Analysis of T.. and Ty, based on the hadronic molecular
model and their spin structures

Manato Sakai

in collaboration with
Yasuhiro Yamaguchi

Nagoya University

November 8, 2023



@ Introduction

9 ch

© 7, in the bottom sector

(% ) Tq in the heavy quark limit

© Summary



@ Introduction



Tio(ccud)”

— O————————
O =
= F LHCb
g 60 —1
= %F 9fh
S _r
= 50
= F
< E
e 40:— Yo ST
£ Data. 3874 3.876 E
r T;.— DDt ODOrt 2
30:_ R(a((‘:gmum] morpt - [GeV/el] B
£ Total ]
= D**DP threshold B
20 ? DD+ ‘t‘hreshold 7:
10 "
0F
3.87 3.88 3.89

3.9
Mpopost [Gev/e?]

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

(2022) 3351

Manato Sakai (Nagoya University) ELPH 2023 November 8, 2023 1/19



Tio(ccud)”

o tetraquark state ccud

CG\ 7(}_ T - -
= F LHCD — genuine exotic!!
= 60p ofb! P i
g @ lIsoscalar J© =1
L 50
=F
£ 40f ‘
C Data 0 3.874 - 3.876 -
30 i mpepr [GeV/€]
g B0 e ]
201~ DDt + E
10F + + + =
g N it
O? - | ﬁ J‘ +i
3.87 3.88 3.89 3.9
Mpopost [Gev/e?]

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

(2022) 3351

Manato Sakai (Nagoya University) ELPH 2023 November 8, 2023 1/19



Tio(ccud)”

o tetraquark state ccud

%227 | ng? éié ' ‘ — genuine exotic!!

E3 } 3 J(? 1 o lsoscalar JP =1+

g b 2 j Jr*ﬁ\# | o mass difference from the

T P e | D** D threshold
L EI %5;;}23?# o (63 » Breit-Wigner
200 [ | T DuDe 3 dmpw = —273 + 61 keV /c?
'y T *ME o 2
W it ++ﬂ #}? fit %# fi+ ﬁ i Mo - 360 + 40keV /c

388 389

3.9
MpOpO+ [Gev/c?] T %
LHCb, Nature Phys. 18 (2022) 751-754, Nature Commun. 13 @

&

—273keV

W
o0 T
J

(2022) 3351

Manato Sakai (Nagoya University) ELPH 2023 November 8, 2023 1/19



Tio(ccud)”

5 70 \ —
g LHCH &3 ]
3 oo of-! égj 3
3 sof- } S
% E E 15
£ 40F "t + + -
: il bata f 3.874 3876 ]
30 e g;“:g.?,.ﬁ]" Mpopors [GeV/c? ] -
F Total ]
a3 + B b
ok B st
i i WHH + +++H+ Hﬂ ;
3};7 ‘ 3 88 3 89 * 3’
MDD+ [Gev/c?]

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

(2022) 3351

9

o tetraquark state ccud
— genuine exotic!!

o Isoscalar JP =11

@ mass difference from the
D*+ DO threshold
> Breit-Wigner
dmpw = —273 £ 61keV /c?
> pole
5mpole =

—360 + 40 keV /c?
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Tee

o T, exists slightly below the D**DP threshold.
= T,. can be considered as a hadronic molecule like a deuteron!!
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Theoretical researches on T,

@ non-relativistic quark model
» J.I.Ballot and J.M.Richard, Phys.Lett. B 123, 449 (1983)
» S.Zouzou et al, Z. Phys. C 30,457 (1986)
» Q. Meng et al, Phys. Lett. B 814, 136095 (2019)

@ Hadronic molecule

» S.Ohkoda et al, Phys. Rev. D 86, 034019 (2012)
bound and resonant states of 7... and T}, based on a hadronic
molecule.

Interaction: one pion exchange potential and one 7, p and w exchange
potential.
We follow this study.

o Lattice QCD

> Y. lkeda et al, Phys. Lett. B 729, 85 (2014)
» M. Padmanath and S. Prelovsek, Phys. Rev. Lett. 129, 032002 (2022)
> Y. Lyu et al, arXiv:2302.04505 [hep-lat] (2023)

The studies of T, are summarized in [1]
[1] Hua-Xing Chen et al, Rept. Prog. Phys. 86, 026201 (2023)
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Hadronic Molecule in our study
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Hadronic Molecule in our study

P

7Tp ‘e

w . ‘
g B.E. ~22MeV

o Structure
Loosely bound state of two mesons
comparable with the deuteron.
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Hadronic Molecule in our study

o Structure
Loosely bound state of two mesons
comparable with the deuteron.
@ Interaction
One boson exchange potential (OBEP) 7, p,w, o

This interaction respects the chiral symmetry and the heavy quark
symmetry
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Heavy Quark Symmetry

(The spin dependence terms in Lycavy) = O(1/mq)
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Heavy Quark Symmetry

(The spin dependence terms in Lycavy) = O(1/mq)

= The heavy quark masses with different angular momenta J are
degenerate.
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Heavy Quark Symmetry

(The spin dependence terms in Lyeavy) = O(1/mq)

= The heavy quark masses with different angular momenta J are
degenerate.

(eg)

Qg meson

P pP*

Spin =0 Spin =1
= The pseudoscalar P and the vector meson P* are degenerate!!
This is called the HQS doublet.
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HQS doublet

@ Mass difference between the pseudoscalar and the vector mesons.

m oA

P =— K* = D~ IB*
390 MeV -IZ'- D B

630MeV] == K1 100\ eV 45 MeV
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HQS doublet

@ Mass difference between the pseudoscalar and the vector mesons.

A P —x K" —f

= D* IB*
390 MeV -FLD r B

630MeVl  — K 110 0MeV 45 MeV

s

@ The mass difference of the pseudoscalar meson and vector meson
decreases as the mass of a meson increases.
= P and P* are degenerate (P = D, B, P* = D*, B¥).
= In the hadronic molecule with heavy quarks,
PP, PP* and P*P* are coupled!!
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Potential

D™
> o Form factor (attached to each vertex)
T P WO
R A2 —m?
F(gim) = FEEwER A: cut off

P pion exchange
Vi=%- (29; ) [01 OQC(T mz) + So,0,T(r;mz)|71 - Ta

> vector exchange (p,w)

1 L -
V) = ig(/\gv)2[2(91 - O02C(r;my) — S0,0,T(r;my)| 71 - T

Vi =

2
f (59\/) C(r;my)T1 - T2 (71 - T2 is removed for w mesons.)

2my,

> o exchange
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Parameter

parameter value
Jn 0.59 D* — Dm
I3 0.9 Lattice QCD
A 0.56 GeV ! B decay
9o 3.4 9goNN/3

All parameters expect A are fixed.

S. Ahmed et al., CLEO Collaboration, Phys. Rev. Lett. 87, 251801 (2001)
Ming-Zhu Liu et al., Phys. Rev. D 99 094018 (2019)
C. Isola, Phys. Rev. D 68, 114001(2003)

Manato Sakai (Nagoya University) ELPH 2023 November 8, 2023 7/19
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Numerical calculation

o Possible channel of T, with 0(17")

[DD*]_(?
g _ [ IPD] (D
0(1+) |D*D*(3S

|D*D*(3Dy
]‘ * *
E(DD + D*D)

@ Solving the Schrodinger e.q. by using the Gaussian expansion method.

[DD*]:I: =

E. Hiyama et al, Prog.Part.Nucl.Phys., 51 (2003) 223-307

E. Hiyama et al, Front.Phys.(Beijing) 13 (2018) 6, 132106
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Tee with 0(17)

We determine A to reproduce the experimental data of Tp..
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Tee with 0(17)
We determine A to reproduce the experimental data of Tp..
@ OPEP (7): no bound state for reasonable A
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Tee with 0(17)
We determine A to reproduce the experimental data of Tp..
@ OPEP (7): no bound state for reasonable A
e OBEP (7, p,w,0):
The experimental data of T, is reproduced for A = 1069.8 MeV.
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Tee with 0(17)

We determine A to reproduce the experimental data of Tp..
@ OPEP (7): no bound state for reasonable A
e OBEP (7, p,w,0):

The experimental data of T, is reproduced for A = 1069.8 MeV.

» One pion exchange cannot earn the enough attractive force.
— One boson exchange is important.
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Tee with 0(17)
We determine A to reproduce the experimental data of Tp..
@ OPEP (7): no bound state for reasonable A
e OBEP (7, p,w,0):
The experimental data of T, is reproduced for A = 1069.8 MeV.
» One pion exchange cannot earn the enough attractive force.
— One boson exchange is important.
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Tee with 0(17)

We determine A to reproduce the experimental data of Tp..
@ OPEP (7): no bound state for reasonable A

e OBEP (7, p,w,0):

The experimental data of 7. is reproduced for A = 1069.8 MeV.
» One pion exchange cannot earn the enough attractive force.

— One boson exchange is important.

o
~

o
w

—— [DD']_(35y)
- [DD"1_°Dy)

o'D'(35y)

T —— DD'¢oy) |

rR(r) [fm~—12]
o
N

o
=

o
o

0o 2 4 6 8 10

[DD
[DD

B.E. 0.273 MeV
1_(3S1)  99.2%
1_(3D1)  0.467%

D*D*(381) 0.229 %
D*D*(®Dy)  0.0854%
(r?) 6.43 fm

» [DD*]_(3S;) is the dominant channel.
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Potential Expectation Value

[DD*]_(3S1) [DD*]_(3D1) D*D*(3S1) D*D*(3Dy)
[DD*]_
—4.7(0) —0.55(7) —0.31(p) —0.34(7)
(®S1)
[DD*]_
; —0.55(m) —0.0048 —0.061 0.01
(°D1)
D*D*
5 —0.31(p) —0.061 —0.11 —0.042
(°S1)
D*D*
X —0.34(m) 0.01 —0.042 —0.0051
(°D1)

The bosons written in () are ones which mainly contribute to each component.

@ o exchange force is the most important (1,1).

@ Tensor force of m exchange is also important (1,2), (2,1), (1,4), (4,1).

Manato Sakai (Nagoya University)
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T.. with other quantum numbers with g, dependence

Jo 3.06 3.4 3.74
A[MeV] 11471 1069.8  1001.3

(07)
(1t)  -0273 0273 0273 ¢ input
(17) - - )
1(0%) - - -
(07) - - )
(1) - - )
(17)

The value is given in units of MeV.
go is a coupling constant of o and A is determined to reproduce T¢. data.

@ There is no bound state with I(J¥) other than 0(1F).

Manato Sakai (Nagoya University) ELPH 2023 November 8, 2023 11/19
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Ty, with 0(1+) (OBEP)

@ Ty is composed of bbgq.

Manato Sakai (Nagoya University)
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Ty, with 0(1+) (OBEP)

@ Ty is composed of bbgq.
@ Mpx) > Mp) — Ty is more likely to be bound than T¢..
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Ty, with 0(1+> (OBEP)
@ Ty is composed of bbgq.

@ Mpx) > Mp) — Ty is more likely to be bound than T,
o OBEP: Fix A = 1069.8 MeV, reproducing the T,. data.
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Tbb with 0<1+> (OBEP)
@ Ty, is composed of bbqq.
® Mpx > Mpx) — Tpp is more likely to be bound than T¢..
o OBEP: Fix A = 1069.8 MeV, reproducing the T,. data.

1.0 — [BB'1.(5)) B.E. 46.0 MeV
=08 ---- [BB*1_(3D,)
T\ 850y [BB*]_(3S1)  70.7%
50-4 = B'BCD) [BB*]_(®Dy)  4.711%
a,gO:z B*B*(35) 21.6 %
0oL S ‘ . B*B*(3Dy)  3.00%
0 1 2 3 4 (r2) 0.620 fm
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Tbb with O<1+> (OBEP)
@ Ty, is composed of bbqq.
® Mpx > Mpx) — Tpp is more likely to be bound than T¢..
o OBEP: Fix A = 1069.8 MeV, reproducing the T,. data.

1.0 — [BB'L(%1) B.E. 46.0 MeV
— ---- [BB*1_(?D,) §
7 z.: -------- B'B°(°S,) [BB*]_(°S1) 70.7%
50'4 —— B'B'(Dy) [BB*]_(®D1) 4.71%
€, B*B*(3S;)  21.6%

0oLl e ‘ . B*B*(3Dy)  3.00%

0 1 2 3 4 (r?) 0.620 fm

» [BB*] (3S1) is dominant and B*B*(3S1) is important.
(D*D* (3S4) is not important channel for T.)
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Ty, with O<1+> (OBEP)
@ Ty, is composed of bbqq.
® Mpx > Mpx) — Tpp is more likely to be bound than T¢..
o OBEP: Fix A = 1069.8 MeV, reproducing the T,. data.

1.0 — [BB'L(%1) B.E. 46.0 MeV
—_ ---- [BB"1_(°Dy) §
7 z.: -------- B'B°(°S,) [BB*]_(°S1) 70.7%
50'4 —— B'B'(Dy) [BB*]_(®D1) 4.71%
€ B*B*(3S1)  21.6%

0oLl e ‘ . B*B*(3Dy)  3.00%

0 1 2 3 4 (r?) 0.620 fm

» [BB*]_(3Sy) is dominant and B*B*(3S;) is important.
(D*D* (3S4) is not important channel for T.)
AmB =mp+ —mp < AmD = mpx —Mp
=[BB*]_ and B*B* are more coupled than [DD*] _and D*D*.
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Potential Expectation Value

[BB*]_(*S1) [BB*]_(*D:1) B*B*(*S1) B*B*(*D)

[BB*]_

esy | —73(m) —1(p)  —62(m)
[BB*]_

(Dy) —7.3(m) —0.67 —4.1 0.33
](Bz;lj; —11(p) —4.1 —14 (o) ~3.5
p —6.2(m) 0.33 ~3.5 —0.51
(3Dy) ' ' ’ :

The bosons written in () are ones which mainly contribute to each component.

» o exchange and tensor force of m exchange are important to bind Tp,.
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Potential Expectation Value

[BB*]_(3S1) [BB*]_(®D:) B*B*(3S1) B*B*(*D)
[1(33?;])_ —40(0) —7.3(m) —11(p) —6.2(m)
[BB*|_
D) —7.3(m) —0.67 —4.1 0.33
i;f; —11(p) —4.1 —14 (o) -3.5
BB —6.2(m) 0.33 -3.5 —0.51
D) . . . .

The bosons written in () are ones which mainly contribute to each component.

> o exchange and tensor force of m exchange are important to bind Tj.
> (1,3), (3,1) and (3,3) are also important while they are not important
for T,..— B*B*(351) is also important channel.

November 8, 2023
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Ty, with other quantum numbers with g, dependence

Jo 3.06 3.4 3.74
AMeV] 11471  1069.8  1001.3
0(07) —30.7  —244  —19.2
0(1+) ~562  —46.0  —37.9
0(17) - - -
1(0™) 370  —-7.23  —108
1(07) ; - -
1(17)  —0.0254 —246  —6.98
1(17) - - -

The value is given in units of MeV.

go is a coupling constant of o and A is determined to reproduce T,. data.

Manato Sakai (Nagoya University) ELPH 2023
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Ty, with other quantum numbers with g, dependence

Jo 3.06 3.4 3.74
AMeV] 11471  1069.8  1001.3
0(07) —30.7  —244  —19.2
0(1%) ~562  —46.0  —37.9
0(17) - - -
1(0™) 370  —7.23  —10.8
1(07) ; - -
1(17)  —0.0254 —246  —6.98
1(17) - - -

The value is given in units of MeV.

go is a coupling constant of o and A is determined to reproduce T,. data.

@ Many bound states exist (Only 0(17) state is found for Tp.).
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Ty, with other quantum numbers with g, dependence

Jo 3.06 3.4 3.74
AMeV] 11471  1069.8  1001.3
0(07) —30.7  —244  —19.2
0(1") ~562  —46.0  —37.9
0(17) - - -
1(0%) 370  —7.23  —10.8
1(07) ; - -
1(1%)  —0.0254  —246  —6.98
1(17) - - -

The value is given in units of MeV.

go is a coupling constant of o and A is determined to reproduce T,. data.

@ Many bound states exist (Only 0(17) state is found for Tp.).

@ As g, increases, Tp,(I = 0) becomes shallower, while T, (I = 1)

becomes deeper. — 7 is important for [ = 0, o is dominant for I = 1.

Manato Sakai (Nagoya University)

November 8, 2023
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(% ) Tq in the heavy quark limit



Light-Cloud Basis in the heavy quark limit

e Hadronic-Molecule Basis (HMB) — Light-Cloud Basis (LCB)

[lisesidatsesela]], = [frasel Jisosela] ],
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Light-Cloud Basis in the heavy quark limit

e Hadronic-Molecule Basis (HMB) — Light-Cloud Basis (LCB)

[lisesidatsesela]], = [frasel Jisosela] ],

» The transformation from ¥"™ to 4™C is a unitary transformation.
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Light-Cloud Basis in the heavy quark limit

e Hadronic-Molecule Basis (HMB) — Light-Cloud Basis (LCB)

[L[[S@Sql]sl [SQ?S(JQ]SJS]J - HSQlSQz}s {L[SqISqZ]SquL

Q

» The transformation from "M to 4C is a unitary transformation.

» In the light-cloud basis, the spin wave function of the hadronic

molecule is decomposed into the sector of the heavy quark spin and
the light cloud.
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Light-Cloud Basis in the heavy quark limit

e Hadronic-Molecule Basis (HMB) — Light-Cloud Basis (LCB)

[L[[S@Sql]sl [SQ?S(JQ]SJS]J - HSQlSQz}s {L[SqISqJSquL

Q

» The transformation from "M to 4C is a unitary transformation.

» In the light-cloud basis, the spin wave function of the hadronic
molecule is decomposed into the sector of the heavy quark spin and
the light cloud.

P> The potential matrices become block-diagonal under this
transformation.
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Light-Cloud Basis in the heavy quark limit

e Hadronic-Molecule Basis (HMB) — Light-Cloud Basis (LCB)

[L[[S@Sql]sl [SQ?S(JQ]SJS]J - HSQlSQz}s {L[SqISqJSquL

Q
» The transformation from "M to 4C is a unitary transformation.

» In the light-cloud basis, the spin wave function of the hadronic
molecule is decomposed into the sector of the heavy quark spin and
the light cloud.

P> The potential matrices become block-diagonal under this
transformation.

> We can see the spin multiplets of the origins of the doubly heavy
tetraquarks obtained by our analyses.

Manato Sakai (Nagoya University) November 8, 2023 15/19



Tog with 0(17) in the heavy quark limit
Ve

—Cr V2T, 20, V2T,
\/§T7r _C7r_T7r \/§Tﬂ' 2Ct7r_,1’7r

- 2C7r \/iTTl' _C7r \/§T7r
\/§T7r 2071' - T7r \/§T7T _C7r - T7r
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Tog with 0(17) in the heavy quark limit

V%(()j(ﬁ) e (1,1) and (3,3)
_3C 0 0 0 components
ul So=1,5,=0
B 0 C. 22T, | 0 N a
= 0 02T, C.— 2T, 0 @ (2,2) component
0 0 0 | -3C, S =0, 5, =1
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Tog with 0(17) in the heavy quark limit

V%g(ﬁ) e (1,1) and (3,3)
_30 0 0 0 Components
T So=1,85,=0
o C. 22T, | 0 N a
= 0 03T, C. — 2T, 0 @ (2,2) component
0 0 0 | —3C, Sg =0 5=1

e Tho with O(1+) (Take mp = mp*)
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Tog with 0(17) in the heavy quark limit

V;g(ﬁ) e (1,1) and (3,3)
_3C 0 0 0 components
u So=1,8,=0
B 0 C. 22T, | 0 N a
= 0 |2v2T. C.—2T.| 0 @ (2,2) component
0 0 0 | -3C, S =0, 5 =1

e Tho with O(1+) (Take mp = mp*)
The ground state of Ty is the origin of Ti.. and Ty, with 0(17).
[PP*]_(38,): P*P*(3S)) =1:1

[PP*]_(3Dy): P*P*(®Dy) =1:1
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Tog with 0(17) in the heavy quark limit

V7r1:g)(1+) e (1,1) and (3,3)
_3C 0 0 0 components
u So=1,8,=0
[ o C. 22T, | 0 Q a
= 0 |2v2T, C,—2T.| 0 @ (2,2) component
0 0 0 |30, S =0, 5 =1

e Tho with O(1+) (Take mp = mp*)
The ground state of Ty is the origin of Ti.. and Ty, with 0(17).
[PP*]_(38,): P*P*(3S)) =1:1

[PP*]_(3Dy): P*P*(®Dy) =1:1

= heavy diquark spin S = 0, anti light diquark spin S, = 1.
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Tog with 0(17) in the heavy quark limit

le,l(?(ﬁ) e (1,1) and (3,3)
_3C 0 0 0 components
ul Sog=1,5=0
[ o C. 22T, | 0 Q a
= 0 |2v2T, C,—2T.| 0 @ (2,2) component
0 0 0 |30, S =0, 5 =1

e Tho with O(1+) (Take mp = mp*)
The ground state of Ty is the origin of Ti.. and Ty, with 0(17).
[PP*]_(38,): P*P*(3S)) =1:1

[PP*]_(3Dy): P*P*(®Dy) =1:1

= heavy diquark spin S = 0, anti light diquark spin S, = 1.
= T with 0(17) in the heavy quark limit belongs to the HQS
singlet!!

Manato Sakai (Nagoya University) ELPH 2023 November 8, 2023 16 /19



The example of the heavy quark multiplet

We consider 0(07) and 0(17) states.
e %0 ) %(o )

(PP, Cro)) — (-|[[@al, [P @, ],))

Manato Sakai (Nagoya University) ELPH 2023 November 8, 2023 17 /19



The example of the heavy quark multiplet

We consider 0(0_) and 0(17) states.

(|[PP*], (3P))) — (—\ [[QQL [P [66]1}1}0»

o Potential

VES o) = (Cr + 2T)

™

—3C,| 0 0 0 0
0 |C,—4T,| 0 0 0
yLe 0 0 [Cr+2l| 0 0
7,0(1—) —
0 0 0 |Cr-2T, 9T,
0 0 0 o o - 8T,

Manato Sakai (Nagoya University) ELPH 2023 November 8, 2023 17 /19



The example of the heavy quark multiplet

We consider 0(0_) and 0(17) states.

(|[PP*], (3P))) — (—\ [[QQL [P [66]1}1}0»

o Potential

vLe ‘o(0-) = (Cr +2Tx)

™

—3C,| 0 0 0 0
0 | C,— 4T, 0 0 0
yLe 0 0 | C,+2T, 0 0
7,0(1—) —
0 0 0 Cr— 2T, ST,
0 0 0 SO - 8Ty
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The example of the heavy quark multiplet

We consider 0(07) and 0(17) states.
b ’@b % 0-)

(|[PP*], (3P))) — (—\ [[QQL [P [647]1]1}0»

o Potential

vLe ‘o(0-) = (Cr +2Tx)

™

—3C,| 0 0 0 0
0 | C,—4T, 0 0 0
yLe 0 0 | C,+2T, 0 0
7,0(1—) —
0 0 0 Cr— 2T, ST,
0 0 0 SO - 8Ty

— T with 0(07) and 0(17) belong to the same HQS multiplet!!
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Too in the heavy quark limit
@ 0(07) and 0(17) (Take mp = mp+ = bmp-+)
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Too in the heavy quark limit
@ 0(07) and 0(17) (Take mp = mp+ = bmp-+)
-B.E,[MeV]

-0.796
-4.37m &
1156 [freerr e e —
-38.7
601 Jore i
2104 Fereeeeee e S
-141 [-.en @ ........ .@
the origin of HQS partner
Ty Resonant state?
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Too in the heavy quark limit
@ 0(07) and 0(17) (Take mp = mp+ = bmp-+)
-B.E. [MeV]

3

-0.796
-4.31 570
-15.6

10/ —_—

-141 f-eee @ ........ .@

the 9rigin of HQS partner
T bb Resonant state?
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» Every bound state of T with
0(07) is degenerate with a certain
bound state of Tiyg with 0(17).
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Too in the heavy quark limit
@ 0(07) and 0(17) (Take mp = mp+ = bmp-+)

-B.E. [MeV]

2’377966_45 > Eveiy l?ound state of TQQ with .
256 0(07) is degenerate with a certain
-38.7 bound state of Tg with 0(17).
60.1 e S > red line

So=1,8,=1,J;=1
> blue line
RTIYY) TS - So=1,5,=1,J, =2
> green line
2141 foene @ ........ —_— SQZO,Sq:O,lel
the origin of HQS partner

1 },1, Resonant state?
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Too in the heavy quark limit
@ 0(07) and 0(17) (Take mp = mp+ = bmp-+)

—B.E.“[l\/leV]
it —_— > Every bound state of Tiyg with
B — 0(07) is degenerate with a certain
3.7 | _ bound state of Tg with 0(17).
60.1 eoeer e s —_— > red line
Sog=1,8=1J=1
> blue line
2104 b —_— SQ:]_)Sq=17Jl:2
P green line
-141 feees @ ........ — SQZO,Sq:O,lel
the origin of HQS partner
Ty Resonant state?

® The origin of Ty, with 0(0~) obtained by our analysis has the spin
structure (Sq,Sq.J1) = (1,1, 1).
— The HQS partner with 0(17) may exist.
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Summary

@ We analyze T,. as a hadronic molecule.
> I(J7) =0(1%)
We determine the cut off parameter A = 1069.8 MeV.
[DD*] (35;) is the dominant channel.
» Other quantum numbers
No bound state exists other than 0(17).
@ We analyze Ty, as a hadronic molecule.
> I(J7) =0(1%)
The binding energy of Ty, with 0(17) is 46.0 MeV.
[BB*]_(*S;) is dominant and B*B*(35;) is also important.
» Other quantum numbers
Many bound states exist.
g, dependence of the binding energy varies with the differences in the
isospin.
@ We analyze T(yq in the heavy quark limit.
The HQS partner for T with 0(11) does not exist.
The HQS partner with 0(17) may exist.
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