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and background components. The signal component is described 
by the convolution of the detector resolution with a resonant shape, 
which is modelled by a relativistic P-wave two-body Breit–Wigner 
(BW) function modified by a Blatt–Weisskopf form factor with a 
meson radius parameter of 3.5 GeV−1. The use of a P-wave reso-
nance is motivated by the expected JP = 1+ quantum numbers for 
the T+

cc

 state. A two-body decay structure T+
cc

→ AB is assumed with 
m

A

= 2m

D

0 and m
B

= m

π

+, where m
π

+ stands for the known mass 
of the π+ meson. Several alternative prescriptions are used for the 
evaluation of the systematic uncertainties. Despite its simplicity, the 
model serves well to quantify the existence of the T+

cc

 state and to 
measure its properties, such as the position and the width of the 
resonance. A follow-up study91 investigates the underlying nature 
of the T+

cc

 state, expanding on the modelling of the signal shape and 
the determination of its physical properties. The detector resolution 
is modelled by the sum of two Gaussian functions with a common 
mean, where the additional parameters are taken from simulation 
(Methods) with corrections applied32,92,93. The root mean square of 
the resolution function is around 400 keV c−2. A study of the D0π+ 
mass distribution for D0D0π+ combinations in the region above the 
D*0D+ mass threshold but below 3.9 GeV c−2 shows that approxi-
mately 90% of all random D0D0π+ combinations contain a genuine 
D*+ meson. On the basis of this observation, the background com-
ponent is parameterized by the product of a two-body phase space 
function and a positive second-order polynomial. The resulting 
function is convolved with the detector resolution.

The fit results are shown in Fig. 1, and the parameters of interest, 
namely the signal yield, N, the mass parameter of the BW function rel-
ative to the D*+D0 mass threshold, δm

BW

≡ m

BW

− (m
D

∗+ +m

D

0), 
and the width parameter, ΓBW, are listed in Table 1. The statistical 
significance of the observed T+

cc

D

0

D

0

π

+ signal is estimated using 
Wilks’ theorem to be 22 s.d. The fit suggests that the mass param-
eter of the BW shape is slightly below the D*+D0 mass threshold.  
The statistical significance of the hypothesis δmBW < 0 is estimated 
to be 4.3 s.d.

To validate the presence of the signal component, several addi-
tional cross-checks are performed. The data are categorized accord-
ing to data-taking periods, including the polarity of the LHCb 
dipole magnet and the charge of the T+

cc

 candidates. Instead of 
statistically subtracting the non-D0 background, the mass of each 
D → K−π+ candidate is required to be within a narrow region around 
the known mass of the D0 meson38. The results are found to be con-
sistent among all samples and analysis techniques. Furthermore, 
dedicated studies are performed to ensure that the observed 
signal is not caused by kaon or pion misidentification, doubly 
Cabibbo-suppressed D0 → K+π− decays or D0

D

0 oscillations, decays 
of charm hadrons originating from beauty hadrons or artefacts due 
to the track reconstruction creating duplicate tracks.

Systematic uncertainties for the δmBW and ΓBW parameters are 
summarized in Table 2 and described below. The largest systematic 
uncertainty is related to the fit model and is studied using pseudo-
experiments with alternative parameterizations of the D0D0π+ mass 
shape. Several variations in the fit model are considered: changes 
in the signal model due to the imperfect knowledge of the detector 
resolution, an uncertainty in the correction factor for the resolution 
taken from control channels, parameterization of the background 
component and the additional model parameters of the BW func-
tion. The model uncertainty related to the assumption of JP = 1+ 
quantum numbers of the state is estimated and listed separately. 
The results are affected by the overall detector momentum scale, 
which is known to a relative precision of δα = 3 × 10−4 (ref. 94). The 
corresponding uncertainty is estimated using simulated samples 
where the momentum scale is modified by factors of (1± δα). In 
the reconstruction, the momenta of charged tracks are corrected 
for energy loss in the detector material, the amount of which is 
known with a relative uncertainty of 10%. The resulting uncertainty 
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Fig. 1 | The distribution of the D0D0π+ mass. The distribution of the 
D0D0π+ mass after statistical subtraction of the contribution of the non-D0 
background, with the result of the fit with the two-component function 
described in the text. The horizontal bin width is indicated on the vertical 
axis legend. The inset shows a zoomed signal region with a fine binning 
scheme. Uncertainties on the data points are statistical only and represent 
one standard deviation, calculated as a sum in quadrature of the assigned 
weights from the background subtraction procedure.

Table 1 | Parameters obtained from the fit to the D0D0π+ mass 
spectrum: signal yield, N, BW mass relative to the D*+D0 
mass threshold, δmBW, and width, ΓBW. The uncertainties are 
statistical only

Parameter Value

N 117!±!16
δmBW −273!±!61!keV!c−2

ΓBW 410!±!165!keV

Table 2 | Systematic uncertainties for the δmBW and ΓBW 
parameters. The total uncertainty is calculated as the sum 
in quadrature of all components except for those related to 
the assignment of JP quantum numbers, which are handled 
separately

Source σ

δm

BW

(

keV c

−2

)

σΓ
BW

(keV)

Fit model
Resolution model 2 7
Resolution correction factor 1 30
Background model 3 30
Model parameters <1 <1
Momentum scale 3 —
Energy loss corrections 1 —
D*+!−!D0 mass difference 2 —
Total 5 43

JP quantum numbers +11

−14

+18

−38
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 (in 2021)Tcc

Tcc → D0D0π+ (cūcūud̄)

internal structure of Tcc
effective field theory
 & compositeness

exotic hadron
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D0

D*+

c cū
d̄

  or ≠ qqq qq̄
multiquarks
hadronic molecules



hadron wavefunction
|Tcc⟩ = X |hadronic molecule⟩ + 1 − X |others⟩

D0

D*+ c cū
d̄

compositeness elementarity

Compositeness 3

※ 0 ≤ X ≤ 1   composite dominantX > 0.5 ⇔
T. Hyodo, Int. J. Mod. Phys. A 28, 1330045 (2013).

◉ how to calculate?

a0 = R
2X

1 + X
+ 𝒪 (

Rtyp

R )

S. Weinberg, Phys. Rev. 137, B672 (1965);
Y. Kamiya and T. Hyodo, PTEP 2017, 023D02 (2017);
T. Kinugawa and T. Hyodo, Phys. Rev. C 106, 015205 (2022).

 Rtyp = max{Rint, re, ⋯}

 : scattering length a0

R ≡ (2μB)−1/2,  : binding energyB

(  : interaction range,  : effective range)Rint re

1. weak-binding relation (model-independent)

2. model calculation this work



Model

ℋfree =
1

2mD0
∇D0† ⋅ ∇D0 +

1
2mD*+

∇D*+† ⋅ ∇D*+ +
1

2mΨ
∇ψ† ⋅ ∇ψ + ν0ψ†ψ,

ℋint = g0(ψ†D0D*+ + D0†D*+†ψ) .

1.

2.
1. single-channel scattering
2. coupling with compact four-quark state  ( )ψ ccūd̄

◉ single-channel resonance model
E. Braaten, M. Kusunoki, and D. Zhang, Annals Phys. 323, 1770 (2008).

4

ψ D0

D*+
g0

◉ scattering amplitude

f(k) = −
μ
2π [

k2

2μ − ν0

g2
0

+
μ
π2 [Λ + ik arctan( Λ

−ik )]]
−1

.

V =
g2

0

E − ν0
, G = −

μ
π2 [Λ + ik arctan( Λ

−ik )] .

T =
1

V−1 − G

 : cutoff                               Λ

+ h. c.

c cū
d̄



Model parameters and scales 5

- cutoff  : e.g. 140 MeV =  (  exchange)Λ mπ π

 bound state condition  ∵ f −1 = 0

- coupling const.  : g0 g2
0(B, ν0, Λ) =

π2

μ
(B + ν0)[Λ − κ arctan (Λ/κ)]

−1

κ = 2μB .

- energy of bare 4-quark state ν0
varied in the region : −B ≤ ν0 ≤ Λ2/(2μ)

 to have  & applicable limit of EFT∵ g2
0 ≥ 0

we calculate with fixed  and dimensionless quantities 
with  and 

B
Λ Etyp

- typical energy scale : Etyp = Λ2/(2μ)



6Calculation

compositeness  as a function of  X ν0
internal structure of bound state?

D0

D*+

 X > 0.5

c cū
d̄or

 X < 0.5

X =
G′￼(−B)

G′￼(−B) − [V−1(−B)]′￼

,

= [1 +
π2κ
g2

0 μ2 (arctan(Λ/κ) −
Λ/κ

1 + (Λ/κ)2 )
−1

]
−1

.

◉ compositeness X

α′￼(E) = dα/dE

Y. Kamiya and T. Hyodo, 
PTEP 2017, 023D02 (2017).

T =
1

V−1 − G
scattering amplitude : 

-  region :  ν0 −B/Etyp ≤ ν0/Etyp ≤ 1



2

 [dimensionless]ν0/Etyp

 [d
im

en
si

on
le

ss
]

X

スライド用

 0

 0.2

 0.4

 0.6

 0.8

 1

-1 -0.5  0  0.5  1

7◉  as a function of  of bound state X ν0/Etyp B = Etyp

c cū
d̄

 bare state origin∵
-  only for of  = elementary dominantX > 0.5 25 % ν0

- typical energy scale : B = Etyp = Λ2/(2μ)

c cū
d̄

D0

D*+

c cū
d̄

 X > 0.5 :

 X < 0.5 :
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8

-  for of  = composite dominantX > 0.5 88 % ν0

- weakly-bound state : B = 0.01Etyp

 low-energy universality !∵

D0

D*+

D0

D*+

◉  as a function of  of bound state X ν0/Etyp B = 0.01Etyp

D0

D*+

c cū
d̄

 X > 0.5 :

 X < 0.5 :



Effect of decay 9

X̃ =
|X |

|X | + |1 − X | T. Sekihara, et. al., PRC 93, 035204 (2016).

◉ introducing decay effect

E = − B E = − B − iΓ/2
g0 ∈ ℂ

compositeness

- formally : introducing decay channel in lower energy region than 
threshold ch.

- effectively : coupling const. this work

X ∈ ℝ X ∈ ℂ

- low-energy universality with decay effect
 (threshold channel)X ∼ 1

eigenenergy becomes complex



Effect of decay 10

-  is suppressed by X̃ Γ ≠ 0
 threshold ch. component ( ) decreases with 

inclusion of decay ch. component ( )
∵ X

1 − X

10
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(a) E = − 0.01Etyp − i0.1Etyp

Γ = 0

Γ = 0.1Etyp

- finite  induces deviation from expectation of low-energy 
universality ( )

Γ
X ∼ 1

◉ compositeness X̃



11Effect of coupled channel
◉ introducing coupled channel Ψ1Ψ2
|Ψ⟩ = X1 |threshold ch⟩ + X2 |coupled ch⟩ + 1 − (X1 + X2) |others⟩

- threshold energy difference Δω

10Effect of coupled channel
- introducing coupled channel Ψ1Ψ2
|Ψ⟩ = X1 |threshold ch⟩ + X2 |coupled ch⟩ + 1 − (X1 + X2) |others⟩

14

threshold energy difference=B_wbの時：黒の実線がX1(B_wb)+X2(B_wb)、赤のdashが1ch、緑のdottedがX1(B_wb)
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- threshold energy difference Δω E

threshold ch.

coupled ch.

bound state

EE

0 B
Δω

- compositeness  and X1 X2

X1

X2

-  also needs for 
low-energy universality
Δω → ∞

-  is suppressed by X1 Δω
 threshold ch. component 

( ) decreases with 
increase of coupled ch. 
component ( )

∵
X1

X2

X(Δω → ∞)

   for single ch. case (threshold ch component)X1 X
   for single ch. case (other ch component)X2 1 − X

- low-energy universality for multichannel case

 (threshold channel)X1 ∼ 1
 (other channel)X2 ∼ 0
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threshold energy difference=B_wbの時：黒の実線がX1(B_wb)+X2(B_wb)、赤のdashが1ch、緑のdottedがX1(B_wb)
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◉ compositeness  and X1 X2

X1

X2

-  is suppressed by X1 Δω
 threshold ch. component ( ) decreases with 

inclusion of coupled ch. component ( )
∵ X1

X2

X1(Δω → ∞)

- finite  induces deviation from expectation low-energy 
universality ( )

Δω
X1 ∼ 1



Application to  and Tcc X(3872) 13

E

D0D*0

D*−D+

X(3872)

EE

0

0.04 MeVB =

8.23 MeV

1.19 MeVΓ =

Tcc X(3872)
◉ exotic hadron         decay and coupled channel

E

D0D*+

D*0D+

Tcc

EE

0

0.36 MeVB =

1.41 MeV

0.048 MeVΓ =

∼∼

LHCb Collaboration, Nat. Commun 13 3351 (2022). PDG

X̃j =
|Xj |

∑j |Xj | + |Z |
, ( j = 1,2)

◉ compositeness T. Sekihara, et. al., PRC 93, 035204 (2016).
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 coupled ch. effect contribution (small )∵ Δω
- difference of (single) and  is too smallX X̃1 + X̃2

Application to  and Tcc X(3872)

E

D0D*+

D*0D+

Tcc

EE

0

 ∵ Γ ≪ B

-  is not negligibleX̃2

We can neglect decay contribution 

 singleX
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Application to  and Tcc X(3872)

E

D0D*0

D*−D+

X(3872)

EE

0

8.23 MeV

- difference of (single) and  is largeX X̃1 + X̃2
 large decay width contribution∵

-  is much smaller than X̃2 X̃1
coupled ch. effect is negligible

 singleX
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- coupled ch. effect is more important for  than Tcc X(3872)

- decay effect is more important for  than X(3872) Tcc

Application to  and Tcc X(3872)



17Summary
- internal structure of exotic hadrons EFT & compositeness

- shallow bound state is composite dominant
 even from bare state

 low-energy universality∵
- decay and coupled channel effects are introduced

-  of  and  are calculated with decay and coupled 
ch. effects
X Tcc X(3872)

- model with bare 4-quark state coupled to the scattering state 

both decay and coupled ch. effects contribute to deviation 
from low-energy universality

 : important coupled ch. effect with negligible decay effect
 : important decay effect with negligible coupled ch. effect

Tcc
X(3872)
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Effect of decay 19

-  with X ≠ 0 Γ ≠ 0
   at ∵ g0 ≠ 0 ν0 = − B

g2
0 (−ν0 + i

Γ
2

; ν0, Λ) =
π2

μ (−i
Γ
2 ) [Λ − κ arctan ( Λ

κ )]
−1

≠ 0

c.f.  at 
  with 

g0 = 0 ν0 = − B
Γ = 0

X = [1 +
π2κ
g2

0 μ2 (arctan(Λ/κ) −
Λ/κ

1 + (Λ/κ)2 )
−1

]
−1



Compositeness for two-channel case 20

V(k) = (v(k) v(k)
v(k) v(k)), v(k) =

g2
0

k2

2μ1
− ν0

.

G(k) = (G1(k) 0
0 G2(k)),

 G1(k) = −
μ1

π2 [Λ + ik arctan (−
Λ
ik )],

G2(k′￼) = −
μ2

π2 [Λ + ik′￼arctan (−
Λ
ik′￼)] .

k = 2μ1E, k′￼(k) = 2μ2(E − Δω) =
μ2

μ1
k2 − 2μ2Δω .

X1 =
G′￼1

(G′￼1 + G′￼2) − [v−1]′￼

,

X2 =
G′￼2

(G′￼1 + G′￼2) − [v−1]′￼

.
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21  & low-energy universalityX

- natural energy scale

Bcr ∼ 2.5 MeV

= elementary dominant

Bwb = 0.1 MeV
- weakly-bound state

= composite dominant

c cū
d̄

D0

D*+

D0

D*+
c cū

d̄: = 1:1

 low-energy 
    universality !
∵

 bare state origin∵

 for of X > 0.5 25 % ν0

 for of X > 0.5 88 % ν0

Bnat = Λ2/(2μ)
∼ 10 MeV

Calculation



Application to Tcc

- fine tuning is necessary to realize X < 0.5
-  for of  = composite dominantX > 0.5 78 % ν0

◉ single-channel

22
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