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1. Introduction
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Observation of the 𝑇!!" 𝑐𝑐#𝑢𝑑̅ by LHCb
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LHCb, Nature Phys. 18 (2022) 751-754, Nature Commun. 13 (20) 3351

• Quantum number： I(𝐽!) = 0(1")
• Mass differences from 𝐷∗"𝐷# threshold：

𝛿𝑚$!! = 𝑚$!! −𝑚%∗#%$

= &
−273 ± 61 [keV/𝑐&] (BW)
−360 ± 40 [keV/𝑐&] (Pole)

• Decay widths：

Γ = &
−410 ± 165 [keV/𝑐&] (BW)
−48 ± 2 [keV/𝑐&] (Pole)

➤ In 2021, 𝑻𝒄𝒄" 𝒄𝒄#𝒖#𝒅 is reported by LHCb!



Internal Structure of 𝑻𝒄𝒄 ?
• Compact vs Molecule ?

• PART A: Analysis of 𝐷!𝐷!𝜋" line shape including compact & 
molecular states
Ø S. Ampuku, Y. Yamaguchi and M. Harada, [arXiv:2511.13003 [hep-

ph]], 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.
Ø M. Weber, D. Suenaga and M. Harada, in preparation.
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𝑐𝑐 @𝑢𝑑̅ compact state  𝐷𝐷∗ Molecular state



PART A: 
Analysis of 𝐷!𝐷!𝜋" line 
shape including compact & 
molecular states
S. Ampuku, Y. Yamaguchi and M. Harada, [arXiv:2511.13003 [hep-ph]], 
to appear in Phys. Rev. D.

2026/2/21 Kiban-S Hadron Theory 5



A.1. Model Construction
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Outline of analysis
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𝑫∗"𝑫𝟎 − 𝑫∗𝟎𝑫" Coupled channel model

mixing of 𝑫𝑫∗ molecule and compact 𝒄𝒄F𝒖F𝒅

Molecule term

CI

Bare Tcc term

1
E−m+iε

g0 g0
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Determine the model parameters by 
fitting to 𝑫𝟎𝑫𝟎𝝅" line shape
(Fitted only 200 keV bin width data)

1.

3. Analyze 𝑻𝒄𝒄" properties from obtained 𝑫𝑫∗ coupled channel model.

2.



𝐷∗"𝐷% −𝐷∗%𝐷" coupled channel model 

2026/2/21 Kiban-S Hadron Theory 8
2025/10/8 H-ken Summer School 8/14

➤ 2 channel scattering（Isospin basis 𝑫𝑫𝑰(𝟎,𝟏
∗ , Particle basis 𝑫∗"𝑫𝟎 − 𝑫∗𝟎𝑫"）

➤ Interaction Lagrangian（ Isospin basis 𝑫𝑫𝑰(𝟎,𝟏
∗ ）Compact 𝑻𝒄𝒄 couples to 𝑰 = 𝟎

➤ Isospin basis 𝑫𝑫𝑰(𝟎,𝟏
∗ → Particle basis 𝑫∗"𝑫𝟎 − 𝑫∗𝟎𝑫"

➤ 𝑫∗"𝑫𝟎 − 𝑫∗𝟎𝑫" amplitude is obtained from L-S eq.

➤ Parameters are determined by fitting them to the experimental data:

Lint = −

∑

I=0,1

CI [D
∗D]

†
I [D

∗D]I − g0

(

[D∗D]
†
I=0

TBare

cc + TBare†
cc [D∗D]I=0

)

Lippmann-Schwinger equation

Lippmann-Schwinger equation
: Schrödinger equation with boundary conditions correspoding to the scattering

Scattering amplitude is given by Lippmann-Schwinger eq.

Tij = Vij + Vik Gk Tkj

and we can determine the mass and width of T+
cc as a T-matrix pole on the complex

energy plane.
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M.Albaladejo, PLB.824(2022)1370521

Molecule term

CI

Bare Tcc term

1
E−m+iε

g0 g0
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Vij =



3 body decay
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Mλ(s, t, u;Q2) = α

D0

D0

π+D∗+ +
D∗+

D0

D0

D0

π+D∗+ +β
D∗0

D+

D0

D0

π+D∗+

: coupling of the source to DD∗ states : D∗ → Dπ amplitude
: DD∗ → DD∗ scattering amplitude
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➤ 3 body decay process

ü additional	parameters

➤ 𝑫𝟎𝑫𝟎𝝅" invariant mass distribution

➤ Considering experimental resolution

𝛼：𝐷∗"𝐷#, 𝛽：𝐷∗#𝐷" production ratios

2025/10/8 H-ken Summer School 9/14

Nev(Q
2) = N0

(

Q2
th

Q2

)3/2 ∫ smax(Q
2)

sth

ds

∫ t+(s,Q2)

t
−
(s,Q2)

dt
∑

λ

∣

∣Mλ(s, t, u;Q
2)
∣

∣

2

N̄ev(Q
2) =

∫

dERLHCb

(

E,
√

Q2

)

Nev(E
2)

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

M. Albaladejo, PLB.824 (2022) 1370521 



A.2. Numerical results
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Outline of fitted results
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➤Fitted results ( 3 different scenario with a comparable 𝜒( value. )
• M+C senario: Mixing of Molecular and Compact states (M+C)

• Mol.1 & Mol.2 scenarios: Pure molecular states

Molecule term

CI

Bare Tcc term

1
E−m+iε

g0 g0
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Molecule term

CI

Bare Tcc term

1
E−m+iε

g0 g0
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(The case that compact state locates far from the thresholds)

χ2/d.o.f.
15.0/(19− 6) = 1.15
16.0/(19− 6) = 1.23
15.9/(19− 6) = 1.22

Model β/α C0 [GeV−2] C1 [GeV−2] g0 [GeV−1/2] mbare [GeV]
Mol.+Compact (M+C) 0.29 −1.38 −0.31 ±0.14 3.8757

Mol. 1 0.058 −22.9 −20.2 - -
Mol. 2 0.93 −29.5 −23.6 - -

D
∗+

D
0

D
∗0
D

+

𝐷%𝐷%𝜋& line shape



(M+C) Mixing of 𝑫∗𝑫 mol. + Compact 𝑻𝒄𝒄
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➤ 𝐷𝐷-(#,.∗ 4-point interactions are weak (𝐶-(#,. are small)
Peak disappears in the 𝑔# → 0 limit.
→This peak is dominated by the compact component.

D
∗+

D
0

D
∗0
D

+
mBare

𝐷𝐷∗ → 𝐷𝐷∗ scattering amplitude

Model β/α C0 [GeV−2] C1 [GeV−2] g0 [GeV−1/2] mbare [GeV]
Mol.+Compact (M+C) 0.29 −1.38 −0.31 ±0.14 3.8757

χ2/d.o.f.
15.0/(19− 6) = 1.15
16.0/(19− 6) = 1.23
15.9/(19− 6) = 1.22

Vij =
1

2

(

C0 + C1 −C0 + C1

−C0 + C1 C0 + C1

)

+
1

2

1

E −mbare

(

g20 −g20
−g20 g20

)

2025/10/8 H-ken Summer School

𝑇 𝐷∗"𝐷# → 𝐷∗"𝐷#

𝑚 𝐷∗"𝐷#



Only 𝑫𝑫∗ mol. w/o compact state
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D
∗+

D
0

D
∗0
D

+

𝐷∗𝐷 → 𝐷∗𝐷 Scattering amplitude

Vij =
1

2

(

C0 + C1 −C0 + C1

−C0 + C1 C0 + C1

)

D
0
D

0
π
+

➤ 𝐷𝐷,-.,/∗ 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.

State 2’

State 1’
State 1

State 2

Model β/α C0 [GeV−2] C1 [GeV−2] g0 [GeV−1/2] mbare [GeV]
Mol.+Compact (M+C) 0.29 −1.38 −0.31 ±0.14 3.8757

Mol. 1 0.058 −22.9 −20.2 - -
Mol. 2 0.93 −29.5 −23.6 - -

↑Strong decay is not allowed

↑No clear peak
∵ 𝐶# ≃ 𝐶$

2025/10/8 H-ken Summer School

𝑇 𝐷∗"𝐷# → 𝐷∗"𝐷#

𝑚%∗"%#



Crosscheck with 𝐷!𝐷! and 𝐷!𝐷" distributions
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➤ 𝐷.𝐷. (Left)：no clear difference ➤ 𝐷.𝐷" (Right)：Peak of Mol. 1 is narrow?



A.3. Summary of PART A
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−81 keV

−338 keV

−1.78 MeV
−954 keV

−6.16 MeV

(−372 keV)
(−311 keV)

~~

[MeV]

~~

Mol.1 Mol.2 Mol. + Compact

State 1

State 2
State 1’

State 2’

StateT+
cc
(LHCb)



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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B.1. Diquark Model
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Previous analyses based on diquark model
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Y.Kim, M.Oka, K.Suzuki, PRD105, 074021 (2022)Y.Kim, E.Hiyama, M.Oka, K.Suzuki, PRD102, 
014004 (2020)

c

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

Spectra of light-diquarks are 
determined from Chiral EFT

𝑚34 0" =   725 MeV
𝑚34 05 = 1406 MeV

̅𝑑

c c

0𝑢

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

𝑀6 Λ7 ,
/
(

5
= 2826 MeV

𝑀8 Λ7 ,
/
(

5
, 9
(

5
= 2623 MeV

𝑀 Λ7 ,
/
(

"
= 2286 MeV

ud
𝝆-mode

𝝀-mode

𝝆-mode

𝝆𝒄𝒄-mode

𝝀-mode

𝑀6 𝑇77 , 15 = 4557 MeV
𝑀8 𝑇77 , 05, 15, 25 = 4253 MeV
𝑀6!! 𝑇77 , 1

5 = 4214 MeV
𝑀 𝑇77 , 1" = 3961 MeV



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

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

̅𝑑

c c

0𝑢
𝝆

𝝆𝒄𝒄

𝝀

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

𝐻 =>
'

(

𝑚' +
𝑝'
(

2𝑚'
+>

)*$

+

𝜆,,) ⋅ 𝜆 -. -.) 𝑉/0 𝑟

Silvestre-Brac potential: 

𝑉#$ 𝑟 = −
𝜅 1 − exp − ⁄𝑟 𝑟%

𝑟 + 𝜆𝑟& − Λ

+
2𝜋

3m''m () ()
𝜅* 1 − exp − ⁄𝑟 𝑟%

exp − ⁄𝑟+ 𝑟,+

𝜋 ⁄. +𝑟,.
𝜎⃗//𝜎⃗() ()



B.2 Results
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Diquark masses
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(GeV) Our model Chiral EFT
𝑚34 0" 0.666 0.725
𝑚34 05 1.121 1.406
𝑚77 1" 3.500 /
𝑚77 15 3.701 /

0.455 0.681

We use the Silvester-Brac AL1 potential.

Mass difference between 𝑚34 0" and 𝑚34 05 in our approach is 
larger than that in the Chiral EFT approach.  



Mass spectra of 𝑻𝒄𝒄
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diquark mass

𝑚12 03 1.121

𝑚12 0" 0.666

𝑚44 13 3.701

𝑚44 1" 3.500

Our predictions

0.455

𝑚44 1"

𝑚12 0"

S-wave

𝑚44 13

𝑚12 0"

S-wave

𝑚44 1"

𝑚12 03

S-wave

𝑚44 1"

𝑚12 0"

P-wave



Mass spectra of 𝑻𝒄𝒄
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diquark mass

𝑚12 03 1.121

𝑚12 0" 0.666

𝑚44 13 3.701

𝑚44 1" 3.500

Our predictions (Inverted hierarchy)
Predictions from Chiral EFT based diquarks

diquark mass

𝑚12 03 1.406

𝑚12 0" 0.725

𝑚44 13 3.701

𝑚44 1" 3.500

0.455

0.681



Comparison with Harmonic Oscillator Model
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𝐻 = ∑$
%5
6

&'5
+ (

&
𝐾∑$)* 𝑟$*&

In the heavy quark limit 
(𝑚% → ∞)

𝜔0 =
2𝐾
𝑚1

, 𝜔2 =
𝐾
𝑚1

,

𝜔0!! → 0



Centrifugal energy & RMS distance
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𝒎ES − 𝒎GS
(MeV) 𝑹7 (fm)

𝓵 𝓵%𝟏
𝟐𝝁𝒓𝟐

(MeV)
𝝁𝒖𝒅

(MeV)
𝟐

𝟐𝝁𝒖𝒅𝑹𝝆𝟐

𝑚12 0" 0 0.869 0 158

𝑚12 03 455 1.511 368 158 108

𝑹𝝆𝒄𝒄 (fm) 𝝁𝒄𝒄

𝑚44 1" 0 0.549 0 918

𝑚44 13 0.202 0.813 239 918

𝑹𝝀 (fm) 𝝁𝒖𝒅3𝒄𝒄 𝟐
𝟐𝝁𝒖𝒅.𝒄𝒄𝑹𝝀𝟐

𝑇44 1" 0 0.495 0 559

𝑇44 13 700

0.199 0.493 (239) 493

𝑇44 13 7 0.313 0.404 (368) 849

𝑇44 13 < 0.395 0.741 481 559 126

̅𝑑

c c

0𝑢
𝑹𝝆

𝑹𝝆𝒄𝒄

𝑹𝝀

2
2𝜇𝑟( 6

<
2

2𝜇𝑟( 8
⇓

𝑀 𝑇77 6 < 𝑀 𝑇77 8



𝑻𝒃𝒃, 𝚲𝒄, 𝚲𝒃 (Heavy-flavor & Superflavor symmetry)
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Heavy-flavor symmetry is 
approximately satisfied.

Heavy-flavor symmetry is 
not bad.

Super-flavor symmetry is 
approximately satisfied.

𝑻𝒃𝒃𝑻𝒄𝒄 𝚲𝒄 𝚲𝒃



Superflavor symmetry
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0𝑢̅𝑑

cc

0𝑢̅𝑑

&𝒄

𝑇GG
"ΛG

color &3

H. Georgi and M. B. Wise, Phys. Lett. B 243, 279 (1990).
M. J. Savage and M. B. Wise, Phys. Lett. B 248, 177 (1990).
C. D. Carone, Phys. Lett. B 253, 408 (1991).
S. Fleming and T. Mehen, Phys. Rev. D 73, 034502 (2006).
E. J. Eichten and C. Quigg, Phys. Rev. Lett. 119, 202002 (2017).
T. Asanuma, Y. Yamaguchi and M. Harada, Phys. Rev. D 110, 074030 (2024)
M. Tanaka, Y. Yamaguchi, M. Harada Phys. Rev. D 110, 016024 (2024).

• In the heavy quark limit 𝑚# → ∞ ,
the same color electric force applies to 𝑐𝑐 and ̅𝑐 .

• The color-magnetic force is suppressed by ⁄& '+.
• The properties of 𝑇## and anti-Λ# are governed by the same 

dynamics of the same light-diquark. 



Discussion on decay widths
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• Strong decay of 𝜌77-mode is suppressed in the heavy quark limit.
Ø 𝑐𝑐 15 -diquark cannot decay into 𝑐𝑐 1" -diquark.

• Decays of 𝜌- and 𝜆-modes are governed by decays of 𝑢𝑑 anti-light-
diquark in the heavy quark limit.
Ø 𝜌-mode decays by emitting 𝜂 meson (if threshold is open).
Ø 𝜆-mode decays by emitting 2π (𝐿 = 1).

𝜂123,523

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



B.3. Summary of Part B
• The 𝜌-mode excitation may be 

lighter than the 𝜆-mode excitation.
• This inverted hierarchy is originated 

from the centrifugal energy.
• Excited modes may be distinguished 

by their decay modes.
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𝑻𝒄𝒄 𝚲𝒄

𝜂123,523



Thank you for your attention.
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