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1. Introduction



Hadron and Exotic hadron

® Hadron:

Composite particle of quarks and gluons
Mesons ~ gg (e.g. =, p,D), Baryons ~ gqq (e.g. p, n, E.,)
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Hadron and Exotic hadron

Hadron:

Composite particle of quarks and gluons
Mesons ~ gg (e.q. =, p,D), Baryons ~ gqgq (€.9. p, n, E_)

—cc

Exotic hadron:

Hadron which cannot be explained by the ordinary hadron pictures (gg and ggg)
Most of exotic hadrons are multiquark states,

Tetraquark state — Pentaquark state

1/15
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Hadron and Exotic hadron

Hadron:

Composite particle of quarks and gluons
Mesons ~ gg (e.q. =, p,D), Baryons ~ gqgq (€.9. p, n, E_)

—cc

Exotic hadron:

Hadron which cannot be explained by the ordinary hadron pictures (¢gg and gqq)

Most of exotic hadrons are multiquark states,

but the internal structures are not well-known
Compact state Molecular state
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Exotic hadron

X(3872): ) C: - X(6900):
~ ccqq

Belle, Phys. Rev. Lett. 91,262001 N— .
—T T LHCb, Phys. Rev. Lett. 122, 222001 (2019) LHCb., Science Bulletin 65 1983 (2020§
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(ccud)Jr

LHCb, Nature Phys. 18 (2022) 751-754, Nature Commun. 13 (2022) 3351

I
T.. has been reported by LHCb in 2022. CE et o ST ;
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LHCb, Nature Phys. 18 (2022) 751-754, Nature Commun. 13 (2022) 3351
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LHCb, Nature Phys. 18 (2022) 751-754, Nature Commun. 13 (2022) 3351

T.. has been reported by LHCb in 2022. _D*+DG wo _OF
LHCb, Nature Phys. 18 (2022) 751-754, Nature Commun. 13 (2022) 3351 60 |- E 9 o™ ‘?‘; 30 _
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% Pole analysis . | WL
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LHCb, Nature Phys. 18 (2022) 751-754, Nature Commun. 13 (2022) 3351

T.. has been reported by LHCb in 2022. _D*+DG wo _OF
LHCb, Nature Phys. 18 (2022) 751-754, Nature Commun. 13 (2022) 3351 60 |- i 9 o™ ‘?‘; 30 _
ccitd (Charm number=2, Baryon number=0) 505_ | :D*ODJF : 23 Jﬁ :
- S 15¢
= = ' _ : % ;_
» Genuine exotic! P s 1§ w #*im
[=0,J" =1 (by LHCD) = e e 3874 3.876
% S0 { ———_Brsf;(lground Mpype,.  (GEV €7
Mass difference measured from D**D° thr. £+ + DD treshad +
% Pole analysis ; | WL
2 i \{@ HLW# Mﬂﬁ + ! ‘[ﬂ H ﬂﬁﬁ i
om=—360=+40keV/c?, T =48 = 2keV gk M | |
= 7 lies slightly below the D**D° thr. T '(G' s
g~ / \ Mpopo,: eV ¢
» T. Is expected to be a DD* molecule! ‘
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Our previous study

M.S., Y. Yamaguchi, PRD109(2024)054016, PRD112(2025)034038

T..is considered as a DD molecule.
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One boson (z, p, w, s) exchange potential is employed.
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Our previous study

M.S., Y. Yamaguchi, PRD109(2024)054016, PRD112(2025)034038

140MeV D D>1<
140MeV T DD

T..is considered as a DD molecule.

One boson (z, p, w, s) exchange potential is employed.

The relevant thresholds are nearly degenerate.
» Coupled channel system'

M Sakai (Nagoya Univ) FPSP 2026
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DOEL) and =0)20) as superflavor partner of T,
__D®» =Y

=) N\
—cc

Superflavor symmetry: Symmetry between antiheavy quark and heavy diquark
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DOEL) and =0)20) as superflavor partner of T,

Superflavor symmetry: Symmetry between antiheavy quark and heavy diquark

D<*<* . and % <*>”<*) |n our study

——

% Interactlon One boson exchange potential
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DOEL) and =0)20) as superflavor partner of T,

Superflavor symmetry: Symmetry between antiheavy quark and heavy diquark

D<*<* . and % <*>”<*) |n our study

——

‘* ~ =(*)
K InteraCthn One bOSOh eXChange pOtentlaI D(*) Same Coupling —cc

* Parameter: Same with parameters of 7. /] g T
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Other studies on DW=E) and 2()=0)

- ~(F )= ().
@ D( )E‘E.C). T. Asanuma, et al,. PRD110(2024)074030

* Calculation of bound states of D®=E!)
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Other studies on DYEL) and =0)E0)

K ey (K
DOEL): 1 Asanuma, et al. PRD110(2024)074030

* Calculation of bound states of D®=E!)
» Calculation of bound and resonant states of D={) using the same framework
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- (R — G ) WY
Other studies on DYE!) and 20)=)
DOEL): 1 Asanuma, et al. PRD110(2024)074030
* Calculation of bound states of D®=E!)
» Calculation of bound and resonant states of D={) using the same framework

= 2 with I(J") = 0(1%),1(0™): siides from HHIQCD 2024 by Doi

—cc—cc
. P p—
+ Calculation of £_Z . by HAL QCD
1
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Other studies on DW=E) and 2()=0)

K ey (K
DOEL): 1 Asanuma, et al. PRD110(2024)074030

* Calculation of bound states of D®=E!)
» Calculation of bound and resonant states of D=0’ using the same framework

= 2. with 1(J") = O(1+) 1(0™): siides from HHIQCD 2024 by Doi
+ Calculation of £_Z . by HAL QCD
3 3 1g
300 Ty 561 10412019 ._S.i ] 507 Dl T (1801): 0412018 ey ] e SRR 'VCI"S"OSL'O“;""Q =
i : ] - 3 ‘
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» Calculation of bound and resonant states of ={)={) using the effective model
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Coupled channel system for D®zE) and =)=

® Heavy quark spin symmetry induces:

Small mass differences between D and D*/=_. and E*!
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Coupled channel system for D= and 20)20)

Heavy quark spin symmetry induces:

Small mass differences between D and D*/=Z.. and Z*!

DYZE) and EV)EL) threshold J. Hu and T. Mehen, PRD73(2006)054003

D*E
Sy 106 MeV — o

D*= ==

D=k 106 MeV
— CC

D= —icccc
—ccC

106 MeV |

35 MeV A
106MeV |
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Coupled channel system for D= and 20)20)

Heavy quark spin symmetry induces:

Small mass differences between D and D*/=Z.. and Z*!

DYZE) and EV)EL) threshold J. Hu and T. Mehen, PRD73(2006)054003

106 MeV { — 106 MeV |}
35 MeV —CC ‘:‘CC:‘CC
y = H'_‘
106 MeV | _ wn
1= —cc—cc
=cc

» Coupled channel system is considered.

M Sakai (Nagoya Univ) FPSP 2026
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D =) HE) =)

—cc —cc

L[ g
JC Vi(r) = k,— (2—> [@1 - @1C(r, m_) + S,(r)I(r; mﬂ)]’cl - T,
T, P, @, 0 Jr
........... i
I .
p, ) V') = (fiv> C(rym)7, -7, + kﬂg(/lgv)z[Z@l - 0,C(rym,) = S;,(NT(rym))7, - 7,
RN 0 0
D/E :g? DO /=) O very = - 22 ) con m,); Form factor: F(q;m) = A~ nj
cc m, A2 1 q2
3/15
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DO/EE P =)

=—cc =—cc
1
JU Vi(r) = k,— (;) [@1 @IS(r; m_) + S,(r)I(r; mﬂ)]fl - 12
T, P, 0,0 J
lllllllllll ﬁ 2 1
P, V)= (ZZV) C(rym )%, - Ty + klg(zgvf[zﬁl . 0,C(r;m) — S,(AT(rym)|7, - 7,
: ’ A% — m?
P (€ o —_
DO/ED)  pey=t O Vo) = - Lo ) crim,); Form factor: F(g;m) = —
—cc m, A2 4 q2
COupllﬂg COﬂSta nt S. Ahmed et al., CLEO Collaboration, PRL.(2001)251801. M.-Z Liu et al., PRD99(2019)094018,

C. Isola, PRD 68(2003)114001, R.Chen et al., PRL96(2017)116012, N. Li et al.,, PRD88(2013)1 14008

7. g = 0.59 (D* - Dr decay),
p,w. =009 (Lattice QCD), 1 =0.56 GeV~! (B meson decay)

¢ (Unknown parameter):
Two typical values: gt = g /3 = 3.4, g5 =g /24/6 = 0.76

M Sakai (Nagoya Univ) FPSP 2026 3/15



2. DV=EC) and BL)ED)



Numerical calculation for DVZE) and E()=)
DO =
~ _EC

Solve the coupled-channel Schrodinger equation.

% Using the Gaussian expansion method and complex scaling method
E. Hiyama et al., Prog. Part. Nucl. Phys.51(2003)223, E. Hiyama et al., Front.Phys.(Beijing) 13(2018) 132106

P. Suzuki et al., AIP Conf. Proc7682005)445, T. Myo et al., Prog.Part.Nucl.Phys.79(2014)1

%k Channels:
> DMEC(1/27): DB, (3S), DE%(2S,* D), D*E,(3S.* D), D*E,.(3S,* D.5 D)
7 EEO0M): B B (S, D), B EE]CS, D), [EEEL.CD), ELELCS, DD, G) g o

M Sakai (Nagoya Univ) FPSP 2026



Determination of cutoff parameter A

Cutoff parameter A: (Form factor: F(A;m) = (A? — m?)/(A? + §%))

Determined to reproduce the binding energy of 7. (6m; = 360keV):
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Determination of cutoff parameter A

Cutoff parameter A: (Form factor: F(A;m) = (A? — m?)/(A? + §%))

Determined to reproduce the binding energy of 7. (6m; = 360keV):

S .
> For gL = 3.4: > For g2 = 0.76:

S
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Determination of cutoff parameter A

Cutoff parameter A: (Form factor: F(A;m) = (A? — m?)/(A? + §%))

Determined to reproduce the binding energy of 7. (6m; = 360keV):

S .
> For gL = 3.4: > For g2 = 0.76:

= A< A®
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Determination of cutoff parameter A

Cutoff parameter A: (Form factor: F(A;m) = (A? — m?)/(A? + §%))

Determined to reproduce the binding energy of 7. (6m; = 360keV):

> For gt =3.4: > For gz = 0.76:
AL = 1079 8 MeV A® = 1683.8 MeV
= AY < A
* One ¢ exchange potential One ¢ exchange potential
plays an most important role. does not plays an most important role.
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Determination of cutoff parameter A

Cutoff parameter A: (Form factor: F(A;m) = (A? — m?)/(A? + §%))

Determined to reproduce the binding energy of 7. (6m; = 360keV):

> For gl = 3.4 > For g° = 0.76:
AL = 1079 8 MeV A® = 1683.8 MeV
= AY < A
One ¢ exchange potential One ¢ exchange potential
plays an most important role. does not plays an most important role.

= One n and one p exchange potentials

need to provide stronger attraction
M Sakai (Nagoya Univ) FPSP 2026 10/15



Bound states of DYEL) with JP = 5

—~ (¥ K . 1 . .
Bound states of DWZEL) with JF = S are obtained in both cases of g, g

% Binding energy: 7.87MeV for gk, 20.5MeV for g5
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—~ (¥ K . 1 . .
Bound states of DWZEL) with JF = S are obtained in both cases of g, g

%k Binding energy: 7.87MeV for gk, 20.5MeV for g°
%k Mixing ratio of each channel:

Bound states of DWZEL) with JF =

L L

Mixing ratio 85 85
DE,(°S) 08.8% 93.5%

D= (*D) 0% 0%

D*Z_ (*S)  0.104% 1.18%
D*Z_ (*D)  0.136% 0.378%
D*Z* (25) 0.287% 2.78%

D*E*(*D)  0.0603%  0.169%

D*:z‘.‘c(6D) 0.586% 2.02%
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—~ (¥ K . 1 . .
Bound states of DWZEL) with JF = S are obtained in both cases of g, g

%k Binding energy: 7.87MeV for gk, 20.5MeV for g°
%k Mixing ratio of each channel:

Bound states of DWZEL) with JF =

L L Y= (29) | ' I
Mixing ratio g g %k For both g, DE_.(-S) Is dominant!
DE,(*S) 98.8% 93.5%
D= (*D) 0% 0%

D*Z_ (*S)  0.104% 1.18%
D*Z_ (*D)  0.136% 0.378%
D*Z* (25) 0.287% 2.78%

D*E*(*D)  0.0603%  0.169%

D*:z‘.‘c(6D) 0.586% 2.02%
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—~ (¥ K . 1 . .
Bound states of DWZEL) with JF = S are obtained in both cases of g, g

%k Binding energy: 7.87MeV for gk, 20.5MeV for g°
%k Mixing ratio of each channel:

Bound states of DWZEL) with JF =

% For both g, DE_ (°S) is dominant!
%k For g,

Mixing ratio 8o 85
D= (3S)  988%  93.5%
DE} (*D) | 0%  =pOne s exchange potential is dominant
D*E,(%5) | 0.104% | 1.18%
D*E.(*D) | 0.136% | 0.378%
D¥Ex(S) | 0.287% 2.78%
D*Ex(*D) | 0.0603% | 0.169%
D*E%(°D) | 0586% | 2.02%
M Sakai (Nago v) o BRSPS 2712856 11/15
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—~ (¥ K . 1 . .
Bound states of DWZEL) with JF = S are obtained in both cases of g, g

%k Binding energy: 7.87MeV for gk, 20.5MeV for g°
%k Mixing ratio of each channel:

Bound states of DYEL) with JP =

L L = (29) | | |
Mixing ratio g g * For both g,, DE_(°S) Is dominant!
HE, (25) 98 8% o35y >k For g;, other channels < 1%
DE¥(*D) 0% 0% | @pOne s exchange potential is dominant

D*ECC(iS) 0.104% ’ 1.18% ,’ * For g5,

g:if:ﬁzls))) 8:;2673: ? O;;;ZD , =2 One and One  exchange potentials
D= (*D)  0.0603% | 0.169% | play an important role

D*EX(°D)  0586% | 2.02% | (reflecting A* < A°)

M Sakai (Nagoya Univ) "~ FPSP 2026 11/15




DOED) with some quantum numbers J*

JV =3 2 2~ @ Many bound and resonant states of D=
D*E* | sassssss smsssmss s v ........................... dlre fOUﬂdI
(5736 MeV) \ 4
_ A
g D*Ecc_ ................................................
~ (5630 MeV v
% (_ =% ) v ...................... A ...................
= 5;)?1\/[\/ A v
( eV) A
DEcc' ‘ ...........................................
(5489 MeV) X
g = 3.4, 0.76 3.4, 0.76 3.4, 0.76
® Bound state with g¢ X Bound state with g°
V¥ Resonance with g A Resonance with g°
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DOED) with some quantum numbers J*

JP =1 2 2~ @ Many bound and resonant states of D®=E()
D*E* | aessssmss ssmsmssEEs = v ........................... are fOUﬂdI
5736 MeV = () oy (K
< ) v All resonant states of D™= are
- A Feshbach resonances.
S
%D*:cd fetasmss smssssas smssmmes smssssss msssssss mesmssns
= (5630 MeV v
% (:* ) ‘ e APanr mmmmmmEE  mw A ...................
= —cc A A 4
(5595 MeV)
A
DEcc_ ‘ ...........................................
(5489 MeVH ><
g = 3.4, 0.76 3.4, 0.76 3.4, 0.76
® Bound state with g X Bound state with g°
V¥ Resonance with g¢ A Resonance with g°

M Sakai (Nagoya Univ)

FPSP 2026
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DOED) with some quantum numbers J*

TV =3 2 2~ @ Many bound and resonant states of D™=

D*E* | sessssss ssmsmsss mus v ........................... dalre fOUﬂdI

5736 NeV = () — (¥

( ) v All resonant states of DYEL) are
- A Feshbach resonances.
S D*Ecc_ )z (F
= i W e s DH= ( ) with g is more deeply bound than
R V T A ................... (*).—,(*) L S
= D= Y D with g~ (-0 A" < A°).

(5595 MeV) 4

DEcc' b ...........................................

(5489 MeV) <

Jo = 3.4, 0.76 3.4, 0.76 3.4, 0.76

® Bound state with g¢ X Bound state with g°
V¥ Resonance with g A Resonance with g°
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DOED) with some quantum numbers J*

P__1 3~ 5~
ST =3 2 2
D*E;kc ................... v ...........................
(5736 MeV) v
- A
g D*Ecc_ ................................................
— (5630 MeV \ 4
% (_ —k | ) v ...................... A ...................
= 5&:9(5:61\/[\/ A v
( eV) A
DEcc' ‘ ...........................................
(5489 MeVH X
g = 3.4, 0.76 3.4, 0.76 3.4, 0.76
® Bound state with g¢ X Bound state with g°
V¥ Resonance with g¢ A Resonance with g°

M Sakai (Nagoya Univ)

FPSP 2026

Many bound and resonant states of DMZE)

are found!

All resonant states of DYEL) are
Feshbach resonances.

DYED) with g5 is more bound than
DOED) with gL (- AL < AY).

For ¢°, a quasi bound state of D*=* with 3/2-
IS hot found.

» One-z and One-p exchange potentials
cannot generate enough attraction.
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Bound states of EU)=0) with 0(17)

@ Bound states of Z0)=0) with 1(J”) = 0(1*) are obtained in both cases of gi, g°:

—cc “cc

% Binding energy: 24.9MeV for gk, 67.6MeV for g5

M Sakai (Nagoya Univ) FPSP 2026 13/15



Bound states of 2{)=0) with 0(1%)

Bound states of E()=0) with 1(JF) = O(1+) are obtained in both cases of gi, g5

I\/Iixing ratio g(f
= Z.(S) 96.6%
= B2¥(S)  0.844%

CC cC

= B2XCD)  0477%
R GAY 0.544%
ExEE('D)  1.34%

cCc ccC

M Sakai (Nagoya Univ)

g
35.9%
5.94%
1.10%
3.09%

3.80%

%k Binding energy: 24.9MeV for g, 67.6MeV for g°
*k Mixing ratio of dominant and negligible channels:

FPSP 2026
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Bound states of 2{)=0) with 0(1%)

Bound states of E()=0) with 1(JF) = O(1+) are obtained in both cases of gi, g5

O

%k Binding energy: 24.9MeV for g, 67.6MeV for g°
*k Mixing ratio of dominant and negligible channels:

I\/Iixing ratio gg
= Z.(S) 96.6%
= B2¥(S)  0.844%

CC cC

= B2XCD)  0477%
R GAY 0.544%
ExEE('D)  1.34%

cCc ccC

M Sakai (Nagoya Univ)

g
35.9%
5.94%
1.10%
3.09%

3.80%

= (3S) is dominant!

%k For both g, E
* One ¢ exchange potential is important

('(' CC
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Bound states of 2{)=0) with 0(1%)

Bound states of E()=0) with 1(JF) = O(1+) are obtained in both cases of gi, g5

% Binding energy: 24.9MeV for gk, 67.6MeV for g5

*k Mixing ratio of dominant and negligible channels:

%k For both g, 2.2 (°S) is dominant!

Mljni(:zm 952% 8?9% * One ¢ exchange potential is important
= =eds)  osadn [ Boan | ¥TOrsn

—cc=c ;‘ *One 7 and One p exchange potentials
2..25CD)  0477% play an important role (reflecting A* < A)

R GAY 0.544%
ExEE('D)  1.34%

cCc ccC
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Bound states of 2{)=0) with 0(1%)

Bound states of E()=0) with 1(JF) = O(1+) are obtained in both cases of gi, g5

%k Binding energy: 24.9MeV for g, 67.6MeV for g°
*k Mixing ratio of dominant and negligible channels:

I\/Iixing ratio g(f
= Z.(S) 96.6%
= B2¥(S)  0.844%

CC cC

= B2XCD)  0477%
R GAY 0.544%
ExEE('D)  1.34%

cCc ccC

M Sakai (Nagoya Univ)

g
35.9%
5.94%
1.10%
3.09%

3.80%

= (3S) is dominant!

%k For both g, E
* One ¢ exchange potential is important

C‘C‘ ccC

%k For g, other channels > 1%

*One 7 and One p exchange potentials
play an important role (reflecting AL < AS)

sk Non trivial point:
= 2% ('D) is not negligible.

- Large Clebsh-Gordon coefficient
FPSP 2026 13/15



=OE0) with some quantum numbers 1(J7)

7)) =007 0@ 10T 117 1) Many bound and resonant states of 2=

E:CEZ(C_ ...v ......................... .v.. “E ...v.. —cc = cc
(7454 MeV) are found!
ﬁECC:zC ..................................... ® w
% (7348 M¢€V) v v
= v
= A
ECCECC_ ....................... A .‘ .......
(7242 MeV) O
X
go = 3.4, 0.76 3.4, 0.76 g, = 3.4
® Bound state with g¢ X Bound state with g°
V¥ Resonance with g¢ A Resonance with g°

M Sakai (Nagoya Univ) FPSP 2026 14/15



=20 with some quantum numbers 1(JF)

Many bound and resonant states of DMZE)

EzCE:C .‘, ....................... .v v
(7454 MeV) are found!
All resonant states of 20)20) are
=) R et e e . .- s€shbach resonances.
;'_'CC‘_'CC ® v
o (7348 M€V) v
= v
= A
ECCECC_ ....................... A.. ...‘.. .......
(7242 MdV) O
X
go = 3.4, 0.76 3.4, 0.76 g, = 3.4
® Bound state with g¢ X Bound state with g°
V¥ Resonance with g¢ A Resonance with g°
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=C=0) with some quantum numbers 1(J7)

7)) =007 0@ 10T 117 1) Many bound and resonant states of Z)=0)

EzCEzc .v ......................... .v v
(7454 MeV) are found!
All resonant states of 20)20) are
e T ®. ... €eshbach resonances.
2 ity M 2OEC
= v v For 1 =0, with g> are more deeply
£ N bound than Z ?( H ) with gt
PP B TEP PP PP PPRPPRR PRI A .. @ e
(7242 MeV) O
X
go = 3.4, 0.76 3.4, 0.76 g, = 3.4
® Bound state with g¢ X Bound state with g°
V¥ Resonance with g¢ A Resonance with g°

M Sakai (Nagoya Univ) FPSP 2026 14/15



=C=0) with some quantum numbers 1(J7)

I(JF) =0(1T)

ok Tk
—cc—cc
(7454 Me

Ok
CC‘—‘CC
(7348 Me

Mass [MeV]

—cc—cc
(7242 Me

H B B B R RN H B B B R RN H B B B R RN " E E E R/ ' EEEEEEENE =E©BHN

Many bound and resonant states of Z)=0)
are found!

All resonant states of 20)20) are
Feshbach resonances.

For 1 =0, Z0)=0) with g3 are more deeply
bound than = :<*>~<*> with gL

For 1=1, 20)20) is found only with gZ.

- One 7 and One p exchange potentials
cannot generate enough attraction (z-7=1).

go = 3.4, 0.76 3.4, 0.76

40

g = 3.4

Bound state with g X Bound state with g°

Resonance with g7
M Sakai (Nagoya Univ)

A Resonance with g°

FPSP 2026 14/15



3. Summary



summary

Analysis of DYEL) and 20)20) as superflavor partners of T

%k We constructed of the one boson exchange potential respecting supertflaovor
symmetry.

% Many bound and resonant states of D=l and EU)=!) are found.

sk Mass spectra and properties of bound states depends strongly on g..

Outlook

%k Calculation of observables (e.qg., phase shifts).

% Inclusion of additional meson-exchange effrects.
M Sakai (Nagoya Univ) FPSP 2026 15/15



BacK up



Deuteron

Deuteron:
JT ), O
A bound state of a proton and neutron p : P> W,
Interaction: One boson exchange potential n
One boson eXChange pOtentiaI K.Ikede‘ll,;(.)Myo,K.KatoandH.Toki,Lect.NotesPhys.818,165 (2010).
Central potential + Tensor potential 100 | TE -
- 1 S central
> Tensor potential: 2
—_ 0
Plays an important role in binding a dueteron = _
>
Induce the § — D mixing -100
tensor
(S|S,(P)|S) =0, (S|S;,(P)|D) #0 700 0.5 1.0 15 2.0 25 3.0 35 40

r [fm]



L agrangian

Z ,pp =1p tr[Hv - pH] + iA tr[Ha”‘”FW(p)H]

Z .pp = 18Py VSA Y,

Z ,pp = PPV - py, + iAy” 6"F (P,
gGPP — gdw oY,



Gaussian expansion method (GEM)

Solve the Schrodinger equation:

Hl|y) = E|y)
» Expand of y by the Gaussian:

nmax
— —r*/2b? _ —1
W = Z C;e , b, = br
i=1

z Obtain the eigenvalue problem:

Hc = ENc



Complex scaling method

Rotated r by an angle —0 on the position space:

F — e~

2 Classification of complex energy eigenvalue

» Hamiltonian becomes non-Hermitian = Complex energy eigenvalue:

Im(Ene% thresholds
e(Energy)
E=—8B for a bound state “~—— |, 20 26 ,:’
bound states ! o K
F \\./ :n’a?c/es
E=FE — iE for a resonance
.\ /
rotated continuum states




Channels for DVEL)

1= _ _ _
> D= . (*S), D=*(*D), D*E, (°S,* D), D*ZE_ (*S,* D,° D)
3_—,—12 ~—a 4o 4 k= 24 o4 NV 2N 4edn6Nn6
5 DE..(°D), DE*(*S," D), D*=. (“D,” 8," D), D*=_ (“D,” S,” D,” D,” G)
57

— DE_(D),DE*(*D,*G),D*E_(*D,*D.*G),D*E_(*D,*D,*G.* S, D.° G)

—cc



0(0™)
1(0™)
011
(1)
02"

1(27)

Channels for 20)=0)

= Z*]1,.°D)

—cc™cc

2B ('8), [E Bk _CD), EXEE ('S, D)

» =cccc

2.8, D), [E. E¥]_(S,’ D), [E. E%],CD),EfE: (S, D, D, G)

CC cC cc— CC

[:cc =—cc +(3S 3D) [“‘cc cc] (SD) E*E* (SD)

» =cc™cc

=2..CD),[E . Ek]_CD),[E. 2%],.(CS> D, G),EXE% (D, D, G)

cc CcC » =cccc

= (D), [E. 2%],.(°D),[E..2%])_(°S,>D,”G),E*2*('D,> S,° D,” G)

CC cC cc— CC



Binding energy and mixing ratio for D= and 20)=0)

TABLE V. The binding energy B, mixing ratios and root TABLE VIIL The binding energy B, mixing ratios and root

.  (x :\(*) . o .
mean squared (r.m.s) distances of D" Zcc’ with 0(3 ) for mean squared (r m.s) distances of ch) =(*) with 0(1™) for each

each case of g, = g; and g, = g;. The second and third case of go = g and ¢g» = g5. The same conventions as
columns show the properties in the case of g, = 3.4 and g, = Table [V are used.
0.76, respectively. The values of the binding energy, mixing
ratio, and r.m.s distance are given in units of MeV, %, and Properties 9o
fm, respectively. gt =34 ¢2 =0.76
. 9o B 24.9MeV 67.6 MeV
Properties 7 & L
9; = 3.4 g5 =0.76 EeeZee(®S) 96.6 % 85.9 %
= = (3
B 7.87TMeV 20.5MeV ZcoZec("D)  0.133%  0.143%

=:]1-(3S) 0.844% 5.94%

D=..(2S) 98.8%  93.5% [EecEee

D=, (4D) 0% 0% Eeclr]-(°D) 0.0219% 0%
D*E..(2S) 0.104% 1.18% EecEecl+(°D) 0.477%  1.10%
D*E..(*D) 0.136% 0.378% EecEec(°S)  0.544%  3.09%
D*=%.(2S) 0.287% 2.78% =rc2ec(°D)  0.0314% 0.0402 %
D*=:,(*D) 0.0603% 0.169% Zr.Zec("D)  1.34%  3.80%
D*E%.(°D) 0.586% 2.02% Z2cBec('G) 0% 0%
r.m.s distance 1.39 fm 0.884 fm r.m.s distance 0.825 fm 0.530 fm




Mass spectra for D=C) and 20)=0)

e

TABLE IV. Eigenvalues of D(*)Eg). The first column shows TABLE VII. Eigenvalues of =(*)=2*) The same conventions

I(J P ) with I, J and P with the isospin, spin and parity, as Table IV are used.
respectively. The third and fourth columns show the complex- - B
sczaled engrgy eigenyalues of the_bound and resonant states for I JP) lowest threshold 9, = 3.4 ga.F: 0.76
gs and g, respectively. Here, —B and E, denote the masses —B, E, — i
measured from the lowest thresholds for bound states and N S
resonances, respectively, and I' represents the decay width of 0(0™) SecSee - -
the resonances. The values are given in units of MeV. 519
L S 1(O+) EccEcc . -
=34 = 0. .1.61
I(J*) lowest threshold 95 =9 g".r 0.76 206 — 173
—B, Er — 25
—24.9 —67.6
_ = —7.87 —20.5 + = . 1.20 .1.83
O(% ) D=... 0.538 104 O(]- ) —icc—icc 76.4 (2 27.7 — 1 5
123 5 94 .4 1 5 205 i8.223 _
1— N - (0.679
1(5 ) D= 246 — 175 - 1(17F) SR —0.0949 -
. 0.0387 . 0.0828
) ) 94.1 —1==— 67.3 —1— O(2+) R 66.5 ,&-2.513 7 01 i0‘02113
0(27) D=, 132 — 3357 117 — 4278
- 8.54 08.0 ?:0.132
244 — ¢ 5 - 1(2+) = = 2 _
—ce=cce 211 ?:2'12

0(27) DZ.. 222 — ;145 18] — 1L -




Wavefunction and root squared distance of DOE!)

| L
? For g-
0.8
- DECC(2S1/2)
? 0.0 DEzC(4D1/2)
| _
—— D'E.(25
E o4 " Sel 1)
E ........ D*:cc( D1/2)
S =* (
N )
(
(

4

rR(r) [fm=1/?]

> For g

1.00 -

0.75 -

0.900 1

0.25 -

0.00

—0.25 -

3 o9
LI oY
(N /1

S

o]
(1] [1] [1]

\/ (r?) = 0.884 fm



Wavetunction and root squared distance of

» For g~

> For g

()= (*)
CC CcC

rR(r) [fm=1/?]

EEEER |

) :EccEzc: + (5D1)

—k ok (SSl)

—cc—cc

r |fm]

\/ (r?) = 0.825 fm

r [fm]

\/ (r2) = 0.530 fm




Fxpectation values of OBEP for DVE!)

201 T T ————
_______
5555555
— | T —
—~ T T ]
= 0
z =
s Ui~
= ! T~
Té \* ..........
— -0+ U= ﬁ-i‘——
- | T T e ]
e
g T <H
o —40v L —_—
% .......... <V7T>
= ]Z- “““““ (V)
—601 .. —= (V%)
o —un <V0>
g O gd

» For g%, one ¢ exchange potential provides the strongest attraction.
» For g3, one-r and one-p exchange potentials provide the strongest attractions



Fxpectation values of OBEP for =020

29"

.—.—.
"—.
~-—l
———
‘.
‘.
Y
N.
-.~.§
| |
‘.
‘.
‘.
‘.
‘.
Y
‘.
~'~-
— e,
—

0

Expectation Values [MeV]

-
A
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
“
.

» For g%, one ¢ exchange potential provides the strongest attraction.
» For g3, one-r and one-p exchange potentials provide the strongest attractions



Fxpectation values of OBEP for =020
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Cutoff dependence of binding energy for DME!)

: ?’ F O r g é’ ?' F O r g US
0 0
_5- —101
= eSS =
O v
%-10- %—20- —————————————————————————————————— QT
| | :
—1571 Binding energy —301 Binding Energy
........... A=A; S Y\
______ —7.87 MeV ----- —20.5 MeV
—90)- —40 1

0.9AL AL LIAEL  0.9AS AS [.IAS

The larger the cutoft Is, the more deeply the bound state is bound



Cutoff dependence of binding energy for 20z

P L 2 S
» For g! > For g;
0 : —20
—10 —40
= =
—201 _
é _____________________________________________________________________ < —60
~ e
|30 |
_80_
Binding energy Binding energy
—401 e A=A, E NGO e A= Ag
—————— —24.9 MeV 100 o 7.6 MeV

0.9AL AL LIAEL  0.9AS AS [.IAS

The larger the cutoft Is, the more deeply the bound state is bound



