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Observed hadrons (2022)
Particle Data Group (PDG) 2022 edition

Introduction — Exotic hadrons
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Observed hadrons (2024)
Particle Data Group (PDG) 2024 edition

Introduction — Exotic hadrons
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Exotic hadrons
Introduction — Exotic hadrons

Observation of tetraquark Tcc
LHCb collaboration, Nature Phys. 18, 7, 751 (2022); Nature Commun. 13, 1, 3351 (2022) 

LETTERS NATURE PHYSICS

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

NATURE PHYSICS | VOL 18 | JULY 2022 | 751–754 | www.nature.com/naturephysics752

LETTERS
https://doi.org/10.1038/s41567-022-01614-y

*A list of authors and their affiliations appears online. 

Conventional, hadronic matter consists of baryons and 
mesons made of three quarks and a quark–antiquark pair, 
respectively1,2. Here, we report the observation of a hadronic 
state containing four quarks in the Large Hadron Collider 
beauty experiment. This so-called tetraquark contains two 
charm quarks, a u  and a d  quark. This exotic state has a mass 
of approximately 3,875!MeV and manifests as a narrow peak 
in the mass spectrum of D0D0π+ mesons just below the D*+D0 
mass threshold. The near-threshold mass together with the 
narrow width reveals the resonance nature of the state.

Quantum chromodynamics, the theory of the strong force, 
describes the interactions of coloured quarks and gluons and the 
formation of hadronic matter, that is, mesons and baryons. While 
quantum chromodynamics makes precise predictions at high ener-
gies, the theory has difficulties describing the interactions of quarks 
in hadrons from first principles due to the highly nonperturba-
tive regime at the corresponding energy scale. Hence, the field of 
hadron spectroscopy is driven by experimental discoveries that are 
sometimes unexpected, which could lead to changes in the research 
landscape. Along with conventional mesons and baryons, made of a 
quark–antiquark pair (q

1

q

2

) and three quarks (q1q2q3), respectively, 
particles with an alternative quark content, known as exotic states, 
have been actively discussed since the birth of the constituent quark 
model1–8. This discussion has been revived by recent observations 
of numerous tetraquark q

1

q

2

q

3

q

4

 and pentaquark q
1

q

2

q

3

q

4

q

5

 candi-
dates9–36. Due to the closeness of their masses to known particle-pair 
thresholds37,38, many of these states are likely to be hadronic mol-
ecules39–42 where colour-singlet hadrons are bound by residual 
nuclear forces similar to the electromagnetic van der Waals forces 
attracting electrically neutral atoms and molecules. An ordinary 
example of a hadronic molecule is the deuteron formed by a proton 
and a neutron. On the other hand, an interpretation of exotic states 
as compact multiquark structures is also possible43.

All exotic hadrons observed so far predominantly decay via 
the strong interaction, and their decay widths vary from a few to 
a few hundred MeV. A discovery of a long-lived exotic state, sta-
ble with respect to the strong interaction, would be intriguing.  
A hadron with two heavy quarks Q and two light antiquarks q , that 
is, Q

1

Q

2

q

1

q

2

, is a prime candidate to form such a state44–49. In the 
limit of a large heavy-quark mass, the two heavy quarks Q1Q2 form 
a point-like, heavy, colour-antitriplet object that behaves similarly 
to an antiquark, and the corresponding state should be bound. It is 
expected that the b quark is heavy enough to sustain the existence 
of a stable bbud  state with a binding energy of about 200 MeV with 
respect to the sum of the masses of the pseudoscalar, B− or B0, and 
vector, B*− or B∗0, beauty mesons, which defines the minimal mass 
for the strong decay to be allowed. In the case of the bcud  and ccud  
systems, there is currently no consensus regarding whether such 
states exist and are narrow enough to be detected experimentally. 

The similarity of the ccud  tetraquark state and the Ξ++
cc

 baryon con-
taining two c quarks and a u quark leads to a relationship between 
the properties of the two states. In particular, the measured mass of 
the Ξ

++
cc

 baryon with quark content ccu50–52 implies that the mass 
of the ccud  tetraquark is close to the sum of the masses of the D0 
and D*+ mesons with quark content of cu  and cd , respectively, as 
suggested in ref. 53. Theoretical predictions for the mass of the ccud  
ground state with spin-parity quantum numbers JP = 1+ and isospin 
I = 0, denoted hereafter as T+

cc

, relative to the D*+D0 mass threshold

δm ≡ m

T

+
cc

− (m
D

∗+ +m

D

0) (1)

lie in the range of −300 < δm < 300 MeV (refs. 53–84), where m
D

∗+ 
and m

D

0 denote the known masses of the D*+ and D0 mesons38. 
Lattice quantum chromodynamics calculations also do not provide 
a definite conclusion on the existence of the T+

cc

 state or its binding 
energy73,85–87. The observation of the Ξ++

cc

 baryon50,51 and of a new 
exotic resonance decaying to a pair of J/ψ mesons29 by the LHCb 
experiment motivates the search for the T+

cc

 state.
In this Letter, the observation of a narrow state in the D0D0π+ 

mass spectrum near the D*+D0 mass threshold compatible with 
being a T+

cc

 tetraquark state is reported. Throughout this Letter, 
charge conjugate decays are implied. The study is based on proton–
proton (pp) collision data collected by the LHCb detector at the 
Large Hadron Collider at the European Organization for Nuclear 
Research at centre-of-mass energies of 7, 8 and 13 TeV, correspond-
ing to integrated luminosity of 9 fb−1. The LHCb detector88,89 is a 
single-arm forward spectrometer covering the pseudorapidity range 
of 2 < η < 5, designed to study particles containing b or c quarks and 
is further described in Methods. The pseudorapidity η is defined 
as − log

(

tan

θ

2

)

, where θ is a polar angle of the track relative to the 
proton beam line.

The D0D0π+ final state is reconstructed by selecting events with 
two D0 mesons and a positively charged pion, all produced at the 
same pp interaction point. Both D0 mesons are reconstructed in the 
D0→K−π+ decay channel. The selection criteria are similar to those 
used in ref. 90. To subtract the background not originating from two 
D0 candidates, an extended, unbinned maximum-likelihood fit to 
the two-dimensional distribution of the masses of the two D0 can-
didates is performed. The corresponding procedure, together with 
the selection criteria, is described in detail in Methods. To improve 
the δm mass resolution and to make the determination insensitive 
to the precision of the D0 meson mass, the mass of the D0D0π+ com-
binations is calculated with the mass of each D0 meson constrained 
to the known value38. The resulting D0D0π+ mass distribution for 
selected D0D0π+ combinations is shown in Fig. 1. A narrow peak 
near the D*+D0 mass threshold is clearly visible.

An extended, unbinned, maximum-likelihood fit to the D0D0π+ 
mass distribution is performed using a model consisting of the signal 

Observation of an exotic narrow doubly charmed 
tetraquark
LHCb Collaboration*

NATURE PHYSICS | VOL 18 | JULY 2022 | 751–754 | www.nature.com/naturephysics 751

- Quark content ∼ ccūd̄

- Internal structure?

c d̄
ūc

D0
D*+

? ?

Hadronic molecules <— hadron interactions
F. K. Guo, et al., Rev. Mod. Phys. 90, 072501 (2018)
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Study of hadron interactions
Hadron interactions — Femtoscopy

Traditional methods: scattering experiments

pp
p

p

- differential cross sections -> phase shift

batively renormalize the partial-wave-projected LS
equation with singular 1/rn potentials !Beane et al.,
2001; Bawin and Coon, 2003; Braaten and Phillips, 2004;
Barford and Birse, 2005; Hammer and Swingle, 2006;
Long and van Kolck, 2008". This program was applied to
different NN channels based on the 1!- and
2!-exchange potentials at various orders in the chiral
expansion by the Granada group !Pavón Valderrama
and Ruiz Arriola, 2004a, 2004b, 2005, 2006b; Pavón
Valderrama and Ruiz Arriola, 2006a; Entem et al., 2008;
Higa, Pavón Valderrama, and Ruiz Arriola, 2008;
Valderrama and Arriola, 2008". In these studies, the
short-range counterterms are replaced by adjustable pa-
rameters entering the short-distance boundary condi-
tions. The number of such parameters in each channel is
uniquely determined by the sign !attractive versus repul-
sive" of the strongest singularity which raises concerns
about a systematic improvability !in the EFT sense" of
such a framework. Nevertheless, the findings of these
studies in attractive channels provide an impressive
demonstration of the existence of the long-range corre-
lations in the NN scattering observables.

The most advanced analyses of the two-nucleon sys-
tem based on the Weinberg power counting take into
account the 2NF contributions up to N3LO !Entem and
Machleidt, 2003a; Epelbaum, Glöckle, and Meißner,
2005". Most of the LECs ci, di entering the long-range
part of the potential are sufficiently well determined in

the pion-nucleon system !Fettes et al., 1998".6 The 24
unknown LECs7 entering the short-range part of the
2NF at N3LO have been extracted from the low-energy
NN data for several choices of the cutoff in the
Schrödinger equation. Both N3LO potentials of #Entem
and Machleidt !EM" !2003a" and Epelbaum, Glöckle,
and Meißner !EGM" !2005"$ yield accurate results for
the neutron-proton phase shifts up to Elab%200 MeV
and the deuteron observables. This is exemplified in
Figs. 15 and 16 where the EGM and EM results for the
neutron-proton S, P, and D waves and the correspond-
ing mixing angles are shown in comparison with PWA
results from Stoks et al. !1993", Rentmeester et al. !1994",
and Arndt et al. !2009". The bands in the EGM analysis
result from the variation in the cutoff in the LS equation
!spectral function regularization" in the range "

=450–600 MeV !"̃=500–700 MeV". It is comforting to
see that in most cases the results of both analyses agree
with each other within the estimated theoretical uncer-
tainty. Notice, however, that the EM and EGM analyses
differ from each other in several important aspects. For
example, the so-called spectral function regularization
!Epelbaum et al., 2004a, 2004b" of the 2!-exchange con-
tributions has been adopted by EGM while the analysis
by EM is based on dimensionally regularized expres-
sions. Further differences can be attributed to the imple-

6Notice, however, that the value of the LEC c4 adopted in
Entem and Machleidt !2003a", c4=5.4 GeV−1, is not compat-
ible with pion-nucleon scattering where one finds at order Q3

!Buettiker and Meißner, 2000": c4=3.40±0.04 GeV−1.
7This number refers to isospin-invariant contact interactions.
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FIG. 15. !Color online" Neutron-proton phase shifts in S and P
waves at N3LO in comparison with the Nijmegen !Stoks et al.,
1993; Rentmeester et al., 1994" !filled circles" and Virginia Tech
!Arndt et al., 2009" !open triangles" PWA. Shaded bands
!dashed lines" refer to the calculations by EGM !Epelbaum,
Glöckle, and Meißner, 2005" #EM !Entem and Machleidt,
2003a"$.
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- Limited channels: NN, πN, KN, K̄N, ⋯

- Heavy ( ) hadrons: impossiblec, b
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- Stable beam/target particles

E. Epelbaum, H.W. Hammer, U.-G Meißner RMP 81, 1773 (2009)

NN



8

New developments
Hadron interactions — Femtoscopy

 scattering (J-PARC E40)Σ−p
MEASUREMENT OF THE DIFFERENTIAL CROSS … PHYSICAL REVIEW C 104, 045204 (2021)
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This work
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FIG. 17. Differential cross sections obtained in the present experiment (black points). The error bars and boxes show statistical and
systematic uncertainties, respectively. The red points are averaged differential cross sections of 400 < p (MeV/c) < 700 taken in KEK-PS
E289 (the same points are plotted in all of the four-momentum regions). The dotted (magenta), dot-dashed (blue), and solid (yellow) lines
represent the calculated cross sections by the Nijmegen ESC08c model based on the boson-exchange picture, the fss2 model including QCM,
and the extended χEFT model, respectively.

the statistical significance of the "− p scattering events. The
fit results with the sum of the simulated spectra of the "− p
scattering and background contributions are also shown. The
histogram color for each component is the same as the ones
in Fig. 14. In every angular region, the #E ("− p) spectrum
can be reproduced by the sum of the simulated spectra. Be-
cause the "− p → "0n reaction cannot be removed from the
kinematical analysis, the background contribution from this
reaction remains in the #E ("− p) spectrum.

APPENDIX B: TABLE OF THE DIFFERENTIAL
CROSS SECTION

We summarize the derived differential cross section values
and their uncertainties in Tables II–V for the four-momentum
regions. The statistical and systematic errors are listed in the
columns labeled Stat. and Syst. (total), respectively. The sys-
tematic error is estimated as a quadratic sum of the error
sources from the background estimation [Syst. (BG)],
CATCH efficiency [Syst. (eff)], and "− total flight length
[Syst. (L)].

045204-15

K. Miwa, et al., J-PARC E40, PRC 104, 045204 (2021); PRL 128, 072501 (2022)

- high intencity  beamπ

- First principle QCD calculation

Lattice QCD (HAL QCD)

(For the effective mass plots, see Fig. S2 in [32].) With our
slightly heavy pion mass, mD! is below the Dπ threshold,
so that D! is stable against the strong decay. Other
systematic errors can be estimated as follows: (i) The finite
cutoff effect is O½ðaΛQCDÞ2; α2saΛQCD% ≃Oð1Þ% thanks to
OðaÞ improvement for the light quarks and RHQ action for
the charm quark, (ii) the finite volume effect is as small as
exp½−mhðL=2Þ% ≃ 0.3% (where mh ¼ 2mπ as described
below) thanks to the large volume, and (iii) the quenched
charm quark effect is expected to be highly suppressed by
the heavy charm quark mass [43].
Interaction potential.—We show in Fig. 2 the D!D

potential VðrÞ in the I ¼ 0 and S-wave channel defined
in Eq. (3) for t=a ¼ 21, 22, and 23, corresponding to
t ≃ 1.9 fm. This temporal region is chosen to suppress
inelastic states contamination at smaller t and simultane-
ously to avoid large statistical errors at larger t. A small
variation of the potentials for different t=a is observed and
is taken into account as a source of the systematic error.
For later convenience, we perform a correlated fit to

the potential in Fig. 2 in the range 0 < r < 2 fm
by a phenomenological four-range Gaussian, VA

fitðrÞ ¼P
4
i¼1 aie

−ðr=biÞ2 . Fitting parameters at t=a ¼ 22 are
ða1; a2; a3; a4Þ ¼ ½−269ð6Þ;−121ð10Þ;−81ð12Þ;−23ð14Þ%
in MeV and ðb1; b2; b3; b4Þ ¼ ½0.14ð1Þ; 0.27ð1Þ; 0.52ð5Þ;
0.97ð16Þ% in fm with an accuracy of χ2=d:o:f: ¼ 1.01. The
fitted potential is shown in Fig. S3 in [32] with the
normalized covariance matrix of the fitted parameters given
in Eq. (S2) in [32].
The D!D potential in the ðI; JPÞ ¼ ð0; 1þÞ channel

shown in Fig. 2 is attractive for all distances. This is
consistent with the result previously found for heavy pion
masses [23]: The short-range attraction was suggested
to be related to the attractive (anti)diquark configuration
ðū d̄Þ3c;I¼J¼0 − ðccÞ3!c;J¼1, coupled to the asymptotic D!D

state [44–48] (for an interpretation based on the string
model, see Ref. [49]). Similar short-range attraction was
also found for the B!B system in the ðI; JPÞ ¼ ð0; 1þÞ
channel [50,51]. The long-range part of the attraction for
r > 1 fm would have contributions from the one-pion
exchange (OPE) between D! and D of the form ∼e−mr=r
with eitherm ¼ mπ [52] orm ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðmD! −mDÞ2 −m2

π

p
[53],

and from the two-pion exchange (TPE) of the form
∼ðe−mπr=rÞ2 [39].
To study different possibilities for the long-range part,

we introduce the following fit function with the Gaussian-
type form factor [39]:

VB
fitðr;mπÞ ¼

X

i¼1;2

aie−ðr=biÞ
2 þ a3ð1 − e−ðr=b3Þ

2ÞnVn
πðrÞ;

ð4Þ

withVπðrÞ¼e−mπr=r.We find thatn¼2 andmπ¼146.4MeV
provide a best fit with the parameter set, ða1;a2Þ¼
½−276ð6Þ;−219ð8Þ% in MeV, a3¼−43ð3ÞMeVfm2, and
ðb1; b2; b3Þ ¼ ½0.14ð1Þ; 0.28ð1Þ; 0.43ð2Þ% in fm, with an
accuracy of χ2=d:o:f: ¼ 0.96. The fitted potential is
shown by the red band in Fig. 2. Also, we find that neither
n ¼ 1 and mπ ¼ 146.4 MeV nor n ¼ 1 and mπ →ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðmD! −mDÞ2 −m2

π

p
can reproduce the long-range part of

the potential. In Fig. S4 in [32], the spatial effective energy
EeffðrÞ ¼ −fln½VðrÞr2=a3%=rg with the lattice data for VðrÞ
and a3 as inputs is shown to have a plateau at 2mπ ¼
292.8 MeV for 1 < r < 2 fm. This indicates that the long-
rangepart is consistentwith theTPE. It is anopenquestionwhy
the theoretically possible OPE contribution does not appear in
the lattice data.
Scattering parameters and pole position.—Using the

potential fitted to our lattice data, we calculate the S-wave
scattering phase shifts δ0 by solving the Schrödinger
equation in the infinite spatial volume with mDð!Þ measured
on the lattice. Figure 3 shows the k cot δ0=mπ as a func-
tion of ðk=mπÞ2 with k being a relative momentum. The
scattering length a0 and the effective range reff are obtained
by an effective-range expansion (with the sign convention
of high-energy physics) as

k cot δ0 ¼
1

a0
þ 1

2
reffk2 þOðk4Þ; ð5Þ

and are given in the second column of Table I. The central
values and the statistical errors in the first parentheses
are obtained at t=a ¼ 22 with VB

fit, while the systematic
errors in the second parentheses are obtained by comparing
results from different t=a ¼ 21–23 with VA;B

fit .
The scattering length obtained in this way is shown by

the magenta circle in Fig. 1 together with the previous
lattice results and the LHCb experimental data. As men-
tioned in the Introduction, there is a clear tendency that

FIG. 2. The D!D potential VðrÞ in the I ¼ 0 and S-wave
channel at Euclidean time t=a ¼ 21 (green circles), 22 (red
squares), and 23 (blue triangles). The red band shows the fitted
potential with VB

fit for t=a ¼ 22. The inset shows a magnification.

PHYSICAL REVIEW LETTERS 131, 161901 (2023)

161901-3

Y. Liu, et al., HAL QCD, PRL 131, 161901 (2023)

DD*

- Hadron-hadron potential for Tcc

K. MIWA et al. PHYSICAL REVIEW C 104, 045204 (2021)

np scattering data played essential roles to establish realistic
models of nuclear force [11–13]. However, no experimental
progress in hyperon-proton scattering has been made since the
1970s because of experimental difficulties stemming from the
low intensity of the hyperon and its short lifetime [14–22].
Therefore, historically, BB interactions have been examined
from hypernuclear data because their binding energies and
energy levels reflect the Y N interactions [23,24]. Since the
observation of a massive neutron star with a two-solar mass
[25], the existence of a three-body repulsive interaction in-
cluding hyperons has been discussed as a possible source of
supporting such massive stars [26]. To derive the properties
of the Y NN three-body interaction from the hypernuclear
structure, the Y N two-body interaction should be determined
from the two-body system to eliminate uncertainties from the
many-body effects in the hypernuclear system. For these rea-
sons, the construction of a realistic two-body Y N interaction
via high statistics hyperon-proton scattering data is crucially
important.

As a first step, a new !p scattering experiment was
performed in J-PARC to provide accurate differential cross
sections of the !+ p, !− p elastic scatterings and !− p → "n
inelastic scattering. Theoretically, the !N interaction is pre-
dicted as strongly spin-isospin dependent. The only observed
! hypernucleus (4

!He) [27] is bound by the attractive inter-
action in the (I = 1/2, S = 1) channel. However, the spin
and isospin averaged !-nucleus potential was confirmed as
strongly repulsive from ! quasifree production spectra in
several nuclei [28,29]. To examine the !N interaction for
each spin-isospin channel more quantitatively, the systematic
measurement of these three scattering channels is important.
In this paper, we present the differential cross section of the
!− p elastic scattering in the !− momentum region ranging
from 470 to 850 MeV/c as the first result of the systematic
measurement. The existing differential cross sections of the
!− p scattering are limited to the S-wave dominant region
of a beam momentum around 300 MeV/c [18–20] except
for a few higher momentum data with a large uncertainty
[21]. Therefore, there are no data to determine the P and
higher partial waves of the !p channel [9,10]. Particularly,
in the !− p channel, all theoretical models predict a large
angular dependence in the differential cross section in the
!− momentum range higher than 500 MeV/c owing to the
higher partial wave contribution. The precise measurement of
the differential cross section of the !− p elastic scattering in
this momentum region is indispensable to impose a strong
constraint on the theoretical models.

The present paper is organized as follows. In Sec. II, an
outline of the experiment is described. In Sec. III, an analy-
sis to identify the !− p scattering is described. At first, the
!− particles are identified from a missing mass spectrum
of the π− p → K+X reaction. Then, an analysis of the so
called CATCH system, which is a main detector to identify
the !− p scattering, is described. In this analysis, the !− p
elastic scattering events are successfully identified. In Sec. IV,
an analysis to derive differential cross sections of the !− p
elastic scattering is described in detail. Finally, the differential
cross section is reported and is compared with theoretical
calculations. A summary follows in Sec. V.

BC3,4
(MWDC)

BH2

BH1GC

BFT

π-
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KURAMA
K+

TOF

SDC2,3

SFT

SDC1
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π Κ+
Σ

Σp scattering

Σ

p

p

Σ production Decay

2. Recoil angle3. Energy of proton

1. Momentum of Σ-
-

BGO CFTLH2 target PiID

π −
Κ +

p

π− n

Σ −

FIG. 1. Experimental concept of the !p scattering experiment
and experimental setup with an enlarged figure around the LH2

target. Two successive two-body reactions of the !− production
(π− p → K+!−) and the !− p scattering (!− p → !− p) are de-
tected. The momentum of the produced ! particles is obtained from
the momenta of π beam particles and scattered K+ measured by the
K1.8 beam line spectrometer and KURAMA spectrometer, respec-
tively. The beam line spectrometer consists of two hodoscopes (BH1
and BH2) and three position detectors (BFT, BC3, and BC4). In the
KURAMA spectrometer, five position detectors (SFT, SDC1, SCH,
SDC2, and SDC3) and a TOF counter are used. The !p scattering
events are detected by the CATCH system, which surrounds the LH2

target.

II. EXPERIMENT

The !p scattering experiment (J-PARC E40) [30,31] was
performed at the K1.8 beam line in the J-PARC Hadron Ex-
perimental Facility. A 1.33-GeV/c π− beam of 2.0×107/spill
was produced from a 30-GeV proton beam with a spill cycle
of 5.2 s and a beam duration of 2 s. Figure 1 shows the
experimental concept and setup with an enlarged view around
a liquid hydrogen (LH2) target. !− particles are produced by
the π− p → K+!− reaction and the produced !− running
in the LH2 target interacts. The momentum of each !− can
be tagged as the missing momentum calculated from the mo-
menta of the π− beam and outgoing K+ analyzed by the K1.8
beam line spectrometer [32] and forward magnetic spectrome-
ter (KURAMA), respectively. A recoil proton knocked out by
the !− p scattering is detected by the CATCH system, which
consisted of a cylindrical scintillation fiber tracker (CFT), a
BGO calorimeter (BGO), and a scintillator hodoscope (PiID)
coaxially arranged from the center outwards [33]. The !− p
elastic scattering can be identified by checking the kinematical
consistency between the scattering angle and kinetic energy
of the recoil proton measured by CFT and BGO, respectively.
The spectrometers and CATCH are described in detail in the
following paragraphs.

A high intensity π− beam of approximately 2×107/spill
was used to accumulate a large number of !− particles. The
beam momentum was reconstructed event by event with the
K1.8 beam-line spectrometer, which consisted of QQDQQ

045204-2

Σ−p
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Femtoscopy : Correlation function
High-energy collision: chaotic source  of hadron emissionS(r)

- Definition

C(q) =
NK−p( pK−, pp)

NK−( pK−)Np( pp)

pp

pK−

p

K−

S(r)

(= 1 in the absence of FSI/QS)

relative 
momentum q

Hadron interactions — Femtoscopy

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

interaction

Source function  <—> wave function  (interaction)S(r) Ψ(−)
q (r)

- Theory (Koonin-Pratt formula)

C(q) ≃ ∫ d3r S(r) |Ψ(−)
q (r) |2

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

http://inspirehep.net/record/1511900
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Experimental data in charm sector
Correlation functions observed by ALICE@LHC

ALICE collaboration, Nature 588, 232 (2020);
ALICE collaboration, PRD 106, 052010 (2022)

D−p

Hadron interactions — Femtoscopy

Almost impossible in scattering experiments

234 | Nature | Vol 588 | 10 December 2020

Article

the number of uncorrelated pairs with the same k*, obtained by com-
bining particles produced in different collisions (the so-called 
mixed-event technique). Figure 1d shows how an attractive or repulsive 
interaction is mapped into the correlation function. For an attractive 
interaction the magnitude of the correlation function will be above 
unity for small values of k*, whereas for a repulsive interaction it will 
be between zero and unity. In the former case, the presence of a bound 
state would create a depletion of the correlation function with a depth 
increasing with increasing binding energy.

Correlations can occur in nature from quantum mechanical inter-
ference, resonances, conservation laws or final-state interactions. 
Here, it is the final-state interactions that contribute predominantly 
at low relative momentum; in this work we focus on the strong and 
Coulomb interactions in pairs composed of a proton and either a Ξ− or 
a Ω− hyperon.

Protons do not decay and can hence be directly identified within the 
ALICE detector, but Ξ− and Ω− baryons are detected through their weak 
decays, Ξ− → Λ + π− and Ω− → Λ + Κ−. The identification and momentum 
measurement of protons, Ξ−, Ω− and their respective antiparticles are 
described in Methods. Figure 2 shows a sketch of the Ω− decay and the 
invariant mass distribution of the ΛΚ− and ΛK¯ + pairs. The clear peak 
corresponding to the rare Ω− and Ω̄+

 baryons demonstrates the excel-
lent identification capability, which is the key ingredient for this meas-
urement. The contamination from misidentification is ≤5%. For the 
Ξ− (Ξ̄+

) baryon the misidentification amounts to 8%11.
Once the p, Ω− and Ξ− candidates and charge conjugates are selected 

and their 3-momenta measured, the correlation functions can be built. 
Since we assume that the same interaction governs baryon–baryon 
and antibaryon–antibaryon pairs8, we consider in the following the 
direct sum (%) of particles and antiparticles (p Ξ p Ξ p Ξ– % ¯ – ¯ ≡ –− + −  
and p Ω p Ω p Ω– % ¯ – ¯ ≡ –− + −). The determination of the correction ξ(k*) 
and the evaluation of the systematic uncertainties are described in 
Methods.

Comparison of the p–Ξ− and p–Ω− interactions
The obtained correlation functions are shown in Fig. 3a, b for the p–Ξ− 
and p–Ω− pairs, respectively, along with the statistical and systematic 
uncertainties. The fact that both correlations are well above unity 
implies the presence of an attractive interaction for both systems. For 
opposite-charge pairs, as considered here, the Coulomb interaction 

is attractive and its effect on the correlation function is illustrated 
by the green curves in both panels of Fig. 3. These curves have been 
obtained by solving the Schrödinger equation for p–Ξ− and p–Ω− pairs 
using the Correlation Analysis Tool using the Schrödinger equation 
(CATS) equation solver39, considering only the Coulomb interaction and 
assuming that the shape of the source follows a Gaussian distribution 
with a width equal to 1.02 ± 0.05 fm for the p–Ξ− system and to 0.95 ± 
0.06 fm for the p–Ω− system, respectively. The source-size values have 
been determined via an independent analysis of p–p correlations15, 
where modifications of the source distribution due to strong decays 
of short-lived resonances are taken into account, and the source size 
is determined as a function of the transverse mass mT of the pair, as 

(GeV/c2)mΛΚ 
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dN
/d
m

 (G
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Λ
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p

Fig. 2 | Reconstruction of the Ω− and Ω̄
+

 signals. Sketch of the weak decay  
of Ω− into a Λ and a Κ−, and measured invariant mass distribution (blue points)  
of ΛΚ− and Λ K¯ + combinations. The dotted red line represents the fit to the data 
including signal and background, and the black dotted line the background 
alone. The contamination from misidentification is ≤5%.
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Fig. 3 | Experimental p–Ξ− and p–Ω− correlation functions. a, b, Measured  
p–Ξ− (a) and p–Ω− (b) correlation functions in high multiplicity p–p collisions at 

s = 13 TeV . The experimental data are shown as black symbols. The black 
vertical bars and the grey boxes represent the statistical and systematic 
uncertainties. The square brackets show the bin width and the horizontal black 
lines represent the statistical uncertainty in the determination of the mean k* 
for each bin. The measurements are compared with theoretical predictions, 
shown as coloured bands, that assume either Coulomb or Coulomb + strong 
HAL QCD interactions. For the p–Ω− system the orange band represents the 
prediction considering only the elastic contributions and the blue band 
represents the prediction considering both elastic and inelastic contributions. 
The width of the curves including HAL QCD predictions represents the 
uncertainty associated with the calculation (see Methods section ‘Corrections 
of the correlation function’ for details) and the grey shaded band represents, in 
addition, the uncertainties associated with the determination of the source 
radius. The width of the Coulomb curves represents only the uncertainty 
associated with the source radius. The considered radius values are 1.02 ± 0.05 
fm for p–Ξ− and 0.95 ± 0.06 fm for p–Ω− pairs, respectively. The inset in b shows 
an expanded view of the p–Ω− correlation function for C(k*) close to unity. For 
more details see text.

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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)c (MeV/k* 
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4

)
k*( −

pD
C 

+Dp ⊕ −pD

Coulomb

et al.C. Fontoura 

et al.Y. Yamaguchi 

J. Hofmann and M. Lutz

 = 2.25)π/42
σ

g (et al.J. Haidenbauer 

 = 13 TeVsALICE pp 
 > )0% INEL 0.17 − High-mult. (0

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
pΩ−

 : strangeness ,  : charm Ω− ∼ sss S = − 3 D− ∼ c̄d C = − 1

https://inspirehep.net/literature/2011222
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-  correlations for  K−p Λ(1405)

- Compositeness of Λ(1405)
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 and  scatteringΛ(1405) K̄N

 does not fit in standard picture —> exotic candidateΛ(1405)

: experiment

Λ(1405)

: theory
N. Isgur and G. Karl, PRD18, 4187 (1978)

u d
s

Applications:  correlations for K−p Λ(1405)

Resonance in coupled-channel scattering

 thresholdK̄N

en
er

gy Λ(1405)

 thresholdπΣ

N
K̄

- Coupling to MB: chiral SU(3) dynamics

Σ
π

T. Hyodo, W. Weise, arXiv:2202.06181 [nucl-th] (Handbook of Nuclear Physics)

https://inspirehep.net/literature/2032014
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Scattering experiments and femtoscopy
Applications:  correlations for K−p Λ(1405)

 scattering dataK−p

- Limited statistics (low-energy)
- Old bubble chamber experiments

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.
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Femtoscopy: correlation function
ALICE collaboration, PRL 124, 092301 (2020)

C K
−
p(

q)

|q |

- Excellent precision (  cusp)K̄0n

- Data below  thresholdK̄0n

Important constraints on Λ(1405)

https://inspirehep.net/literature/927436
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Coupled-channel effects
Applications:  correlations for K−p Λ(1405)

Coupled-channel Schrödinger equation (s-wave)
−1
2μ1

d2

dr2 + V11(r) + VC(r) V12(r) ⋯

V21(r) −1
2μ2

d2

dr2 + V22(r) + Δ2 ⋯

⋮ ⋮ ⋱

ψK−p(r)
ψK̄0n(r)

⋮
= E

ψK−p(r)
ψK̄0n(r)

⋮

Coulomb threshold energy difference

Coupled-channel Koonin-Pratt formula
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

- Transition from K̄0n, π+Σ−, π0Σ0, π−Σ+, π0Λ

- : weight of channel  source relative to ωi i K−p

https://inspirehep.net/literature/1762829
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Correlation from chiral SU(3) dynamics
Wave function : Kyoto  potentialΨ(−)

i,q (r) K̄N-πΣ-πΛ

Correlation is well reproduced by chiral SU(3) potential

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)

Applications:  correlations for K−p Λ(1405)

- Source function : gaussian,  from  data S(r) R ∼ 1 fm K+p

- Source weight  by simple statistical model estimateωπΣ ∼ 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].

PHYSICAL REVIEW LETTERS 124, 132501 (2020)
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Large source case
New data with  collisions at 5.02 TeVPb-Pb

Applications:  correlations for K−p Λ(1405)

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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ALICE collaboration, PLB 822, 136708 (2021)

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

Correlation is suppressed at larger , as predictedR

- Scattering length  fmaK−p = − 0.91 + 0.92i



17

Systematic study of source size dependence
Correlations in , ,  by Kyoto  potentialpp p-Pb Pb-Pb K̄N-πΣ-πΛ

More strength is needed in the  channelK̄0n
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

21

p

p

p

Pb
Pb

Pb

expected weight is OK

enhancement needed to 
explain data

ALICE collaboration, EPJC 83, 340 (2023)

Applications:  correlations for K−p Λ(1405)

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

i≠K−p

αi ωi ∫ d3r Si(r) |Ψ(−)
i,q (r) |2

: expected weight by 
Thermal Fist + Blast Wave
ωi

https://inspirehep.net/literature/2088954
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Compositeness  of stable bound stateX
S. Weinberg, Phys. Rev. 137, B672 (1965);
T. Hyodo, Int. J. Mod. Phys. A 28, 1330045 (2013)

Weak-binding relation for stable states

|d⟩ = X |NN⟩ + Z |others⟩, X + Z = 1, 0 ≤ X ≤ 1

Applications: Compositeness of Λ(1405)

a0 = R { 2X
1 + X

+ 𝒪 ( Rtyp

R )}, R =
1
2μB

radius of bound statescattering length

range of interaction

- for shallow bound state , R ≫ Rtyp X ← (a0, B)

Problem: applicable only to stable states

N N

d

https://inspirehep.net/literature/1256957
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Compositeness  of unstable quasibound stateX

Weak-binding relation for unstable states

Y. Kamiya, T. Hyodo, PRC93, 035203 (2016); PTEP2017, 023D02 (2017)

Applications: Compositeness of Λ(1405)

|Λ(1405)⟩ = X | K̄N⟩ + Z |others⟩, X + Z = 1

a0 = R
2X

1 + X
+ 𝒪 (

Rtyp

R ) + 𝒪 ( ℓ
R

3

) , R =
1

−2μEh
, ℓ ≡

1
2μν

K̄ N

π Σ

Λ(1405)
- complex a0, X

- complex eigenenergy: −B → Eh ∈ ℂ

- for near-threshold quasibound state , |R | ≫ (Rtyp, ℓ) X ← (a0, Eh)

v

- correction from threshold energy difference

Interpretation of complex X

X̃ =
1 − |Z | + |X |

2
, Z̃ =

1 − |X | + |Z |
2

, X̃ + Z̃ = 1, 0 ≤ X̃ ≤ 1

https://inspirehep.net/literature/1391312
https://inspirehep.net/literature/1474407


a0 = R
2X

1 + X
+ 𝒪 (

Rtyp

R ) + 𝒪 ( ℓ
R

3

) , R =
1

−2μEh
, ℓ ≡

1
2μν
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Compositeness of : central values Λ(1405)

:  composite dominance <— observablesΛ(1405) K̄N

Generalized weak-binding relation

 determinations by several groups(a0, Eh)

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

Table 2. Properties and results for the higher-energy pole of !(1405) quoted from Ref. [7]: shown are the
eigenenergy Eh, the K̄N (I = 0) scattering length a0, the K̄N compositeness XK̄N and X̃K̄N , and the uncertainty
of the interpretation U .

Eh [MeV] a0 [fm] XK̄N X̃K̄N U/2

Set 1 [35] −10 − i26 1.39 − i0.85 1.2 + i0.1 1.0 0.3
Set 2 [36] − 4 − i 8 1.81 − i0.92 0.6 + i0.1 0.6 0.0
Set 3 [37] −13 − i20 1.30 − i0.85 0.9 − i0.2 0.9 0.1
Set 4 [38] 2 − i10 1.21 − i1.47 0.6 + i0.0 0.6 0.0
Set 5 [38] − 3 − i12 1.52 − i1.85 1.0 + i0.5 0.8 0.3

the K̄N threshold energy, we can study the K̄N compositeness of !(1405) with the generalized
weak-binding relation for quasibound states. To evaluate the compositeness using the weak-binding
relation, we need the I = 0 scattering length of the K̄N channel and the eigenenergy of !(1405).
These quantities can be obtained by detailed fitting analysis of the experimental data in the K̄N
threshold energy region. The most systematic analysis in the previous studies is performed by chiral
SU(3) dynamics [34–38]. In these studies, !(1405) is described by two resonance poles of the
scattering amplitude in the complex energy plane. We consider the K̄N compositeness of the state
represented by the pole at higher energy because this can be regarded as the weakly bound state.7

In Table 2, we show the sets of the scattering length a0 and the eigenenergy of the higher pole state
Eh, based on Refs. [34–38].8 Because of the isospin symmetry breaking, the threshold energies and
the reduced masses of the K̄0n channel and the K−p channel are slightly different. We define the
scattering length for the isospin I = 0 channel as a0 = (f0,K−p(E = 0) + f0,K̄0n(E = 0))/2, where
f0,K−p and f0,K̄0n are the scattering amplitudes of K−p → K−p and K̄0n → K̄0n, respectively,
and the threshold energy E = 0 is specified below for each set. The scattering length of set 1 is
calculated from the NLO amplitude of Refs. [34,35] by using the isospin-averaged hadron masses
at the isospin-averaged K̄N threshold energy. Therefore we use the isospin-averaged mass of K̄ and
N to determine the threshold energy and the reduced mass. Set 3 is based on Fit II of Ref. [37] with
the same isospin-averaging procedure. In the other analyses, the scattering length is calculated at the
K−p threshold energy, so we use the threshold energy and reduced mass of the K−p channel. Sets 2,
4, and 5 are based on Ref. [36], solution #2 of Ref. [38], and solution #4 of Ref. [38], respectively. In
Table 2, the scattering length a0 and the eigenenergy Eh do not converge quantitatively even though
the available data is reproduced at the level of χ2/d.o.f ∼ 1 in all the analyses. We therefore employ
the results of all the analyses to estimate the systematic error.

We first estimate the magnitude of the higher-order terms in the weak-binding relation. Using the
eigenenergies in Table 2, we find that the value of R satisfies |R| ! 1.5 fm. The typical range scale
of the hadron interaction can be estimated from the meson exchange mechanism. The longest range
hadronic interaction is mediated by the lightest meson π , which cannot be exchanged between K̄ and
N because the three-point vertex of the pseudoscalar mesons is prohibited by parity conservation.
We therefore estimate the typical range scale of the K̄N interaction from the ρ meson exchange
interaction to obtain Rtyp = 1/mρ ∼ 0.25 fm.9 To estimate the length scale l = 1/

√
2µω, we use

7 We do not consider the compositeness of the state associated with the lower-energy pole, because the
weak-binding relation is derived for the closest pole to the threshold.

8 We thank Jose Antonio Oller and Maxim Mai for correspondences.
9 We do not use the σ exchange to estimate the interaction range because the σ meson has the broad width [1].
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- Neglecting correction terms:

- In all cases,  and X ∼ 1 X̃ ∼ 1

Applications: Compositeness of Λ(1405)



a0 = R
2X

1 + X
+ 𝒪 (

Rtyp

R ) + 𝒪 ( ℓ
R

3

) , R =
1

−2μEh
, ℓ ≡

1
2μν
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Compositeness of : uncertaintiesΛ(1405)

 composite dominance holds even with correction termsK̄N

Estimation of correction terms: |R | ∼ 2 fm

-  meson exchange picture:  ρ Rtyp ∼ 0.25 fm

- Energy difference from :  πΣ ℓ ∼ 1.08 fmPTEP 2017, 023D02 Y. Kamiya and T. Hyodo

Fig. 9. The results of error evaluation of the compositeness X̃K̄N of !(1405). The lines denote the central
values and the shaded areas indicate the uncertainty bands.

Fig. 10. I = 0 scattering amplitudes in the K̄N → K̄N (right panel) and π# → π# (left panel) channels
based on Ref. [35] with the isospin-averaged hadron masses. The solid line denotes the real part and the dashed
line denotes the imaginary part.

the π# amplitude has a CDD pole at this energy.10 Thus the ERE description of the π# amplitude
around its threshold will not reach the K̄N threshold because of the CDD pole. The existence of
the CDD pole near the resonance pole in the π# amplitude may be an indication of the non-π#
dominance of !(1405).

In Refs. [20,21,39,40], the compositeness of !(1405) is also calculated in various models by
evaluating the expression in Eq. (89) at the pole position. The results are summarized in Table 4.
In Refs. [39] and [20], the scattering amplitude is calculated from the chiral unitary approach of
Refs. [3] and [35], respectively. In the analysis of Ref. [40], the SU(6) model in Ref. [41] is used.
In Ref. [21], the scattering amplitude based on the unitary chiral perturbation theory in Ref. [37] is
used. We summarize the results in Table 4, specifying the prescription to interpret the compositeness.
We see that these studies give a consistent result for K̄N dominance over the other components. This
is also in good agreement with our model-independent results by the weak-binding relation.

In these studies, Refs. [20] and [21] use the scattering amplitude in Refs. [35] and [37], respectively.
Although Ref. [21] uses a different prescription |X | to determine the compositeness, small U = 0.1 in
set 3 indicates the difference between the prescriptions should be small, as we discussed in Sect. 3.5.

10 In the coupled-channel scattering, each component can have a CDD pole individually. This is in contrast to
the pole of the amplitude representing the eigenstate, which is determined by det F−1 = 0 and the divergence
appears in all the components of Fij.
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Applications: Compositeness of Λ(1405)
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Hadron interactions —> hadronic molecules

Femtoscopy: novel method to study hadron 
interactions

Femtoscopy for  correlations 

Compositeness of 

K−p

Λ(1405)

Summary and future prospects

Summary

- precise test for  and  interactionsΛ(1405) K̄N
Y. Kamiya, T. Hyodo, K. Morita, A. Ohnishi, W. Weise. PRL124, 132501 (2020)

-  molecule picture from observablesK̄N
Y. Kamiya, T. Hyodo, PRC93, 035203 (2016); PTEP2017, 023D02 (2017)

https://inspirehep.net/literature/1762829
https://inspirehep.net/literature/1391312
https://inspirehep.net/literature/1474407
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Hadron interactions

New direction: femtoscopy with nuclei

Summary and future prospects

Future prospects

- Combination of scattering experiment, 
  femtoscopy, and lattice QCD

- scattering length  and binding energy 
  —> compositeness 

a0 B
X

-  correlations: complementary to Λα, Ξα ΛN, ΞN

A. Jinno, Y. Kamiya, T. Hyodo, A. Ohnishi, PRC110, 014001 (2024);
Y. Kamiya, A. Jinno, T. Hyodo, A. Ohnishi, arXiv:2409.13207 [nucl-th]

- hopefully at J-PARC HI

https://inspirehep.net/literature/2768754
https://inspirehep.net/literature/2831083

