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--> peculiar role in hadron physics

- strongly attractive
- coupled with πΣ channel

Two aspects of K(K̅) meson

2

K̅ meson and K̅N interaction
Introduction

- NG boson of chiral SU(3)R ⊗ SU(3)L --> SU(3)V

- relatively heavy mass: mK ~ 496 MeV

K̅N interaction is ...

πΣ
--> quasi-bound state Λ(1405)

Λ(1405)
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- fundamental building block 
  for K̅-nuclei, K̅ in medium,...
T. Hyodo, D. Jido, Prog. Part. Nucl. Phys. 67, 55 (2012)

      meson-baryon v.s. qqq state, 
      double pole, ...



K̅N interaction

3

K̅ nuclei v.s. normal nuclei
Introduction

--> K̅N interaction: fundamental interaction in K̅ nuclei

I=0 I=1
NN deuteron (2 MeV) attractive
K̅N Λ(1405) (15-30 MeV) attractive

T. Yamazaki, Y. Akaishi / Physics Letters B 535 (2002) 70–76 71

Fig. 1. Calculated !KN and !K-nucleus potentials and bound levels: !(1405), 2!KH and
3
!KH for K

−p, K−pp and K−ppn systems, respectively. The
nuclear contraction effect is taken into account. The shaded zones indicate the widths. The "π and !π emission thresholds are also shown.

problem is how to produce !∗ in a nucleus and
how to identify produced !K bound states. Here, we
point out that the “strangeness exchange reactions”
(K−,π−) (or similarly, (π+,K+)) would lead to
the production and detection of !K bound states [6].
Although it resembles the ordinary method for !

and " hypernuclear spectroscopy, no attention has
ever been paid to the excitation region, which is
much higher than M"c2 = 1190 MeV. One of the
advantages of this reaction is to produce very exotic!K
bound systems on proton-rich “nuclei”, such as p–p,
that are unbound without the presence of K−. We first
discuss the structure of such exotic systems that can
be formed only by the (K−,π−) reaction and then
consider their production processes.

2. Structure of proton-rich !K bound states

Table 1 shows what kinds of exotic species of !K
bound states are formed following (K−,π−) reactions.
The I = 0 !KN pair, which possesses a strong attrac-
tion, gives an essential clue to lower the energy of a
bound system. Thus, K−pp, K−ppp and K−pppn sys-
tems on non-existing nuclei, which can be produced
from d(K−,π−), 3He(K−,π−) and 4He(K−,π−) re-

actions, respectively, are of particular interest. The
doorway states are expressed as 2!∗H, 3!∗He and 4!∗He
in the hypernuclear nomenclature, which are con-
verted to !K bound states, namely, 2!KH,

3
!KHe and

4
!KHe,

respectively. The two less-exotic !K bound nuclei, 3!KH
and 4!KH, can be produced by the (e, e

′K+) and (K−,n)
reactions, as shown in Table 1.
We have calculated the binding energies (B) and

widths (Γ ) of such proton-rich !K bound states by
the G-matrix method, starting from the following
elementary !KN interactions, as derived in Refs. [1–3]:

(1)vI
!KN(r) = vI

D exp
[
−(r/0.66 fm)2

]
,

(2)vI
!KN,π"

(r) = vI
C1 exp

[
−(r/0.66 fm)2

]
,

(3)vI
!KN,π!

(r) = vI
C2 exp

[
−(r/0.66 fm)2

]
,

with vI=0
D = −436 MeV, vI=0

C1 = −412 MeV,
vI=0
C2 = 0, vI=1

D = −62 MeV, vI=1
C1 = −285 MeV and

vI=1
C2 = −285 MeV, where vI

π"(r) = vI
π!(r) = 0 is

taken to simply reduce the number of parameters.
These interactions, characterized by the strongly at-
tractive vI=0

!KN channel, were shown to lead to a strongly
attractive optical potential (see detailed discussions in
Ref. [3]), which is consistent with a substantial reduc-
tion of the K− mass in the nuclear medium, predicted

- strong attraction
- no repulsive core?

A. Doté et al. / Physics Letters B 590 (2004) 51–56 53

Table 1
Summary of the present calculations. B.E.: total binding energy. ρ(0): nucleon density at the center of the system. Rrms: root-mean-square
radius of the nucleon system. ν: width parameter of a Gaussian wave packet used in the calculation. β: deformation parameter for the nucleon
system. ppnK−† and 8BeK−†: AY’s results

B.E. [MeV] ΓK [MeV] ρ(0) [fm−3] Rrms [fm] ν [fm−2] β

3He 7.65 – 0.15 1.54 0.22 0.02
ppnK− 113 24 1.39 0.72 1.12 0.19
ppnK−† 116 20 1.10 0.97

8Be 46.7 – 0.13 2.38 0.21 0.60
8BeK− 159 43 0.76 1.42 0.52 0.55
8BeK−† 168 38 ∼ 0.85

Fig. 1. Calculated density contours of ppnK−. Comparison between (a) usual 3He and (b) 3HeK− is shown in the size of 5 by 5 fm. Individual
contributions of (c) proton, (d) neutron and (e) K− are given in the size of 3 by 3 fm.

24 MeV. The present result is very similar to the AY
prediction: BK = 108 MeV and ΓK = 20 MeV. We
have not considered the decay width from the non-
mesonic decay (K̄NN → ΛN/ΣN ), but according
to AY it is estimated to be about 12 MeV [1]. The
width of ppnK− remains still narrower than that of
Λ(1405), even when the non-mesonic decay is taken
into account.
Surprisingly, the central density (“uncorrelated den-

sity”) of the system amounts to 8.2-times the normal
density due to the shrinkage effect. Fig. 1(a) and (b)
shows a comparison between 3He and 3HeK−. In or-

der to see how the bound K̄ changes the nucleus in
more detail we show the calculated density distribu-
tions of the constituents in Fig. 1(c)–(e). Apparently,
the proton distribution is more compact than the neu-
tron distribution. This phenomenon is attributed to
the property of the K̄N interaction. Table 2 shows
how protons and a neutron in ppnK− contribute to
the kinetic energy and the expectation value of the
K̄N interaction, and also to each root-mean-square
radius. This table together with Fig. 1 can be inter-
preted as follows. Since the K−p interaction is much
stronger than theK−n one, the protons distribute com-

T. Yamazaki, Y. Akaishi, Phys. Lett. B535, 70 (2002)
A. Dote, Y. Akaishi, H. Horiuchi, T. Yamazaki, Phys. Lett. B590, 51 (2004)

--> Strong binding of K̅ in nuclei
     High density (~10 ρ0)?
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Figure 1: The experimental data of the total cross sections of the K−p reactions, which
are taken into account.
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K-p total cross sections to K-p, K̅0n, π+Σ-, π-Σ+, π0Σ0, π0Λ.

4

Constraints for K̅N interaction

- old experiments, large error bars, some contradictions
- wide energy range above the threshold

Threshold branching ratios

--> large uncertainty!

Determination of the scattering length by these constraints
B. Borasoy, U.G. Meissner, R. Nissler, Phys. Rev. C74, 055201 (2006)

Introduction

- very accurate
- only at W = mK- + Mp

� =
�(K�p ! ⇡+⌃�)

�(K�p ! ⇡�⌃+)
= 2.36± 0.04,

Rc =
�(K�p ! charged)

�(K�p ! all)
= 0.664± 0.011,

Rn =
�(K�p ! ⇡0⇤)

�(K�p ! neutral)
= 0.189± 0.015,



Measurements of the kaonic hydrogen
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Scattering length from kaonic hydrogen

strong interaction

- shift and width of atomic state (Coulomb bound state)

K-

p

bi
nd

in
g 

en
er

gyEM interaction
experiment

Experiments: KpX and DEAR
M. Iwasaki, et al., Phys. Rev. Lett. 78, 3067 (1997)
G. Beer, et al., Phys. Rev. Lett. 94, 212302 (2005)

- repulsive shift (existence of Λ*)
- quantitatively inconsistent?

EM value

Introduction

U.-G. Meissner, U. Raha, A. Rusetsky, Eur. Phys. J. C35, 349 (2004)

�E � i

2
� = �2�3µ2

caK�p[1� 2�µc(ln�� 1)aK�p] scattering length



New accurate measurement by SIDDHARTA
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SIDDHARTA measurement 

M. Bazzi, et al., Phys. Lett. B704, 113 (2011)
Talk by M.A. Iliescu (Fri. parallel VII-a)

--> New constraint on the K̅N interaction

- smallest uncertainties

Introduction
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Chiral unitary approach

R.H. Dalitz, T.C. Wong, G. Rajasekaran, Phys. Rev. 153, 1617 (1967)

Y. Tomozawa, Nuovo Cim. 46A, 707 (1966); S. Weinberg, Phys. Rev. Lett. 17, 616 (1966)
- Interaction <-- chiral symmetry

- Amplitude <-- unitarity in coupled channels

1. Λ(1405) in K̅N-πΣ scattering

T

= +
T

N. Kaiser, P. B. Siegel, W. Weise, Nucl. Phys. A594, 325 (1995),
E. Oset, A. Ramos, Nucl. Phys. A635, 99 (1998),
J. A. Oller, U. G. Meissner, Phys. Lett. B500, 263 (2001),
M.F.M. Lutz, E. E. Kolomeitsev, Nucl. Phys. A700, 193 (2002), .... many others
Talk by D. Jido (next)

chiral cutoff
T =

1
1� V G

V

It works successfully in various hadron scatterings.

Description of S = -1, K̅N s-wave scattering: Λ(1405) in I = 0



Different πΣ spectra?
K-d --> πΣN reaction

Exp.: O. Braun, et al., Nucl. Phys. B129, 715 (1977); J-PARC E31.
Theor.: D. Jido, E. Oset, T. Sekihara, Eur. Phys. J. A42, 257 (2009); A47, 42 (2011)
Talk by D. Jido (next)
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Pole structure in the complex energy plane
Resonance state ~ pole of the scattering amplitude

∼

Tij(
√

s) ∼ gigj√
s − MR + iΓR/2

D. Jido, J.A. Oller, E. Oset, A. Ramos, U.G. Meissner, Nucl. Phys. A 723, 205 (2003)

Two poles for one 
resonance (bump structure)
--> Superposition of 
      two states ?

Λ*2

Λ*1

T. Hyodo, D. Jido, PPNP 67, 55 (2012)

1. Λ(1405) in K̅N-πΣ scattering



at threshold
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Origin of the two-pole structure

K̅N πΣ

Leading order chiral interaction for K̅N-πΣ channel
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T. Hyodo, W. Weise, Phys. Rev. C 77, 035204 (2008)

Vij = �Cij
�i + �j

4f2

Cij =

�

� 3 �
�

3
2

�
�

3
2 4

�

�

�i � mi, 3.3m� � mK

� VK̄N � 2.5V��

Very strong attraction in K̅N (higher energy) -->  bound state
Strong attraction in πΣ (lower energy) --> resonance
Model dependence? Effects from higher order terms?

© W.Weise 

1. Λ(1405) in K̅N-πΣ scattering
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Experimental constraints for S=-1 MB scattering
K-p total cross sections

- threshold branching ratios
- K-p scattering length

K̅N
K̅N scatt.?

πΣ energy

πΣ mass spectra

K̅N threshold observables

- new data is becoming available (LEPS, CLAS, HADES,...)

2. Realistic K̅N-πΣ interaction with SIDDHARTA

<-- SIDDHARTA exp.

πΣ threshold observables (so far no data)
Y. Ikeda, T. Hyodo, D. Jido, H. Kamano, T. Sato, K. Yazaki, PTP 125, 1205 (2011);
T. Hyodo, M. Oka, Phys. Rev. C 83, 055202 (2011)
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Construction of the realistic amplitude
Systematic χ2 fitting with SIDDHARTA data

1) TW term

2) Born terms

3) NLO terms

O(p)

O(p)

O(p2)

Y. Ikeda, T. Hyodo, W. Weise, Phys. Lett. B 706, 63 (2011); Nucl. Phys. A881 98 (2012);
Talk by Y. Ikeda (Fri. parallel VII-a)

Parameters: 6 cutoffs (+ 7 low energy constants in NLO)

TW model

TWB model

NLO model

- Interaction kernel: NLO ChPT

2. Realistic K̅N-πΣ interaction with SIDDHARTA
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Best-fit results
TW TWB NLO Experiment

⇥E [eV] 373 377 306 283± 36± 6 [7]

� [eV] 495 514 591 541± 89± 22 [7]

� 2.36 2.36 2.37 2.36± 0.04 [8]

Rn 0.20 0.19 0.19 0.189± 0.015 [8]

Rc 0.66 0.66 0.66 0.664± 0.011 [8]

⇤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.

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 theK⇤ 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. [5]). A systematic uncertainty analysis has been performed by varying the input
parameters within the range permitted by the uncertainty measures of the experimen-
tal data. A detailed description of this analysis will be given in a longer forthcoming
paper [13].

Equipped with the best fit to the observables at K�p threshold and above, an opti-
mized prediction for the subthreshold extrapolation of the complex s-wave K�p ⇥ K�p
amplitude can now be given. The result is shown in Fig. 3, including again a conservative
uncertainty estimate. The real and imaginary parts of this amplitude display as expected
the ⇥(1405) resonance as a quasibound K̄N (I = 0) state embedded in the ⇥⌅ contin-
uum. The present NLO calculation confirms the two-poles scenario [14,15] of the coupled
K�p ⇤ ⇥⌅ system. Using the best-fit input, the resulting locations of the two poles
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2. Realistic K̅N-πΣ interaction with SIDDHARTA
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Shift, width, and pole positions

TW and TWB are reasonable, while best-fit requires NLO.
Pole positions are now converging. 

TW TWB NLO

χ2/dof 1.12 1.15 0.957

Pole positionsShift and width
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2. Realistic K̅N-πΣ interaction with SIDDHARTA
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K-n scattering amplitude
For K-nucleon interaction, we need both K-p and K-n.

p
s [MeV]
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a(K�n) = 0.29 + i0.76 fm (TW) ,

a(K�n) = 0.27 + i0.74 fm (TWB) ,

a(K�n) = 0.57 + i0.73 fm (NLO) .

a(K�p) =
1

2
a(I = 0) +

1

2
a(I = 1) + . . . , a(K�n) = a(I = 1) + . . .

Some deviation: constraint on K-n? (<-- kaonic deuterium?)

2. Realistic K̅N-πΣ interaction with SIDDHARTA
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J=0 K̅NN system
Theoretical calculations of K̅NN system (~ K-pp)

3. Applications to few-body systems

N.V. Shevchenko, A. Gal, J. Mares, Phys. Rev. Lett. 98, 082301 (2007),
Y. Ikeda, T. Sato, Phys. Rev. C76, 035203 (2007),
T. Yamazaki, Y. Akaishi, Phys. Rev. C76, 045201 (2007),
A. Dote, T. Hyodo, W. Weise, Phys. Rev. C79, 014003 (2009),
Y. Ikeda, Kamano, T. Sato, Prog. Thoer. Phys. 124, 533 (2010),
* there is another pole at B = 67-89 MeV with large width.
N. Barnea, A. Gal, E.Z. Liverts, Phys. Lett. B712 (2012)

SGM07 IS07 YA07 DHW09 IKS10* BGL12

Method Fadd. Fadd. Var. Var. Fadd. Var.

K̅N int. E-indep E-indep E-indep E-dep E-dep E-dep

BK̅NN [MeV] 55-70 60-95 48 17-23 9-16 15.7

ΓπYN [MeV] 90-110 45-80 61 40-70 34-46 41.2

K̅NN system forms a quasi-bound state with large width.



- Models: isospin symmetric.
  Breaking is important at th.

- SIDDHARTA11 is obtained 
  by the improved DT formula

- New constraint on K̅NN system
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Comparison of K-p scattering length
Theoretical calculations of K̅NN system (~ K-pp)

SGM07 IS07 YA07 DHW09 IKS10 BGL12

Method Fadd. Fadd. Var. Var. Fadd. Var.

K̅N int. E-indep E-indep E-indep E-dep E-dep E-dep

BK̅NN [MeV] 55-70 60-95 48 17-23 9-16 15.7

ΓπYN [MeV] 90-110 45-80 61 40-70 34-46 41.2
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3. Applications to few-body systems
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J=1 K̅NN system
J=1 system (~ K-d)
- INN=0 --> K̅N(I=0):K̅N(I=1) = 1:3

Less attractive, but maybe weakly bound (above Λ*N).
UHO11 Oset et al. (12) BGL12

Model Λ*N potential FCA Three-body variational

BK̅NN [MeV] > MΛ*N 9 > MΛ*N

ΓπYN [MeV] - 30 -

T. Uchino, T. Hyodo, M. Oka, Nucl. Phys. A868-869, 53 (2011)
E. Oset, et al., Nucl. Phys. A881, 127 (2012)
N. Barnea, A. Gal, E.Z. Liverts, Phys. Lett. B712 (2012)

Small binding energy
--> Close relation with K-d scattering length?

Y. Ikeda, T. Hyodo, W. Weise, work in progress

3. Applications to few-body systems
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DNN system
Analogous system in the charm sector: DNN system.

- Replace K̅ by D
- Λ(1405) in KN-πΣ : Λc(2595) in DN -πΣc

M. Bayar et al., arXiv:1205.2275 [hep-ph], to appear in Phys. Rev. C
Talk by E. Oset (Tue. parallel III-b)

3. Applications to few-body systems

- Fixed center approximation to Faddeev equation
- Variational calculation with 1-channel potential

Calculated in two different methods:

Narrow width: advantageous to be observed

MDNN ~ 3500 MeV,    BDNN ~ 250 MeV,    BΛ*cN ~ 40 MeV
Γ ~ 20-40 MeV

A quasi-bound state is found in J=0 channel.
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Summary

1. Λ(1405) is generated from the coupled-
channel K̅N-πΣ dynamics.

2. Accurate K-hydrogen data help us to 
construct realistic K̅N-πΣ interaction.

3. Strong K̅N attraction will generate 
various K̅ few-body systems.

We study the K̅N-πΣ interaction and its 
applications to few-body systems.

Summary


