MeV,   mc=1836 MeV  

B. Silvestre-Brac Few-body Systems
20, 1 (1996).



Cal.                                            Exp.
Baryon   
N: 953 MeV                    939 MeV
Δ: 1265 MeV                  1232
Λc: 2276 MeV                 2286
Σc:2451 MeV                  2465
Σc*:2531 MeV                2545

Meson
D: 1862 MeV                    1870
D*:2016 MeV                    2010
J/Ψ:3102 MeV                   3094
ηc :3007 MeV                    2984
χc l=1,s=0: 3462.4 MeV    hc:3525 MeV

L=1,S=1 :3486.5 MeV  3530 MeV

Calculated energy spectra for meson and baryon systems are in good agreement with the observed data.



・A variational method using Gaussian basis functions

・Take all the sets of Jacobi coordinates 

High-precision calculations of various 3- and 4-body systems:

In order to solve few-body problem accurately,

Gaussian Expansion Method (GEM) ,  since 1987

Review article : 
E. Hiyama, M. Kamimura and Y. Kino,
Prog. Part. Nucl. Phys. 51 (2003), 223.

Developed by Kyushu Univ. Group,   
Kamimura and his collaborators.

, 

Light hypernuclei, 

3-quark systems,

Exotic atoms / molecules ,  

3- and 4-nucleon systems,

multi-cluster structure of light nuclei,
4He-atom tetramer



q

q

q

C

C

C=1(J/Ψ+p,ηc+p) C=2(Λc+D,Σc+D) C=3

ΨJM(qqqcc)= ΦJM
(C=1) +ΦJM 

(C=2) +φJM
(c=3) +ΦJM 

(C=4)

ΦαJM(qqqcc)=Aqqqq{[(color)(c)
α (isospin)(c)
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1 1X =1

Wavefunction of
Color part
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Similar for C=2



Confining channels

33 X =3

3 X 3=8  +  1

I take color singlet.

33 X =3

3 X 3=8  +  1

I take color singlet.
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C=1(J/Ψ+p,ηc+p) C=2(Λc+D,Σc+D) C=3

ΨJM(qqqcc)= ΦJM
(C=1) +ΦJM 

(C=2) +φJM
(c=3) +ΦJM 

(C=4)

ΦαJM(qqqcc)=Aqqqq{[(color)(c)
α (isospin)(c)
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(spatial)(c)
α=φnl

(c)(rc)ψνλ
(c)(ρc)φ

(c)
kj(sc)Φn LM

(c)(Rc)R
Same procedure
is taken for
r,ρ, and s.



For the Pc(4380) and (4450), we consider the following 9 candidates states,

Total  orbital angular momentum: L=0, 1, 2
Total Spin : S=1/2, 3/2, 5/2

q

q

q

C

C

C=1(J/Ψ+p,ηc+p) C=2(Λc+D,Σc+D) C=3

4

3

q

q

q
q

C

C=4

For example, in the case of total orbital angular momentum L=0, S=1/2, 3/2, 5/2,  Jπ=1/2-,3/2-,5/2-

we take s-waves for all coordinates.
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(H-E)Ψ=0

By the diagonalization of Hamiltonian, we obtain N eigenstates for each Jπ.

Here, we use about 40,000 basis functions.
Then, we obtained 40,000 eigenfunction for each Jπ.
Here, we investigate J=1/2-, namely, L(total angular momentum)=0, S(total spin)=1/2.

・・・・

L=0,S=1/2   for example

・・・・
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First, we take two channels.



Confining channels

33 X =3

3 X 3=8  +  1

I take color singlet.

33 X =3

3 X 3=8  +  1

I take color singlet.



J/Ψ+N(4040)

Λc+D(4171)

Λc+D*(4323)

Σc+D(4353)

Σc+D*(4505)

N+ ηc* (4544)
N+J/Ψ*(4584)
Σc*+D*(4587)

Pc(4450)

L=0,S=1/2
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Next, we take two scattering channels.
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L=0,S=1/2

Results before doing the scattering calculation

Do these states correspond 
to resonance states or
discrete non-resonance 
continuum states?

Bound-state approximation



useful method: real scaling method
often used in atomic physics

In this method, we artificially scale the range parameters 
of our Gaussian basis functions by multiplying a factor α:
rn→αrn in rlexp(-r/r ) for exmple 0.8 <α<1.5n

2

and repeat the diagonalization of Hamiltonian for many
value of α.

← resonance state

Non-resonance continuum state

α: range parameter of Gaussian basis function

[schematic illustration of the real scaling]
What is the result in our pentaquark calculation?
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RnR -> αRnR
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Pc(4450)
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Results before doing the scattering calculation
Bound-state approximation

All states are melted into  each meson-
baryon continuum decaying state.
Then, there is no resonant state
between 4000 MeV to 4600 MeV.

J/Ψ+p threshold

L=0, S=1/2

ηc+N

Λc+D



One resonance
at ４６９０MeV

Much higher than the
observed data

Why we have a resonance
state at such higher energy?



J/Ψ+N(4040)

Λc+D(4171)

Λc+D*(4323)

Σc+D(4353)

Σc+D*(4505)

N+ ηc* (4544)
N+J/Ψ*(4584)
Σc*+D*(4587)

Pc(4450)

L=0,S=1/2
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Confining channels

This corresponds to resonant state, like a feshbach resonant state.
It is considered that other states are melted into various threshold.

For example, let us consider this state.



J/Ψ+N(4040)
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Λc+D*(4323)

Σc+D(4353)

Σc+D*(4505)

N+ ηc* (4544)
N+J/Ψ*(4584)
Σc*+D*(4587)

Pc(4450)

L=0,S=1/2

+

ηc+N channel 

Conjecture: 4119 MeV can be describe as ηc+N like structure.
However, due the restriction of the configurations, namely,
by only C=4 and 5 channels, the mass energy is up than the 
ηc+N by about 200 MeV. In order to investigate this conjecture,
we solve scattering states including ηc+N channel only with
real scaling method. If  4119 MeV is ηc+N like structure, this 
state should be melted into ηc+N threshold.ηc+N(3900)
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L=0,S=1/2
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ηc+N
Melted into ηc+N threshold

4119 MeV is ηc+N like structure!100 MeV difference

100 MeV

J/Ψ+N like?
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ηc+N(3900)
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J/Ψ+N

Melted into J/psi+N

J/Ψ+N like structure



J/Ψ+N(4040)

Λc+D(4171)

Λc+D*(4323)

Σc+D(4353)

Σc+D*(4505)

N+ ηc* (4544)
N+J/Ψ*(4584)
Σc*+D*(4587)

Pc(4450)

L=0,S=1/2

ηc+N(3900)

ηc+N like structure

J/Ψ+N like structure

Mixture of  ηc+N,Λc+D*,Σc+D

Λc+D,Λc+D*

J/Ψ*+N like 

No coupled with any threshold
then, exist as a resonant state



Summary

・Motivated by the observed Pc(4380) and Pc(4450) systems at LHCb,
we calculated energy spectra of qqqcc system using non-relativistic constituent quark
model.  To obtain resonant states, we also use real scaling method.

・Currently, we find no penta-quark like resonant states with L=0,S=1/2 
at observed energy region.

However, we have one resonant state at 4690 MeV. This can be penta-quark state.

Future work
To investigate the structure, now I am calculating density distribution.
Also,
the calculation with  L=0, S=3/2 is still on going.



Thank you!


