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Abstract 

We examine the meson-baryon interaction in the strangeness S ffi - 1  sector using an effective 
chiral Lagrangian. Potentials are derived from this Lagrangian and used in a coupled-channel 
calculation of the low-energy observables. The potentials are constructed such that in the Born 
approximation the s-wave scattering length is the same as that given by the effective chiral 
Lagrangian, up to order q2. A comparison is made with the available low-energy hadronic data 
of the coupled K-p ,  Ezr, A~r system, which includes the A(1405) resonance, K - p  elastic 
and inelastic scattering, and the threshold branching ratios of the K - p  decay. Good fits to the 
experimental data and estimates of previously unknown Lagrangian parameters are obtained. 

I.  Introduct ion 

The effective chiral Lagrangian including baryons, which corresponds to an expansion 
in increasing powers of  derivatives of  the meson fields and quark masses, has been 
successful in understanding many properties o f  the meson-baryon  system at low energies 
[ 1 ].  Since the pion mass is small, properties of  the p ion-nucleon system are well 
described close to threshold. Recently, the S U ( 3 )  chiral Lagrangian has also been 
applied to the K+N system [2,3] .  In both the 7rN and K ÷ N  cases, the low-energy 
(s-wave)  interaction is relatively weak and the leading term of  the Lagrangian ( l inear 
in the meson four-momentum q) is the main one. In this article we examine the KN 
system within the context of  the effective chiral Lagrangian. In contrast to the rrN and 
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Introducrtion

Chiral SU(3) dynamics for 

 interaction and kaon-nuclear systems

 femtoscopy

Summary

Λ(1405)

K̄N

K−p

Contents
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T. Hyodo, W. Weise, “Theory of kaon-nuclear systems”, arXiv:2202.06181 [nucl-th]
T. Nagae, T. Hyodo, “Theory of kaonic nuclei”, (in Japanese, Kyoritsu Shuppan, 2023)
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 and  scatteringΛ(1405) K̄N

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

: experiment

Λ(1405)

: theory

N. Isgur, G. Karl, PRD 18, 4187 (1978)

u d
s

Chiral SU(3) dynamics for Λ(1405)

Resonance in coupled-channel scattering

Detailed analysis of -  scattering is necessaryK̄N πΣ

 thresholdK̄N

en
er

gy Λ(1405)

 thresholdπΣ

N
K̄

- Coupling to MB states

Σ
π

R.H. Dalitz, S.F. Tuan, PRL 10, 425 (1959); Ann. Phys. 10, 307 (1960)
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Chiral coupled-channel analysis
Chiral SU(3) coupled-channels  approach(K̄N, πΣ, πΛ, ηΛ, ηΣ, KΞ)

= +

T V TV

N. Kaiser, P.B. Siegel, W. Weise, NPA594, 325 (1995)
Y. Ikeda, T. Hyodo, W. Weise, PLB 706, 63 (2011); NPA 881, 98 (2012)

Chiral SU(3) dynamics for Λ(1405)

Dominant contribution from TW interaction

Chiral perturbation theory (3-flavor)

O(p2)O(p)

O(p)

2) Born terms1) TW term 3) NLO terms

https://inspirehep.net/literature/927436
https://inspirehep.net/literature/1086833
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Chiral symmetry and TW interaction
TW interaction: low-energy theorem (model independent)

Chiral SU(3) dynamics for Λ(1405)

Vii(E = 0) = −
Ciimi

2f 2

D. Jido, J.A. Oller, E. Oset, A. Ramos, U.G. Meißner, NPA725, 181 (2003);
T. Hyodo, W. Weise, PRC 77, 035204 (2008)

- Interaction at threshold:  (spontaneous breaking)V ∝ mi

- Two attractive components in  and  —> two statesK̄N πΣ

VK̄N(I=0) =
3mK

2f 2
∼ − 12.1 fm, VπΣ(I=0) =

4mπ

2f 2
∼ − 6.4 fm,

-  (explicit breaking) —> mK ∼ 3.5mπ |VK̄N(I=0) | > |VπΣ(I=0) |

CSU(3)
ij =

6
3

3
−2

1
8
8′￼

27

CI=0
ij =

3 − 3
2

3

2
0

4 0 3
2

0 − 3

2

3

K̄N

πΣ

ηΛ

KΞ

https://inspirehep.net/literature/770146


TW TWB NLO Experiment

�E [eV] 373 377 306 283± 36± 6 [10]

� [eV] 495 514 591 541± 89± 22 [10]

� 2.36 2.36 2.37 2.36± 0.04 [11]

Rn 0.20 0.19 0.19 0.189± 0.015 [11]

Rc 0.66 0.66 0.66 0.664± 0.011 [11]

�2/d.o.f 1.12 1.15 0.96

pole positions 1422� 16i 1421� 17i 1424� 26i

[MeV] 1384� 90i 1385� 105i 1381� 81i

Table 1
Results of the systematic �2 analysis using leading order (TW) plus Born terms (TWB) and full NLO
schemes. Shown are the energy shift and width of the 1s state of the kaonic hydrogen (�E and �),
threshold branching ratios (�, Rn and Rc), �2/d.o.f of the fit, and the pole positions of the isospin I = 0
amplitude in the K̄N -⇡⌃ region.

the subtraction constants ai in Eq. (7), especially those in the ⇡⇤ and ⌘⌃ channels,
exceed their expected “natural” values ⇠ 10�2 by more than an order of magnitude [14].
This clearly indicates the necessity of including higher order terms in the interaction
kernel Vij . It also emphasizes the important role of the accurate kaonic hydrogen data in
providing sensitive constraints.

The additional inclusion of direct and crossed meson-baryon Born terms does not
change �E and �2/d.o.f. in any significant way. It nonetheless improves the situation
considerably since the subtraction constants ai now come down to their expected “nat-
ural” sizes.

The best fit (with �2/d.o.f. = 0.96) is achieved when incorporating NLO terms in the
calculations. The inputs used are: the decay constants f⇡ = 92.4 MeV, fK = 110.0 MeV,
f⌘ = 118.8 MeV, and axial vector couplings D = 0.80, F = 0.46 (i.e. gA = D+F = 1.26);
subtraction constants at a renormalization scale µ = 1 GeV (all in units of 10�3): a1 =
a2 = �2.38, a3 = �16.57, a4 = a5 = a6 = 4.35, a7 = �0.01, a8 = 1.90, a9 = a10 =
15.83; and NLO parameters (in units of 10�1 GeV�1): b̄0 = �0.48, b̄D = 0.05, b̄F =
0.40, d1 = 0.86, d2 = �1.06, d3 = 0.92, d4 = 0.64. Within the set of altogether
“natural”-sized constants ai the relative importance of the K⌅ channels involving double-
strangeness exchange is worth mentioning.

As seen in Table 1, the results are in excellent agreement with threshold data. The
same input reproduces the whole set of K�p cross section measurements as shown in
Fig. 2 (Coulomb interaction e↵ects are included in the diagonal K�p ! K�p channel
as in Ref. [6]). A systematic uncertainty analysis has been performed by varying the
parameters obtained from �2 fits within the range permitted by the uncertainty measures
of the kaonic hydrogen experimental data. Since the shift and width of kaonic hydrogen
are rather insensitive to the I = 1 scattering amplitudes, the total cross section of
K�p ! ⇡0⇤ reaction is also used for the uncertainty analysis. We find that all cross
sections are well reproduced with the constraint from the kaonic hydrogen measurement
as shown by the shaded areas in Fig. 2. A detailed description of this analysis will be
given in a longer forthcoming paper [15].

Equipped with the best fit to the observables at K�p threshold and above, an opti-
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Fit to experimental data

Branching ratios
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Chiral SU(3) dynamics for Λ(1405)
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NNLO analysis and lattice QCD
Analysis at NNLO chiral SU(3) dynamics (  and  included)KN πN

J.-X. Lu, L.S. Geng, M. Doering, M. Mai, PRL 130, 071902 (2023)

Supplemental Material [63]. They show that BCHPTand its
unitarized version can provide a good description of the
meson-baryon scattering data for all the three strangeness
sectors simultaneously. For the K̄N channel, with all the
constraints from the KN and πN channels, we obtain a
χ2=d:o:f ¼ 1.56 weighting different observables by the
respective number of data points [41,43,44,100], which
should be compared with the equivalent value of about 2
from theNLO study [43]. The χ2=d:o:f: for theKN channels
decrease considerably [from 3.93(2.24) to 0.46(1.46) for
KNI¼0ðKNI¼1Þ] compared with those obtained in Ref. [35]
sincewe take into account the Oðp3Þ tree level contributions
which were omitted there.
In Fig. 1, we show the cross sections from the global

NLO (The NLO study is presented only for the sake of
comparison. The description of the K̄N channel is accept-
able but that of the πN channel is much worse. See the
Supplemental Material [63] for details.) and NNLO fits for
the K̄N coupled channels as well as πN and KN phase
shifts. The error bands are produced by the Bayesian model
for a degree of belief of 68% [101–103] (see the
Supplemental Material [63] for details). The comparison
with the best NLO fits of Guo [43] reveals that the K̄N
cross sections can be described rather well already at NLO,
but quantitatively better results are obtained at NNLO, in
particular, those of fπ−Σþ; π0Λ; ηΛg final states. It is
important to note that compared with the NLO fits, only
NNLO fits allow also for a simultaneous description of the
πN and KN phase shifts [35].
In Fig. 1(h), we also show the π−Σþ mass spectrum in

the vicinity of Λð1405Þ. As explained above, these data are
not fitted. They are calculated following the approach of
Refs. [39,43] but including the contributions from πΛ and
ηΛ. The ηΣ andKΞ channels are neglected because they are
too far away from the energy region of our interest. While
we are faced with the well-known problem that the left-
hand cuts overlap with the unitary cuts below the K̄N
threshold (see Supplemental Material [63] for details), the
data are indeed described well.
In Table II we compare the scattering length and three

ratios with the experimental data. Clearly the agreement is

very good. We show as well the results of Fit II of the
NLO study of Ref. [43], which agree with ours within
uncertainties.
The double pole structure of Λð1405Þ is the most

interesting nonperturbative phenomenon in this coupled-
channel problem. Studies on this special resonance date
back to the 1960s [108] where it was suggested as a K̄N
bound state (see also review in Ref. [48]). It was then found
that Λð1405Þ is actually a superposition of two poles
[39,109–111]. Recent discussions on this issue can be
found in Refs. [42,43,53,112–114]. Note that a recent
lattice QCD study also supports the K̄N bound state inter-
pretation of Λð1405Þ [115]; see also Refs. [116,117]. In
order to obtain the pole position, one needs to extend the
amplitudes to the second Riemann sheet. This can be
achieved by analytically extrapolating the loop function
GðsÞ to the second Riemann sheet following the standard
prescription, see, e.g., Refs. [27,43,56]. The poles

TABLE II. Threshold parameters, pole positions, and couplings of the two I ¼ 0 states obtained in the present work in comparison
with experimental data and the results of Ref. [43].

aK−p (fm) γ Rc Rn

NNLO ð−0.71% 0.07Þ þ ið0.84% 0.07Þ 2.35% 0.19 0.684% 0.033 0.198% 0.019
NLO [43] −0.61þ0.07

−0.08 þ ið0.89þ0.09
−0.08 Þ 2.36þ0.17

−0.22 0.661þ0.12
−0.11 0.188þ0.028

−0.029
EXP ð−0.64% 0.10Þ þ ið0.81% 0.15Þ 2.36% 0.12 0.664% 0.033 0.189% 0.015

Pole positions (MeV) jgπΣj (GeV) jgηΛj (GeV) jgK̄N j (GeV) jgKΞj (GeV)
Λð1380Þ 1392% 8 − ið102% 15Þ 6.40% 0.10 3.01% 0.15 2.31% 0.10 0.45% 0.01
Λð1405Þ 1425% 1 − ið13% 4Þ 2.15% 0.07 5.45% 0.24 4.99% 0.08 0.58% 0.02

FIG. 2. Positions of the two Λð1405Þ poles obtained in the
present study (“NNLO” and “NNLO&” corresponding to results
with or without baryon mass constraints) in comparison with
those of the NLO studies, i.e., Guo [43], Hyodo [42], Mai-I [53],
Mai-II [53], Sadasivan [113], Cieply [118], Shevchenko [119],
and Haidenbauer [120].
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bound state (see also review in Ref. [48]). It was then found
that Λð1405Þ is actually a superposition of two poles
[39,109–111]. Recent discussions on this issue can be
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lattice QCD study also supports the K̄N bound state inter-
pretation of Λð1405Þ [115]; see also Refs. [116,117]. In
order to obtain the pole position, one needs to extend the
amplitudes to the second Riemann sheet. This can be
achieved by analytically extrapolating the loop function
GðsÞ to the second Riemann sheet following the standard
prescription, see, e.g., Refs. [27,43,56]. The poles
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Chiral SU(3) dynamics for Λ(1405)

Two poles are confirmed at NNLO and lattice QCD

Lattice QCD calculation of -  scattering ( )K̄N πΣ mπ ∼ 200 MeV
J. Bulava, et al. (Baryon Scattering collaboration), PRL 132, 051901 (2023)
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levels. The fit with the lowest Akaike Information Crite-
rion (AIC) value is a four-parameter fit to Eq. (2). The
result is

A00 = 4.1(1.8), A11 = �10.5(1.1),

A01 = 10.3(1.5), B01 = �29(18),
(3)

with fixed B00 = B11 = 0 and �2 = 10.52 for 11 degrees
of freedom. This fit is shown in Fig. 1. All statistical un-
certainties and correlations are taken into account using
the bootstrap method with 800 samples.

Analytic structure of the amplitude.—The various
parametrizations discussed above constrain the energy
dependence of the amplitudes near the finite-volume en-
ergies, even if they do not accommodate left-hand (cross-
channel) cuts. Knowledge over this limited range enables
the analytic continuation of the scattering amplitude (de-
noted T ) to complex Ecm and the identification of poles
close to the real axis on sheets adjacent to the physical
one.

The K-matrix, the JP = 1/2� scattering amplitude
T , and the normalized amplitude t shown in Fig. 1 are
related by

t�1 = 8⇡Ecm T �1 = eK�1 � ibk, (4)

where bk = diag (k⇡⌃, kK̄N ),

k2⇡⌃ =
1

4E2
cm

�(E2
cm,m

2
⇡,m

2
⌃) .

Here, �(x, y, z) is the Källén function [50] and kK̄N is
defined similarly. Analytic continuation of the coupled
channel ⇡⌃ � K̄N amplitude involves four different Rie-
mann sheets, each labelled by the sign of the imaginary
parts of (k⇡⌃, kK̄N ), with (+,+) denoting the physical
sheet. Complex poles in the scattering amplitude corre-
spond to vanishing eigenvalues in the right-hand side of
Eq. (4), and are determined numerically. In the vicinity
of a pole, the divergent part of the amplitude is

t =
1

Ecm � Epole

✓
c2⇡⌃ c⇡⌃ cK̄N

c⇡⌃ cK̄N c2
K̄N

◆
+ . . . , (5)

where the (complex) residues c⇡⌃ and cK̄N denote the
coupling of the resonance pole to each channel.

Two poles are found on the (�,+) sheet, which is the
one closest to physical scattering in the region between
the two thresholds. Their locations are

E1 =1392(9)(2)(16) MeV,

E2 =[1455(13)(2)(17) � i11.5(4.4)(4)(0.1)] MeV,
(6)

and their couplings
�����
c(1)⇡⌃

c(1)
K̄N

����� = 1.9(4)(6),

�����
c(2)⇡⌃

c(2)
K̄N

����� = 0.53(9)(10). (7)

FIG. 4. The elastic ⇡⌃ amplitude near threshold. The points
are obtained from Eq. (1) using a single channel and `max = 0.
The shaded band denotes a fit of the four levels shown to
a two-parameter effective range expansion. A pole on the
real axis in the second Riemann sheet (a virtual bound state)
occurs when k⇡⌃ cot �⇡⌃ � ik⇡⌃ = 0 below threshold. This is
where the black dashed line intersects the fit.

The first uncertainty is statistical, the second accounts
for parametrization dependence, and for the pole posi-
tions, the third comes from the uncertainty in the lat-
tice spacing in Table I. Two poles are present for all
parametrizations of the K-matrix. The pole at E1 is
likely a virtual bound state, except in 0.5% of bootstrap
samples where it is located on the physical sheet and
thus a bound state, while the one at E2 is a resonance.
The first pole has a stronger coupling to the ⇡⌃ channel,
while for the second, the hierarchy is reversed. Further
confirmation of the existence of the lower pole as a virtual
bound state comes from a single-channel analysis of the
energy levels near the ⇡⌃ threshold, as shown in Fig. 4.

Conclusion.— This study of ⇡⌃�K̄N scattering in the
⇤(1405) region is the first coupled-channel meson-baryon
scattering amplitude determined from lattice QCD. Her-
mitian correlation matrices using both single-baryon and
meson-baryon interpolating operators for a variety of
different total momenta and irreducible representations
were used. The analytic continuation of the amplitudes
into the complex center-of-mass energy plane is stabi-
lized by finite-volume energies just below the ⇡⌃ and K̄N
thresholds and clearly exhibits two poles. At a slightly
heavier-than-physical pion mass of m⇡ ⇡ 200MeV, the
lower pole is a virtual bound state below the ⇡⌃ threshold
and the higher a resonance just below the K̄N thresh-
old. Due to our use of m⇡ > mphys

⇡ , the real parts of
the pole positions in Eq. (6) are somewhat larger than
those determined at the physical point from experiment
using chiral approaches [5], which lie within the ranges
ReE1 = 1325�1380MeV and ReE2 = 1421�1434MeV.
Importantly, this qualitative consistency supports the
two-pole picture predicted by chiral symmetry and uni-
tarity.

Future work with this system includes moving to phys-

as described inRef. [63].We haveverified the insensitivity of
our extracted energies to reasonable variations of the GEVP
parameters, the use of different nearby noninteracting levels,
and different fit forms. An example energy determination is
shown in Fig. 2 for the ground state of theG1uð0Þ irreducible
representation (irrep), which predominantly contains the

parity-odd, s-wave scattering system. All levels used to
constrain the amplitude are shown in Fig. 3.
Scattering amplitude determination.—In lattice QCD,

scattering amplitudes below three-hadron thresholds are
inferred from finite-volume spectra [37–44] using the
relationship [65]

det½K̃−1ðEcmÞ − BPðEcmÞ$ ¼ 0: ð1Þ

The matrix K̃ is related to the usual scattering K matrix
(normalized such that the single-channel equivalent of K̃−1

is the s-wave k cot δ0), and the “box matrix” BP for a
particular total momentum P ¼ ð2π=LÞd (with d∈Z3)

TABLE I. Parameters of the D200 ensemble [59]. The lattice
dimensions in space and time (L and T), as well as the mass of the
pion (mπ) and kaon (mK) are given in units of the lattice spacing
a. In pion mass units, the size of the box is mπL ¼ 4.181ð16Þ.

a (fm) ðL=aÞ3 × T=a amπ amK

0.0633(4)(6) 643 × 128 0.065 33(25) 0.156 02(16)

FIG. 2. Example determination of a finite-volume stationary-
state energy, illustrating the sensitivity of the fitted energy to the
lower end of the fit range (tmin) for the lowest level of the G1uð0Þ
irrep. Each set of points corresponds to a different fit form. The
two-exponential and geometric [63] fits are performed to the
diagonalized correlation function only. The single-exponential
ratio fits are performed to the same correlator divided by either
the product K̄ð0ÞNð0Þ or πð0ÞΣð0Þ of correlators, and the lab
frame energy aElab is reconstructed from the interaction shifts.
The dark horizontal band and filled symbol denote the chosen fit.

FIG. 3. Finite-volume spectrum in the center-of-mass frame
used as input data to constrain parametrizations of the coupled-
channel πΣ-K̄N scattering amplitude. Each column corresponds
to a particular irrep Λðd2Þ of the little group of total momentum
P2 ¼ ð2π=LÞ2d2. Only irreps where the l ¼ 0 partial wave
contributes are included. Dashed lines indicate various thresh-
olds, as labeled. Model energies from the resultant scattering-
amplitude fit are given by blue squares.

FIG. 1. The I ¼ 0 and S ¼ −1 coupled-channel πΣ-K̄N am-
plitude computed on a single lattice QCD gauge-field ensemble
with mπ ≈ 200 MeV as a function of the energy difference to the
πΣ threshold in the center-of-mass frame. The upper panel shows
the transition matrix elements, defined in Eq. (4), using the
K-matrix parametrization with the lowest AIC constrained by the
finite-volume spectrum in the bottom panel. The second panel
shows the model variation for the same quantities using several
parametrizations. The third and fourth panels show the position of
poles in the complex center-of-mass energy (Ecm) plane on the
sheets closest to the physical one: using the parametrization with
the lowest AIC (third panel), and for several parametrizations
(fourth panel). In the second and fourth panel, the transparency of
each line and corresponding pair of pole positions are propor-
tional to exp ½−ðAIC − AICminÞ=2$, where AICmin is the lowest
AIC corresponding to the fit in Eq. (3), which is also shown in the
top panel. The subscripts i, j index the two open scattering
channels. In the lowest panel, the lattice QCD energy levels that
serve as input to the amplitude analyses are displayed. For clarity,
these energy levels are displaced vertically by the total spatial
momentum d2 defined below Eq. (1).

PHYSICAL REVIEW LETTERS 132, 051901 (2024)

051901-3
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Current PDG
Since 2020 edition of PDG, two  resonances are listedΛ

- “ ” is no longer at 1405 MeV but ~ 1420 MeV.Λ(1405)

- Lower pole: two-star resonance Λ(1380)

Chiral SU(3) dynamics for Λ(1405)

2 82. Pole Structure of the »(1405) Region

pole positions at (1364 ≠ i43) MeV and (1430 ≠ i15) MeV, respectively [22].

Table 82.1: Comparison of the pole positions of »(1405) and »(1380)
in the complex energy plane from next-to-leading and next-to-next-to-
leading order chiral unitary coupled-channel approaches including the SID-
DHARTA constraint. The lower two results also include the CLAS photo-
production data.

approach »(1405) [MeV] »(1380) [MeV]
Ref. [16], NLO 1424+7

≠23 ≠ i 26+3
≠14 1381+18

≠6 ≠ i 81+19
≠8

Ref. [18], Fit II 1421+3
≠2 ≠ i 19+8

≠5 1388+9
≠9 ≠ i 114+24

≠25
Ref. [19], solution #2 1434+2

≠2 ≠ i 10+2
≠1 1330+4

≠5 ≠ i 56+17
≠11

Ref. [19], solution #4 1429+8
≠7 ≠ i 12+2

≠3 1325+15
≠15 ≠ i 90+12

≠18
Ref. [20] 1420+15

≠21 ≠ i 27+18
≠11 1419+16

≠22 ≠ i 71+24
≠31

Ref. [23], NNLO 1425+1
≠1 ≠ i 13+4

≠4 1392+8
≠8 ≠ i 102+15

≠15

The main contribution in this energy region is provided by the »(1405) pole, whose position
converges within a relatively small region near the K̄N threshold. On the other hand, the po-
sition of the »(1380) shows a sizeable scatter. Detailed studies of the fiÀ spectrum in various
reaction processes, together with the precise experimental lineshape (see e.g. the recent precise
photoproduction data from the LEPS collaboration [24] and from the CLAS collaboration [25,26],
electroproduction data from the CLAS collaboration [27], and proton-proton collision data from
COSY [28] and the HADES collaboration [29]), will shed light on the position of the second pole.
The fiÀ spectra from the CLAS data are analyzed in Ref. [30] and Ref. [19]. It was shown in
Ref. [19] that several solutions, which agree with the scattering data, are ruled out if confronted
with the recent CLAS data. The remaining solutions are collected as solution #2 and solution #4
in Table 82.1. The HADES data are analyzed in Ref. [31] and Ref. [32]. Although the result of

Figure 82.1: Pole positions of »(1405) (left) and »(1380) (right). Vertical dashed lines stand for
the threshold energies of meson-baryon channels, fi0À0, fi≠À+, fi+À≠, K≠p, K̄0n (from left to
right).

1st December, 2025

 ****Λ(1405)  **Λ(1380)

http://pdg.lbl.gov/
1 82. Pole Structure of the »(1405) Region

82. Pole Structure of the »(1405) Region

Revised Feb. 2025 by T. Hyodo (RCNP, Osaka U.; Tokyo Metropolitan U.) and U.-G. Meißner
(Bonn U.; FZ Jülich).

The »(1405) resonance emerges in the meson-baryon scattering amplitude with the strangeness
S = ≠1 and isospin I = 0. It is the archetype of what is called a dynamically generated resonance,
as pioneered by Dalitz and Tuan [1]. The most powerful and systematic approach for the low-energy
regime of the strong interactions is chiral perturbation theory (ChPT), see e.g. Ref. [2]. A pertur-
bative calculation is, however, not applicable to this sector because of the existence of the »(1405)
just below the K̄N threshold. In this case, ChPT has to be combined with a non-perturbative re-
summation technique, just as in the case of the nuclear forces. By solving the Lippmann-Schwinger
equation with the interaction kernel determined by ChPT and using a particular regularization,
in Ref. [3] a successful description of the low-energy K≠p scattering data as well as the mass dis-
tribution of the »(1405) was achieved (for further developments, see Refs. [4–8] and references
therein). As will be discussed below, lattice QCD calculations are also getting close to unraveling
the complex structure of the scattering amplitude in this energy region.

The study of the pole structure was initiated by Ref. [9], which finds two poles of the scattering
amplitude in the complex energy plane between the K̄N and fiÀ thresholds. The spectrum in
experiments exhibits one e�ective resonance shape, while the existence of two poles results in
reaction-dependent lineshapes [10]. The origin of this two-pole structure is attributed to the two
attractive channels of the leading order interaction in the SU(3) basis (singlet and octet) [10] and
in the isospin basis (K̄N and fiÀ) [11]. It is remarkable that the sign and the strength of the
leading order interaction is determined by a low-energy theorem of chiral symmetry, i.e. the so-
called Weinberg-Tomozawa term. The two-pole nature of the »(1405) is qualitatively di�erent from
the case of the N(1440) resonance. Two poles of the N(1440) appear on di�erent Riemann sheets of
the complex energy plane separated by the fi∆ branch point. These poles reflect a single state, with
a nearby pole and a more distant shadow pole. In contrast, the two poles in the »(1405) region
on the same Riemann sheet (where fiÀ channels are unphysical and all other channels physical,
correspondingly to the one, connected to the real axis between the fiÀ and K̄N thresholds) are
generated from two attractive forces mentioned above [10,11].

There have been various experimental results related to the »(1405) [4]. Among these, the most
striking measurement is the precise determination of the energy shift and width of kaonic hydrogen
by the SIDDHARTA collaboration [12,13], which provides a quantitative and stringent constraint on
the K≠p amplitude at threshold through the improved Deser formula [14]. Systematic studies with
error analyses based on the next-to-leading order ChPT interaction including the SIDDHARTA
constraint have been performed by various groups [15–20]. All these studies confirm that the new
kaonic hydrogen data are compatible with the scattering data above threshold. Thanks to these
developments, starting from the 2020 edition, the name »(1405) is used to refer to the higher-energy
pole, while the lower-energy pole is now called the »(1380).

The results of the pole positions of the »(1405) and »(1380) in the various approaches are
summarized in Table 82.1 and Fig. 82.1. We may regard the di�erence among the calculations as a
systematic error, which stems from the various approximations of the Bethe-Salpeter equation, the
fitting procedure, and also the inclusion of SU(3) breaking e�ects such as the choice of the various
meson decay constants, and so on. A detailed comparison of the various approaches listed in the
table is given in Ref. [21]. An analysis including also the JP = 1/2+ P-wave contribution (and also
an explicit À(1385) 3/2+ state) gives results consistent with the findings reported above, with the

S. Navas et al. (Particle Data Group), Phys. Rev. D 110, 030001 (2024) and 2025 update
1st December, 2025 11:48am

http://pdg.lbl.gov/
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Kaonic nuclei
 and  interactions share common features: NN K̄N

 interaction and kaon-nuclear systemsK̄N

Theory of kaon-nuclear systems 3

Table 1 Qualitative features of the NN and K̄N s-wave interactions.
I = 0 I = 1

NN d (bound state) attractive
K̄N L(1405) (quasi-bound state) attractive

mental investigations have been devoted kaon-nuclear systems with these issues in
mind.

This chapter introduces the theoretical framework for kaon-nuclear systems,
starting with the L(1405) as a prototype example. We then describe few-body
and many-body kaon-nuclear systems, including a discussion of kaon properties
in nuclear matter. We also refer here to several review articles covering related top-
ics [7, 8, 9, 10, 11, 12, 13, 14].

The L(1405) resonance

The L(1405) resonance is nominally located just 27 MeV below the K� p thresh-
old (Mp + mK� = 1432 MeV). Its properties are therefore closely linked to the
low-energy K̄N interaction. The L(1405) is the lowest lying excited baryon in
the strangeness S = �1 and isospin I = 0 sector, rated as a four-star resonance in
PDG [1]. Studies of the L(1405) go back to 1959 when Dalitz and Tuan theoreti-
cally predicted a resonance below the K̄N threshold [2, 3]. Based on the coupled-
channels unitarity of the K̄N-pS system and the empirical K̄N scattering length,
they deduced the existence of a resonance in the pS scattering amplitude. Shortly
after the prediction, experimental evidence for the L(1405) was reported in the pS
invariant mass distribution of the K� p ! pppS reaction at 1.15 GeV [4]. Since
then a large amount of theoretical and experimental investigations have been de-
voted to clarify the nature of the L(1405) (see Refs. [9, 12, 13, 14]). In particular,
recent developments have firmly established the following basic properties of the
L(1405):

• Eigenenergy: The generalized eigenenergy of an unstable state is expressed by
the position of the resonance pole of the scattering amplitude in the complex
energy plane (the real and imaginary parts respectively correspond to the mass
and half width of the resonance). The pole positions of the L(1405) have been
pinned down [15, 16, 18, 19], thanks to accurate constraints from the precise
measurement of kaonic hydrogen by the SIDDHARTA collaboration [20, 21].

• Spin and parity: Experimental determination of the spin and parity has been car-
ried out by the CLAS collaboration in the photoproduction g p ! K+L(1405) [73].
The result confirms the expected quantum numbers of JP = 1/2�.

Current interest on the L(1405) is focused on its internal structure. In conven-
tional constituent quark models, the negative parity excited baryons are described
by the internal excitation of three quarks in the confining potential. In a systematic

—> (quasi-)bound states of  + nuclei?K̄

Y. Akaishi, T. Yamazaki, PRC 65, 044005 (2002)

Y. Nogami, PL 7, 288 (1963)

- possible “deeply-bound” nuclei

A question:
- Does kaonic nculei exist with realistic  interaction?K̄N

N N

N

N N

K̄
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Construction of  potentialsK̄N

Local  potential is useful for various applicationsK̄N

meson-baryon amplitude 
(chiral SU(3) EFT)

Kyoto - -  potential 
(coupled-channel, real)

K̄N πΣ πΛ

Kaonic nuclei

Kyoto  potential
(single-channel, complex)

K̄N

Kaonic deuterium  correlation functionK−p

T. Hyodo, W. Weise, PRC 77, 035204 (2008)

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

K. Miyahara, T. Hyodo, W. Weise, 
PRC 98, 025201 (2018)

 interaction and kaon-nuclear systemsK̄N

https://inspirehep.net/literature/770146
https://inspirehep.net/literature/1376961
https://inspirehep.net/literature/1669596
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 system: simplest kaonic nucleusK̄NN

- Fit to  cross sections and branching ratiosK−p

- SIDDHARTRA constraint of kaonic hydrogen

Theoretical calculation with realistic  interactionK̄N

 interaction and kaon-nuclear systemsK̄N

[1] J. Revai, N.V. Shevchenko, PRC 90, 034004 (2014)
[2] S. Ohnishi, W. Horiuchi, T. Hoshino, K. Miyahara. T. Hyodo, PRC95, 065202 (2017)

- Caution:  absorption ( ) is NOT included!!2N ΓYN

[3] N.V. Shevchenko, NPA 890-891, 50 (2012)
[4] N.V. Shevchenko, J. Revai, PRC 90, 034003 (2014)
[5] K. Miyahara. T. Hyodo, PRC 93, 015201 (2016)

Table 2: SIDDHARTAのK中間子水素の結果を考慮した K̄N 相互作用による Λ(1405)共鳴極の
比較。

Potential Λ(1405) [MeV] Λ(1380) [MeV] BK̄NN [MeV] ΓK̄NN→πY N [MeV]

V 1,SIDD
K̄N -πΣ

1426− 48i [3] - 53.3 [1] 64.8 [1]

V 2,SIDD
K̄N -πΣ

1414− 58i [3] 1386− 104i [3] 47.4 [1] 49.8 [1]

V chiral
K̄N -πΣ-πΛ 1417− 33i [4] 1406− 89i [4] 32.2 [1] 48.6 [1]

Kyoto K̄N 1424− 26i [5] 1381− 81i [5] 25.3-27.9 [2] 30.9-59.4 [2]

Table 3: SIDDHARTAのK中間子水素の結果を考慮した K̄N 相互作用による Λ(1405)共鳴極の
比較。

Potential ∆E − iΓ/2 [eV]

V 1,SIDD
K̄N -πΣ

767− 464i [1]

V 2,SIDD
K̄N -πΣ

782− 469i [1]

V chiral
K̄N -πΣ-πΛ 835− 502i [1]

Kyoto K̄N 670− 508i [2]

Table 4: SIDDHARTAのK中間子水素の結果を考慮した K̄N 相互作用による Λ(1405)共鳴極の
比較。

Potential Λ(1405) [MeV] Λ(1380) [MeV] BK̄NN [MeV] ΓK̄NN→πY N [MeV] ∆E − iΓ/2 [eV]

V 1,SIDD
K̄N -πΣ

1426− 48i - 53.3 64.8 767− 464i

V 2,SIDD
K̄N -πΣ

1414− 58i 1386− 104i 47.4 49.8 782− 469i

V chiral
K̄N -πΣ-πΛ 1417− 33i 1406− 89i 32.2 48.6 835− 502i

Kyoto K̄N 1424− 26i 1381− 81i 25.3-27.9 30.9-59.4 670− 508i

2

https://inspirehep.net/literature/1510887
https://inspirehep.net/literature/1376961
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Kaonic nuclei up to A = 6

Rigorous few-body approach up to  systemsA = 6
S. Ohnishi, W. Horiuchi, T. Hoshino, K. Miyahara. T. Hyodo, PRC95, 065202 (2017)

- Stochastic variational method with correlated gaussians

(single channel)

 interaction and kaon-nuclear systemsK̄N

̂V = ̂VK̄N(Kyoto K̄N ) + ̂VNN(AV4′￼)

- quasi-bound state below the lowest threshold
- decay width (without multi-  absorption) ~ binding energyN

- for  system,  and  are almost degeneratedA = 6 0− 1−

Results for kaonic nuclei with A = 2, 3, 4, 6

計算ノート例1

兵藤哲雄

June 29, 2022

論文 [1]の計算の確認のノート例です。

References

[1] S. Aoki and K. Yazaki, arXiv:2109.07665 [hep-lat].

Table 1: 少数K 中間子原子核の基底状態のアイソスピン I、スピン・パリティJP、束縛エネル
ギーB、中間子崩壊幅 Γmes. [?]。不定性は主として K̄N 相互作用のエネルギー依存性に起因する
が、アイソスピン多重項間のアイソスピンの破れも含んでいる。K̄NNNNNN 系の 0−と 1−は
ほぼ縮退している。

K̄NN K̄NNN K̄NNNN K̄NNNNNN
I(JP ) 1/2(0−) 0(1/2−) 1/2(0−) 1/2(0−, 1−)
B [MeV] 25.3-27.9 45.3-49.7 67.9-75.5 69.8-80.7
Γmes. [MeV] 30.9-59.4 25.5-69.4 28.0-74.5 23.7-75.6

1

https://inspirehep.net/literature/1510887
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Kaonic deuterium
 system with strong + Coulomb interactionK−pn

p

n
K− fm𝒪(1)

 fm𝒪(100)

 interaction and kaon-nuclear systemsK̄N

 - Experiments: J-PARC E57, SIDDHARTA-2

- Rigorous three-body treatment of strong + Coulomb
Theoretical requirements:

- Inclusion of SIDDHARTRA constraint (realistic )K̄N

[1] J. Revai, PRC 94, 054001 (2016) 
[2] T. Hoshino, S. Ohnishi, W. Horiuchi, T. Hyodo, W. Weise, PRC96, 045204 (2017)

Table 2: SIDDHARTAのK中間子水素の結果を考慮した K̄N 相互作用による Λ(1405)共鳴極の
比較。

Potential Λ(1405) [MeV] Λ(1380) [MeV] BK̄NN [MeV] ΓK̄NN→πY N [MeV]

V 1,SIDD
K̄N -πΣ

1426− 48i [3] - 53.3 [1] 64.8 [1]

V 2,SIDD
K̄N -πΣ

1414− 58i [3] 1386− 104i [3] 47.4 [1] 49.8 [1]

V chiral
K̄N -πΣ-πΛ 1417− 33i [4] 1406− 89i [4] 32.2 [2] 48.6 [2]

Kyoto K̄N 1424− 26i [5] 1381− 81i [5] 25.3-27.9 [2] 30.9-59.4 [2]

Table 3: SIDDHARTAのK中間子水素の結果を考慮した K̄N 相互作用による Λ(1405)共鳴極の
比較。

Potential ∆E − iΓ/2 [eV]

V 1,SIDD
K̄N -πΣ

767− 464i [1]

V 2,SIDD
K̄N -πΣ

782− 469i [1]

V chiral
K̄N -πΣ-πΛ 835− 502i [1]

Kyoto K̄N 670− 508i [2]

2

https://inspirehep.net/literature/1600610
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Correlation function and hadron interaction
 femtoscopyK−p

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) FSI

(= 1 in the absence of FSI/QS)

relative 
momentum q

Source function  <—> wave function  (FSI)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)
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Experimental data of  correlationK−p
 femtoscopyK−p

 total cross sectionsK−p

- Old bubble chamber data

- Threshold cusp is not visible
- Resolution is not good

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)

—> Important constraint on  and K̄N Λ(1405)

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.
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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
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s

p
¼ 5 TeV in a wider k" interval. The measurement is presented by the
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represent comparison with models as described in the text.
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Coupled-channel correlation function
 femtoscopyK−p

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.
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tion function through the wave functions ψ ð−Þ
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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
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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
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Coupled-channel effect is enhanced for small sources

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 source channel  relative to ωi i K−p
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Correlation from chiral SU(3) dynamics
Wave function  : coupled-channel  potentialΨ(−)

i,q (r) K̄N-πΣ-πΛ

Correlation function by ALICE is well reproduced

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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- Source weight  by simple statistical model estimateωπΣ ∼ 2
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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
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 and  arise from chiral SU(3) 
coupled-channel dynamics.

Kaonic nuclei and kaonic atoms are 
systematically studied based on realistic  
interactions. 

 correlation measurements provide a novel 
and precise probe of the  interaction.
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