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1. Introduction




Observation of the T} (cciid) by LHCb

» In 2021, T/.(ccud) is reported by LHCb!
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LHCb, Nature Phys. 18 (2022) 751-754, Nature Commun. 13 (20) 3351

Quantum number : I(JP) = 0(1%)

Mass differences from D**D° threshold :
dmrp = Mg — Mpe+po

| =273+ 61 [keV/c?] (BW)
| =360 + 40 [keV/c?] (Pole)

Decay widths :

| —410 £ 165 [keV/c?] (BW)
| =48 + 2 [keV/c?] (Pole)



Internal Structure of T, ?

« Compact vs Molecule ?

@' -%e
- @ @ -
@ @
ccud compact state DD* Molecular state

« PART A: Analysis of DYD%r™ line shape including compact &
molecular states
> S. Ampuku, Y. Yamaguchi and M. Harada, [arXiv:2511.13003 [hep-
phl], to appear in Phys. Rev. D.

« PART B: Analysis of excited states of T,. assuming that they
are compact states based on a diquark model.

> M. Weber, D. Suenaga and M. Harada, in preparation.
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PART A:

Analysis of D°D%x* line
shape including compact &
molecular states

S. Ampuku, Y. Yamaguchi and M. Harada, [arXiv:2511.13003 [hep-ph]],
to appear in Phys. Rev. D.



A.l. Model Construction




Qutline of analysis
1. 2.

D**D? — D*°D* Coupled channel model Determine the model parameters by

fitting to D°D%w* line shape

mixing of DD* molecule and compact ccud (Fitted only 200 k

eV bin width data)
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3. Analyze T/, properties from obtained DD* coupled
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channel model.



D**DY — D*9D* coupled channel model

» 2 channel scattering (Isospin basis DDj_, ,, Particle basis D**D° — D*°D*)

» Interaction Lagrangian ( Isospin basis DD;_,,) Compact T, couplesto =10

Lo =— Y Cr[D*D]} DD, — g0 ([D*D]LO TBare

ccC

+ T2 [D"D]_, )

1=0,1
M.Albaladejo, PLB.824(2022)1370521
Molecule term Compact T, term )
Vij = + g0 g0
1
k E—m-+ie /

» Isospin basis DDj_, ; — Particle basis D**D° — D*°D*

» D**D° — D*°D* amplitude is obtained from L-S eq.

Tij

» Parameters are determined by fitting them to the experimental data: Co,C1,g0,m

T




3 body decay

M. Albaladejo, PLB.824 (2022) 1370521
» 3 body decay process

e DO DO\
~ D*+ ~
M)\(S7t7u; Q2) = D*—{—ss 7T+ + D*_P\ 7T+
DO DY DY
\\§ J

-
® : coupling of the source to DD* states @ : D* — Dm amplitude
O : DD* — DD* scattering amplitude
v' additional parameters o : p*+p° g : p*Op+ production ratios

/

» DDzt invariant mass distribution

2 3/2 Smax(QQ) t+(S>Q2)
Noo(Q2) = N (Q—gl> / ds/ dt Y | Ma(s, b Q%))
Q Sth t_(S,QZ) >\

» Considering experimental resolution (LHcb, Nature Phys. 18 (2022) 751-754, Nature Commun. 13 (2022) 3351 )

New(@Q?) = /dERLHCb (E, \/@) Nev(E?)
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A.2. Numerical results




Outline of fitted results

» Fitted results ( 3 different scenario with a comparable y? value. )

. - D*+D0 D*OD+
« M+C senario: Mixing of Molecular and Compact states 7 o i i
Molecule term Compact T, term 50| — i i
1 = A\ |
E-mtie s L ‘l\ |
« Mol.1 & Mol.2 scenarios: Pure molecular states /¥ BN e A i
lig b4 Ty
Molecule term 3.873 3.874 m;()BDZi 3.876 [Gev/027.877
D°DOxt line shape
Model x?/d.o.f.
Cr + Mol.+Compact (M+C) | 15.0/(19 — 6) = 1.15
Mol 1 16.0/(19 — 6) = 1.23
(The case that compact state locates far from the thresholds) — M_Ol.' 2 . 15'9/(19 o 6) = 1.22
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(M+C) Mixing of D*D mol. + Compact T,

IT(D**D® - D**DY)| Cr=o0,1
D*+ DO MBare D*D+

3000 | | | i » DDj_,, 4-point interactions are weak (C;—, are small)
— : | | Peak disappears in the g, — 0 limit.
a N i
S w0y | | | —This peak is dominated by the compact component.
K i i i
= | | i v.—1( CotC —Co+Cr)y 1T 1 9 —9
J\ 3 i Y2 \-Co+C1 Co+Ci) " 2E—mpae \~9% 9%
3.8740 ;};7(4;)*+BSSSS)mD"D,}sféSeV/CZ]3.8760 3.8765
DD* —» DD* scattering amplitude
Model | B/ Cy [GeV™2] Oy [GeVT2] o [GeVTY2] myy. [GeV] Y2/d.o.f.
Mol.+Compact (M+C) | 0.29 —1.38 —0.31 +0.14 3.8757 15.0/(19 — 6) = 1.15
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Only DD* mol. w/o compact state

0nNoO *+ 10 *0 M)+
IT(D**D° — p**+p°®)| D’Dn* D*TD D*YD
1.00 f H 1 —
| i | mmimm bt
075 ,' L State 2/ /«— State 2
: ! .
5 | i 1Strong decay is not allowed
= i
) P
= i \'\ /' State 1’
0.00 | s TR LT —— \~\.\'_' —————______________-—//1 T ‘_St_at_e 1 ]
3.868 3.870 3.872 mD*+D0 3.874 3.876 T NO Clear peak
D*D - D*D Scattering amplitude v Co = Cq

>» DDI*=0,1 4-point coupling constants C, = C; are close to each other and both are large.

— 2 channels are decoupled + C, — C; = 0, then 2 bound states are obtained.

Model | B/a Cy[GeVT3] ) [GeV?
V. — 1L/ Co+C1 —Co+Cy Mol.+Compact (M+C) | 0.29 —1.38 —0.31
Yo \=Co+C;  Co+C; Mol 1 0.058 —22.9 —20.2
Mol. 2 0.93 —29.5 —23.6
2026/2/21

Kiban-S Hadron Theory

13



)

(Yield/500 keV/c?

Crosscheck with D°D? and D°D* distributions

T,. — D'D'n+

oooooooooooo
-----------

» DODO (Left) : no clear difference

)

(Yield/500 keV/c?

T,. — DD 70

oooooooooooo
-----------

| b
U i

» DOD™ (Right) : Peak of Mol. 1 is narrow?



A.3. Summary of PART A

D*0D+(3876.5)

D*+D°(3875.1)

D°DO7t(3869.3)

[MeV]
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State 1 —954 keV
—338 keV | —311 keV) |
! ° (~372 keV) y (7311 keV) |
State 2 \ 4 v State
State 1’
g F —6.16 MeV
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State 2’
Mol.1 Mol.2 Mol. + Compact
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MBare(3875.7)
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PART B:
Analysis of excited states of T

cC
assuming that they are compact
states based on a diquark model.

M. Weber, D. Suenaga and M. Harada, in preparation.



B.1. Diquark Model




Previous analyses based on diguark model

Y.Kim, E.Hiyama, M.Oka, K.Suzuki, PRD102, Y.Kim, M.Oka, K.Suzuki, PRD105, 074021 (2022)
014004 (2020)

Singly Heavy Baryon
= A light-diquark + a heavy quark

m,g(07)= 725 MeV
m,4(07)= 1406 MeV

Doubly Heavy Tetraquark
= an anti-light-diquark + 2 heavy quarks

M, (T.c,17)= 4557 MeV

')= 2826 MeV
My(T,.,0~,17,27)= 4253 MeV

3“): 2623 MeV
2

M,, (Tee,17)= 4214 MeV

)= 2286 MeV M(T,,1%)= 3961 MeV

Kiban-S Hadron Theory



Our d |q ua rk mOdel M. Weber, D. Suenaga and M. Harada, in preparation.

Doubly Heavy Tetraquark
= an anti-light-diquark + a heavy-diquark (LDHD)

Spectra of anti-light-diquark and heavy-diquark are
determined in a quark model.

8

) + ) (Ko - 28) Vsa (1)

a=1

2
i
[

2
p
H=) (m+
_(ml 2m,;
l

Silvestre-Brac potential:

Ven () = — k(1 — eX}:ﬂ(— r/r.)) P A

2m exp(=12/7¢) |

+ k'(1—exp(—r1/rT
3mQquq ( p( / C)) 7-[3/27'03 QQ¥qq

-
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B.2 Results




Diguark masses Toronter | Vel

D 1
7"C: 0
We use the Silvester-Brac AL1 potential. ", 0-5069
2 A 0.1653 GeV?
K(l—e_§> o i 6_% A 0.8321 .
Vis(r) = - SN At K (1= ) oo L6555 Gov
' Mt 2T M, Md 0.315 GeV
. ms 0.577 GeV
(GeV) | Our model Chiral EFT Me 1.836 GeV
; mp 5.227 GeV
m,;(07) | 0.666 0.725
ual _) s > 0.455 > 0.681
my, 4 (07) 1.121 1.406
me.(1%) | 3.500 /
me.(17) | 3.701 /

Mass difference between m,;(0") and m,4(07) in our approach is
larger than that in the Chiral EFT approach.

2026/2/21 Kiban-S Hadron Theory 21



Mass spectra of T,

Our predictions

v s

mgz(07) 1121
>0.455
mgz(0)  0.666

me(17)  3.701

me(17)  3.500

@0

A

2026/2/21

N

0.199

—— T2M(ground)

TPM (3 mode)

TPM(p,.. mode) e

(3.939)

(3.740)
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Mass spectra of T,

Our predictions (Inverted hierarchy)

s s

mye(07) 1121
>o.455
Mua(07)  0.666

m.(17)  3.701

m.(1*)  3.500

@50

A

2026/2/21

0.199

\

TPM (3 mode)
(4.135)

TPM( mode)
4.054

TPM (.. mode)
(3.939)

—— TPM(ground)

(3.740)

Predictions from Chiral EFT based diquarks

y Hadro

0.179

0.193

0.199

(4.346)

my,(07)  1.406
> 0.681
mud(O"') 0.725

m.(17)  3.701

TEFT(2 mode)
4.167) me(1*)  3.500

TEF (.. mode)
(3.974)

TEFT(ground)
(3.775)
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Comparison with Harmonic Oscillator Model

H =

Zl

2026/2/21

+ KZL<] ij

W,

)

m, =0.337 GeV
K=0.15 GeV?

Kiban-S Hadron Theory

TPM(3 mode)
0.081 (4.135)

— TPM(p mode)

— Tclz,QM (pcc mode)
(3.939)

0.199

——— TPM(ground)
(3.740)
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Centrifugal energy & RMS distance

MEg —MGS | 5 (e e
- (MeV) i
Myq (0) 0 0.869 0

Mg (07) 1.511

Hud LZ
(MeV) 2pyaRyg
158

368 158 108
---- @H@
0 918 R,

mee(11) 0.549

mee(17) 0.202 0.813

BT T

T, (1) 0.495
0.199 0.493 (239) 493
Tee(17)p.
T..(17), 0.313 0.404 (368) 849

T..(17), 0.395 0.741 481 559

;;;;;;;;;

INIMUTL U U v

Zﬂud CCRA

126

). <t
2,ur2p 2ur?l,

U
M(ch)p < M(ch)/l
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0.199

eavy-flavor & Superflavor symmetry)

TPM(3 mode)
(4.135)

TPM(» mode)

— Te™(pcc mode)
(3.939)

Heavy-flavor symmetry is

approximately satisfied.

TPM(ground)
(3.740)

T,B,QM(A mode)
(10.703)

TB)QM(p mode)

0.092 10.592
e TIB,QM(pbb mode)

(10.500)

0.199

s T,BQM(ground)
(10.301)

Super-flavor symmetry is
approximately satisfied.

A

—— APM(2 mode)
0.085 (2.543)

—— APM(p mode)
(2.458)

0.335

——— APM(ground)
(2.123)

Ap

A};Q;(l/l mode)

0.108 (5-861)
— A?QM(p mode)

(5.752)

0.303

e A]b)QM(ground)

(5.449)

Heavy-flavor symmetry is
not bad.
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color 3

* |nthe heavy quark limit (m, - o),
the same color electric force applies to cc and C .
« The color-magnetic force is suppressed by 1/m..
« The properties of T,. and anti-A, are governed by the same
dynamics of the same light-diquark.
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Discussion on decay widths

« Strong decay of p..-mode is suppressed in the heavy quark limit.
> cc(17)-diquark cannot decay into cc(1")-diquark.
« Decays of p- and 2-modes are governed by decays of ud anti-light-
diquark in the heavy quark limit.
> p-mode decays by emitting n meson (if threshold is open).
> A-mode decays by emitting 2m (L = 1).

Tee(17), Te(17) Tee(17)a Te(17)

We expect that 3-excitation modes can be distinguished by their decay pattern.

026 iIban-S Hadron Theory



B.3. Summary of Part B

* The p-mode excitation may be
lighter than the A-mode excitation.

e This inverted hierarchy is originated

TPM() mode)
(4.135)

TPM(p mode)

from the centrifugal energy.

« Excited modes may be distinguished
by their decay modes.

0.199

2026/2 adron Theory

— TPM(ground)
(3.740)

A

APM(} mode)
0.085 T (2.543)
——— APM(p mode)
(2.458)
0.335
—— APM(ground)

(2.123)
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Thank you for your attention.
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