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Observation of the !!!" ""#$&̅  by LHCb
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LHCb, Nature Phys. 18 (2022) 751-754, Nature Commun. 13 (20) 3351

• Quantum number： I(#!) = 0(1")
• Mass differences from !∗"!# threshold：
           "#$!! = #$!! −#%∗#%$

                     = &−273 ± 61	[keV/3
&] (BW)

−360 ± 40	[keV/3&] (Pole)
• Decay widths：

                 Γ = &−410 ± 165	[keV/3
&] (BW)

−48 ± 2	[keV/3&] 	 (Pole)

➤ In 2021, !!!" ""#$#%  is reported by LHCb!



Motivation and Question
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!!!"  internal structure？

Pure !!∗ molecular analysis
≠ Exclusion of compact A''" 

Compact Molecule

Near-threshold effects?

• Coupled channel effect
• Isospin sym. breaking effect

DD∗, I = 1DD∗, I = 0

(wide range attractive) (repulsive at low p)

Other data？

#!#!(Left), #!#"(Right) distribution

LHCb, Nature Phys. 18 (2022) 751-754, 
Nature Commun. 13 (20) 3351

Crosscheck of modelCompact and molecule mixing B∗"B( − B∗(B" channel coupling

(e.g., S. Chen, et al., PLB 833, 137391(2022) )
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Model construction
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Outline of analysis
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&∗"&% −&∗%&" Coupled channel model

mixing of BB∗ molecule and compact CCDEDF 

Molecule term

CI

Bare Tcc term

1
E−m+iε

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

1.

3. Analyze !!!"  properties from obtained &&∗ coupled channel model.

Significant background! 
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'∗"'$ − '∗$'" coupled channel model
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➤ 2 channel scattering（Isospin basis BB)*(,,∗ , Particle basis B∗"B( − B∗(B"）
➤ Interaction Lagrangian（ Isospin basis BB)*(,,∗ 	）Compact G-- couples to H = I 

 

 

➤ Isospin basis BB)*(,,∗ → Particle basis B∗"B( − B∗(B"
 

➤ B∗"B( − B∗(B" amplitude is obtained from L-S eq.
 

➤ Parameters are determined by fitting 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 =



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

➤ B(B(K" invariant mass distribution
 

➤ Considering experimental resolution
 

➤ Additional parameters
L：#∗"#!, '：#∗!#" production ratios

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

N0：normalization,

N̄ev(Q
2) =

∫

dERLHCb

(

E,
√

Q2

)

Nev(E
2)

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



Numerical results

1. Introduction

2. Model construction

3. Numerical results

4. Summary and Outlook

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



Outline of fitted results
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➤Fitted results ( 3 different scenario with a comparable )( value. )
• Mixing of Molecular and Compact state (M+C)

  
• Pure molecular results (Mol. 1, Mol. 2)

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

+

#%#%$& line shape



Mixing of ''∗ mol. + Compact )%%"  
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➤ !!.*#,/∗ 	4-point interaction           is weak

 Peak disappears in the      limit.

  →This peak dominated by the compact 

          component.

g0 → 0

D
∗+

D
0

D
∗0
D

+
mBare

##∗ → ##∗ 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

)
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Only ''∗ mol. w/o compact
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D
∗+

D
0

D
∗0
D

+

##∗ → ##∗ Scattering amplitude

Vij =
1

2

(

C0 + C1 −C0 + C1

−C0 + C1 C0 + C1

)

D
0
D

0
π
+

➤  **)*+,,∗   4-point coupling constants M# ≃ M/ are close and earn enough attraction

 →Isospin symmetric interaction seems to be dominant ( M. Sakai, et al., PRD.109(2024)054016)

 →2 channels are decoupled ∵ M! − M" ≃ 0, then 2 bound states are obtained.
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 - -

State 2’

State 1’
State 1

State 2
↑Strong decay is not allowed

↑No clear peak
∵ .! ≃ .$
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Crosscheck with '$'$ and '$'" distributions
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➤  *+*+ (Left)：no clear difference ➤  *+*" (Right)：Peak of Mol. 1 is narrow?
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Summary and Outlook

−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)

➤Outlook
• Extend the model (four-point interaction → meson exchange interaction)

• Comparison with 0 3872 5%$ 3872 .


