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閾値近傍の  と Tcc X(3872)
導入

 閾値近傍の ／  閾値近傍の ：質量の類似性DD* Tcc DD̄* X(3872)

X(3871.65)

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

- PDG Liveでの質量

(c.c. implicit)

ππJ/ψ, ⋯

≈
相関関数ではどのように見えるか？

エネルギー (MeV)

- ：崩壊チャンネル有X(3872)
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運動量相関関数
導入

高エネルギー衝突：統計的なハドロン放出ソース

- 定義
C(q) =

NK−p( pK−, pp)
NK−( pK−)Np( pp)

pp

pK−

p

K−

S(r)

（相互作用／量子統計性なしのとき=1）

ソース関数  <—> 2体波動関数（相互作用）S(r)

- 理論（Koonin-Pratt公式）
C(q) ≃ ∫ d3r S(r) |Ψ(−)

q (r) |2

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

相対運動量 q相互作用
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 相関関数の測定D−p

高エネルギー衝突でのチャームメソンを含む相関関数の測定
First study of the two-body scattering involving charm hadrons ALICE Collaboration
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Figure 1: Experimental pD− correlation function (black symbols) together with the contribution from p(K+π−π−)

(green band) and pD∗− (red band), and the total background model (purple band). The p(K+π−π−) and pD∗−

contributions are not scaled by the respective λ parameter. Statistical (bars) and systematic uncertainties (boxes)
are shown separately. The width of the dark (light) shaded bands depicts the statistical (total) uncertainty of the
parametrized background contributions.

be (7.7± 0.5(stat)± 0.2(syst))%. The systematic uncertainty is evaluated by repeating the procedure
with different sets of selection criteria, varying the fitting parameters in the raw-yield extraction, and by
weighting the multiplicity distribution in the MC sample used for the efficiency computation in order to
reproduce the one in data. Differently from the component originating from beauty-hadron weak decays,
D± mesons originating from excited charm-meson strong decays cannot be experimentally resolved from
promptly produced D± mesons due to their short lifetime. The two largest sources are the D∗± → D±π0

and D∗± → D±γ decays, having BR = (30.7± 0.5)% and BR = (1.6± 0.4)% [59], respectively. Their
contribution is estimated from the production cross sections of D+ and D∗+ mesons measured in pp
collisions at

√
s = 5.02 TeV [62, 63] and employing the PYTHIA 8 decayer for the description of the

D∗± → D±X decay kinematics. The fraction of D± mesons in 1 < pT < 10 GeV/c originating from D∗±

decays is estimated to be (27.6±1.3(stat)±2.4(syst))%.

The proton and D− candidates are then combined and their relative momentum k∗ is evaluated as
k∗ = 1

2 × |ppp∗p − ppp∗D|, where ppp∗p,D are the momenta of the two particles in the pair rest frame. The
k∗ distribution of pD− pairs, Nsame(k∗), is then divided by the one obtained combining proton and
D− candidates from different events, Nmixed(k∗), to compute the two-particle momentum correlation
function, which is defined as Cexp(k∗) =N ×Nsame(k∗)/Nmixed(k∗) [64]. The normalization constant N

is obtained from k∗ ∈ [1500,2000] MeV/c where the correlation function is independent of k∗ [65]. Since
the correlation functions for pD− and pD+ are consistent with each other within statistical uncertainties,
they are combined and in the following pD− will represent pD− ⊕ pD+. The resulting correlation
function Cexp(k∗) is displayed in Fig. 1. The data are compatible with unity for k∗ > 500 MeV/c,
while they show a possible hint of an increase for lower k∗ values. In total 200 pD− and 221 pD+

pairs contribute to Nsame(k∗) in the region of k∗ < 200 MeV/c, where model calculations [21–24] predict
a deviation from unity. The systematic uncertainties of Cexp(k∗) are assessed by simultaneously varying
the proton and D− selection criteria.

The measured two-particle momentum correlation function can be related to the source function and
the two-particle wave function via the Koonin–Pratt equation C(k∗) =

∫

d3r∗S(r∗)|Ψ(k∗,r∗)|2 [64],

4

ALICE collaboration, arXiv:2201.05352 [nucl-ex]

 系に対する初の実験的情報D−p

相関関数D−p
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理論模型との比較
 散乱の理論模型D̄N

相関関数D−p

First study of the two-body scattering involving charm hadrons ALICE Collaboration
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Figure 2: Genuine pD− correlation function compared with different theoretical models (see text for details). The
null hypothesis is represented by the curve corresponding to the Coulomb interaction only.

red band. The purple band in Fig. 1 represents the total background that includes all contributions with
their corresponding weights. Finally, the genuine pD− correlation function is obtained by solving Eq. 1
for CpD−(k∗) and is shown in Fig. 2. The possible enhancement at low k∗ could be attributed to an overall
attractive genuine pD− final-state interaction.

The systematic uncertainties of the genuine pD− correlation function, CpD−(k∗), include (i) the un-
certainties of Cexp(k∗), (ii) the uncertainties of the λi weights, and (iii) the uncertainties related to the
parametrization of the background sources. In particular, the systematic uncertainties of Cp(K+π−π−)(k

∗)
are estimated by varying the proton and D−-candidate selection criteria and the range of the fit of the
C(k∗) parametrized from the invariant mass sidebands. The uncertainties of the λi weights are derived
from the systematic uncertainties on the D− purity and fnon-prompt reported above. The systematic un-
certainty of CpD∗−(k∗) is due to the uncertainty on the emitting source. The overall relative systematic
uncertainty on CpD−(k∗) resulting from the different sources is of 10% in the lowest k∗ interval.

The resulting genuine CpD−(k∗) correlation function can be employed to study the pD− strong interaction

that is characterized by two isospin configurations and is coupled to the nD
0

channel. First of all, in order
to assess the effect of the strong interaction on the correlation function, only the Coulomb interaction is
considered. The corresponding correlation function is obtained using CATS [73]. Secondly, various
theoretical approaches to describe the strong interaction are benchmarked, including meson exchange
(Haidenbauer et al. [21]), meson exchange based on heavy quark symmetry (Yamaguchi et al. [24]), an
SU(4) contact interaction (Hoffmann and Lutz [22]), and a chiral quark model (Fontoura et al. [23]). The
relative wave functions for the model [21] are provided directly, while for the models from [22–24] they
are evaluated by employing a Gaussian potential whose strength is adjusted to describe the corresponding
published I = 0 and I = 1 scattering lengths listed in Table 1. The pD− correlation function is computed
within the Koonin–Pratt formalism, taking into account explicitly the coupling between the pD− and nD0

channels [75] and including the Coulomb interaction [76]. The finite experimental momentum resolution
is considered in the modeling of the correlation functions [38].

The outcome of these models is compared in Fig. 2 with the measured genuine pD− correlation function.
The degree of consistency between data and models is obtained from the p-value computed in the range
k∗ < 200 MeV/c. It is expressed by the number of standard deviations nσ reported in Table 1, where the
nσ range accounts, at one standard deviation level, for the total uncertainties of the data points and the
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- 散乱長を再現するガウシアンポテンシャルで相関関数を計算

- 各模型の散乱長    [fm]f0 = f(E = 0)

[21] J. Hofmann, M.F.M. Lutz, NPA763, 90 (2005);

[22] J. Haidenbauer et al., EPJA33, 107 (2007);

[24] Y. Yamaguchi et al., PRD84, 014032 (2011);

[23] C. Fontoura et al., PRD87, 025206 (2013)

First study of the two-body scattering involving charm hadrons ALICE Collaboration

Table 1: Scattering parameters of the different theoretical models for the ND interaction [21–24] and degree of
consistency with the experimental data. Negative scattering parameters correspond to either a repulsive interaction
or to an attractive interaction with the presence of a bound state [24]. Positive scattering parameters correspond to
an attractive interaction.

Model f0 (I = 0) f0 (I = 1) nσ

Coulomb (1.1–1.5)
Haidenbauer et al. [21]
– g2

σ/4π = 1 0.14 −0.28 (1.2–1.5)
– g2

σ/4π = 2.25 0.67 0.04 (0.8–1.3)
Hofmann and Lutz [22] −0.16 −0.26 (1.3–1.6)
Yamaguchi et al. [24] −4.38 −0.07 (0.6–1.1)
Fontoura et al. [23] 0.16 −0.25 (1.1–1.5)

models. The data are compatible with the Coulomb-only hypothesis within (1.1–1.5)σ . Nevertheless,
the level of agreement slightly improves in case of the model by Yamaguchi et al. as reported in Table 1,
where the nσ values are summarized together with the scattering lengths f0. Here, the high-energy
physics convention on the scattering-length sign is adopted: a negative value corresponds to either
a repulsive interaction or to an attractive one with presence of a bound state, while a positive value
corresponds to an attractive interaction. Most notably, this is the only model in the literature that does
not predict a repulsive ND interaction and, in addition, it foresees the formation of a ND bound state with
a mass of 2804 MeV/c2 in the I= 0 channel. For the model by Haidenbauer et al., a better agreement with
the data can be achieved by fine-tuning the effective scalar coupling constant gσ [21]. As demonstrated
in Table 1, when increasing the coupling constant to g2

σ/4π = 2.25 the overall degree of consistency with
the data is improved. This also implies a change of the interaction, from repulsive to attractive.

Finally, the scattering parameters can be constrained by comparing the data with the outcome of calcu-
lations carried out varying the strength of the potential and the source radius. In this case the interaction
potential is parametrized by a Gaussian-type functional form with the range of ρ-meson exchange. In
this estimation, it is assumed that the interaction in the I = 1 channel is negligible for simplicity. The
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Figure 3: Regions of 68% confidence intervals for the inverse scattering length f−1
0, I=0 as a function of the source

radius varied within one standard deviation considering only the mT dependence on Reff and the total uncertainty
(see text for details) under the assumption of negligible interaction for I = 1. The most probable value is reported
by the star symbol.
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-  に引力がある模型がfavorされるD̄N
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Table 1 Strength parameters V0 for the DD⇤ and DD̄⇤ potentials and the scattering lengths in the DD⇤ and DD̄⇤ channels. The scattering
lengths of the lower channels (third column) are the empirical inputs.

DD⇤ V0 [MeV] aD0D⇤+

0 [fm] aD+D⇤0

0 [fm]
�36.569� i1.243 �7.16 + i1.85 �1.75 + i1.82

{DD̄⇤} V0 [MeV] a{D0D̄⇤0}
0 [fm] a{D+D⇤�}

0 [fm]
�43.265� i6.091 �4.23 + i3.95 �0.41 + i1.47
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Fig. 1 The correlation functions of the D0D⇤+ (top) and D+D⇤0

(bottom) pair with the source size R = 1, 2, 3, and 5 fm.

charge states, the correlation functions in the C =� sector
are also needed to take an average of the C=+ and C=�
contributions. In this exploratory study, we assume that the
C=� interaction is small and can be neglected with respect
to the dominant C=+ contribution. In this case, we obtain
the experimentally accessible correlation functions from the
correlation function calculated by the C=+ potential as

CD0D̄⇤0 = CD̄0D⇤0 =
1

2

�
C{D0D̄⇤0} + 1

�
, (7)

CD+D⇤� = CD�D⇤+ =
1

2

�
C{D+D⇤�} + Cpure Coul.

�
, (8)

where Cpure Coul. is calculated only with the Coulomb inter-
action by switching off the strong interaction contribution.

3 Results

Now we calculate the correlation functions with the con-
structed potentials. First we show the DD

⇤ sector coupled
with the Tcc state. The correlation function of the D

0
D

⇤+

and the D
+
D

⇤0 pairs with source sizes R = 1, 2, 3, and 5
fm are shown in Fig. 1. We can see that the source size de-
pendence typical to the system with a shallow bound state
for both correlation functions; the enhancement in the small
source case turns to the suppression for the large source
case [18]. The stronger correlation is found in the D

0
D

⇤+

channel, whose threshold is closer to because the Tcc pole
locates closer to the D

0
D

⇤+ channel. The cusp structure is
seen at the D+

D
⇤0 threshold (q ' 52 MeV/c) in the D0

D
⇤+

correlation, althoughwhile the strength is not very promi-
nent.

Next we show the results of the DD̄
⇤ correlation func-

tion with coupled with the X(3872) in Fig. 2. The char-
acteristic strong source size dependence with the shallow
bound state is found in CD0D̄⇤0 . We can also see the cusp
structure at the D

+
D

⇤� threshold (q ' 126 MeV/c). The
cusp structure is more prominent for the smaller source case.
This is because the coupled-channel source effect by the
D

+
D

⇤� channel is stronger for the smaller source case [17].
On the other hand, due to the attractive Coulomb force, the
CD+D⇤� correlations show a strong enhancement at small
q. To extract the contribution by the strong interaction, we
show the difference from the pure Coulomb case �C =

6

 相互作用の定式化DD*/DD̄*

有効2チャンネル  相互作用DD*/DD̄*

相関関数DD*/DD̄*

Tcc X(3872)

En
er

gy
DD* DD̄*

D0D*+
D+D*0

D0D̄*0
D+D*−

ππJ/ψ

D*D* D*D̄*

-  <—  に関する情報V0 ∈ ℂ Tcc, X(3872)

- ：ガウシアンI = 0

VI=0 = V0 exp{−m2
πr2}, VI=1 = 0

- 崩壊：ポテンシャルの虚部

V =
1
2 (VI=1 + VI=0 VI=1 − VI=0

VI=1 − VI=0 VI=1 + VI=0)

DDπ

- ：相互作用なしI = 1

LHCbの解析

PDGの固有エネルギー
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 相関関数DD*

、  相関関数（ チャンネル）D0D*+ D+D*0 Tcc

- 両方のチャンネルで準束縛状態を反映するソースサイズ依存性

Y. Kamiya, T. Hyodo, A. Ohnishi, in preparation

-  で非常に強いシグナル、  でもそれなりの強度D0D*+ D+D*0

-  相関での弱い  カスプ（ ）D0D*+ D+D*0 q ≃ 52 MeV

D0D*+ D+D*0

Tcc

D0D*+
D+D*0

相関関数DD*/DD̄*

0

1

2

3

4

5

6

7

8

0 50 100 150 200 250 300

C
D

+
D

⇤0

q [MeV/c]

1 fm
2 fm
3 fm
5 fm

0

1

2

3

4

5

6

7

8

0 50 100 150 200 250 300

C
D

0
D

⇤+

q [MeV/c]

1 fm
2 fm
3 fm
5 fm



8

 相関関数DD̄*

、  相関関数（ チャンネル）D0D̄*0 D+D̄*− X(3872)

Y. Kamiya, T. Hyodo, A. Ohnishi, in preparation

-  相関はクーロン相互作用が支配的D+D*−

-  相関での  カスプ（ ）D0D̄*0 D+D*− q ≃ 126 MeV

-  相関は準束縛状態を反映D0D̄*0

X(3872)

D0D̄*0

D+D*−

D+D*−D0D̄*0

相関関数DD*/DD̄*
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高エネルギー衝突実験でのハドロン相関関数の
チャームメソン系への応用

 相関関数

 相関関数

D−p

DD*/DD̄*

まとめ

まとめ

Y. Kamiya, T. Hyodo, A. Ohnishi, in preparation

- 準束縛状態  を反映Tcc /X(3872)

- 散乱長の制限 —> 内部構造？

- 引力相互作用を示唆

ALICE collaboration, arXiv:2201.05352 [nucl-ex]

-  系で初の実験的情報D̄N


