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散乱実験とフェムトスコピー
導入：フェムトスコピー

従来の方法：散乱実験

- 限られた系：NN, ΛN, πN, KN, K̄N, ⋯

- 統計精度が良くない（低エネルギー）

Y. Ikeda et al. / Physics Letters B 706 (2011) 63–67 65

Fig. 2. Calculated K − p elastic, charge exchange and strangeness exchange cross sections as function of K − laboratory momentum, compared with experimental data [12].
The solid curves represent best fits of the full NLO calculations to the complete data base including threshold observables. The shaded uncertainty bands are explained in
the text.

with the K −p reduced mass, µr = mK M p/(mK + M p), and includ-
ing important second order corrections [6]. We use the accurate
SIDDHARTA measurements [10]:

!E = 283 ± 36(stat) ± 6(syst) eV,

Γ = 541 ± 89(stat) ± 22(syst) eV.

The available data base is completed by the collection of (less
accurate) scattering cross sections [12] (see Fig. 2). We do not in-
clude measured πΣ mass spectra in the fitting procedure itself but
rather generate them as “predictions” from our coupled-channels
calculations.

4. Results and discussion

Using the unitary coupled-channels method just described, the
basic aim of the present work is to establish a much improved
input set for chiral SU(3) dynamics, by systematic comparison
with a variety of empirical data and with special focus on the
new constraints provided by the recent kaonic hydrogen measure-
ments [10]. A detailed uncertainty analysis is performed. It will be

demonstrated that previous uncertainty measures [7,9] can be re-
duced considerably.

We have carried out χ2 fits to the empirical data set in several
consecutive steps: first starting with the leading order (TW) terms,
then adding direct and crossed Born terms, and finally using the
complete NLO effective Lagrangian. The results are summarized in
Table 1. All calculations have been performed using empirical me-
son and baryon masses. This implies in particular that those parts
of the NLO parameters b0,bD and bF responsible for shifting the
baryon octet masses from their chiral limit, M0, to their physi-
cal values, are already taken care of. The remaining renormalized
parameters, denoted by b̄0, b̄D and b̄F , are then expected to be
considerably smaller in magnitude than the ones usually quoted in
tree-level chiral perturbation theory. Similar renormalization argu-
ments imply that the pseudoscalar meson decay constants should
be chosen at or close to their physical values [13],

fπ = 92.4 MeV, f K = (1.19 ± 0.01) fπ ,

fη = (1.30 ± 0.05) fπ . (11)

It turns out that best fit results can indeed be achieved with these
physical decay constants as inputs. This is a non-trivial obser-

Y. Ikeda, T. Hyodo, W. Weise, PLB 706, 63 (2011)

the transport code used in the simulation from GEANT3 [48]
to GEANT4 [49].
The effects related to momentum resolution effects are

accounted for by correcting the theoretical correlation
function, similarly to what shown in Refs. [33] and [41].
The theoretical correlation function Cðk"Þtheoretical depends
not only on the interaction between particles, but also on
the profile and the size of the particle emitting source.
Under the assumption that there is a common Gaussian
source for all particle pairs produced in pp collisions at a
fixed energy, the size of the source considered in the present
analysis is fixed from the baryon-baryon analyses described
in Refs. [33] and [41]. The impact of strongly decaying
resonances (mainly K" decaying into K and Δ decaying
into p) on the determination of the radius for Kp pairs was
studied using different Monte Carlo simulations [45,46]
and found to be 10%. This contribution was linearly added
to the systematic uncertainty associated with the radius.
The radii of the considered Gaussian sources are r0 ¼
1.13% 0.02þ0.17

−0.15 fm [33] for collisions at
ffiffiffi
s

p
¼ 5 and

7 TeV, and r0 ¼ 1.18% 0.01% 0.12 fm [41] for the
ffiffiffi
s

p
¼

13 TeV collisions.
The comparison of the measured Cðk"Þ for same-charge

Kp pairs with different models is shown in Fig. 1. Each
panel presents the results at different collision energy and
the comparison with two different scenarios. The blue band
represents the correlation function evaluated as described in
Eq. (1), assuming only the presence of the Coulomb
potential to evaluate the Cðk"Þtheoretical term. The red band
represents the correlation function assuming the strong
potential implemented in the Jülich model [50] in addition
to the Coulomb potential. The latter has been implemented

using the Gamow factor [51]. In the bottom panels, the
difference between data and model evaluated in the middle
of each k" interval, and divided by statistical error of data
for the three considered collision energies are shown. The
width of the bands represents the n-σ range associated to
the model variations. The reduced χ2 are also shown. This
comparison reveals that the Coulomb interaction is not able
to describe the data points, as expected, while the intro-
duction of a strong potential allows us to reproduce
consistently the data when the same source radius as for
baryon-baryon pairs is considered. Hence, the measured
correlation functions are sensitive to the strong interaction
and can be used to test different strong potentials for the
K−p system, assuming a common source for all the Kp
pairs produced in a collision.
Similar to Fig. 1 for like-sign pairs, Fig. 2 shows the

data-model comparison for unlike-sign pairs. The measured
Cðk"Þ is reported for the three different collision energies
and the Cðk"Þ distributions were compared with different
interaction models. Since all the models considered in this
Letter do not take the presence of Λð1520Þ into account,
only the region below 170 MeV=c is considered in the
comparison. The blue bands show results obtained using
CATS with a Coulomb potential only.
The remaining curves include, on top of the Coulomb

attraction, different descriptions of the K̄N strong inter-
action. The width of each band accounts for the uncer-
tainties in the λ parameters, the source radius and the
baseline. The light blue bands corresponds to the Kyoto
model calculations with approximate boundary conditions
on the K−p wave function which neglect the contributions
from Σπ and Λπ coupled channels [26,52–55]. Moreover,
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FIG. 2. (K−p ⊕ Kþp̄) correlation functions obtained (from left to right) from pp collisions at
ffiffiffi
s

p
¼ 5, 7, 13 TeV. The fourth panel

shows the combined results at the three colliding energies; the number of pairs in each data sample has been used as weight. The inset
shows the correlation function evaluated for pp collisions at

ffiffiffi
s

p
¼ 5 TeV in a wider k" interval. The measurement is presented by the

black markers; the vertical lines and the boxes represent the statistical and systematic uncertainties, respectively. Bottom panels
represent comparison with models as described in the text.

PHYSICAL REVIEW LETTERS 124, 092301 (2020)

092301-4

フェムトスコピー：相関関数
ALICE collaboration, PRL 124, 092301 (2020)

C
(q

)

|q |

- 高い精度（  カスプが見える）K̄0n

- 様々な系：ΛΛ, NΞ, NΩ, ϕN, K̄Λ, DN, ⋯

- ヘビーハドロン：可能！

- ヘビー（ ）ハドロン：ほぼ不可能c, b

https://inspirehep.net/literature/927436
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相関関数とハドロン相互作用
高エネルギー衝突（RHIC, LHC）：統計的なハドロン生成

- 定義
C(q) =

NK−p( pK−, pp)
NK−( pK−)Np( pp)

pp

pK−

p

K−

S(r)

（相互作用/量子統計が無ければ = 1）

相対運動量 q

ソース関数 （放出源）<—> 波動関数 （相互作用）S(r) Ψ(−)
q (r)

- 理論：Koonin-Pratt 公式

C(q) ≃ ∫ d3r S(r) |Ψ(−)
q (r) |2

S.E. Koonin PLB 70, 43 (1977); S. Pratt, PRD 33, 1314 (1986)

導入：フェムトスコピー

S. Cho et al., ExHIC collaboration, PPNP 95, 279 (2017)

相互作用

https://inspirehep.net/literature/1511900
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波動関数の振る舞いと相関関数
球対称ソースでs波相互作用が支配的な場合

C(q) ≃ 1 + ∫
∞

0
dr S(r){ | χq(r) |2 − sin2(qr)}

引力 斥力

導入：フェムトスコピー

r
sin(qr)

χq(r)

S(r)

r

q

C(q)

1
q

C(q)

1

相関が増大 相関が抑制

相関の定性的な振る舞いは相互作用の性質を反映
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チャームセクターの実験データ
観測されたチャームを含む相関関数：DN, Dπ, DK

ALICE collaboration, PRD 106, 052010 (2022);
Talk by F. Grosa @ Quark Matter 2022

as previously mentioned, the systematic uncertainty on
Cexpðk"Þ is estimated by varying the proton and D−-
candidate selection criteria and ranges between 0.5% and
3% as a function of k". The uncertainties of the λi weights
are derived from the systematic uncertainties on the proton
and D− purities (Pp and PD−), fD"− , and fnonprompt reported
in Sec. III A. The systematic uncertainties of CpðKþπ−π−Þðk"Þ
are estimated following the same procedure adopted for
Cexpðk"Þ and, in addition, by varying the range of the fit of
the correlation function parametrized from the sidebands
regions of the invariant mass distribution. Additional
checks are performed by varying the invariant mass interval
used to define the sidebands region of up to 100 MeV=c2.
The resulting systematic uncertainty ranges from 1% to
5%. The systematic uncertainty of CpD"−ðk"Þ is due to the
uncertainty on the emitting source. Considering the small
λpD"−ðk"Þ this uncertainty results to be negligible compared
to the other sources of uncertainty. The overall relative
Systematic uncertainty on CpD−ðk"Þ resulting from the
different sources ranges between 3% and 10% and is
maximum in the lowest k" interval.

IV. RESULTS

The resulting genuine CpD−ðk"Þ correlation function can
be employed to study the pD− strong interaction that is
characterized by two isospin configurations and is coupled
to the nD̄0 channel. First of all, in order to assess the effect
of the strong interaction on the correlation function, a
reference calculation including only the Coulomb interac-
tion is considered. The corresponding correlation function is
obtained using CATS [71]. Second, various theoretical
approaches to describe the strong interaction are bench-
marked, including meson exchange (J. Haidenbauer et al.
[22]), meson exchange based on heavy quark symmetry
(Y. Yamaguchi et al. [25]), an SU(4) contact interaction
(J. Hoffmann and M. Lutz [23]), and a chiral quark model
(C. Fontoura et al. [24]). The relative wave functions for the
model of J. Haidenbauer et al. [22] are provided directly,
while for the other models [23–25] they are evaluated by
employing a Gaussian potential whose strength is adjusted
to describe the corresponding published I ¼ 0 and I ¼ 1
scattering lengths listed in Table I. The pD− correlation
function is computed within the Koonin-Pratt formalism,
taking into account explicitly the coupling between the pD−

and nD̄0 channels [73] and including the Coulomb inter-
action [74]. The finite experimental momentum resolution is
considered in the modeling of the correlation functions [39].
The outcome of these models is compared in Fig. 3 with

the measured genuine pD− correlation function. The degree
of consistency between data and models is quantified by the
p-value computed in the range k" < 200 MeV=c. It is
expressed by the number of standard deviations nσ reported
in Table I, where the nσ range accounts, at one standard
deviation level, for the total uncertainties of the data points
and the models. The values of the scattering lengths f0 for
the different models are also reported in Table I. 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. The data are compatible with the
Coulomb-only hypothesis within ð1.1–1.5Þ σ. Nevertheless,
the level of agreement slightly improves in case of the
models by J. Haidenbauer et al. (employing g2σ=4π ¼ 2.25)
which predicts an attractive interaction, and by Y.
Yamaguchi et al. which foresees the formation of a ND̄
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FIG. 3. 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.

TABLE I. Scattering parameters of the different theoretical models for the ND̄ interaction [22–25] and degree of
consistency with the experimental data computed in the range k" < 200 MeV=c.

Model f0ðI ¼ 0Þ f0ðI ¼ 1Þ nσ

Coulomb (1.1–1.5)
Haidenbauer et al. [22] (g2σ=4π ¼ 2.25) 0.67 0.04 (0.8–1.3)
Hofmann and Lutz [23] −0.16 −0.26 (1.3–1.6)
Yamaguchi et al. [25] −4.38 −0.07 (0.6–1.1)
Fontoura et al. [24] 0.16 −0.25 (1.1–1.5)

S. ACHARYA et al. PHYS. REV. D 106, 052010 (2022)

052010-6

D−p

導入：フェムトスコピー

チャーム系で散乱データを得る唯一の方法（統計はまだ低い）
ALI-PREL-506581ALI-PREL-506586

ALI-PREL-506591ALI-PREL-506596

Models agree with data in case 
of same-charge CF  
Models overestimate data in 
case of opposite-charge CF

L. Liu et al, Phys. Rev. D87 (2013) 014508  
X.-Y. Guo et al, Phys. Rev. D 98 (2018) 014510 
B.-L. Huang et al, Phys. Rev. D 105 (2022) 036016 
Z.-H. Guo et al Eur. Phys. J. C 79 (2019) 13

New

New

New

New
D+𝜋+ ⨁ D—𝜋— D+𝜋— ⨁ D—𝜋+

D+K+ ⨁ D—K— D+K— ⨁ D—K+

https://inspirehep.net/literature/2011222
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多彩な応用の可能性
導入：フェムトスコピー

7A.Ohnishi @ Bormio 2023, 2023/01/24

Scope of Femtoscopic study of HHI

pK–

Chiral CC pot. 
(examined)
Bound state
(favored)

pΩ
Lattice QCD pot.
J=2 (examined)
Bound state
(favored)

pΞ–

Lattice QCD CC
pot. (examined)
Bound state
(disfavored)

ΛΛ
Scattering pars. (a0 , reff )
(constrained)
Bound state (disfavored)

K±K0
s

Tetraquark 
component
in a0 meson

pD±
Chamed
hadron-
nucleon 
interaction
Bound 
state ?

pφ → a0 (Lattice pot. ?) 
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 相関関数と ：early attemptsK−p Λ(1405)

相関関数の始まりK−p

2014-2015： 相関（森田・古本・大西／STARのデータ）ΛΛ

2015年5月 大西さん「  相関関数なら興味はありますか？」K−p

-  座標空間ポテンシャル（京都  ポテンシャル）K−p K̄N

K. Miyahara, T. Hyodo, PRC 93, 015201 (2016)

NPA special issue：チャンネル結合なし、クーロンなし
A. Ohnishi, K. Morita, K. Miyahara, T. Hyodo, NPA 954, 294 (2016)A. Ohnishi et al. / Nuclear Physics A 954 (2016) 294–307 305

Fig. 4. K−p correlation function obtained by Eq. (7) with the potential in Ref. [40] based on the NLO chiral SU(3) 
dynamics [23,24] (solid line) and that obtained by the LL model formula (17) with the same amplitude (dashed line). 
The source size is set to be R = 3 fm.

conclude that the short range details of the K−p interaction does not affect the correlation func-
tion for the source size R = 3.0 fm. Thus the correlation function is dominated by the long range 
part of the wave function, and the correlation function is well reproduced by the LL model (17), 
as shown by the dashed line in Fig. 4. We note that the Coulomb interaction is not included in the 
present result. The inclusion of the Coulomb interaction will modify the correlation function at 
small q . In the actual measurement, there is the !(1520) resonance in d-wave K−p scattering, 
which may affect the correlation around q ∼ 0.24 GeV/c.

It is also interesting to note the bump structure around q ∼ 0.05 GeV/c. There is no bump 
structure in the K−p amplitude at the corresponding energy. It turns out that this bump structure 
arises from the detailed interference between two phases of I = 0 and I = 1 components in S̃K−p

defined in Eq. (11). In this way, the K−p correlation function gives a complementary information 
to the elastic K−p scattering.

5. Summary

We have analyzed the !! and K−p intensity correlation in high-energy heavy–ion collisions, 
which will provide information on the !! and K−p interactions.

We have investigated the dependence of the !! correlation on the !! interaction and the pair 
purity parameter λ. Recent two analyses of the !! correlation data [36,37] give different signs 
of the scattering length for the favored !! interaction. This difference is found to come from 
the assumption on the pair purity parameter λ. When λ is chosen to minimize the χ2, the optimal 
value of λ is found to be small, λ ≃ 0.18. The corresponding quantum statistical correlation 
is larger than the observed value, C!!(q → 0) ≃ 0.82, then the !! interactions with positive 
a0 (decreasing phase shift at low energy) are favored in order to suppress the correlation. With 
λ = (0.67)2 evaluated on the basis of the measured data of the $0/! [38,39], the corresponding 
quantum statistical correlation is smaller than the observed correlation. Thus the !! interactions 
with negative a0 (increasing phase shift) are favored to enhance the correlation. Experimental 
confirmation of $0 yield in heavy–ion collisions is important.

We have also discussed the K−p correlation function in heavy–ion collisions. We use the 
K−p potential developed in Ref. [40] which is fitted to the scattering amplitude including the 
SIDDHARTA data [23,24]. We find that the K−p correlation function does not depend on the 

π0

Σ0

強
い
相
互
作
用

ク
ー
ロ
ン

チャンネル結合
K−

p

エネルギー

https://inspirehep.net/literature/1376961
http://inspirehep.net/record/1430061
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 相関関数と ：early attemptsK−p Λ(1405)

ExHIC collaboration

S. Cho, …, A. Ohnishi, …, ExHIC collaboration, PPNP 95, 279 (2017)
S. Cho et al. / Progress in Particle and Nuclear Physics 95 (2017) 279–322 317
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Fig. 5.7. K�p correlation function with a static source with R = 3 fm. The left panel shows the K�p correlation without the Coulomb function obtained
by the potential in Ref. [69] (solid line) and by the LL model formula (see Section 5.1.3) with the same amplitude (dotted line). The correlations of I = 0
(dashed line) and I = 1 (dash-dotted line) are also described. The right panel shows the K�p correlation with the Coulomb interaction (solid line), together
with the results only with the strong interaction (dashed line) and with the Coulomb interaction (dotted line).

A general form of the K̄N wave function  (�)

K̄N,`=0 can be written as the superposition of the isospin wave function  I(r),
which has the asymptotic form e�i�I sin(qr + �I)/(qr),

 
(�)

K̄N,`=0 = C0
�(K�p) + �(K̄ 0n)

p
2

 0(r) + C1
��(K�p) + �(K̄ 0n)

p
2

 1(r), (5.41)

= �(K�p) K�p(r) + �(K̄ 0n) K̄0n(r), (5.42)

where �(K�p) and �(K̄ 0n) represent the isospin wave function of the physical state. For the wave function used in the
correlation function, the K�p channel should satisfy the outgoing boundary condition as in Eq. (5.10). On the other hand,
the outgoing wave in the K̄ 0n channel should disappear. From these conditions, the coefficients C0 and C1 are determined
as C0 = �C1 = 1/

p
2. Thus, the asymptotic K�p wave function is found to be

 K�p(r) !
1

2iqr

h
eiqr � S̃

�1
K�pe

�iqr
i
, S̃K�p = 2

�
S

�1
0 + S

�1
1

��1
, SI = e2i�I . (5.43)

Because of the characteristic boundary condition for the coupled-channel correlation function, the obtained S̃K�p is different
from the S-matrix in the K�p channel SK�p = (S0 + S1)/2 for usual scattering experiments.

The left panel of Fig. 5.7(left) shows the K�p correlation function without the Coulomb interaction. The source size of
nonidentical particle pairs can be estimated as R =

q
(R2

K + R2
p)/2. Considering that the kaon source size in Au+Au collisions

at
p
sNN = 200 GeV is estimated as RK = 2–5 fm [304,305] and the proton source size is expected to be similar, R = 3.0 fm

is used in this study. Because of the small interaction range of the K̄N potential (0.4 fm [69]) owing to the absence of the ⇡
exchange, the short range details of the K̄N interaction does not affect the correlation function for the source size R = 3.0 fm.
Actually, the correlation function is well reproduced by the LLmodel explained in Section 5.1.3, as shown by the dashed line
in Fig. 5.7(left), which assumes a zero range interaction and uses the asymptotic behavior for the wave function.

There is another interesting feature, i.e., the existence of the bump and dip structures, around q ⇠ 0.05–0.15 GeV/c,
which does not appear in theK�p ! K�p scattering amplitude. Its origin seems to be the characteristic isospin combination
of S̃K�p in Eq. (5.43). Especially, the dip structure around q ⇠ 0.15 GeV/c is a good example, because the K�p correlation
function is smaller than unity, though both of the K̄N(I = 0) and K̄N(I = 1) correlation functions are larger than unity in
the corresponding energy region [see dashed (I = 0) and dash-dotted (I = 1) lines in Fig. 5.7(left)], reflecting the attractive
K̄N(I = 0, 1) interaction. Thus, the coupled-channel correlation function gives us information complementary to that from
the K�p scattering.

For the direct comparison with future experiments, the K�p correlation with the Coulomb interaction is shown by the
solid line in Fig. 5.7(right). Similar to the p⌦ correlation in Section 5.3.2, the K�p correlation is largely enhanced by the
Coulomb interaction in the small q region (q . 0.1 GeV/c). On the other hand, in the relatively higher energy region, the
correlation function is determined by the strong interaction. As a result, the interesting dip structure in Fig. 5.7(left) is kept
in the case with the Coulomb interaction in Fig. 5.7(right).

It should be noted that the ⇤(1520) effect, which appears in the d-wave K̄N(I = 0) scattering, is not included in the
above results. Because the ⇤(1520) energy region corresponds to q ⇠ 0.24 GeV/c and the width of ⇤(1520) is not very
large (⇠15 MeV), the inclusion of the⇤(1520) would not affect very much the dip structure around q ⇠ 0.15 GeV/c . Thus,
the interesting feature of the isospin interference is expected to be seen in actual measurements.

ExHIC review paper：チャンネル結合なし、クーロンあり

ExHIC collaboration：モレキュール研究会（S.H. Lee）

S. Cho et al., PRL 106, 212001 (2011); 
PRC 84, 064910 (2011); PPNP 95, 279 (2017)
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 相関関数と ：ALICE実験の結果と理論解析K−p Λ(1405)

ALICE実験
2015年10月：トレント研究会でALICEの情報
- L. Fabbietti「HADESで , 相関を測定、ALICEで  ?」pp pΛ K−p

2018年2月：CATS by ALICE members
D.L. Mihaylov et al., EPJC78, 394 (2018)

2019年5月：ALICE  correlation dataK−p

the transport code used in the simulation from GEANT3 [48]
to GEANT4 [49].
The effects related to momentum resolution effects are

accounted for by correcting the theoretical correlation
function, similarly to what shown in Refs. [33] and [41].
The theoretical correlation function Cðk"Þtheoretical depends
not only on the interaction between particles, but also on
the profile and the size of the particle emitting source.
Under the assumption that there is a common Gaussian
source for all particle pairs produced in pp collisions at a
fixed energy, the size of the source considered in the present
analysis is fixed from the baryon-baryon analyses described
in Refs. [33] and [41]. The impact of strongly decaying
resonances (mainly K" decaying into K and Δ decaying
into p) on the determination of the radius for Kp pairs was
studied using different Monte Carlo simulations [45,46]
and found to be 10%. This contribution was linearly added
to the systematic uncertainty associated with the radius.
The radii of the considered Gaussian sources are r0 ¼
1.13% 0.02þ0.17

−0.15 fm [33] for collisions at
ffiffiffi
s

p
¼ 5 and

7 TeV, and r0 ¼ 1.18% 0.01% 0.12 fm [41] for the
ffiffiffi
s

p
¼

13 TeV collisions.
The comparison of the measured Cðk"Þ for same-charge

Kp pairs with different models is shown in Fig. 1. Each
panel presents the results at different collision energy and
the comparison with two different scenarios. The blue band
represents the correlation function evaluated as described in
Eq. (1), assuming only the presence of the Coulomb
potential to evaluate the Cðk"Þtheoretical term. The red band
represents the correlation function assuming the strong
potential implemented in the Jülich model [50] in addition
to the Coulomb potential. The latter has been implemented

using the Gamow factor [51]. In the bottom panels, the
difference between data and model evaluated in the middle
of each k" interval, and divided by statistical error of data
for the three considered collision energies are shown. The
width of the bands represents the n-σ range associated to
the model variations. The reduced χ2 are also shown. This
comparison reveals that the Coulomb interaction is not able
to describe the data points, as expected, while the intro-
duction of a strong potential allows us to reproduce
consistently the data when the same source radius as for
baryon-baryon pairs is considered. Hence, the measured
correlation functions are sensitive to the strong interaction
and can be used to test different strong potentials for the
K−p system, assuming a common source for all the Kp
pairs produced in a collision.
Similar to Fig. 1 for like-sign pairs, Fig. 2 shows the

data-model comparison for unlike-sign pairs. The measured
Cðk"Þ is reported for the three different collision energies
and the Cðk"Þ distributions were compared with different
interaction models. Since all the models considered in this
Letter do not take the presence of Λð1520Þ into account,
only the region below 170 MeV=c is considered in the
comparison. The blue bands show results obtained using
CATS with a Coulomb potential only.
The remaining curves include, on top of the Coulomb

attraction, different descriptions of the K̄N strong inter-
action. The width of each band accounts for the uncer-
tainties in the λ parameters, the source radius and the
baseline. The light blue bands corresponds to the Kyoto
model calculations with approximate boundary conditions
on the K−p wave function which neglect the contributions
from Σπ and Λπ coupled channels [26,52–55]. Moreover,
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FIG. 2. (K−p ⊕ Kþp̄) correlation functions obtained (from left to right) from pp collisions at
ffiffiffi
s

p
¼ 5, 7, 13 TeV. The fourth panel

shows the combined results at the three colliding energies; the number of pairs in each data sample has been used as weight. The inset
shows the correlation function evaluated for pp collisions at

ffiffiffi
s

p
¼ 5 TeV in a wider k" interval. The measurement is presented by the

black markers; the vertical lines and the boxes represent the statistical and systematic uncertainties, respectively. Bottom panels
represent comparison with models as described in the text.
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チャンネル結合効果
s波Schrödinger方程式

−1
2μ1

d2

dr2 + V11(r) + VC(r) V12(r) ⋯

V21(r) −1
2μ2

d2

dr2 + V22(r) + Δ2 ⋯

⋮ ⋮ ⋱

χK−p(r)
χK̄0n(r)

⋮
= E

χK−p(r)
χK̄0n(r)

⋮

クーロン 閾値エネルギー差（アイソスピンの破れ）
波動関数の漸近形（ ）r → ∞

χK−p(r)
χK̄0n(r)

⋮
∝

#H−
0 (η, qr) + #H+

0 (η, qr)
#e−iq2r + #eiq2r

⋮

内向き + 外向き

-  からの遷移が   に含まれるK̄0n, π+Σ−, π0Σ0, π−Σ+, π0Λ χi(r) i ≠ K−p

K−

p

π0

Σ0
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チャンネル結合と相関関数

Coulomb function. For closed channels (E < Δi), the
asymptotic form is given by substituting qj ¼ −iκj ¼
−i

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2μjðΔj − EÞ

p
as ψ ð−Þ

j ðrÞ→AjðqÞu
ð−Þ
j ð−iκjrÞ=ð2κjrÞ∝

e−κjr=κjr. This is because the wave function component of
the off-shell state can emerge only in the strong interaction
region. For spherically symmetric source functions the
correlation function can be written as

CðqÞ ¼
Z

d3rS1ðrÞ½jϕCðq; rÞj2 − jϕC
0 ðqrÞj2%

þ 4π
X

j

Z
∞

0
drr2ωjSjðrÞjψ

ð−Þ
j ðq; rÞj2; ð7Þ

where the left-hand side depends only on q ¼ jqj. The
normalization of the source function implies that the weight
of the observed channel must be unity: ω1 ¼ 1 [27].
The K−p correlation function was calculated in Ref. [14]

using the effective K̄N potential in Ref. [33] within the
model space of K−p and K̄0n channels. Although the
effects of the coupled πΣ and πΛ channels are implicitly
included in the renormalized K̄N potential to reproduce the
scattering amplitude, the proper boundary condition (6)
was not imposed because the wave function does not
contain explicit πΣ and πΛ components. The present
calculation reduces to that in Ref. [14] when the channel
couplings of K̄N ↔ πΣ; πΛ are switched off and the K̄0n
source function is ignored. It turns out, however, that there
are sizable deviations of the present results from those in
Ref. [14]. This indicates the importance of an explicit
treatment of coupled channels in the K−p correlation
function.
We now employ the wave functions in the full

K̄N-πΣ-πΛ coupled-channel framework. The starting point
is chiral SU(3) dynamics at next-to-leading order [30]
which successfully describes the set of existing K−p
scattering data together with the SIDDHARTA kaonic
hydrogen data [4]. An equivalent local K̄N-πΣ-πΛ
coupled-channel potential has been constructed to repro-
duce the corresponding scattering amplitudes [28]. Note
that the coupled-channel effects contribute to the correla-
tion function through the wave functions ψ ð−Þ

j includ-

ing ψ ð−Þ
K−p.

Results.—The K−p correlation function and its break-
down into channels are shown in Fig. 1 for source sizes of
R ¼ 1 fm and 3 fm. We assume a common source function
of Gaussian shape for all channels, SjðrÞ ¼ SRðrÞ≡
expð−r2=4R2Þ=ð4πR2Þ3=2 with ωj ¼ 1. For both source
radii R we can see the strong enhancement due to the
Coulomb attraction at small momenta, demonstrated by
comparison with the results omitting the Coulomb inter-
action. Also evident is the cusp structure at the K̄0n
threshold at q ≃ 58 MeV=c. Among the coupled-channel

components, the enhancement by the K̄0n channel is found
to be the largest, and next in importance is πΣ. The
inclusion of the K̄0n component also makes the cusp
structure more prominent. The π0Λ channel couples to
K−p only in the I ¼ 1 sector; its effect is relatively weak.
Because the calculated wave functions in channels other
than K−p have a sizable magnitude only at small distances,
the contributions from these components decrease with
increasing source size. This leads to a less pronounced cusp
structure for the R ¼ 3 fm case.
Now we are prepared to compare the calculated K−p

correlation function with data. We allow for variations of
the source size and weights, which can be channel
dependent [25]. Since a given source function with the
weight in the relative coordinate is obtained from a product
of single-particle emission functions, the weight should be
proportional to the product of particle yields. For example,
ωπ−Σþ=ωK−p ¼ Nðπ−ÞNðΣþÞ=NðK−ÞNðpÞ. The produc-
tion yields NðhÞ should be regarded as those of promptly
emitted particles in order for those hadrons to couple into
the final K−p channel. Those primary yields are not
directly observable. Thus, we regard the source weights
ωj as parameters. While the effect of the π0Λ channel is

FIG. 1. K−p correlation function with R ¼ 1 fm (upper panel)
and R ¼ 3 fm (lower panel). The long-dashed line denotes the
result with K−p component only. The short-dashed, dotted, and
solid lines show the results in which the contributions from K̄0n,
K̄0n, and πΣ, and from all coupled-channel components are
added, respectively. The dash-dotted line denotes the full
coupled-channel calculation without the Coulomb interaction.

PHYSICAL REVIEW LETTERS 124, 132501 (2020)

132501-3

チャンネル結合効果によって相関が変化する

チャンネル結合Koonin-Pratt公式（2019年11月）
R. Lednicky, V.V. Lyuboshitz, V.L.Lyuboshitz, Phys. Atom. Nucl. 61, 2950 (1998);
J. Haidenbauer, NPA 981, 1 (2019);
Y. Kamiya, T. Hyodo, K. Morita, A. Ohnishi, W. Weise, PRL124, 132501 (2020)

CK−p(q) ≃ ∫ d3r SK−p(r) |Ψ(−)
K−p,q(r) |2 + ∑

i≠K−p

ωi ∫ d3r Si(r) |Ψ(−)
i,q (r) |2

- からの遷移K̄0n, π+Σ−, π0Σ0, π−Σ+, π0Λ

- ：  に対するチャンネル  の重みωi K−p i
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カイラルSU(3)動力学による相関関数
波動関数 ：チャンネル結合京都  ポテンシャルΨ(−)

i,q (r) K̄N-πΣ-πΛ

ALICEの相関関数データをよく再現する

small and the correlation function is not very sensitive to
ωπ0Λ, the effects of πΣ channels are important because of
the strong K̄N − πΣ coupling. Then we fix ωπ0Λ ¼ 1 and
vary the parameter ωπΣ around the reference value,
obtained by the simplest statistical model estimate [34],
ωðstatÞ
πΣ ≃ exp½ðmK þmN −mπ −mΣÞ=Tc& ≃ 2.0 with Tc ¼

154 MeV [35,36]. As for the source size, the ALICE
collaboration fixed R ¼ 1.18 fm by assuming the same
source size as that of Kþp, which was obtained by the
femtoscopic correlation fit based on the Jülich Kþp
interaction [25], with Coulomb effects treated by the
Gamow factor correction. Although this correction
describes the Coulomb effect well for light systems such
as π − π, it lacks the necessary accuracy for heavier
systems [32]. Thus, we also consider the variation of R
in the fitting procedure. While the source size can in
principle be channel dependent, possible size differences
between channels can be compensated by varying the
source weights. We therefore use a common source size
in K̄N, πΣ, and πΛ channels. We also assume that the
source function has a Gaussian shape and the source weight
is isospin symmetric.
The measured correlation function is assumed to be

described in the form [20]

CfitðqÞ ¼ N ½1þ λfCðqÞ − 1g&; ð8Þ

whereN is a normalization constant and λ is the pair purity
parameter, known also as the chaoticity parameter. The pair
purity parameter is experimentally determined through a
Monte Carlo simulation, λexp ¼ 0.64' 0.06, so we allow
for variations of λ within 1σ. We fit the correlation function
data in the momentum range q < 120 MeV=c, where the
distortion of the s wave is considered to give the dominant
contribution.
In Fig. 2 the χ2=d:o:f: distribution is plotted in the

ðR;ωπΣÞ plane. A good fit (χ2=d:o:f:≲ 1) is achieved in the

region from ðR;ωπΣÞ ¼ ð0.6 fm; 0Þ to ð1.1 fm; 5.0Þ. The
source size R ≃ 1 fm is reasonable for pp collisions, while
ωπΣ should be consistent with the simple statistical model
estimate within a factor of 2 to 3. Thus, we consider
parameter sets in this region with 0.5 ≤ ωπΣ ≤ 5 as equally
acceptable. On the other hand, if we take the R ¼ 1.18 fm
as adopted by the ALICE Collaboration, ωπΣ ≳ 8 gives a
good fit, but such large ωπΣ values appear to be signifi-
cantly beyond the statistical model estimate.
Figure 3 shows the fitted K−p correlation function

with R ¼ 0.9 fm as an example of a result satisfying
χ2=d:o:f: < 1. The other parameters are chosen as

ωπΣ ¼ 2.95; N ¼ 1.13; λ ¼ 0.58; ð9Þ

to give the minimum value of χ2=d:o:f: ¼ 0.58. The
enhancement in the low-momentum range and the char-
acteristic cusp structure are evidently well reproduced.
Recalling the importance of the πΣ component in the K−p
correlation as shown in Fig. 1, the sizable value of ωπΣ
indicates that the contribution from the πΣ source is
essential to reproduce the data.
The peak structure seen in Fig. 3 around q ∼ 240 MeV=c

represents the Λð1520Þ resonance. The contribution from
this resonance can be simulated by a Breit-Wigner func-
tion:

CresðqÞ ¼
bΓ2

ðq2=2μK−p þmp þmK− − ERÞ2 þ Γ2=4
; ð10Þ

with parameters b, ER, and Γ. We can isolate the resonance
by subtracting CfitðqÞ from the correlation data, using the
parameters of Eq. (9) and R ¼ 0.9 fm. The remaining
structure in the interval 150 MeV=c < q < 300 MeV=c is

FIG. 2. Reduced χ2 distribution in the ðR;ωπΣÞ plane. From
inward out the contour lines correspond to χ2=d:o:f: ¼ 0.5, 1,
1.5, and 2, respectively.

FIG. 3. Correlation function with the best fit parameters (solid
line). The result including the Λð1520Þ contribution is shown by
the dotted line. The dashed line shows the prediction with
R ¼ 1.6 fm. Its shaded area shows the uncertainty with respect
to the variation of ωπΣ. For comparison, we also plot the
corresponding area for the case with R ¼ 0.9 fm. The ALICE
data set is taken from Ref. [20].

PHYSICAL REVIEW LETTERS 124, 132501 (2020)

132501-4

Y. Kamiya, T. Hyodo, K. Morita, A. Ohnishi, W. Weise, PRL124, 132501 (2020)

K. Miyahara, T. Hyodo, W. Weise, PRC98, 025201 (2018)

- ソース関数 ：ガウシアン,  <—  データ S(r) R ∼ 1 fm K+p

- 重み ：統計模型による見積もりωπΣ ∼ 2

small and the correlation function is not very sensitive to
ωπ0Λ, the effects of πΣ channels are important because of
the strong K̄N − πΣ coupling. Then we fix ωπ0Λ ¼ 1 and
vary the parameter ωπΣ around the reference value,
obtained by the simplest statistical model estimate [34],
ωðstatÞ
πΣ ≃ exp½ðmK þmN −mπ −mΣÞ=Tc& ≃ 2.0 with Tc ¼

154 MeV [35,36]. As for the source size, the ALICE
collaboration fixed R ¼ 1.18 fm by assuming the same
source size as that of Kþp, which was obtained by the
femtoscopic correlation fit based on the Jülich Kþp
interaction [25], with Coulomb effects treated by the
Gamow factor correction. Although this correction
describes the Coulomb effect well for light systems such
as π − π, it lacks the necessary accuracy for heavier
systems [32]. Thus, we also consider the variation of R
in the fitting procedure. While the source size can in
principle be channel dependent, possible size differences
between channels can be compensated by varying the
source weights. We therefore use a common source size
in K̄N, πΣ, and πΛ channels. We also assume that the
source function has a Gaussian shape and the source weight
is isospin symmetric.
The measured correlation function is assumed to be

described in the form [20]

CfitðqÞ ¼ N ½1þ λfCðqÞ − 1g&; ð8Þ

whereN is a normalization constant and λ is the pair purity
parameter, known also as the chaoticity parameter. The pair
purity parameter is experimentally determined through a
Monte Carlo simulation, λexp ¼ 0.64' 0.06, so we allow
for variations of λ within 1σ. We fit the correlation function
data in the momentum range q < 120 MeV=c, where the
distortion of the s wave is considered to give the dominant
contribution.
In Fig. 2 the χ2=d:o:f: distribution is plotted in the

ðR;ωπΣÞ plane. A good fit (χ2=d:o:f:≲ 1) is achieved in the

region from ðR;ωπΣÞ ¼ ð0.6 fm; 0Þ to ð1.1 fm; 5.0Þ. The
source size R ≃ 1 fm is reasonable for pp collisions, while
ωπΣ should be consistent with the simple statistical model
estimate within a factor of 2 to 3. Thus, we consider
parameter sets in this region with 0.5 ≤ ωπΣ ≤ 5 as equally
acceptable. On the other hand, if we take the R ¼ 1.18 fm
as adopted by the ALICE Collaboration, ωπΣ ≳ 8 gives a
good fit, but such large ωπΣ values appear to be signifi-
cantly beyond the statistical model estimate.
Figure 3 shows the fitted K−p correlation function

with R ¼ 0.9 fm as an example of a result satisfying
χ2=d:o:f: < 1. The other parameters are chosen as

ωπΣ ¼ 2.95; N ¼ 1.13; λ ¼ 0.58; ð9Þ

to give the minimum value of χ2=d:o:f: ¼ 0.58. The
enhancement in the low-momentum range and the char-
acteristic cusp structure are evidently well reproduced.
Recalling the importance of the πΣ component in the K−p
correlation as shown in Fig. 1, the sizable value of ωπΣ
indicates that the contribution from the πΣ source is
essential to reproduce the data.
The peak structure seen in Fig. 3 around q ∼ 240 MeV=c

represents the Λð1520Þ resonance. The contribution from
this resonance can be simulated by a Breit-Wigner func-
tion:

CresðqÞ ¼
bΓ2

ðq2=2μK−p þmp þmK− − ERÞ2 þ Γ2=4
; ð10Þ

with parameters b, ER, and Γ. We can isolate the resonance
by subtracting CfitðqÞ from the correlation data, using the
parameters of Eq. (9) and R ¼ 0.9 fm. The remaining
structure in the interval 150 MeV=c < q < 300 MeV=c is

FIG. 2. Reduced χ2 distribution in the ðR;ωπΣÞ plane. From
inward out the contour lines correspond to χ2=d:o:f: ¼ 0.5, 1,
1.5, and 2, respectively.

FIG. 3. Correlation function with the best fit parameters (solid
line). The result including the Λð1520Þ contribution is shown by
the dotted line. The dashed line shows the prediction with
R ¼ 1.6 fm. Its shaded area shows the uncertainty with respect
to the variation of ωπΣ. For comparison, we also plot the
corresponding area for the case with R ¼ 0.9 fm. The ALICE
data set is taken from Ref. [20].
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Kaon–proton scattering in Pb–Pb collisions at the LHC ALICE Collaboration
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Figure 3: Left: scattering parameters obtained from the Lednický–Lyuboshitz fit compared with available world
data and theoretical calculations. Statistical uncertainties are represented as bars and systematic uncertainties, if
provided, as boxes. Right: experimental femtoscopic correlation function for K�p�K+p pairs in the 30–40%
centrality interval, together with various Lednický–Lyuboshitz calculations obtained using the scattering length
parameters from Refs. [17, 18, 71–75] and the source radius from this analysis. The statistical and systematic
uncertainties of the measured data points are added in quadrature and shown as vertical bars.

and ¡ f0 = 0.92± 0.05(stat)+0.12
�0.33(syst) fm.

The obtained parameters of the scattering length are compared with the available experimental values as
well as model calculations [18, 71–75] in the left panel of Fig. 3. Numerical values of those parameters
are also provided in Tab. 1. The ALICE results are compatible with them within uncertainties2. Up until
this point, the world’s best experimental data on Kp scattering are mainly from exotic kaonic atoms,
where the interaction at the threshold is measured, and from scattering experiments. Theory predictions
and calculations are based on cEFT models.

Moreover, the Lednický–Lyuboshitz formalism is also used to compute femtoscopic correlation functions
using scattering length parameters from previous measurements and theory predictions. They are then
compared with the experimental data and the deviations in units of c2/ndf are obtained. The result of
such a procedure is shown in Fig. 3 (right), while the c2/ndf values are presented in Table 1. The Kyoto
model, which captures well the structures related to coupled channels in pp collisions, reproduces the data
trends in all measured Pb–Pb centrality intervals, confirming that the coupled channels are fundamental
in the description of small sources but have a negligible influence on correlation functions at large source
sizes [39]. However, the model still requires further development as the resulting c2/ndf= 2.8 is slightly
worse than the best calculations using the Lednický–Lyuboshitz analytical approach.

2Note that systematic uncertainties are not provided for some of the older results.
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small and the correlation function is not very sensitive to
ωπ0Λ, the effects of πΣ channels are important because of
the strong K̄N − πΣ coupling. Then we fix ωπ0Λ ¼ 1 and
vary the parameter ωπΣ around the reference value,
obtained by the simplest statistical model estimate [34],
ωðstatÞ
πΣ ≃ exp½ðmK þmN −mπ −mΣÞ=Tc& ≃ 2.0 with Tc ¼

154 MeV [35,36]. As for the source size, the ALICE
collaboration fixed R ¼ 1.18 fm by assuming the same
source size as that of Kþp, which was obtained by the
femtoscopic correlation fit based on the Jülich Kþp
interaction [25], with Coulomb effects treated by the
Gamow factor correction. Although this correction
describes the Coulomb effect well for light systems such
as π − π, it lacks the necessary accuracy for heavier
systems [32]. Thus, we also consider the variation of R
in the fitting procedure. While the source size can in
principle be channel dependent, possible size differences
between channels can be compensated by varying the
source weights. We therefore use a common source size
in K̄N, πΣ, and πΛ channels. We also assume that the
source function has a Gaussian shape and the source weight
is isospin symmetric.
The measured correlation function is assumed to be

described in the form [20]

CfitðqÞ ¼ N ½1þ λfCðqÞ − 1g&; ð8Þ

whereN is a normalization constant and λ is the pair purity
parameter, known also as the chaoticity parameter. The pair
purity parameter is experimentally determined through a
Monte Carlo simulation, λexp ¼ 0.64' 0.06, so we allow
for variations of λ within 1σ. We fit the correlation function
data in the momentum range q < 120 MeV=c, where the
distortion of the s wave is considered to give the dominant
contribution.
In Fig. 2 the χ2=d:o:f: distribution is plotted in the

ðR;ωπΣÞ plane. A good fit (χ2=d:o:f:≲ 1) is achieved in the

region from ðR;ωπΣÞ ¼ ð0.6 fm; 0Þ to ð1.1 fm; 5.0Þ. The
source size R ≃ 1 fm is reasonable for pp collisions, while
ωπΣ should be consistent with the simple statistical model
estimate within a factor of 2 to 3. Thus, we consider
parameter sets in this region with 0.5 ≤ ωπΣ ≤ 5 as equally
acceptable. On the other hand, if we take the R ¼ 1.18 fm
as adopted by the ALICE Collaboration, ωπΣ ≳ 8 gives a
good fit, but such large ωπΣ values appear to be signifi-
cantly beyond the statistical model estimate.
Figure 3 shows the fitted K−p correlation function

with R ¼ 0.9 fm as an example of a result satisfying
χ2=d:o:f: < 1. The other parameters are chosen as

ωπΣ ¼ 2.95; N ¼ 1.13; λ ¼ 0.58; ð9Þ

to give the minimum value of χ2=d:o:f: ¼ 0.58. The
enhancement in the low-momentum range and the char-
acteristic cusp structure are evidently well reproduced.
Recalling the importance of the πΣ component in the K−p
correlation as shown in Fig. 1, the sizable value of ωπΣ
indicates that the contribution from the πΣ source is
essential to reproduce the data.
The peak structure seen in Fig. 3 around q ∼ 240 MeV=c

represents the Λð1520Þ resonance. The contribution from
this resonance can be simulated by a Breit-Wigner func-
tion:

CresðqÞ ¼
bΓ2

ðq2=2μK−p þmp þmK− − ERÞ2 þ Γ2=4
; ð10Þ

with parameters b, ER, and Γ. We can isolate the resonance
by subtracting CfitðqÞ from the correlation data, using the
parameters of Eq. (9) and R ¼ 0.9 fm. The remaining
structure in the interval 150 MeV=c < q < 300 MeV=c is

FIG. 2. Reduced χ2 distribution in the ðR;ωπΣÞ plane. From
inward out the contour lines correspond to χ2=d:o:f: ¼ 0.5, 1,
1.5, and 2, respectively.

FIG. 3. Correlation function with the best fit parameters (solid
line). The result including the Λð1520Þ contribution is shown by
the dotted line. The dashed line shows the prediction with
R ¼ 1.6 fm. Its shaded area shows the uncertainty with respect
to the variation of ωπΣ. For comparison, we also plot the
corresponding area for the case with R ¼ 0.9 fm. The ALICE
data set is taken from Ref. [20].
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サイズ  の大きいソースで相関が抑制 <— 理論の予言R

- 散乱長  fmaK−p = − 0.91 + 0.92i

 相関関数と ：その後の進展K−p Λ(1405)
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ソースサイズ依存性の体系的な研究
, , 衝突での相関関数pp p-Pb Pb-Pb

フェムトスコピーのデータから  相互作用の改良の可能性K−p

04/10/2022 Ramona Lea - Hadron physics with kaon beam and related topics

● Unique constraint and direct access to 
K⁻p ↔ K̅⁰n and K⁻p ↔ πΣ dynamics 

● 𝛼K̅⁰–n deviates from unity: 
○ K⁻p ↔ K̅⁰n currently implemented in Kyoto 

𝜒EFT is too weak 
○ fine tuning of Kyoto 𝜒EFT is needed and data 

from hadron-hadron collisions have to be 
taken into account

K⁻p from small to large systems

ALICE Collaboration arXiv: 2205.15176
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Thermal Fist + Blast Wave で
予言される  ωi

データを説明するために
必要な増加因子

ALICE collaboration, EPJC 83, 340 (2023)

CK−p(q) ≃ ∫ d3r SK−p(r) |Ψ(−)
K−p,q(r) |2 + ∑

i≠K−p

ωi ∫ d3r Si(r) |Ψ(−)
i,q (r) |2

 相関関数と ：その後の進展K−p Λ(1405)

https://inspirehep.net/literature/2088954


21

大西さんどうもありがとうございました。

まとめ

まとめ

ハドロン現象論重イオン衝突

フェムトスコピーによる
ハドロン間相互作用の研究

実験（STAR, ALICE）


