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Introduction



Tee(ccud)™

@ T.. has been reported by LHCb in 2022.

LHCb, Nature Phys. 18 (2022) 751-754, Nature Commun. 13 (2022) 3351
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T..(ccud)™
@ T.. has been reported by LHCb in 2022.

LHCb, Nature Phys. 18 (2022) 751-754, Nature Commun. 13 (2022) 335

o ccud tetraquark
Charm number = 2, Baryon number = 0
— Genuine exotic!

@ Quantum number (by LHCb):
I=0JF=1%
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Our previous study M., Yasuhiro Yamaguchi, PRD 109 (2024) 5, 054016, PRD 112 (2025) 3, 034038

o Tg.:
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Our previous study M., Yasuhiro Yamaguchi, PRD 109 (2024) 5, 054016, PRD 112 (2025) 3, 034038

o Tg.:

> T, reported by LHCb as a D™ D) molecule
(Only free parameter A is determined.)

> Respect for the heavy quark spin symmetry (HQS)
> One boson (mpwo) exchange potential (OBEP)

> Coupled channel system (D — D* and S — D mixings).
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D(*):(*) and E(*):(*)

—CC CC —CC



Super Flavor Symmetry

@ Subjects in our study:
DHEE) and 220 as superflavor partners of T,
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> Interaction: One boson exchange potential
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Super Flavor Symmetry

@ Subjects in our study:
DHEE) and 220 as superflavor partners of T,

@ —‘»sf)

D(*)

E&i‘)
™

> Interaction: One boson exchange potential

> Parameters: Same parameters (Coupling const. and Cutoff) are employed due to the
superflavor symmetry.

Manato Sakai (Nagoya Univ.) [Shyag=! November 13, 2025 4/16



Other studies on D* LEQ and =,..Z..
o DMES)T. Asanuma, et al., Phys.Rev.D 110 (2024) 7, 074030:

E3 * *
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Other studies on D* Léc) and =,..Z..
o D(*)Eﬁc)T Asanuma, et al., Phys.Rev.D 110 (2024) 7, 074030:

> The bound states of D(*)_gc) are calculated by respecting the superflavor symmetry.
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— We study the bound and resonant states of D
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Other studies on D* LEQ and =,..Z..
o DU )._‘((;C)T Asanuma, et al., Phys.Rev.D 110 (2024) 7, 074030:
> The bound states of D(*)_gc) are calculated by respecting the superflavor symmetry.
= We study the bound and resonant states of D(* >E£’g).
0 ZEeZee with I(JP) =0(11),1(07%):
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Other studies on D' )_E() and =,..Z..

o DWEIT. Asanuma, et al., Phys.Rev.D 110 (2024) 7, 074030

‘—‘CC

> The bound states of D(*)_gc) are calculated by respecting the superflavor symmetry.
—~ We study the bound and resonant states of D)=L

0 ZEeZee with I(JP) =0(11),1(07%):

> EecEee is being calculated by the HAL QCD. (talk by Doi on Nov. 11th)
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Other studies on D* )_E() and =2
o DWEIT. Asanuma, et al., Phys.Rev.D 110 (2024) 7, 074030

—icc

> The bound states of D(* ):t(;) are calculated by respecting the superflavor symmetry.
— We study the bound and resonant states of D=

0 ZEeZee with I(JP) =0(11),1(07%):

> EecEee is being calculated by the HAL QCD. (talk by Doi on Nov. 11th)
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= We study ch)_gc) using the effective model and try to compare our results with the HAL

QCD results.
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Coupled channels of DW=, and =¢ Z¢c

@ The mass differences between (D, D*) and (E.., Z}.) are small because of the heavy
quark spin symmetry:
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Coupled channels of D L,(f) and _E():Ef)
@ The mass differences between (D, D*) and (E.., Z}.) are small because of the heavy
quark spin symmetry:
= We consider the coupled channel system.

D =™ oomoy E* = D: 1868 MeV (Assumming isospin sym.)
— e Seeel T D* -
D*Eo¥ — Tosmey 2 2009 MeV
D+ _}[5_9 EecZpd—— E.c: 3621 MeV
—cc 106 MeV .
% | 106Mev _ 1 25 1 3727 MeV (prediction by SFS)

—ce N. Brambilla, et al PRD 72 (2005) -34021,
J. Hu and T. Mehen, PRD 73 (2006) 054003
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Coupled channels of D(*>Efi> and EE?ES;?

@ The mass differences between (D, D*) and (E.., Z}.) are small because of the heavy
quark spin symmetry:
= We consider the coupled channel system.

— koK D- . . .
D =l s l_) 1868 MeV (Assumming isospin sym.)
iz 4 10OMeV ZceSeer——"= D" : 2009 MeV

;_@C—‘m R | 106 MeV -
D= —— :cczzcjm Ecc: 3621 MeV

_—“lemev _ _ | e 2. 13727 MeV (prediction by SFS)
Seem———— =—cc—cc )
N. Brambilla, et al PRD 72 (2005) -34021,
J. Hu and T. Mehen, PRD 73 (2006) 054003

N)\»—A

@ Channels of D(*LE’Q) with JP =17 (25+1L):

> DZ..(2S), DE*(*D), D*E..(*S,* D), D*Z%.(25,* D,% D)

o Channels of ZZ() with 1(J7) = 0(1%) ([BeeBec s = 5 (BBl + ZiBer):
b EeeZee(383 D), [EeeZ% - (352 D), [BeeBee)4 (°D), 52535, D, D, G)
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One boson exchnage potential for DW= gpd ==k

o OBEP for D®ZE) and =2(=()

D™ r:gi) =50 T Vi(r) = k,% <2?ﬂ>2 [O1 - G2C(r5mir) + Sha(r)T (15 ma) 71 - 72
Tpwo vector: V°(r) = gi:)zcmmv)ﬁ 7
+kxé(/\g\/) [201 - O2C(r;m) — S12(r)T(r;m)] 71 - 7
P, =) EE o V) =~ (j;;)Qcmma)
e Form factor: A2 2
F@im) = 5
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One boson exchnage potential for D(*)E((Z) and = Zee

o OBEP for D®ZE) and =2(=()

D, sl EE v Vi) = ke (51 ) (61 BaClrima) 4 80)T(rma)l7 7
Bgv

) (7“ mv)ﬁ -7?2

t %
TPwo vector : (r)= T

+kxé(>\gv) 20, - G2C (r;my) — S12(r)T(r;my)|71 - 7
DO, EL B =~ (1) etwm
e Form factor: A2 2
F@m) =7

e Coupling constant (A is determined to reproduce the binding energy of Tp.):
g =10.59 (D* — Dm decay), # =0.9 (Lattice QCD) = 0.59 GeV~! (B meson decay)
go = “§X = 3.4 (A = 1075.4 MeV), g, = 5 = 0.76 (A = 1682.4 MeV)

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

W.A. Bardeen et al., PRD 68, 054024(2003
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Bound state of D®=)
@ Bound states of D<*>E£’g) with J¥ = %_ are obtained in both cases of g, = 3.4,0.76:
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Bound state of D=0
o Bound states of DMEL) with JP =
> Binding energy: 7.78 MeV for g, =

% are obtained in both cases of g, = 3.4,0.76:
3.

4, 20.5 MeV for g, = 0.76
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Bound state of D" L((()

e Bound states of D* >:£C) with J¥ = % are obtained in both cases of g, = 3.4,0.76:
> Binding energy: 7.78 MeV for g, = 3.4, 20.5 MeV for g, = 0.76
> Mixing ratio for each channel:

Mixing ratio g, =3.4 g, =0.76
D=Z..(2S)  98.8% 93.5%
DE:.(AD) 0% 0%
D*E..(28) 0.103%  1.19%
D*Z..(*D) 0.136%  0.378%
D*E:.(29)  0285%  2.78%
D*Z:.(*D) 0.0601%  0.169 %

°D)  0585%  2.02%
r.m.s 1.40 fm 0.884 fm
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Bound state of D)=

=(*)

‘—‘((
@ Bound states of D* >:£C) with JP =
> Binding energy: 7.78 MeV for g, = 3.4, 20.5 MeV for g, = 0.76

> Mixing ratio for each channel:

Mixing ratio g, =3.4 g, =0.76

DZ..(25)  98.8%
DE:.(D) 0%
D*Z..(2S)  0.103%
D*Z..(*D)  0.136 %
D*Z:.(28)  0.285%

cc
D*Z:.(*D)  0.0601 %
D*Z:.(°D)  0.585%
r.m.s 1.40 fm

93.5%
0%
1.19%
0.378 %
2.78%
0.169 %
2.02%
0.884 fm
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~ are obtained in both cases of g, = 3.4,0.76:

o In both cases of g,, D=..(29) is dominant.
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Bound state of D" L((()

e Bound states of D* ):ﬁc) with J¥ = % are obtained in both cases of g, = 3.4,0.76:

> Binding energy: 7.78 MeV for g, = 3.4, 20.5 MeV for g, = 0.76
> Mixing ratio for each channel:

Mixing ratio ¢, =34 g, =0.76
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Bound state of D" L((()

e Bound states of D* ):ﬁc) with J¥ = % are obtained in both cases of g, = 3.4,0.76:

> Binding energy: 7.78 MeV for g, = 3.4, 20.5 MeV for g, = 0.76
> Mixing ratio for each channel:

Mixing ratio ¢, =34 g, =0.76
DZ..(29) 98.8 % 93.5% o In both cases of g,, D=..(29) is dominant.

D=x.(4D) 0% 0% o For g, = 3.4, other components < 1%.
D*:(C(QS) 0.103% 1.19% = One o exchange is important (Diagonal
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Bound state of D" L((()

e Bound states of D* >:£C) with J¥ = % are obtained in both cases of g, = 3.4,0.76:

> Binding energy: 7.78 MeV for g, = 3.4, 20.5 MeV for g, = 0.76
> Mixing ratio for each channel:

Mixing ratio ¢, =34 g, =0.76
DZ..(29) 98.8 % 93.5% o In both cases of g,, D=..(29) is dominant.

D=x.(4D) 0% 0% o For g, = 3.4, other components < 1%.
D*:(C(QS) 0.103%  1.19% = One o exchange is important (Diagonal

Ecc(4D) 0.136%  0.378% component). )
D*” (4D) 0.0601% 0.169% One 7p exchanges are important (Off-diagonal

“ . ' components).

D*Z:.(°D)  0.585% 2.02% . )

r.m.s 1.40fm  0.884 fm
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D(*)Egi) with some quantum numbers

p_ 1~ 3~ 5=
o TR L 2,
—ec 222-i7.22
(5736 MeV)) —
180-i5.76
D=y B9
§ (5630 MeV) 122-i0.254 — 116-i2.77
= 7522 93.7-10.525 94.1-i0.0202 67.2-i0.0421
(5595 MeV)) —
E =-B [MeV]
— -7.78 E= Er—ll'/2 [MeV]
= LA
(5489 MeV —
go = 3.4, 0.76 3.4, 0.76 3.4, 0.76

o The bound states of D= with only JF = 1

5 appear.

o For higher-spin states, many resonant states appear because of the coupled channel effect.

Manato Sakai (Nagoya Univ.)
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Bound state of == with I(JP) =0(17)

e Bound states of 2320 with I(JP) = 0(17) are obtained in both cases of g, = 3.4,0.76:
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Bound state of == with I(JP) =0(17)

e Bound states of 2320 with I(JP) = 0(17) are obtained in both cases of g, = 3.4,0.76:
> Binding energy: 24.7 MeV for g, = 3.4, 67.4 MeV for g, = 0.76
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Bound state of E((;)E

& with 1(JP) = 0(17)

e Bound states of 2320 with I(JF) = 0(1%) are obtained in both cases of g, = 3.4,0.76:

> Binding energy: 24.7 MeV for g, = 3.4, 67.4 MeV for g, = 0.76
> Mixing ratio for dominant and non-negligible channels (ZSHL(U):

Mixing ratio g, =3.4 g, =0.76

96.6 %
0.834 %
0.475 %
0.538 %

1.34%
0.827 fm

85.9%
5.92%
1.10%
3.09 %
3.80 %
0.531fm

Manato Sakai (Nagoya Univ.)
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Bound state of E((;)E

& with 1(JP) = 0(17)

e Bound states of 2320 with I(JF) = 0(1%) are obtained in both cases of g, = 3.4,0.76:

> Binding energy: 24.7 MeV for g, = 3.4, 67.4 MeV for g, = 0.76

> Mixing ratio for dominant and non-negligible channels (23+1L(1)):

Mixing ratio g, =3.4 g, =0.76

96.6 %

0.834 %
0.475 %
0.538 %

1.34%
0.827 fm

85.9 %
5.92%
1.10%
3.09 %
3.80 %
0.531 fm

Manato Sakai (Nagoya Univ.)

o In both cases of gy, ZecZec(®S) is dominant.
= <ECCECC(3S)IValaccEcc(3S)> and
(BeeBec(38) | VP|EeeEce(38S)) are important.
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Bound state of ESI.)

=) with I(JP) = 0(1F)

e Bound states of Hﬁc)_ﬁc) with I(JP) = 0(1%) are obtained in both cases of g, = 3.4,0.76:
> Binding energy: 24.7 MeV for g, = 3.4, 67.4 MeV for g, = 0.76

> Mixing ratio for dominant and non-negligible channels (23+1L(1)):

Mixing ratio g, =3.4 g, =0.76

96.6 %
0.834 %
0.475%
0.538 %

1.34 %
0.827 fm

85.9%
5.92%
1.10%
3.09 %
3.80 %
0.531fm

Manato Sakai (Nagoya Univ.)

o In both cases of gy, ZecZec(®S) is dominant.

C‘-’Cc(3S)|VU|—Icc—lcc(SS)> and
EecBec(38)|VP|EccEec(38)) are important.
o For g, = 3.4, Z5,Z5.("D) is second "important” .

' ‘—‘cc cc

= (BecBec(3S)|VT|EX E* ("D)) is important.

Ccc cc

[1

= (E
(
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Bound state of E((;)E

& with 1(JP) = 0(17)

e Bound states of 2320 with I(JF) = 0(1%) are obtained in both cases of g, = 3.4,0.76:
> Binding energy: 24.7 MeV for g, = 3.4, 67.4 MeV for g, = 0.76
> Mixing ratio for dominant and non-negligible channels (23+1L(1)):

Mixing ratio g, =3.4 g, =0.76

96.6 %
0.834 %
0.475 %
0.538 %

1.34%
0.827 fm

85.9%
5.92%
1.10%
3.09%
3.80 %
0.531 fm

Manato Sakai (Nagoya Univ.)

o In both cases of gy, ZecZec(®S) is dominant.
= <EccEcc(3S)|Va|EccEcc(3S)> and
(BeeBec(38) | VP|EeeEce(38S)) are important.
o For g, = 3.4, Z5,Z5.("D) is second "important” .
= (BeeBee(3S)|VT|ELEX ("D)) is important.
o For gy = 0.76, ZccZce(®S) is dominant and 4 other
components are non-negligible.
= One 7p exchanges are important (Off-diagonal
components).
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== with some quantum numbers

I(JPy =0(1t) 0(2™) 1(0%) 1(17) 1(21)

oo | 2090412 L Ll 206-10.792 .. 21141.05
—cc—ce e —_
(7454 MeYV)
S 09504 98.1:0.0665
—cCc—cc .
© 76.7-i0.595 . i
= (7348 MeV) —— 66.8-i1.22
28.0-i0.911
7.31-i0.00628
SeeSee crerers sreeees seenees 2Tiirs camanae 917 reeeses
(T242MeV) 2L
-67.4
go =3.4, 0.76 3.4, 0.76 go = 3.4

e For g, = 3.4, 2= with not only I =0 but also I = 1 are obtained.

o For g, = 0.76, 2= with only T = 0 are obtained.
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Summary and Outlook

Analysis of D= and ==

We constructed the one boson exchange potential by respecting the superflavor symmetry
and solved the coupled-channel Schrodinger equation.

The bound and resonant states of D(*)E((;Z) and ES;)EE;;) were obtained.

Binding energy and mixing ratios differ depending on g, .

Outlook

We will calculate the observable quantities such as the phase shift, scattering length in
order to compare our result with HAL QCD result.

We try to consider the A Qe — ZceZee.
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I

Channels for D(*):S)

Jr Channels

- E ( 51/2) (4D1/2) D* :CC( 51/274 D1/2):
Dr ‘—‘cc( S1/2,2 D1/2,5 Dy o)

N[

3- Ducc( Dy35), D‘—‘cc(4S3/27 D3/2)

2 D*Ece(*Dyjg,* S379," D3ja), D*E5.(*Dyyo,* S379,% D3y3.9D3)9,° Gg)2)
5~ D‘—'CC( D5/2) D‘—'cc(4D5/27 G5/2)

2

D*Zcc(*Ds2," D52, Gs2), D*Ef.(*Dsja,* D5 j2,* G59.9552,% D5 9,6 G )

Manato Sakai (Nagoya Univ.) November 13, 2025 13/16



Channels for EST)EET)

I(JF) Channels

0(0™) [EecEi)+ (P Do)

1(0+) ECCECC( SO) [:cc:zc] (5D0), :ZcHZc(lSOaE) DO)

0(1F)  EecZec(®>S1,° D1), [EecBi]-(*S1,° D1), [EecEic)+ (D), HZCHZC(?’Shg D1," D1," Gy)
1(1+) [ECCEZC]+(35173D1) [:Cc:zc] (Dl)' ‘—‘cc cc(5D1)

0(2+) ECCECC(3D2), [EccEic]—(3D2)- [Eccuic] (5527 D2,5 GQ) ”if&(‘gDm? D277 GQ)
1(2+) ECCECC(ng), [ECCEZC]+(3D2), [EccEzc]f@SZ;} D2,5 GQ)v :ZCH:c( D275 5235 D2a5 GQ)
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Wavefunction for D®=0)

0.8

—— DZe(*51)2) DZ.(*51)2)

§—0.6' —_ D:w(4D1/2) & DEZC(4D1/2)

‘QOA- —— D*Ee(®S1)2) ‘g D*Ece(®S1)2)

= |\ T D*Zcc(*Dypo) = D*Ee(*Dij)

= 0.21 - D*Ezc(251/2) CS D*Ezc(251/2)
e D=4, (*Dyjo) D*E(1Dyy5)

0.0 e === D*E5(Dyjy) -=== DE(*Dyp)
0 1 9 3 4 0 1 2 3 4

7 [fm]  [fm]
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Wavefunction for ==

SeeZee

081 [\ e EecZee

(*51)
(Dy)

ZeeZee(®S1)
"""" ZeeZee(®Dy)
J-(51)
J-(CDy)
J+(CDy)
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