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Observation of Tcc

Introduction —  and Tcc X(3872)

 observed in  spectrumTcc D0D0π+

- Signal near  thresholdDD*

LHCb collaboration, Nature Phys., 18, 751 (2022); Nature Comm., 13, 3351 (2022)

- Charm C = + 2 : ∼ ccūd̄

Tcc

D0D*+(3875.10)
D+D*0(3876.51)

D0D+π0(3869.45)

- Level structure

D0D0π+(3869.25)

Energy (MeV)

3875

3870

- Very small (few MeV ~ keV) energy scale involved 
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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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 and Tcc X(3872)

 : another near-threshold state with  X(3872) MTcc ∼ MX(3872)

X(3872)

{D0D̄*0}(3871.69)

{D+D*−}(3879.92)

D0D̄0π0(3864.66)

Tcc

D0D*+(3875.10)
D+D*0(3876.51)

D0D+π0(3869.45)
D0D0π+(3869.25)

3875

3870

3875

3870

D0D−π+(3874.07)

3865

3880

- Various thresholds

(c.c. implicit)

ππJ/ψ, ⋯

≈
-  has decay channelsX(3872)

Energy (MeV)

-  near Tcc, X(3872) DD*, DD̄*

Introduction —  and Tcc X(3872)
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Simplified picture
In this talk, we consider two-body channels

X(3872)

{D0D̄*0}(3871.69)

{D+D*−}(3879.92)

Tcc

D0D*+(3875.10)
D+D*0(3876.51)

(pole mass by LHCb)

(mass and width by PDG)

Eh = − 0.36 − i
0.048

2
MeV

Eh = − 0.04 − i
1.19

2
MeV

Introduction —  and Tcc X(3872)

- Binding energy : Tcc > X(3872)

- Decay width : Tcc < X(3872)

- Isospin breaking :  , Tcc ∼ 1.41 MeV X(3872) ∼ 8.23 MeV
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Correlation function and hadron interaction
 momentum correlation functionsDD*, DD̄*

High-energy collision: chaotic source  of hadron emissionS(r)

- Definition
C(q) =

NDD*( pD, pD*)
ND( pD)ND*( pD*)

pD

pD*

D

D*

S(r) FSI

(= 1 in the absence of FSI)

Source function <—> two-body wave function (FSI)

- Theory (Koonin-Pratt formula)

C(q) ≃ ∫ d3r S(r) |Ψ(−)
q (r) |2

ALICE collaboration, Nature 588, 232 (2020); …

relative 
momentum q
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 potentialsDD*, DD̄*
 momentum correlation functionsDD*, DD̄*

Coupled-channel potentials

VDD*/DD̄* =
1
2 (VI=1 + VI=0 VI=1 − VI=0

VI=1 − VI=0 VI=1 + VI=0 + Vc)

VI=0 = V0 exp{−m2
πr2}, VI=1 = 0

-  : one-range gaussian potentials,  neglectedI = 0 I = 1

 range by  exchange↑ π

 <— scattering lengths (molecule picture)V0 ∈ ℂ

-  :  (LHCb analysis)Tcc aD0D*+
0 = − 7.16 + i1.85 fm

-  :  (  with PDG )X(3872) aD0D̄*0
0 = − 4.23 + i3.95 fm a0 = − i/ 2μEh Eh

LHCb collaboration, Nature Comm., 13, 3351 (2022)

 Coulomb for  ↑ {D+D*−}

D0D*+/{D0D̄*0}
D+D*0/{D+D*−}
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 sectorDD* ∼ Tcc

 and  correlation functions ( , exotic)D0D*+ D+D*0 ccūd̄

- Bound state feature (source size dep.) in both channels

Y. Kamiya, T. Hyodo, A. Ohnishi, EPJA58, 131 (2022)
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Figure 1: Correlation function of D0D̄∗+ and D+D∗0 pair.

3

- Strong signal in , weaker one in D0D*+ D+D*0

-  cusp in  ( ) is not very prominentD+D*0 D0D*+ q ∼ 52 MeV

D0D*+ D+D*0

Tcc

D0D*+
D+D*0

 momentum correlation functionsDD*, DD̄*

https://inspirehep.net/literature/2058465
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 sectorDD̄* ∼ X(3872)

 and  correlation functions ( )D0D̄*0 D+D*− cc̄qq̄
Y. Kamiya, T. Hyodo, A. Ohnishi, EPJA58, 131 (2022)

-  correlation : Coulomb attraction dominanceD+D*−

- Sizable  cusp in  ( )D+D*− D0D̄*0 q ∼ 126 MeV

- Bound state feature in  correlationD0D̄*0

X(3872)

D0D̄*0

D+D*−

D+D*−D0D̄*0
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Figure 1: Correlation function of D0D̄∗0 and D−D∗+ pair.

Hadron mass [MeV] JP

D+ 1869.66 0−

D0 1864.84 0−

D∗+ 2010.26 1−

D∗0 2006.85 1−

Table 2: Masses of charmed hadrons.

Hadron pair Threshold energy [MeV]
D0D̄∗0 3871.69
D+D∗− 3879.92
D∗0D̄∗0 4013.70
D∗+D̄∗− 4020.52

Table 3: Threshold energy of DD̄ and DD̄∗ channels.

3

 momentum correlation functionsDD*, DD̄*

https://inspirehep.net/literature/2058465
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Effect of compact quark states
Coupling to compact quark states —>  potentials?DD*, DD̄*

Mixture of compact quark states :  potentialsDD*, DD̄*

- s-channel exchange of bare state ψ ∼ ccūd̄, cc̄
<latexit sha1_base64="CdaQKNa8+JjkZM2/QutL5oaG918="></latexit>

⌫0

D

D⇤

D

D⇤

g0g0

- Effective potential is non-local and energy-dependent 
I. Terashima, T. Hyodo, arXiv:2208.14075 [nucl-th]

= V(r′ DD*, rDD*; E)

Feshbach method : effective  potential with  effectDD* ψ

⟨r′ DD* |VDD*
eff (E) |rDD*⟩ = VDD*(r)δ(r′ − r) +

⟨r′ DD* |Vt |ψ⟩⟨ψ |Vt |rDD*⟩
E − ν0

H. Feshbach, Ann. Phys. 5, 357 (1958); ibid, 19, 287 (1962)

https://inspirehep.net/literature/2143685
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local approximation
Non-local potential with Yukawa FF ⟨rDD* |Vt |ψ⟩ = g0e−Λr /r

Mixture of compact quark states :  potentialsDD*, DD̄*

- Wave function  is analytically solvable ( )ψk(r) k = 2μE

S. Aoki and K. Yazaki, PTEP2022, 033B04 (2022)

Local approximations :  potentials for  at {D0D̄*0} X(3872) E = 0

-  can be approximated by  around V(r′ DD*, rDD*; E) VHAL(r,0) E ∼ 0

- Formal derivative expansion

I. Terashima, T. Hyodo, in preparation

- HALQCD (reproduces )δ(E)

図 1: formal微分展開 (点線)とHALQCD法 (実線)により local近似したX(3872)のポテンシャ
ルの比較。
もうひとつの変換手法はHALQCD法と呼ばれる手法です。これは、mを換算質量として運動量
k =

√
2mE の non-localポテンシャルから得る波動関数 ψk(r)から構築される localポテンシャ

ルです。この手法により、式 (3)で記述されるように、微分の 0次と 2次以上の項にわけること
ができます。

V HAL(r, E) =
1

2mrψk(r)

d2

dr2
[rψk(r)] +O(∇2) (3)

3 結果と展望
X(3872)を再現する E = 0での non-localポテンシャルを、formal微分展開と HAL QCD法

により local近似した結果の比較が、図 1です。この図から、rが 0.5 fm以下の小さい領域では、
異なるポテンシャルとなっていることがわかります。
今後の展望として、異なるポテンシャルから得られる、散乱振幅や位相差といった物理量がど

のようなふるまいをするか調べます。これにより、なぜ異なるポテンシャルとなるかを研究しま
す。また、本研究ではニュートラルチャンネルのみを考えましたが、荷電チャンネルを含んだと
きにポテンシャルや物理量がどうなるかを研究します。そのために、両方のチャンネルを含み、
X(3872)を同様な遷移ポテンシャルで表したモデル [5]をもとに研究します。

参考文献
[1] H. Feshbach, Ann. Phys. 5, 357 (1958), H. Feshbach, Ann. Phys. 19, 287 (1962).

[2] I. Terashima and T. Hyodo, [arXiv:2208.14075 [hep-ph]].

[3] S. Godfrey and N. Isgur, Phys. Rev. D 32, 189-231 (1985)

[4] S. Aoki and K. Yazaki, PTEP 2022, no.3, 033B04 (2022) [arXiv:2109.07665 [hep-lat]].

[5] M. Takizawa and S. Takeuchi, PTEP 2013, 093D01 (2013) [arXiv:1206.4877 [hep-ph]].

V formal(r, E) =
4πg2

0

Λ2(E − ν0)
e−Λr

r
+ 𝒪(∇)

VHAL(r, E) =
1

2μrψk(r)
d2

dr2
[rψk(r)] + 𝒪(∇2)
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Compositeness theorem
Near-threshold s-wave states are all molecules!

Mixture of compact quark states : compositeness

- Compositeness theorem

E. Braaten, H.-W. Hammer, Phys. Rept. 428, 259 (2006);
P. Naidon, S. Endo, Rept. Prog. Phys. 80, 056001 (2017)

- Low-energy universality

- Threshold rule of cluster nuclei
H. Horiuchi, K. Ikeda, Y. Suzuki, PTPS 55, 89 (1972)

C. Hanhart, A. Nefediev, arXiv:2209.10165 [hep-ph]

- Peculiar pole trajectories

r

u0(r)

∝ const .
1 = |⟨Tcc |ψ⟩ |2 + ∫ dr |⟨Tcc |rDD*⟩ |2

Z

—> Fully molecule state  in  limitX = 1 B → 0

T. Hyodo, PRC90, 055208 (2014)

compositeness  X
D*
Dψ

https://inspirehep.net/literature/1305435
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Model setup
Mixture of compact quark states : compositeness

EFT model for  (single channel)Tcc

T. Kinugawa, T. Hyodo,  in preparation

-  coupled with a bare state  (no direct  int.)DD* ψ DD*
<latexit sha1_base64="ThdZULX6llgJSVI88m/pp3t+7B8="></latexit>

 

D

D⇤

g0 +  

D

D⇤

g0

Parameters : coupling  and bare energy  (cutoff )g0 ν0 Λ = mπ

- Bound state condition with  —> B g0(ν0; Λ, B)

Compositeness  : fraction of  moleculeX(ν0; Λ, B) DD*
Y. Kamiya, T. Hyodo, PRC93, 035203 (2016); PTEP2017, 023D02 (2017); 
T. Kinugawa, T. Hyodo, PRC 106, 015205 (2022)

-  free parameter (c.f. quark model ~ 7 MeV)ν0
M. Karlinar, J.L. Rosner, PRL 119, 202001 (2018)

https://inspirehep.net/literature/1391312
https://inspirehep.net/literature/1474407
https://inspirehep.net/literature/2083152
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Structure of bound state
Natural binding energy <— scale of strong interaction : 1 fm

Mixture of compact quark states : compositeness

B ∼
1

2μDD*(1 fm)2
∼ 20 MeV

T. Kinugawa, T. Hyodo,  in preparation

Natural : B = 20 MeV

-  for 15% of X > 0.5 ν0

- Elementary dominance
<— Bare state origin

3
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Shallow : B = 0.36 MeV

- Composite dominance even without  direct interactionDD*

- To have , fine tuning of  is necessaryX < 0.5 ν0
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Application to  and Tcc X(3872)

 and  : single-channel caseTcc X(3872)

Mixture of compact quark states : compositeness

-  is more composite <— smaller X(3872) B

T. Kinugawa, T. Hyodo,  in preparation

-  for 78% of  for ,  for 92% of  for X > 0.5 ν0 Tcc X > 0.5 ν0 X(3872)1
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More realistic  and Tcc X(3872)
Mixture of compact quark states : compositeness

T. Kinugawa, T. Hyodo,  in preparation
 and  : coupled-channel caseTcc X(3872)

X(single)

↕ X1

↕ X2

Tcc

1
2

-  <— closer X2,Tcc > X2,X(3872) D+D*0

-  :  is stableX(single) ∼ X1+X2 Z

X(3872)

1

2

-  effect is shared by 1 and 2DD*

10
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Further realistic  and Tcc X(3872)
Mixture of compact quark states : compositeness

T. Kinugawa, T. Hyodo,  in preparation
 and  : coupled-channel case with decay widthTcc X(3872)

Tcc

1
2- X̃i = |Xi |

∑i |Xi | + |Z |

X(3872)

1

2

- Important in  <— large widthX(3872)

T. Sekihara, et al., PRC 93, 035204 (2016)
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 and  correlations

Coupling to compact quark states

Compositeness theorem

D0D*+ D0D̄*0

Summary

Summary

T. Hyodo, PRC 90, 055208 (2014); T. Kinugawa, T. Hyodo, in preparation

- Near-threshold s-wave states are molecules, 
  no matter how you construct them.

- (quasi-)bound nature of  and Tcc X(3872)

- Potential becomes non-local and E-dep., but
  effective local potential can be constructed.

I. Terashima, T. Hyodo, in preparation

Y. Kamiya, T. Hyodo, A. Ohnishi, EPJA58, 131 (2022)

https://inspirehep.net/literature/1305435
https://inspirehep.net/literature/2058465

