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In Hadron physics,

Search for multi exotic quarks systems such as tetra quark systems,
penta quark systems, and di-baryon systems have a long history.

Tetra quark systems: Phys. Rev. Lett. 91, 262001 (2003)
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Red states are very closed to some threshold.=> the state are compact states or meson-meson
cluster states?=>there are many discussion for this issue.



|8 Selected for a Viewpoint in Physics week ending
PRL 115, 072001 (2015) PHYSICAL REVIEW LETTERS 14 AUGUST 2015
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Observation of J/yp Resonances Consistent with Pentaquark States
in A} — J/wKp Decays

R. Aaij er al.”

(LHCb Collaboration)
(Received 13 July 2015; published 12 August 2015)

Observations of exotic structures in the J/yp channel, which we refer to as charmonium-pentaquark
states, in A — J/wK~ p decays are presented. The data sample corresponds to an integrated luminosity of
3 tb~! acquired with the LHCb detector from 7 and 8 TeV pp collisions. An amplitude analysis of the
three-body final state reproduces the two-body mass and angular distributions. To obtain a satisfactory fit of
the structures seen in the J/y p mass spectrum, it is necessary to include two Breit-Wigner amplitudes that
each describe a resonant state. The significance of each of these resonances is more than 9 standard
deviations. One has a mass of 4380 4+ 8 4 29 MeV and a width of 205 £ 18 £+ 86 MeV, while the second
is narrower, with a mass of 4449.8 + 1.7 + 2.5 MeV and a width of 39 + 5 + 19 MeV. The preferred J*
assignments are of opposite parity, with one state having spin 3/2 and the other 5/2.

DOIL: 10.1103/PhysRevLett.115.072001 PACS numbers: 14.40.Pq, 13.25.Gv

__State__| _Mass (MeV) | Width (MeV) m

P_(4380)  4380%8=+29 205+18+86 8.4+0.7+4.2
P.(4450)+  4449.8+1.7+2.5 39+ 5x19 4.110.5%1.1 12

« Best fit has JP=(3/2-, 5/2+), also (3/2+, 5/2°) & (5/2+, 3/2°) are
preferred



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.



In this way, we have the following question:

Tetra-quark and penta-quark systems observed so far are
Meson-meson cluster-like states(molecular systems), meson-baryon
cluster —like states, or compact states?

To answer this question; with use of quark model, we have been
studying penta-quark and tentra-quark systems.

Collaborators: Hosaka san , Oka san
PhD student: Qi Meng (Nanjing Univ.)

Penta-quark systems

No observation

0 o Observed at ° °
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Yc*+D* 0 0
4500¢
i c+D* e _
_ Pc(4450) ‘
4400' Z*+D
- This is 5-body problem and it requested to calculate
J/W+A  resonant state. Then, we should develop our method
L Sc+D  ror resonant state.
4300t Ac+D*
A+nc To describe the experimental data,
i Pc(4380) It is necessary to reproduce the observed
4200¢ threshold.
The Hamiltonian is important
4100! ActD to reproduce the low-lying energy
spectra of meson and baryon system.
J/W+p




Hamiltonian

2

P;
H= Z,-:("“ + Tlth) =TI+ Vemt + Ve —A/r  A=0.1653GeV?

A AS Tk
Vemi ==} } > [3®-%) +ul  K=0.5069
i<ja=l = &7
So o~ 5-x))}/p
" A R 3
ou = 22221”1"] o

i<j a=l

&=(2n/3)kp  B=A((2m;m,)/(m+m,))E)

Kp=1.8609 A=1.6553 B=0.2204

M, =315 MeV, m_=1836 MeV B. Silvestre-Brac and C. Semay,
Z. Phys. C61(1994) 271



Cal. Exp.
Baryon

N: 953 MeV 939 MeV
A: 1265 MeV 1232

Ac: 2276 MeV 2286
2C:2451 MeV 2465
2c*:2531 MeV 2545
Meson

D: 1862 MeV 1870
D*:2016 MeV 2010
J/W:3102 MeV 3094
nc :3007 MeV 2984

X. 1=1,5=0:3462.4 MeV hc:3525 MeV
L=1,5=1 :3486.5 MeV 3530 MeV

Calculated energy spectra for meson and baryon systems are
in good agreement with the observed data.
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W, (agggcc)= 0,V +0,, 2 +¢,, 3 +O,,, (&4
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Similar for C=2

C=2(Ac+D,2c+D)
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| take color singlet.

| take color singlet.
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C=1(J/W+p,nc+p) C=2(Ac+D,3c+D) C=3 C=4

Wulaggee)= @, +0,,, €2 +¢,,,=3) +O,,, ()

Dmlagace)=A ,qqll(color),  (isospin)©),
(spin)©_ (spatial)®© ],,,}

(Spatial)(C)a=(pnl(c)(rc)L|JVA(C) pc)(g(c)kj S n LM ( C)

\ _ pLe,—(R/Rnp)? - 1 2
OnpL M(R)=R"e (/%) Yi.mR) RnR = R a"f” (”R =1 _”Iili’m) Same procedure
is taken for
r,p, and s.



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

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

For example, in the case of total orbital angular momentum
3/2,5/2, J*=1/2-,3/2°,5/2"

We take s-waves for all coordinates.

C=1(J/W+p,nc+p) C=2(Ac+D,2c+D) C=3 C=4



(H-E)¥=0
By the diagonalization of Hamiltonian, we obtain N eigenstates for each JT.

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

S(total spin)=1/2.

L=0,5=1/2 for example
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First, we take two channels.
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4999
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4236
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Results by connected channels only

Sc*+D*(4587)

N+J/W*(4584)
N+ nc* (4544)

2c+D*(4505)

Pc(4450)

Sc+D(4353)
Nc+D*(4323)

Nc+D(4171)

J/W+N(4040)

1=0,5=1/2
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Next, we take two scattering channels.
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400!
Do these states '
correspond _
to resonance states#300;
or
discrete non- _
resonance 4200:

continuum states?

4100!

Pc(4380)

Results before doing the scattering calculation
Bound-state approximation

sc+D*
Pc(4450)

J/W+A

>c+D
Ac+D*

A+nc

1=0,5=1/2 L=0,5=3/2



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 a:
r.—>ar, in r'exp 7002 for exmple 0.8 <a<1.5

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

& resonance state

Non-resonance continuum state
'

a: range parameter of Gaussian basis function

[schematic illustration of the real scaling]
What is the result in our pentaquark calculation?



of nonstoichiometric sémples. because they have an

R. F. Brebrick, J. Phys, Chem, Solids 32, 551 (1971),

Resonance state lifetimes from stabilization graphs

Jack Simons®

Chemistry Department, University of Utah, Salt Lake City, Utah 84112

[Received 20 January 1981; accepted 18 May 1981)

The stabilization method (SM) ploneered by Taylor and
co-workers! has proven to be a valuable tool for esti-
mating the energies of long-lived metastable states of
electron-atom, electron-molecule, and atom-diatom
complexes. In implementing the SM one searches for
elgenvalues arising from a matrix representation of the
relevant Hamiltonian H which are “stable” as the basis
set used to construct H is varied.

To obtain lifetimes of metastable states, one can
choose from among a variety of techniques’' (e.g.,
phase shift analysis, Feshbach projection “golden rule”
formulas, Siegert methods, and complex coordinate
gcaling methods), many of which use the stabilized
eigenvector as starting Information. Here we demon-
strate that one can obtain an estimate of the desired life-
time directly from the stabilization graph in a manner
which makes a close connection with the complex coor-
dinate rotation method (CRM) for which a satisfactory
mathematieal basis exists.

The starting point of our development is the observa-
tion that bath the stable eigenvalue (E,) and the eigen-
value(s) (E,) which come from above and cross E, (see
Fig. 1 and Rels. 9-11 and 13) vary in a nearly linear
manner (with a) near their avoided crossing points.
This observation leads us to propose that the two elgen-
values arising in each such avoided crossing can be

J. Chem, Phys. 76(5), 1 Sept. 1881

0021-9606/81/172465-03501.00

thought of as arising from two “uncoupled” states having
energies ¢ (a)=¢+5 a -a,) and € {a) =€ +5(a ~a,),
where S, and §, are the slopes of the lincar parts of the
stable and “continuum” eigenvalues, respectively. a,
is the value of a at which these two straight lines would
intersect, and € is their common value at @ =a,, This
modeling of ¢, and ¢, is simply based upon the observa-

E(c.u)x0?
»

078 128 175

FIG. 1. Stabllization graph for the 7 shape resonsnce state of
LiH" (Ref. 9).

€ 1981 American Institute of Physics

Downloaded 21 Jun 2005 to 133.5.5.110. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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Results before doing the scattering calcu
Bound-state approximation
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\) «—— One resonance
at 4690 MeV

Much higher than the
observed data

4650

Why we have a resonance
state at such higher energy?

4600kt




MeV

4700

4600

4500

4400

4300

4200

4100

4000

J =2
This corresponds to resonant state, like a feshbach resonant state.

- /lt is considered that other states are melted into various thresholc

4629

— 2c*+D*(4587)

o N+J/W¥(4584)
N+ nc* (4544)

= 2c+D*(4505)

4497

Pc(4450)
Sc+D(4353)

Ac+D*(4323)

4236

Nc+D(4171)

4119

C=5

J/W+N(4040) Connected channels

1=0,5=1/2



conclusion of penta-quark

*Motivated by the observed Pc(4380) and Pc(4450) systems at LHCb,
we calculated energy spectra of-qqgcc system using non-relativistic
constituent quark model. To obtain resonant states,

we also use real scaling method.

In our calculation, we could not obtain at observed energy region.
From our calculation, we would suggest that the resonant states observec

at LHCb are meson-baryon resonant states which we cannot calculate

in our model.
Meson-baryon ISR RE (L @EHTEELN?



Wavefunction of 0)]i5[))

hort-range part(ZI&
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We have serious question: whether or not quark model can be applicab
to multi-quark system?
SET AUAVA—U T, HIBREBIEMYEFE-TUV -,
RUBRYF—DZEMEE? HIBTZLFEE ?

What about bound states of

tetra-quark system?
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W m Pl

(
bbgg 0(17) —189+13 -143£34 - -I86L15
begq 0(17) - —~ 13+£3 -
ceqq 0(17) b -23+11 - -
bsgq 0(17) — - 16+2 -
bbsg 5(1*) -98+£10 -87+32 - -

bbgq 1(07) - -5+18 - -

0*) - - 1743 -
ccgg 1(07) - 6411 - -
bsgq 0(07) — - 18+2 -
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Stable double-heavy tetraquarks: Spectrum and structure )
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Ml’qffil'-"fﬂl'!—' Bound states of double-heavy tetraguarks are studied in a consttuent quark model. Two bound states are
Received 20 Ooober 2020 found for isospin and spin-parity ]{jPJ =0(1") in the bbud channel. One is deeply bound and compact
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made of colored diquarks, while the other is shallow and extended as a BB* molecule. The former agrees
well with lattice QCD results. A systematic decrease in the binding energy is seen by replacing one of
the heavy quarks to a lighter one. Altogether we find ten bound states. [t is shown for the first dme that
hadrons with totally different natures emerge from a single Hamiltonian.

Keywords: & 2021 The Authors. Published by Elsevier BV. This is an open access article under the CC BY license
Double-heavy tetraguark (http:f/creativecommons.org/licenses by [4.07). Funded by SCOAPS.
Quark model

Few-body problem




C=1(K-type) C=2 (K-uype) C=3 (K —type)
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We use the same qgq potential as in the gggcc-bar.



We calculated all of possible states of tetra-quark systems.
Here is energy spectra of bound states.

MV phgg beqq ccqq bsqq bbsq

We have some deeply bound states and weakly bound states.



Mass is very heavy and then distance between bb is so short
Therefore, due to the attraction of Coulomb interaction,
1/r, we will have a chance to make bound states.

0.00
[MeV]

{VCuulﬂmh{QQrJ} . . . .
Expectation values of coulomb interaction in

QQg-barg-bar
and bQg-barg-bar

5000
Q0
-100.00

You can see that as mass of quark is increased,
expectation of coulomb interaction
becomes larger.

-150.00




To discuss on validity of our model (quark model), we compare our results
with those by LQCD.
You can see that our results are almost consistent with the results by LQCD.

——jr o e

I(JF) Thiswork [22] [ [24] [25
bbgg 0(1") —173 —180+13 —143+£34 — —186+15
begg 0(17)  —40 — - 1343 -
ceqq 0(17) =23 = O34T - -
bsgg O(17) =5 — — 1642 -
bbsg 5(17) 59 98410 8732 - =
bbgg 1(07) N - —54L18 — _
begg 0(07) =37 - - 17+3 -
cegg 1(07) N = 6+11 -~ =
bsgg 0(07) -7 - ~ 1842 -

From this fact, in the case of tetra-quark bound state, quark model
does work well.

If it is possible to observe these states experimentally,

we can see compact tetra-quark systems.



How is structure of tetra quark system?

QQ'qq I(J") -Eg Roqr Roq Rqq R Roz-qq

bbgg O(1T) —173 034 0.84 0.74 0.3

bbgg O(1T) -4 109 093 111 107

begg 0(1T) —40 065 079 080 094 0.61 3 = -

(a): Eg=173 MeV (b): Ez=4MeV

ccgg 0(1) =23 083 085 100 0.75 2-5/\ | &

beqg 0(2T) -5 L72 138 140 1.93 157 .20 ., 2 e
L 15 — @ |15 — 4

TABLE III. Mean distance R, [fm] for various tetraquarks. i — b | 5 — bg

Binding energies Ep are in units of MeV. N i

B 05 0 15 20%0 05 15 20
r [fm] r [fm]

Distances in bbg-barg-bar with deeply bound state

are much compact than those with weakly

bound state.



Summary

Clusters & Hie}archies

For the bound state of tetra-quark system, results with our
model are consistent with results by LQCD.

We could say that our model would be reliable for the bound
states of tetra-quark system.

Next, what about resonant states of tetra-quark system?
The calculation is on going.

Currently, we can obtain ‘compact’ resonant state.

So, in the future, we should investigate how we could get
meson-meson clustering states with our model and study how
the clustering state form.
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The lightest isotope is Hydrogen (H).

Exp.

n P
|

’H J=1*-2.22 MeV

3H J=1/2*

-8.48 MeV

®e .
e

8.481
p+3n
6.257 - n
3+on 6.02 1-
T Q
2,90 1~
319 2
nn *H 3H+n

Table 4.1: Energy levels of *H defined for channel radius a, = 4.0 fm.

All energies and widths are in the cm system.
E (MeV) |J° T | I'(MeV)|Decay | Reactions
gs.* |27 1 54 |o'H|LU
031 i 1 673" [0 'H | 11,12
28 |0 1 892 |n'H
28 - 1 1200¢ [ o °H | 11,12

* 319 MeV above the n + *H mass.
b Primanily *P;.
¢ Primarily 'P;.




n "
“ transfer reaction p(®He, ?He)°H

A. A. Korcheninnikov, et al. Phys. Rev. Lett.
87 (2001) 092501.

[=1.9:+0.4 MeV Superheavy hydrogen

1/2*
1.7£0.3 MeV

A 4
t+n+n



ST = e e T T

(Eg,I'r) (MeV)

3 1/2F
SH (full) (1.57.1°3%)
SH (d = 0) (1.55.1.35)

Theor. [16]

Theor. [12]
Theor. [13]
Theor. [15]
Exp. [3]
Exp. | 8]
Exp. [4]
Exp. [ 5]
Exp. [6]
Exp. [9]

(2.26, 2.93)

(2.5-3.0,34)
(3.0-3.2.14)
(1.59,2.48)
(1.74£0.3, 1.9 +0.4)
(1.8%0.1, <0.5)
(1.8.1.3)

(2,2.5)

(3,6)
(B.340.2,5.440.6)

O B 0w

A.A. Korosheninnikov et al., PRL87 (2001) 092501
S.I. Sidorchuk et al., NPA719 (2003) 13

M.S. Golovkov et al. PRC 72 (2005) 064612

G. M. Ter-Akopian et al., Eur. Phys. J A25 (2005) 315.

Energy of 5H is similar. But decay width is dependent on experiment.



In 2017, we have a new data on °H.
A. H. Wuosmaa, Phys. Rev. C95, 014310 (2017)

®He (d,3He) °H

E,=2.4%0.3 MeV I=5.3 =0.4 MeV

A. A. Korsheninnikov et al., PRL 90,

082501 (2003)
M. Caamano et al., PRL99, 062502(2007)

PRC 78, 044001 (2008)

H

E,=0.57 +0.42 MeV from t+4n threshold

-0.21
If we have narrow [=0.09 +0.94 MeV
decay at lower energy, -0.06
we could have .
12 (8 74113
heavier H-hydrogen isotope C( He, H) N reaction
such as °H.

What is limit for H-isotope? Probably "H?



Theoretical calculation for °H and ’H

N. K. Timofeyuk, PRC65, 064306(2002), PRC69, 034336(2004)
Volkov NN potential, Hyperspherical harmonics method: 5-body and 7-body
calculations

°H: about 1 MeV above t+n+n threshold.

’H: about 3MeV above t+4n threshold

She calculated the energies with bound state approximation.
Then, she did not give decay width for these nuclei.

S. Aoyama and N. Itagaki, PRC80,021304 (R)

Volkov NN potential, AMD calculation

’H: 4.2 MeV above t+4n threshold, no calculation for decay width
No report for the energy of °H

H. H. Li et al.,, PRC 104, L061306 (2021)
Gamow shell model calculation using Minnesota NN potential.

Energy and decay width of °H is 1.4 MeV and 0.5 MeV, respectively.

Energy and decay width of ’H is about 2-3MeV and about 0.1 MeV,

respectively. They predicted to have very narrow decay width for °H and ’H.



Experiment situation:

Recently, 8He (p,2p) ’H reaction has been done at RIBF.
RIBF Experimental Proposal NP1512-SAMURAI34.
The analysis is on going.

Then, it is timely to calculate ’H to obtain the energy and width
theoretically.

Motivated by this situation, we study ’H structure within the
framework of t+4n 5-body problem. We also discuss on the
energy and decay width of °H within t+n+n three-body problem.



Framework

n
: 0 "H=t+4n model

NN: Minnesota potential (central potential)

t-n potential => there is a large degree of ambiguity.
Only several data for phase shift of t-n

00" 7

8481
p+3n
6.257 - n
deon 1602 !
527 O
250 1~
349 g

0.000
nn *H *H+n



-7
V(r1.5)ne = S10/¢0)A qm|+Z ()0 + S0 + (=) S0P exp(-a)

Qo) = exp(—aﬂr-)

i 1 2
a;(fin2)  0.471241 0.0549825
0\ (MeV) -41.3619 1.22768
v (MeV) —-0.309720 6.89574
v (MeV) —28.2483 —0.972465
v (MeV)  10.3308 —1.25695
ap = 0.1979068 fm >

Based on four-body calculation with MT I-I1I

C¥; \'?1?.6 U—J 4N PIQ]
L=17,5=0 1282611 0.88(5)-2.20(5) i
L=1,5=1 133184i 1.08(3)-2.03(3) i

Two-body calculation of t-n is almost consistent
with that of 4-body calculation.




+ |introduce a phenomenological
three-body t-n-n force to obtain energy trajectory.

2
(p) = —Wo e %‘r pl= T; ik %’f‘ﬁt + %Iif M =2m,, +m,
V,,b, :parameters. Fit so as to reproduce the
data of °H
apply

O 0"



Observed data of °H is resonant state.

To obtain resonant state of °H,
we use complex scaling method.

re 1.2, R, = R.e?.

The energy pole is stable

with respect to-6-
Re(E) corresponds to energy

With respect to 4n breakup thre_s4hold.

Im(E) corresponds to /2.

Ao RN
%,
. AN
B -2} 9\_ R0
< N S B
m \Q (_?Ono p 8
E gl \ % O‘? o
o Q
\\ O O‘O O%
Q by b. 6=16
OO ? R
N
A 2%_189@{5“
- o Q. ’
_5 | 18-22| \% 61 Oﬁl ﬂ
0 2 4 6 8
/ Re(E) (MeV)

t+n+n breakup threshold

°H



+ |introduce a phenomenological
three-body t-n-n force to obtain energy trajectory.

= ; My 5 Ty my
b2 ,r:)2 = L T i Tl o el
1[ T 'l J-rg it 1 1{ 2" nt

M = 2m, + m,

Fit so as to reproduce the

Vo, b, :parameters.
oP3 + P data of °H

°H
0 0 Question: Which experimental data of °H should we
fit?



ST = o e e T

(Eg, I'p) (MeV)

o 12+
SH (full) (1.57.1°53)
SH (d =0) (1.58. 1.35)

Theor. [16]

Theor. [12]
Theor. [13]
Theor. [15]
Exp. 3]
Exp:. [3]
Exp. [4]
Exp. [3]
Exp. [6]
Exp. [9]

(2.26,2.93)

(2.5-3.0,3-4)
(3.0-3.2,14)
(1.59,2.48)

(1.7 4£0.3,1.9+0.4)
(1.84+0.1,<0.5)
(1.8,1.3)

(2,2:58)

(3.6)

(3.5 +£0.2.541+10.6)

O B 0w

A.A. Korosheninnikov et al., PRL87 (2001) 092501
S.I. Sidorchuk et al., NPA719 (2003) 13

M.S. Golovkov et al. PRC 72 (2005) 064612

G. M. Ter-Akopian et al., Eur. Phys. J A25 (2005) 315.

Energy of °H is similar. But decay width is dependent on experiment.



R. Lazauskas, E. Hiyama, J. Carbonell, PRB 791 335 (2019)
Fadeev-Yakubovsky method calculation of °H

]=‘1||"E"'
Eg l
N3LO (A 18(1) 24(2)
BECS)  19(2) 2.4(2)
INOY ALl 1.7(1) 2.4(2)
(5ECH) ]H[l] 24[2]
MT13 ALLh) 1.4(1) 2.4(2)
EECSE (D) 2.4(2)
[=1.9+0.4 MeV We take this result as ‘exp.” data.
172 Close to the below exp.data
1.7£0.3 MeV .
A. A. Korcheninnikov, et al. Phys. Rev. Lett.
! 87 (2001) 092501.

t+n+n



i

:i = 1[ rm+ 1[2 m+ ‘“fv nt

'J"":l

M = 2m, + m,

Lr;.-n.ﬂ I[ P } e i Llr:! E

When b,=8 fm and V,=3 to 2.5 MeV, the energy pole of
°H is close to exp. data. If we have this potential parameter,
what is energy pole of 'H?

EI T8 | F e Bl G P .\L I T T T T T T T T I T T T T I T
.. 46 U Mg e 12 i
]" -.I‘ie.:-._l'.“] o
BT oy .. 9 I
0.5 5%, e 'y 8 =
e--e b =6 fm I
g i 4 '._ -
> +--+ b =7 fm ash - X i
% .--a b3:8 fITI | A h' 4 L 7
—— 1 3.1 I-- .I'- 5 Tl
w1 : tEs i
i p sl | i
T _ ' 4 ]
15 o -. il
i ] 3 + . }
H (t-n-n) J'=1/2 ; 5
. D .

| | | | | | 1 1 1 1 | 1 1 | 1 | 1 1 1 1 | 1 1 1 1 | 1 1 | 1
D 0.5 1 i 2 25 3

Re(E) (MeV)



Framework of 7H

The Hamiltonian is the same

Ny
n e

=

2 Ry{z ) ng

)

(a0 ol )
I'1 pi 81

)

\

No

n
n, raf’%. Ny

>F

4

as the case of °H.

(t+n+n)+nn

Totally 120 Jacobi

coordinates
Uy ('H) = '[E_v;% ()0 (n)]ens (n)]g,ms (-n)] 5 m{f}}
: 2 = g 2 TT,
x| [y (xg Ml (lsxy )]  xs (0]




Form of each basis function

I -~
— ~

Gaussian for radial part : (bngm(r) = TZ 8_(?0/]%’)2%7”) (/f)

geometric progression

f —_— n_
for Gaussian ranges : 'n = 110

Similarly for the © (c) (0)
. (e :
other basis : UnirRe) P (D) Pnopng(Se)
Use of this type gaussian basis is known to be very suitable
for describing simultaneously both the short-range correlations and

long-range tail behaviour of few-body systems;

Gaussian Expansion Method (GEM)
—» | (review paper) E. H., Y. Kino and M. Kamimura,
shown in Prog. Part. Nucl. Phys., 51 (2003) 223.

This is precisely



Real scaling method




V(o - o b;=8.0fm V,=-3 MeV
tnnif) = —V¥p € 3

e, * I P I T e " ' ‘s o®
®o.0 1 e ® . ®
15_ .i' .:=. '. ... '. ] Er~8.8 MEV
- ::_ .'l. O " 1 I~ 3.1MeV
i .::l‘ .l::!'. '.'..-I _
| ':: “ote, "._'-_ 1 With respect to
i %, ":E::,_ “*s |1 t+4n threshold
10+ Soe., '-:::'.. _
:é.; A ET ". ...."*--. .'.';!in
E B -i-tn“i--...-- " i !'l'.. 'IL... . o |
- : .-"--_. "---....- h | 5H: close to
L " | Exp.data
5 B ...l..".....
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- |
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% -1 l 3 ﬂ T, —
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ST 2 51k
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For V,=2.5, we reproduce the data of °H accurately.
In this case, the energy pole of ’H, E=9.5 MeV, '~ 3.5 MeV.
Our energy of ’H is much higher and broad decay width.



Summary of H-isotope (according to our calculation)
End of H-isotope

15
- i
10 — _J
S 2 12"
S st 4 5 )
n i i prediction i
P O A S o OO i
‘ o 112" t+Xn




Summary

Assuming Er~1.9 MeV and '~ 2.4 MeV for °H,
Our calculated energy and decay width of ’H are
about Er~ 8 to 9 MeV, and '~ 3 MeV.

That is much higher than >H+n+n threshold,
broad decay width.

8He (p,2p) ’H reaction was done at RIBF,recently.
RIBF Experimental Proposal NP1512-SAMURAI34.
The analysis is on going. =>The result will be reported by Lenain.

| am waiting for future experimental result.



Thank you!
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4700 —
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4100 —
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L=0,5=1/2
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Sc+D(4353)
Nc+D*(4323)

4236

NAc+D(4171)

4119

J/W+N(4040)

nc+N(3900)

nc+N channel
Conjecture: 4119 MeV can be describe as nc+N like.
However, due the restriction of the configurations,
namely, by only C=4 and 5 channels, the mass
energy is up than the nc+N by about 200 MeV.
In order to investigate this conjecture,
we solve scattering states including nc+N channel
only with real scaling method. If 4119 MeV is nc+N
like structure, this state should be melted into
nc+N threshold.
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JT=7

L=0,5=1/2

4700 —
4679
o - Sc*+D*(4587)
— N+J/W*(4584)
N+ nc* (4544)
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4497 —
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4%%/// 4100F "”m““ .
- 100 MeV M,
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4119 4000 ;rl....“”....“ .“'oo...n“oouon..“ .é_
T Melted into n+N threshold ™ . :
J/LIJ+N 4040 990000000000
4000 . ( ) 39001 12 14
— | 100 MeV difference 4119 MeV is n+N like structure!

nc+N(3900)
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MeV

Jr=7 No coupled with any threshold

el AL=O,S=/1/2 then, exist as a resonant state
4679

J/W*+N like
o - sc*+D*(4587)
— N+J/W*(4584)
* (4544)
4500 = sc+D*(4505) Ac+D,Ac+D*

4497

«— @0 . .
Pc(4450) Mixture of nc+N,Ac+D*,2c+D

4400 —

Sc+D(4353)
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4300 —

4236
—— J/W+N like structure
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( 4896 \\
\'“4;10'/ Resonant state=> it is highly
= a0 energy region than the observed data.

C=4

Ac+D*,J/P+N,Zc+D*

A#D (4323)

421 J/P+N structure

It is difficult to predict the state at such much higher
energy region. Because, three-body open channel
would be open by around 300 MeV than the

________________________ Yo +N (4040) lowest threshold. We have not included this open channel
in this energy region.



Let us convert g into s-quark!

If compact resonant state can be obtain by less 300 MeV above
than the lowest threshold, we can propose to experimentalist
to search ssscc-bar state. And later, we can compare the our
results with experimental data to check validity of our model.
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It is difficult to
predict the compact
resonant states

in ssscc-bar system
with our model.



From the calculation of penta-quark system,
It is difficult to say that our model is reliable for penta-quark system

Then, we should focus on simpler case, namely,

tetra quark bound state.
We can compare results by LQCD to check validity of our model.



