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Brief History: 

Antikaons in Matter,  Kaon Condensation and all that      



Kaon spectrum in matter determined by:
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Brief History, Part II
Kaon Condensation in Neutron Matter
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provided by the shrunk nuclear core. When we
make a transformation of the KG energy as
(

εKG +
ε2
KG

2mKc2

)

−→ εS. (8)

Eq.(7) becomes equivalent to a Schrödinger-type
equation with an energy solution of εS. Thus, the
KG energy can be estimated from a Schrödinger
solution, which we obtain in the NR calculation,
by using

εKG = mKc2

(
√

1 +
2 εS

mKc2
− 1

)

. (9)

This “exact” relation means that, when the
Schrödinger energy (εS) drops down to −mKc2/2,
and the relativistic energy becomes −mKc2,
namely, the total mass becomes 0 (“kaon conden-
sation” regime), as shown in Fig. 2.

In this “mapping” treatment, we also made
consistent corrections on the threshold energies
of Λ + π and Σ + π and the complex energy of
Λ1405, and obtained re-fitted K̄N interaction pa-
rameters. It is to be noted that, since the inter-
nal energy of the shrunk nucleus is so large, the
UK̄−core for the KG equation is very deep. Thus,
the relativistic treatment gives a substantial neg-
ative correction to the energy EK̄−core.

Let us consider the case of [NNNK̄]T=0. The
original NR total binding energy, EK = −118
MeV, was readjusted to −111 MeV after tak-
ing into account the relativistic effect on the K̄N
binding in Λ1405. The nuclear core energy from
the core shrinkage is < ∆Ecore >≈ 50 MeV.
Thus, we obtain V0 = −570 MeV, W0 = 18 MeV
and aK = 0.923 fm in the expression for the K̄-
core potential as

UK̄−core(r) = (V0 + i W0) exp

[

−

(

r

aK

)2
]

. (10)

In this case, the relativistic correction is −23
MeV, yielding EK = −134 MeV. The total bind-
ing energy is still smaller by 35 MeV than the
experimental value, 169 MeV.

Next, we consider the case of [NNNK̄]T=1.
This state has a larger < ∆Ecore > than the
T = 0 state, because the energy to excite one
nucleon from the 0s shell to the 0p is estimated
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Figure 3. Calculated K̄-core potentials,
UK̄−core(r), for the T = 0 ppnK− state in three
cases: without shrinkage, with shrinkage with the
original bare K̄N interaction and with an en-
hanced bare K̄N interaction by 15%. The rel-
ativistic effects on the K̄-core binding energies
(EK̄−core) are indicated by arrows. Also shown is
the nuclear core energy, ∆Ecore(r), with an aver-
age value (< ∆Ecore >).
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Calculation of deeply bound K ppn system
                           using phenomenological KN and NN potentials

_

+ K

K ppn-

Brief History, Part III
Deeply Bound Antikaon-Nuclear Clusters ?

Y. Akaishi, T. Yamazaki,  Phys. Rev. C65 (2002) 044005

 ... too simple,  but has motivated a great amount of recent activities



1.
Framework:

Low-Energy QCD 
with Strange Quarks

Chiral SU(3) Dynamics

Non-perturbative (coupled-channels) approach to 
antikaon-nucleon interaction       

Important constraints: 
K̄N threshold physics

πΣ

mass spectra

Nature and properties of  
quasibound state embedded in the   K̄N

Λ(1405) as
continuum

πΣ



CHIRAL SU(3) EFFECTIVE  FIELD  THEORY

Interacting systems of  NAMBU-GOLDSTONE BOSONS  
(pions, kaons) coupled to BARYONS

+ + ...

Low-Energy Expansion:  CHIRAL  PERTURBATION  THEORY

“small parameter”:  
energy / momentum 

  

+

p

4π fπ

Leff = Lmesons(Φ) + LB(Φ, ΨB)

Leading  DERIVATIVE  couplings  (involving         )∂
µ
Φ

determined by spontaneously broken CHIRAL SYMMETRY

ΦΦ Φ ΦB B

 works well for low-energy pion-pion and pion-nucleon interactions

 ... but NOT for systems with strangeness S = −1 (K̄N, πΣ, ...)

1 GeV

higher orders 
with additional 

low-energy constants
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2 M.F.M. Lutz et al.

Thus, it is useful to review also in detail effective coupled-channel field theories
based on the chiral Lagrangian.

The task to construct a systematic effective field theory for the meson-baryon
scattering processes in the resonance region is closely linked to the fundamental ques-
tion as to what is the ’nature’ of baryon resonances. The radical conjecture10), 5), 11), 12)

that meson and baryon resonances not belonging to the large-Nc ground states are
generated by coupled-channel dynamics lead to a series of works13), 14), 15), 17), 16), 18)

demonstrating the crucial importance of coupled-channel dynamics for resonance
physics in QCD. This conjecture was challenged by a phenomenological model,11)

which generated successfully non-strange s- and d-wave resonances by coupled-channel
dynamics describing a large body of pion and photon scattering data. Of course,
the idea to explain resonances in terms of coupled-channel dynamics is an old one
going back to the 60’s.19), 20), 21), 22), 23), 24) For a comprehensive discussion of this
issue we refer to.12) In recent works,13), 14) which will be reviewed here, it was shown
that chiral dynamics as implemented by the χ−BS(3) approach25), 10), 5), 12) provides
a parameter-free leading-order prediction for the existence of a wealth of strange and
non-strange s- and d-wave wave baryon resonances. A quantitative description of
the low-energy pion-, kaon and antikaon scattering data was achieved earlier within
the χ-BS(3) scheme upon incorporating chiral correction terms.5)

§2. Effective field theory of chiral coupled-channel dynamics

Consider for instance the rich world of antikaon-nucleon scattering illustrated in
Fig. 1. The figure clearly illustrates the complexity of the problem. The K̄N state
couples to various inelastic channel like πΣ and πΛ, but also to baryon resonances
below and above its threshold. The goal is to bring order into this world seeking a
description of it based on the symmetries of QCD. For instance, as will be detailed
below, the Λ(1405) and Λ(1520) resonances will be generated by coupled-channel
dynamics, whereas the Σ(1385) should be considered as a ’fundamental’ degree of
freedom. Like the nucleon and hyperon ground states the Σ(1385) enters as an
explicit field in the effective Lagrangian set up to describe the K̄N system.

The starting point to describe the meson-baryon scattering process is the chiral
SU(3) Lagrangian (see e.g.26), 5)). A systematic approximation scheme arises due to a
successful scale separation justifying the chiral power counting rules.27) The effective
field theory of the meson-baryon scattering processes is based on the assumption
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Fig. 1. The world of antikaon-nucleon scattering
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Fig. 1. Real and imaginary parts of the K−p forward scattering amplitude calculated in the chiral SU(3) cou-
pled-channels approach [23], as functions of the invariant K̄N center-of-mass energy

√
s. Real and imaginary parts of the

scattering length deduced from the DEAR kaonic hydrogen measurements [27] are also shown. The dotted line indicates
the leading order (Tomozawa–Weinberg) K−p → K−p amplitude for comparison.

The off-shell s-wave K−p amplitude resulting from the coupled-channel calculation [23] can
be given a convenient approximate parametrisation as follows:

F s-wave
K−p = MN

4πf 2
K

√
s

(
ω + apm2

K + bpω2)
(

1 +
√

sγ0

M2
0 − s − i

√
sΓ0(s)

)
, (3)

with the kaon decay constant fK $ 0.11 GeV, ab $ −bp $ 1 GeV−1, γ0 $ 0.25 GeV and the
Λ(1405) mass and energy-dependent width (M0,Γ0(s)), notably with M0 shifted upward by
about 10 MeV from its nominal value. This form is useful for practical purposes and reflects
the behavior of the leading and next-to-leading order terms as well as the non-perturbative part
involving the dynamically produced resonance.

2.3. An equivalent pseudopotential

In applications to nuclear few-body systems it is convenient to translate the leading K̄N

s-wave interaction into an equivalent potential in the laboratory frame (where the nucleon is ap-
proximately at rest). The leading order piece (the Tomozawa–Weinberg term) can be viewed as
resulting from vector meson exchange [28]. Starting from the non-linear sigma model in SU(3),
introduce gauge couplings of the vector meson octet to the pseudoscalar octet and fix a universal
vector coupling constant g $ 6 such the ρ → π+π− width is reproduced. Then construct vector
meson couplings to the SU(3) octet baryons through their conserved vector currents. The corre-
sponding piece of the reduced K̄N interaction Lagrangian which generates the t-channel vector
meson exchange K̄N amplitude at tree level, with vector meson mass mV , is

δL(K̄N) = ig2

4

(
K−∂µK+ − K+∂µK−)[

∂2 + m2
V

]−1
Ψ̄Nγ µ(τ3 + 3)ΨN, (4)

where K± are the charged kaon fields and ΨN = (p,n)T is the isodoublet nucleon field. The
isovector (τ3) piece comes from ρ exchange and the isoscalar part (with its typical factor of 3)
comes from ω exchange, while φ exchange does not contribute as long as there are no strange

Low-Energy  K N  Interactions
_

Chiral Perturbation Theory NOT applicable: Λ(1405) just below K p threshold-

Non-perturbative 
Coupled Channels 

approach based on 
Chiral SU(3) Dynamics

N. Kaiser,  P. Siegel,  W. W.  (1995)
E. Oset,  A. Ramos (1998)

π
−

Σ
+ mass spectrumK−p scattering amplitude

Ima(K−p)

Rea(K−p)



Dynamical generation of Λ(1405) quasi-bound KN (I = 0) state

early history:  R.H. Dalitz et al. (1967)

Leading s-wave I = 0 meson-baryon interactions (Weinberg-Tomozawa)
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CHIRAL SU(3) COUPLED CHANNELS DYNAMICS

Tij = Kij +

∑

n

Kin Gn Tnj

K11 =
3

2f2
(
√

s − MN) K22 =
2

f2
(
√

s − MΣ)

K12 =
−1

2f2

√

3

2

(

√

s −
MN + MΣ

2

)

1 : 2 :

12 ↔ 21 :

ch. ch.
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The   TWO  POLES   scenario 

starting point: 
                no channel coupling K̄N

πΣ

bound state

resonance

K̄N )
Pole 1 

(dominantly 

channel coupling at work

Pole 1I 
(dominantly  )πΣ

Singularities of K̄N amplitude
in the complex energy plane

D. Jido et al., Nucl. Phys.  A725 (2003) 181

T. Hyodo,  W. W. ,   Phys. Rev. C77 (2008) 03524
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Fig. 2 Forward scattering amplitudes FK̄N (left) and FπΣ (right). Real parts are shown as
solid lines and imaginary parts as dashed lines. The amplitudes shown are related to the Tij

in Eq. (2) by Fi = −MiTii/(4π
√

s).

valance of the two attractive forces. As we emphasized in the previous section, the
meson-baryon interaction is governed by the chiral low energy theorem. Hence, we
consider that the two-pole structure of the Λ(1405) is a natural consequence of chiral
symmetry.

4 Effective single-channel interaction

Keeping the structure of the Λ(1405) in mind, we construct an effective single-channel
K̄N interaction which incorporates the dynamics of the other channels 2-4 (πΣ, ηN ,
and KΞ). We would like to obtain the solution T11 of Eq. (2) by solving a single-channel
equation with kernel interaction V eff, namely,

T eff = V eff + V eff G1 T eff = T11.

Consistency with Eq. (2) requires that V eff be the sum of the bare interaction in
channel 1 and the contribution Ṽ11 from other channels:

V eff = V11 + Ṽ11, Ṽ11 =
4X

m=2

V1m Gm Vm1 +
4X

m,l=2

V1m Gm T
(3)
ml Gl Vl1, (3)

T
(3)
ml = Vml +

4X

k=2

Vmk Gk T
(3)
kl , m, l = 2, 3, 4.

where T
(3)
ml is the 3 × 3 matrix with indices 2-4, and expresses the resummation of

interactions other than channel 1. Note that Ṽ11 includes iterations of one-loop terms
in channels 2-4 to all orders, stemming from the coupled-channel dynamics. This is an
exact transformation, as far as the K̄N scattering amplitude is concerned.

The effective K̄N interaction V eff is calculated within a chiral coupled-channel
model [14]. It turns out that the πΣ and other coupled channels enhance the strength
of the interaction at low energy, although not by a large amount. The primary effect
of the coupled channels is found in the energy dependence of the interaction kernel. In
the left panel of Fig. 2, we show the result of K̄N scattering amplitude T eff, which is
obtained by solving the single-channel scattering equation with V eff. The full amplitude
in the πΣ channel is plotted in the right panel for comparison. It is remarkable that the
resonance structure in the K̄N channel is observed at around 1420 MeV, higher than
the nominal position of the Λ(1405). What is experimentally observed is the spectrum

1405

1420

T. Hyodo,  W. W. :  Phys. Rev. C77 (2008) 03524

The  TWO  POLES  scenario   (contd.)

Note difference in pole positions and spectra of and πΣ

Equivalent   K̄N effective interaction should produce 

K̄N

D. Jido et al. ,  NP A725 (2003) 263 

K̄N πΣ amplitudes: and  

quasibound state at  1420 MeV  (not 1405 MeV)
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Figure 1: Diagrammatic representation of Eqs. (3), (4) and (6). Black blob stands for T eff. = T11,
shaded blobs stand for V eff., and white blobs denote T single

22

1.2 Two-channel problem

Let us start with the simplest case of two-channel scattering. We want to include the dynamics
of channel 2 into an effective interaction of channel 1 (V eff.). We would like to obtain the solution
T11 of Eq. (1) by solving a single channel problem with the kernel interaction V eff.. Namely,

T eff. =V eff. + V eff.G1T
eff. (3)

=[(V eff.)−1 − G1]
−1

=T11

To be consistent with Eq. (1), V eff. should be constructed by the sum of the bare interaction in
this channel V11 and the contribution from channel 2 Ṽ11 as

V eff. =V11 + Ṽ11 (4)

Ṽ11 =V12G2V21 + V12G2T
single
22 G2V21 (5)

where T single
22 is the single-channel resummation of channel 2:

T single
22 =V22 + V22G2T

single
22 (6)

=[V −1
22 − G2]

−1

Eqs. (3), (4) and (6) are diagrammatically illustrated in Fig. 1. Note that Ṽ11 consists of the
contribution from one loop to the channel 2 and that from the coupled channel resummation in
channel 2:

V12G2V21 : one loop, V12G2T
single
22 G2V21 : resummation (7)

1.3 N-channel problem

It is straightforward to extend the above framework to the case with N channels. We can generalize
the formula (5) and (6) to include the effect of N − 1 channels (2, 3, . . . , N) into channel 1:

(5) → Ṽ11 =
N∑

m=2

V1mGmVm1 +
N∑

m,l=2

V1mGmT (N−1)
ml GlVl1 (8)

2

Veff (K̄N → K̄N)

K̄N

πΣ
πΣ

K̄N

T. Hyodo,  W. W. :  Phys. Rev.  C 77 (2008) 03524

K̄N

Veff (K̄N → K̄N)

chiral 
SU(3) 

dynamics

AY 
phenom.
potential large differences 

in 
subthreshold 
extrapolations

Chiral dynamics predicts  significantly  weaker attraction than  
AY (local, energy independent) potential in far-subthreshold region



2.

Results
Constraints

Extrapolations

Low-energy antikaon-nucleon scattering     

Kaonic hydrogen and antikaon-nucleon scattering length    

Subthreshold extrapolations
. . . 



from DEAR to SIDDHARTA 

K̄N Threshold Physics

Precision measurements of  kaonic  hydrogen:“WT” approach
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Figure 4: Strong energy shift ∆E and width Γ of kaonic hydrogen for the three approaches.
The shaded areas represent different upper limits of the overall χ2/d.o.f. The 1σ confidence
region is bordered by the dashed line. See text for further details.
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WT

(LO) 

NLO 

      SIDDHARTA

(expected)

B. Borasoy et al.
Eur. Phys. J.  A25 (2005) 79

Phys. Rev. C74 (2006) 055201

important constraints 
for 

Chiral SU(3) Dynamics

energy shift 

w
id

th

- 0.78 (   0.18) + i 0.49 (   0.37) [fm]

-

± ±- 0.47 (   0.10) + i 0.30 (   0.17) [fm]± ±

(M. Iwasaki et al.,  Phys. Rev. Lett. 78 (1997) 3067)(G. Beer et al.,  Phys. Rev. Lett. 94 (2005) 212302)

   a(K p)  (DEAR / LNF) a(K p)   (KEK)

Deser-Trueman formula 
+ corrections (Rusetsky et al.)

-
scattering length
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Figure 7: π−Σ+ event distribution from [31], where statistical errors have been supplemented
following [34]. The curves in diagram (a) where obtained by assuming a πΣ invariant mass
spectrum with I = 0; the curves in diagram (b) result from the ansatz advocated in [5]. The
solid, dotted and dashed lines correspond to the fits “1”, “2” and “3”, respectively.
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Figure 7: π−Σ+ event distribution from [31], where statistical errors have been supplemented
following [34]. The curves in diagram (a) where obtained by assuming a πΣ invariant mass
spectrum with I = 0; the curves in diagram (b) result from the ansatz advocated in [5]. The
solid, dotted and dashed lines correspond to the fits “1”, “2” and “3”, respectively.
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grangian is given by [5]:

L =
1

4f2
〈B̄iγµ[Φ∂µΦ − ∂µΦΦ, B]〉, (1)

which, after projected over s-wave, provides tree level
transition amplitudes:

Vij = −Cij
1

4f2
(k0 + k′0), (2)

with k0(k′0) the energy of the initial(final) meson and Cij

are the coefficients tabulated in [5]. These tree level am-
plitudes are used as kernel of the Bethe-Salpeter equation
in coupled channels

T = [1 − V G]−1V, (3)

where V appears factorized on shell [5, 7] and G is the
loop function of a meson and a baryon:

G = i

∫

d4q

(2π)4
M

E($q)

1√
s − q0 − E($q) + iε

1

q2 − m2 + iε

=

∫

d3q

(2π)3
1

2ω($q)

M

E($q)

1√
s − ω($q) − E($q) + iε

, (4)

which is regularized by a cut off in [5] and in dimensional
regularization in [6, 7, 8].

For the particular case of 1/2− states (in MB s-wave
interaction) with strangeness S = −1 and zero charge
one has ten coupled channels: K−p, K̄0n, π0Λ, π0Σ0,
ηΛ, ηΣ0, π+Σ−, π−Σ+, K+Ξ−, and K0Ξ0. The explicit
solution of the Bethe-Salpeter equation leads to poles in
the second Riemann sheet corresponding to resonances.
In this sector one finds two poles close to the nominal
Λ(1405) resonance, and other poles corresponding to the
Λ(1670)- and other Σ- resonances [6, 8].

In Ref. [8], it was shown that the SU(3) decomposition
of the 1/2+ baryon octet and the pseudoscalar meson
octet leads to a singlet and two octets, apart from the
10, 10, and 27 representations. The two octets are de-
generate in the limit of exact SU(3) symmetry, but the
use of the physical meson and baryon masses breaks ex-
plicitly the SU(3) symmetry and thus the degeneracy. As
a result, two branches for I = 0 and two for I = 1 emerge.
One of the I = 0 branch moves to low energies and comes
closer to the singlet at the region of the nominal Λ(1405).
Reactions occurring in this region, thus, would involve
both resonances but only an apparent bump would be
seen, giving the impression that there is only one reso-
nance. However, thanks to the very different couplings
of the two poles to the K̄N and πΣ channels, and also
since the low-energy pole is broader than the high-energy
pole, the shape of the bump seen is likely to change from
one reaction to another.

III. THE pp → pK+Λ(1405) REACTION
MECHANISMS

In this section, we investigate the possible pp →
pK+Λ(1405) reaction mechanisms. We concentrate on

p(p)

p(p1)

K+(pK) Σ0

K−(q)

p(p2)

π0

FIG. 1: The kaon exchange mechanism of the pp →

pK+Λ(1405) reaction.
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FIG. 2: The pion (rho) exchange mechanism of the pp →

pK+Λ(1405) reaction through N∗ excitation.

the final decay state π0Σ0 of the Λ(1405) in order to com-
pare with the experimental results of [23]. Assuming an
s-wave for the final states, which are close to threshold,
conservation of spin and parity dictates that the initial
proton-proton system, with isospin I = 1, has total an-
gular momentum L = 0 and total spin S = 0; therefore,
the pp spin wave function can be written as

|pp〉 =
1√
2
(|1/2,−1/2〉 − |− 1/2, 1/2〉). (5)

With incident protons of laboratory momentum 3.65
GeV/c, the pp → pK+Λ(1405) reaction can occur
through kaon, pion, and rho meson exchanges, as shown
in Figs. 1, 2, and 3.

Σ0

p(p2)

+
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FIG. 3: The pion exchange mechanism of the pp →

pK+Λ(1405) reaction through meson cloud.

MASS  SPECTRAπΣ

New ANKE data: pp → pK+ {Σ0
π
0}

5

In Fig. 4, the calculated invariant mass distribution of
the Λ(1405) with N∗ parameter sets I and II are com-
pared with the new data of Ref. [23]. The shaded area
indicates the uncertainties of our calculation related to
the determination of the N∗ coupling constants A and
B. For demonstration purposes, we did not include the
ρ exchange contribution. It is seen that within the ex-
perimental uncertainties, our calculations reproduce the
data rather well, particularly the fast drop at the K̄N
threshold. Although both parameter sets reproduce the
data very well, in particular taking into account the large
experimental uncertainties, we would say that parameter
set I is preferred, which is in agreement with the finding
of Ref. [18]. In the following, we would use parameter set
I as our default choice.

Now we would like to study the contribution of the ρ
exchange. The coupling constant GρNN∗ is fixed to re-
produce the estimated N∗(1710) decay width into Nρ,
∼ 15MeV, which yields |GρNN∗ | = 0.62. Its sign, how-
ever, cannot be fixed. In Fig. 5, we present the calculated
invariant mass distribution corresponding to both cases,
i.e. GρNN∗ = −0.62 and GρNN∗ = 0.62. It is seen that
both reproduce the data rather well, in other words, the
quality of the present data cannot discriminate the sign
of GρNN∗ . We further notice that our calculated total
cross section ∼ 5 µb is also in good agreement with the
data 4.5 ± 0.9 ± 1.8 µb.

In Fig. 6, the contribution of the kaon exchange mech-
anism and those of the pion and rho exchanges are com-
pared. It can be clearly seen that the kaon exchange
mechanism leads to an asymmetric peak at ∼ 1410MeV,
while the pion exchange mechanism broadens the shape
and leads to a better agreement with the data. We would
like to stress that the ρ exchange contribution by itself is
very small, only through the interference with the kaon
contribution its effect becomes relevant.

The broad shape of the pion exchange mechanism is
actually made by the collaboration of three very differ-
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FIG. 4: The invariant mass distribution of the πΣ in compar-
ison with the data [23]. The ρ exchange contribution is not
included.

0.00

0.02

0.04

0.06

0.08

0.10

1300 1350 1400 1450 1500 1550 1600

d
!

/d
M
"
#
 [
µ

b
/M

eV
]

M"# [MeV]

G$NN
*=-0.62

G$NN
*=0

G$NN
*=0.62

Data (!=4.5±0.9±1.8 µb)

FIG. 5: The invariant mass distribution of the πΣ in compar-
ison with the data [23].

0.00

0.02

0.04

0.06

0.08

1300 1350 1400 1450 1500 1550 1600

d
!

/d
M
"
#
 [
µ

b
/M

eV
]

M"# [MeV]

total

Kaon exchange

Pion exchange

Rho exchange

FIG. 6: The contribution of the three different mechanisms
with GρNN∗ = −0.62.

ent contributions as can be seen in Fig. 7. One comes
from the tree level diagram (diagram (a) of Fig. 2), which
peaks at low invariant masses. Another one is from the
mechanism with re-scattering (diagram (b) of Fig. 2),
which is dominated by the broad Λ(1405) pole of low en-
ergy. Finally the mechanism of the meson pole, Fig. 3, is
dominated by the narrow high energy pole of the Λ(1405).
The coherent sum of all these mechanisms produces the
broad shape shown in Fig. 6. One can see in this fig-
ure that the pion exchange term provides strength for
the pp → K+π0Σ0 reaction in the low energy side of the
invariant mass, leading to an apparent broader width of
the Λ(1405) compared with the one we would obtain from
the K exchange mechanism alone, which is mostly dom-
inated by the high energy Λ(1405) pole.

It is interesting to note that the strong amplitudes
tMB→MB are determined by the very precise K̄N branch-
ing ratios r, Rc, and Rn [5]; therefore, most uncertainties
in our model come from the N∗(1710) coupling constants
A, B, and GρNN∗ , which are partly shown in Figs. 4 and

I. Zychor et al.   
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grangian is given by [5]:

L =
1

4f2
〈B̄iγµ[Φ∂µΦ − ∂µΦΦ, B]〉, (1)

which, after projected over s-wave, provides tree level
transition amplitudes:

Vij = −Cij
1

4f2
(k0 + k′0), (2)

with k0(k′0) the energy of the initial(final) meson and Cij

are the coefficients tabulated in [5]. These tree level am-
plitudes are used as kernel of the Bethe-Salpeter equation
in coupled channels

T = [1 − V G]−1V, (3)

where V appears factorized on shell [5, 7] and G is the
loop function of a meson and a baryon:

G = i

∫

d4q

(2π)4
M

E($q)

1√
s − q0 − E($q) + iε

1

q2 − m2 + iε

=

∫

d3q

(2π)3
1

2ω($q)

M

E($q)

1√
s − ω($q) − E($q) + iε

, (4)

which is regularized by a cut off in [5] and in dimensional
regularization in [6, 7, 8].

For the particular case of 1/2− states (in MB s-wave
interaction) with strangeness S = −1 and zero charge
one has ten coupled channels: K−p, K̄0n, π0Λ, π0Σ0,
ηΛ, ηΣ0, π+Σ−, π−Σ+, K+Ξ−, and K0Ξ0. The explicit
solution of the Bethe-Salpeter equation leads to poles in
the second Riemann sheet corresponding to resonances.
In this sector one finds two poles close to the nominal
Λ(1405) resonance, and other poles corresponding to the
Λ(1670)- and other Σ- resonances [6, 8].

In Ref. [8], it was shown that the SU(3) decomposition
of the 1/2+ baryon octet and the pseudoscalar meson
octet leads to a singlet and two octets, apart from the
10, 10, and 27 representations. The two octets are de-
generate in the limit of exact SU(3) symmetry, but the
use of the physical meson and baryon masses breaks ex-
plicitly the SU(3) symmetry and thus the degeneracy. As
a result, two branches for I = 0 and two for I = 1 emerge.
One of the I = 0 branch moves to low energies and comes
closer to the singlet at the region of the nominal Λ(1405).
Reactions occurring in this region, thus, would involve
both resonances but only an apparent bump would be
seen, giving the impression that there is only one reso-
nance. However, thanks to the very different couplings
of the two poles to the K̄N and πΣ channels, and also
since the low-energy pole is broader than the high-energy
pole, the shape of the bump seen is likely to change from
one reaction to another.

III. THE pp → pK+Λ(1405) REACTION
MECHANISMS

In this section, we investigate the possible pp →
pK+Λ(1405) reaction mechanisms. We concentrate on
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FIG. 2: The pion (rho) exchange mechanism of the pp →

pK+Λ(1405) reaction through N∗ excitation.

the final decay state π0Σ0 of the Λ(1405) in order to com-
pare with the experimental results of [23]. Assuming an
s-wave for the final states, which are close to threshold,
conservation of spin and parity dictates that the initial
proton-proton system, with isospin I = 1, has total an-
gular momentum L = 0 and total spin S = 0; therefore,
the pp spin wave function can be written as

|pp〉 =
1√
2
(|1/2,−1/2〉 − |− 1/2, 1/2〉). (5)

With incident protons of laboratory momentum 3.65
GeV/c, the pp → pK+Λ(1405) reaction can occur
through kaon, pion, and rho meson exchanges, as shown
in Figs. 1, 2, and 3.
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FIG. 3: The pion exchange mechanism of the pp →

pK+Λ(1405) reaction through meson cloud.
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Kaonic production of Λ(1405) off deuteron target in chiral dynamics
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The K− induced production of Λ(1405) is investigated in K−d → πΣn reactions based on coupled-
channels chiral dynamics, in order to discuss the resonance position of the Λ(1405) in the K̄N
channel. We find that the K−d → Λ(1405)n process favors the production of Λ(1405) initiated
by the K̄N channel. The present approach indicates that the Λ(1405) resonance position is 1420
MeV rather than 1405 MeV in the πΣ invariant mass spectra of K−d → πΣn reactions. This is
consistent with an observed spectrum of the K−d → π+Σ−n with 686-844 MeV/c incident K− by
bubble chamber experiments done in the 70’s. Our model also reproduces the measured Λ(1405)
production cross section.

PACS numbers: 14.20.Jn,25.80.Nv,13.75.Jz,12.39.Fe;13.30.Eg
Keywords: Structure of Λ(1405); Kaon induced production of Λ(1405); Chiral unitary model

I. INTRODUCTION

The structure of the Λ(1405) resonance is an impor-
tant recent issue particularly to understand K̄-nucleus
interactions. The Λ(1405) has been a historical example
of a dynamically generated resonance in meson-baryon
coupled-channels dynamics with S = −1 [1]. Modern
investigations based on chiral dynamics with a unitary
framework also reproduce well the observed spectrum of
the Λ(1405) together with cross sections of K−p to var-
ious channels [2, 3, 4, 5, 6, 7]. Recently it was pointed
out in Ref. [8] that the Λ(1405) can be regarded almost
purely as a dynamically generated state in meson-baryon
scattering, while the description of the N(1535) demands
some components other than meson-baryon ones, such as
genuine quark components.

One of the important consequences of chiral dynam-
ics is that the Λ(1405) is described by superposition of
two resonance states [9]. One state located around 1420
MeV couples dominantly to the K̄N channel, while the
other one sitting around 1390 MeV with a 130 MeV
width couples strongly to the πΣ channel. Consequently,
the spectra of the Λ(1405) depend on the channels and
the resonance position in the K̄N channel is 1420 MeV,
higher than the nominal one which is 1405 MeV. There-
fore, it is important to observe the resonance position of
the Λ(1405) in the K̄N channel.

To observe the resonance position of the Λ(1405) in the
K̄N channel it is necessary to produce the Λ(1405) by
reactions initiated by K̄N . Since the Λ(1405) resonance
appears below the threshold of the K̄N channel, direct
production of Λ(1405) in the K̄N channel is kinemati-
cally forbidden. This fact leads us to indirect produc-
tions of Λ(1405), such as γp → Λ(1405)K∗ [10], K−p →
γΛ(1405) [11], K−p → π0Λ(1405) [12, 13], and nuclear
reactions. Here we discuss the K− induced production
of Λ(1405) with a deuteron target, K−d → Λ(1405)n.
In this reaction, the final neutron takes energy out from

Λ(1405)

d (pd)

K− (k)

n (pn)

Σ (pΣ)

π (pπ)

FIG. 1: Kinematics of the K−d → πΣn.

the initial kaon and the Λ(1405) is produced by the K̄N
channel.

The paper is organized as follows: In Sec. II, we explain
our model to calculate the K−d → πΣn reactions and
introduce the description of Λ(1405) based on the chiral
unitary approach. In Sec. III we show our numerical
results of the calculations and compare our results with
experiments. Section IV is devoted to a summary of this
work.

II. FORMULATION

In this section, we explain our approach to calcu-
late the cross section of the K−d → πΣn reaction. In
Sec. II A, we discuss the kinematics of this reaction and
introduce relevant diagrams for the Λ(1405) production.
The T -matrix is calculated in Sec. II B. The description
of the two-body meson-baryon scattering amplitudes and
the model of Λ(1405) in the chiral unitary approach are
discussed in Sec. II C.

Kaonic production of Λ(1405) from deuterium 4

C. Description of the K̄N scattering amplitudes
and model for the Λ(1405)

For the description of the Λ(1405), we use the chiral
unitary approach, in which the Λ(1405) is dynamically
generated in coupled-channels of meson-baryon scatter-
ing with strangeness S = −1 and charge Q = 0, namely
K−p, K̄0n, π0Λ, π0Σ0, ηΛ, ηΣ0, π+Σ−, π−Σ+, K+Ξ−

and K0Ξ0. The scattering amplitudes for the meson-
baryon channels are obtained by solving the Bethe-
Salpeter equation with the s-wave interaction kernels V
given by chiral Lagrangian. The Bethe-Salpeter equa-
tion turns out to be an algebraic equation of the meson-
baryon coupled channels if we consider elastic unitarity
in the N/D method [4]:

Tij(W ) = Vij(W ) + Vik(W )Gk(W )Tkj(W ). (18)

where i, j are the channel indices given in Ref. [3] and W
denotes the center of mass energy.

In Eq. (18), V is given by the leading order of the chiral
Lagrangian as

Vij(W ) =

−Cij

4f2
(2W − Mi − Mj)

(

Mi + Ei

2Mi

)1/2 (

Mj + Ej

2Mj

)1/2

(19)

with the baryon masses Mi and energy Ei. The co-
efficient Cij in Eq. (19) is the channel coupling which
is fixed by the flavor SU(3) group structure, and f
is the decay constant of the meson in the chiral field
U = exp[i

√
2Φ/f ]. Here we take f = 1.123fπ with

fπ = 93 MeV [5].
The diagonal matrix Gk(W ) in Eq. (18) is a meson-

baryon loop function and is evaluated with dimensional
regularization:

Gk(W ) = i

∫

d4q

(2π)4
2Mk

(P − q)2 − M2
k + iε

1

q2 − m2
k + iε

=
2Mk

16π2

{

ak(µ) + ln
M2

k

µ2
+

m2
k − M2

k + W 2

2W 2
ln

m2
k

M2
k

+
q̄k

W

[

ln(W 2 − (M2
k − m2

k) + 2q̄kW )

+ ln(W 2 + (M2
k − m2

k) + 2q̄kW )

− ln(−W 2 + (M2
k − m2

k) + 2q̄kW )

− ln(−W 2 − (M2
k − m2

k) + 2q̄kW )
]}

(20)

where mi is the meson mass, q̄i is the center of mass
momentum and ai(µ) is the subtraction constant with a
renormalization scale µ. The subtraction constants are
only the free parameters in this model and are deter-
mined so as to reproduce the threshold properties of K−p
to several channels [2], which were obtained by K− ab-
sorptions of Kaonic hydrogen [17]. In a recent work [8],
it is found that the values of the subtraction constant are
very important to determine the nature of the dynami-
cally generated resonances in the chiral unitary approach.

 1360  1380  1400  1420  1440

M!" [MeV]
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$

FIG. 3: πΣ invariant mass spectra of two-body scatterings of
K̄N → πΣ (solid line) and πΣ → πΣ (dashed line) with I = 0
in arbitrary units. The histogram denotes an experimental
data in Ref. [18].

Here we take a standard parameter set given in Ref. [5]:

aK̄N = −1.84, aπΣ = −2.00, aπΛ = −1.83,
aηΛ = −2.25, aηΣ = −2.38, aKΞ = −2.67,

(21)

with µ = 630 MeV. The scattering amplitudes calculated
with this parameter set reproduce well the πΣ invariant
mass spectrum and the total cross sections of K−p to sev-
eral channels [5], and the Λ(1405) is found to be almost
a purely dynamical state of meson and baryon [8].

We use the scattering amplitudes obtained in the chiral
unitary approach described above for the K̄N → K̄N
and K̄N → πΣ amplitudes in Eqs. (10), (13) and (16).
After fixing the subtraction parameters ai(µ) in the two-
body scattering, we have no adjustable parameters for
the calculation of the K−p → πΣn reaction in the present
approach.

The scattering amplitudes obtained in the chiral uni-
tary approach have notable features. The Λ(1405) is
successfully reproduced by meson-baryon dynamics, but
the resonance position depends on the channels [9]. In
Fig. 3, we plot the πΣ invariant mass distributions for
K̄N → πΣ and πΣ → πΣ with I = 0 defined by

dσMB

dMπΣ
= A|T |2qc.m (22)

where A is a constant, qc.m. is the CM momentum of
the final πΣ state and T is the two-body meson-baryon
scattering amplitude. We also show in Fig. 3, as the
histogram, the experimental data of the π−Σ+ invari-
ant mass spectrum obtained in K−p → Σ+π−π+π− at
4.2 GeV/c for a K− beam with the restriction of the
Σ+π−π+ invariant mass being between 1.6 to 1.72 GeV
at which the Σ(1660) resonance (acting as a doorway of
the reaction) is located [18].

As seen in Fig. 3, the line shapes of these two chan-
nel are significantly different and the peak position in
the πΣ initiated scattering is 20 MeV lower than in K̄N
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FIG. 6: πΣ invariant mass spectra of K−d → π+Σ−n in arbi-
trary units at 800 MeV/c incident K− momentum. The solid
line denotes the present calculation. The data are taken from
the bubble chamber experiment at K− momenta between 686
and 844 MeV/c given in Ref. [21].

1. π+Σ− invariant mass spectrum

We show, in Fig. 6, the π+Σ− invariant-mass spectrum
in arbitrary units at 800 MeV/c incident K− momentum
and compare our theoretical calculation with the experi-
mental data. The data are taken from the bubble cham-
ber experiment at K− momenta between 686 and 844
MeV/c [21]. In the analysis of this experiment, the reso-
nance contribution was determined by fitting a relativis-
tic Breit-Wigner distributions and a smooth background
parametrized as a sum of Legendre polynomials to the
data. We show, in Fig. 6, the resonance (foreground)
contributions for the experimental data which are ob-
tained by subtracting the background contributions esti-
mated with the Legendre polynomials in Ref. [21] from
the actual data points given in the paper. The solid line
denotes our theoretical calculation with the chiral uni-
tary approach.

The spectrum shape obtained in this calculation agrees
with that of the experimental observation. Especially it
is very interesting to see that the peak position, which
comes from the Λ(1405) production, appears around
MπΣ = 1420 MeV instead of 1405 MeV announced
nominally by the Particle Data Group. This is one of
the strongest evidences that the resonance position of
the Λ(1405) depends on the initial channel of meson
and baryon, and supports the double pole nature of the
Λ(1405), in which the higher state sitting in 1420 MeV
strongly couples to the K̄N channel. The bump struc-
ture seen around MπΣ = 1390 MeV is probably related to
the p-wave contributions coming from the Σ∗(1385) pro-
duction, which did not take into account in the present
calculation.
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FIG. 7: Incident K− momentum dependence of the Λ(1405)
production cross section calculated with the K−d → π+Σ−n
reaction. The data are taken from Ref. [21].

2. Λ∗ production cross section

We also estimate the production cross section of the
Λ(1405) in the K−d → Λ(1405)n reaction by integrating
the spectrum obtained in our calculation over the πΣ
invariant mass around the resonance peak:

σΛ∗ = 3

∫ Mmax

Mmin

dMπ+Σ−

dσ

dMπ+Σ−

. (24)

The factor 3 accounts for the branching ratio of
Λ(1405) → π+Σ−. Taking Mmin = 1400 MeV and
Mmax = 1440 MeV read from the figure, we obtain the
Λ(1405) production cross section as 385 µb with 800
MeV/c incident K−. An experimental value observed in
the K−d → π+Σ−n reaction is reported to be 410±100
µb at 778 MeV/c of the incident K− momentum [21].
The present calculation fairly agrees with the observed
value. This implies that the Λ(1405) production mech-
anism in the present reaction is explained by the three
diagrams shown in Fig. 2.

In Fig. 7, we show the incident momentum dependence
of the Λ(1405) production cross section. The cross sec-
tions are evaluated from the K−d → π+Σ−n channel by
integrating the invariant mass spectra from 1400 MeV to
1440 MeV and multiplying by the isospin factor 3. The
experimental data are taken again from Ref. [21]. Our
calculation is consistent with the experimental data. The
bump structure seen in the theoretical calculation around
klab = 750 MeV/c corresponds to the Λ(1670) resonance
production in the T1 amplitude of K−p → K̄0n (see
Fig. 2).

D. Jido,  E. Oset, T. Sekihara
arXiv 0904.3410 [nucl-th]

exp. data:
O. Braun et al.

Nucl. Phys. B129 (1977) 1
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Antikaon-Nuclear
Few-Body System: K pp-

Variational Calculations    
3-Body (Faddeev)

Calculations    

Limited predictive power in both approaches
(subthreshold / off shell extrapolations,  necessary approximations,  . . . )
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AY 

phenomenol.
potential

OVERVIEW
Exotic K̄ structures, with unbound nuclear cores
onset of binding: K−pp and K

0
nn, in particular INN = 1, Itot = 1/2

Table 1: K−pp binding energies & widths (in MeV) calculated without K̄NN → Y N

single channel coupled channels

ATMS [1] AMD [2] Faddeev [3] Faddeev [4] variational [5]

B 48 17–23 50–70 60–95 40–80

Γ 61 40–70 90–110 45–80 40–85

1. T. Yamazaki, Y. Akaishi, PLB 535 (2002) 70

2. A. Doté, T. Hyodo, W. Weise, NPA 804 (2008) 197, PRC 79 (2009) 014003

3. N.V. Shevchenko, A. Gal, J. Mareš, PRL 98 (2007) 082301

4. Y. Ikeda, T. Sato, PRC 76 (2007) 035203, PRC 79 (2009) 035201

5. S. Wycech, A.M. Green, PRC 79 (2009) 014001 (including p waves)

Robust binding, but large widths and a broad range for B and Γ
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variational
chiral 
SU(3)

dynamics

3-body 
coupled channels

separable potentials

variational
coupled channels 

phenom. input

(compilation:  Avraham Gal)

{K̄[NN]T=1}I=1/2Binding energies and widths of quasibound

note:  width includes only K̄NN → πΣN, not K̄NN → Y N
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 K pp  System:  
Coupled-Channels Faddeev Approach

- 

Separable approximation for (s-wave) two-body potentials 

N.V. Shevchenko, J. Mares,  A. Gal,   PRL 98 (2007) 082301

K−p ↔ K−p K−p ↔ πΣ NN, ΣN

N

N N

Y

K̄ π

N

K̄

Constrained by measured cross sections and scattering lengths

Results:

N.V. Shevchenko, et al.,   PRC 76 (2007) 044004 Y. Ikeda, T. Sato,   PRC 79 (2009) 035201

effect of separable approximation on subthreshold behaviour ?

Y. Ikeda, T. Sato,   PRC 76 (2007) 035203

spectator 
dynamics 

is important

B ∼ 50 − 70MeV B ∼ 60 − 95MeV

Γ ∼ 90 − 110MeV Γ ∼ 45 − 80MeV

(Shevchenko  et al.) (Ikeda & Sato)



 K pp  System:  
Coupled-Channels Faddeev Approach

- 
(contd.)

Importance of full 3-body coupled-channels dynamics

Y. Ikeda, T. Sato,   PRC 79 (2009) 035201

FIG. 1: Graphical representation of (a) one-particle-exchange interaction Zi,j(!pi, !pj ,W ) and (b)

two-body t-matrix τi(W ). The relative momentum of the interacting particles is denoted by !qi for

the spectator particle i.

Here Ejk(!pi, !qi) =
√

(Ej(!qi) + Ek(!qi))2 + !p 2
i is the energy of the interacting particles (j and

k) expressed in terms of the relative momentum !qi and the momentum of the spectator

particle !pi. The ‘isobar’ propagator τi, which is a part of the two-body t-matrix within the

three-particle system will be further examined in the next section.

In this work we investigate a strange dibaryon resonance with angular momentum Jπ = 0−

and isospin I = 1/2. The main Fock-space components of the resonance are K̄NN and

πΣN states which couple with each other through the I = 0 K̄N −πΣ interaction. We also

take into account the πΛN component, which couples with the main K̄N −πΣ components

through the I = 1 K̄N −πY interaction. The AGS equation then becomes coupled-channels

equations involving the channels: K̄NN (K̄NI=0, K̄NI=1, NNI=1), πΣN (πNI=1/2, πNI=3/2,

πΣI=0, πΣI=1) and πΛN (πNI=1/2, πΛI=1). We assume that all the orbital angular momenta

are s-wave. After isospin-angular momentum projection and the anti-symmetrization of the

two nucleons, Eq. (1) becomes the following coupled integral equations [16, 17]

Xα,β(p′, p, W ) = C1
α,βZα,β(p

′, p, W ) +
∑

γ,δ

∫

dqq2C2
α,γZα,γ(p

′, q, W )τγ,δ(W )Xδ,β(q, p, W )(5)

Here α, β are specified by the Fock-space of the three particles and the quantum number of

the interacting pair. The coefficients C1,2
α,β are the spin-isospin recoupling coefficients given

in Ref. [7].

The energy of the strange dibaryon resonance is determined by searching for a pole in

the scattering amplitude X. To this end, the amplitude is analytically continued to the

5

unphysical sheet by choosing an appropriate path of momentum integration, and then a

pole in the amplitude is located using the eigenvalue of the kernel Zτ in the above equation;

see Ref. [7, 18, 19, 20, 21, 22].

B. Approximate treatment of three-body dynamics

In the AGS equation, the three-particle dynamics is incorporated in the particle exchange

mechanism Z and the propagator τ . The former is the three-body interaction and the latter

is determined by two-body t-matrix in the presence of a spectator particle. We first examine

how the two-body t-matrix in a three-body system differs from that in a free-space. The

t-matrix of K̄N − πΣ scattering in the three-particle system is described by the following

KNN − πY Σ coupled-channels equations

tα,β(W ) = vα,β +
∑

γ

vα,γG
γN
0 (W )tγ,β(W ), (6)

where α, β, γ = K̄N and πΣ, and the Green function is

GαN
0 (W ) =

1

W − EN (&pN) −
√

(EMα
(&q) + EBα

(&q))2 + &p 2
N + iε

. (7)

Here &pN is the momentum of the spectator nucleon and &q is the relative momentum of

meson (Mα) and baryon (Bα) in the center of mass system of the channel α. The spectator

momentum shifts the effective scattering energy from W −mN to W −EN(p) and modifies

the ‘on-shell’ momentum of the πΣN scattering state. One therefore expects that the motion

of the spectator plays an important role in calculating the binding energy and width of the

resonance.

The ‘isobar’ propagator τα,β(W ) in Eq. (5) is related to the above t-matrix as

< &qα|tα,β(W )|&qβ > = gα(&qα)τα,β(W )gβ(&qβ). (8)

Note that τα,β(W ) depends on the momentum of the spectator nucleon through the three-

body Green function in Eq. (7). Clearly, the effects of the spectator motion on τα,β(W )

depend on the momentum distribution of the spectator nucleon, which can be determined

only by solving three-body dynamics.

As mentioned, in ‘EPA’ the three-body problem is treated within the K̄NN Fock-space.

To make contact with ‘EPA’, we rewrite Eq. (6) by eliminating πΣN state, which results in

6
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... tends to increase binding as compared to variational approaches
   (with effective single-channel interactions)

but: 
separable approximation and  strong cutoff (off-shell) dependence 
in extrapolations to far-subthreshold region



4.

Antikaon-Nuclear Systems

mostly theoretical excursions to 
heavier antikaon-nuclear systems 

     Klein-Gordon eqn. calculations using 
                          chiral SU(3) interaction plus NN correlations

Relativistic mean-field approach to multi-   -nuclear systems

Improved calculation of K̄NN → Y N width

K̄



Fig. 4. The 2p-level shift of kaonic 4He, ∆E2p, obtained from this work and the past
three experiments (WG71 [2], BT79 [3], BR83 [4]). Error bars show quadratically
added statistical and systematic errors. The average of these past experiments is
indicated by the horizontal gray band.
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FIG. 1: Feynman diagrams for the Λ∗N → Y N transition in
the one-meson exchange model. The upper two diagrams are
for the ΛN final state and the lower two are for the ΣN state.

of the K̄ in nuclear medium as a function of the nucleon
density in Sec. IV.

The transition rate is given by the transition probabil-
ity divided by time T as

γY N ≡
1

T
1

V2

1

4

∑

spin

∫

dΦ2|S − 1|2, (1)

with the S-matrix S for the transition process given by
the transition amplitudes TY N as S = 1−i(2π)4δ4(PΛ∗ +
Pin − PN − PY )TY N and the energy-momenta, PΛ∗ , Pin

for the initial Λ∗ and nucleon N , and PY , PN for the
outgoing hyperon Y and nucleon N , respectively. The
subscript “Y N” of γY N and TY N represents the particles
in the final state. The wavefunctions of the baryons have
been introduced as plain waves normalized as unity in
a spatial volume V . We have taken spin summation for
the final state and spin average for the initial state. The
phase space dΦ2 of the final state is given by

dΦ2 ≡
d3pY

(2π)3
2MY

2EY

d3pN

(2π)3
2MN

2EN
, (2)

with the normalization of the baryonic state as 〈pi|p′

i〉 =
(2π)32Eiδ3(pi − p′

i)/(2Mi) and Ei =
√

M2
i + p2

i . The
masses of the Λ∗, nucleon and hyperon are denoted by
MΛ∗ , MN and MY , respectively. The transition rate de-
pends on the center-of-mass energy Ec.m., equivalently
the initial nucleon momentum.

Performing the phase space integral in Eq. (1) in the
Λ∗ rest frame, we obtain

γY N (pin) =
1

V
1

8π

∑

spin

∫ 1

−1

d cos θN |TY N |2

×
pNMY MN

EY + EN − pin cos θNEN/pN
, (3)

where Pµ
Y = (EY , pY ), Pµ

N = (EN , pN), Pµ
in =

(Ein, pin) and θN denotes the angle of pN to pin. We
have used (2π)4δ4(0) = T V . The factor 1/V is responsi-
ble for the fact that only one N exists in the initial state
in the volume V . Later it will be interpreted as nuclear
density in nuclear matter calculation. In the case that
the Λ∗ and N interact in the initial state, the factor 1/V
for the plain-wave should be replaced by the square of a
relative wavefunction of the two-body Λ∗N system.

We evaluate the transition amplitudes TY N with one-
meson exchange diagrams shown in Fig. 1. This approach

of non-mesonic decay calculation with the one-meson ex-
change diagrams was applied for Λ hypernuclei, repro-
ducing the experimental values of the ratios Γn/Γp for
wide range of hypernuclei well [11]. We assume isospin
symmetry, thus the transition amplitudes TY N are in-
dependent from type of the nucleons in the initial state
because the Λ∗ has isospin I = 0.

The transition amplitudes with the ΛN and Σ0N in
the final state can be written in terms of two parts cor-
responding to the exchanged meson:

TΛN ≡ TΛN1 − TΛN2, (4)

TΣ0N ≡ TΣ0N1 − TΣ0N2, (5)

where the indices (ΛN1 etc.) are given in Fig. 1. The rel-
ative sign between two amplitudes comes from exchange
of Y and N in the final state. The amplitude TΣ±N can
be obtained by the isospin relation: TΣ±N =

√
2TΣ0N .

Each amplitude of the diagrams given in Fig. 1 is eval-
uated by introducing s-wave Λ∗MB coupling constants
GMB , MBB interactions VMBB and meson propagators
ΠM (q2

M ) (M and B represent the mesons and baryons in
the particle-basis, respectively) as

TΛN1 = GK̄NΠK̄(q2
K̄)VK̄NΛ, (6)

TΛN2 = GηΛΠη(q2
η)VηNN , (7)

for the ΛN final state, and

TΣ0N1 = GK̄NΠK̄(q2
K̄)VK̄NΣ0 , (8)

TΣ0N2 = GπΣΠπ(q2
π)Vπ0NN , (9)

for the Σ0N final state. Because of the isospin symmetry,
we have GK̄N = GK−p = GK̄0n and GπΣ = Gπ0Σ0 =
Gπ±Σ∓ .

The s-wave Λ∗MB coupling constants GMB are deter-
mined by the properties of the Λ∗. In the present work,
first we treat GMB as model parameters, and later we fix
them from the chiral unitary approach, which reproduces
the Λ∗ in meson-baryon dynamics.

The meson-baryon-baryon three-point interactions
VMBB are obtained from the low energy theorem in the
flavor SU(3) symmetry. The interaction Lagrangian is
written as

Lint = −
D + F√

2f

〈

B̄γµγ5∂µΦB
〉

−
D − F√

2f

〈

B̄γµγ5B∂µΦ
〉

,(10)

where D and F are the low energy constants which can-
not be determined by the flavor symmetry, and f is
the meson decay constant. We use empirical values of
D + F = gA = 1.26 and D − F = 0.33, which re-
produce the hyperon β decays observed in experiment,
and f = fπ = 93.0 MeV commonly for all the mesons.
The matrices B and Φ are the SU(3) expressions of the
baryon and meson fields, respectively. From the La-
grangian (10), we obtain the p-wave MBB interactions
in non-relativistic limit:

−iVMBB = −
dMBBD + fMBBF

f
qM · σ, (11)

T. Sekihara, D. Jido, Y. Kahada-En´yo        Phys. Rev. C79 (2009) 062201

Antikaon Absorption on Nucleon Pairs 

K
−

NN → Λ(1405)N → Y NBasic process: 

Result: 
non-mesonic decay width

Γ(Λ∗
N → Y N) " 22MeV

at normal nuclear matter density



Multi      -Nuclear Systems K
−

Relativistic mean-field model for antikaons, nucleons and hyperons
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Repulsion
between
antikaons

Saturation
of 
antikaon
binding 
energy

... prevents kaon condensation in this scenario
(        see talk by J. Mares)



Summary & Conclusions 

Low-energy QCD with strange quarks Chiral SU(3) Dynamics

Strongly attractive I = 0 antikaon-nucleon interaction
coupled channels (two poles), dynamically generated Λ(1405)

Extrapolations to far-subthreshold region uncertain

high-precision K̄N threshold data  

much improved   πΣ mass spectra  
constraints needed:

K̄NN quasibound system?

all calculations (Faddeev, variational) give binding

B ∼ 20 − 80MeV . . .  but large width Γ ∼ 40 − 100MeV

Stronger binding in heavier nuclei expected, but still large widths

Answers in sight?  SIDDHARTA,  J-PARC,  AMADEUS, GSI

K
−

NN → Λ(1405)N → Y N


