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The ! (1405) resonance

mass : 1406.5 ± 4.0 MeV, width : 50 ± 2 MeV
decay mode:                           100%

(PDG)

KN interaction below threshold
T. Hyodo, W. Weise, PRC 77, 035204 (2008)

--> KN potential, kaonic nuclei

KN
KN scatt.?

energy
!"

#(1405)J-PARC E15

ÒnaiveÓ quark model 
: p-wave ~1600 MeV?

N. Isgur, G. Karl, PRD18, 4187 (1978)

Coupled channel 
multi-scattering

R.H. Dalitz, T.C. Wong,
G. Rajasekaran,  PR153, 1617 (1967)

M
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!(1405) in meson-baryon scattering
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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

!(1405) in meson-baryon 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

chiral cutoff

T =
1

1 ! V G
V

It works successfully in various hadron scatterings.
T. Hyodo, D. Jido, arXiv:1104.4474, to appear in Prog. Part. Nucl. Phys.

Description of S = -1, KN s-wave scattering: #(1405) in I=0
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T. Hyodo, S.I. Nam, D. Jido, A. Hosaka, PRC68, 018201 (2003); PTP 112, 73 (2004)
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A simple model (1 parameter) v.s. experimental data
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" Rc Rn

exp. 2.36 0.664 0.189

theo. 1.80 0.624 0.225

Total cross section of K-p scattering Branching ratio

!" spectrum

#(1405)

Good agreement with data above, at, and below KN threshold
more quantitatively --> Þne tuning, higher order terms,...

!(1405) in meson-baryon scattering
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Pole structure in the complex energy plane
Resonance state ~ pole of the scattering amplitude

∼

Tij (
!

s) "
gi gj!

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 ?

#*2

#*1

!(1405) in meson-baryon scattering

T. Hyodo, D. Jido, arXiv:1104.4474
Different !" spectra?
K-d --> !"N 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)
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Origin of the two-pole structure

KN !"

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

Vij = ! Cij
! i + ! j

4f 2

Cij =

!

"
3 −

#
3
2

−
#

3
2 4

$

%

! i ! mi , 3.3mπ ! mK

! VK̄N " 2.5V! !

at threshold

Very strong attraction in KN ( higher energy ) -->  bound state
Strong attraction in !" ( lower energy ) --> resonance

Model dependence? Effects from higher order terms?

© W.Weise 

!(1405) in meson-baryon scattering
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Experimental constraints for S=-1 MB scattering
K-p total cross sections  (bubble chamber, large errors)

- threshold branching ratios (old but accurate)
- K-p scattering length

KN
KN scatt.?

!" energy

!" mass spectra

!" threshold observables (so far no data)

KN threshold observables

- new data is becoming available (LEPS, CLAS, HADES,...)
- normalization, reaction dependence,... <-- to be predicted?

Toward realistic meson-baryon interaction

<-- SIDDHARTA exp.
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Construction of the realistic amplitude
Systematic $2 Þtting with SIDDHARTA data

Interaction kernel: NLO ChPT
Y. Ikeda, T. Hyodo, W. Weise, arXiv:1109.3005 [nucl-th]

B. Borasoy, R. Nissler, W. Weise, Eur. Phys. J. A25, 79-96 (2005);
B. Borasoy, U.G. Meissner, R. Nissler, Phys. Rev. C74, 055201 (2006)

Toward realistic meson-baryon interaction

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

! E [eV] 373 377 306 283± 36± 6 [7]

" [eV] 495 514 591 541± 89± 22 [7]

γ 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]

χ2/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 χ2 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 ( γ, Rn and Rc), χ2/d.o.f of the Þt, and the pole positions of the isospin I = 0
amplitude in the øKN -π# 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 χ2/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 χ2/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 theKΞ 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 effects 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 Λ(1405) resonance as a quasibound K̄N (I = 0) state embedded in the πΣ contin-

uum. The present NLO calculation confirms the two-poles scenario [14,15] of the coupled

K ! p ↔ πΣ system. Using the best-fit input, the resulting locations of the two poles

5

new!



10

Summary of results
Results from three models

Error analysis is now underway

WT WTB NLO

$2/dof 1.12 1.15 0.957

NLO amplitude

Toward realistic meson-baryon interaction

Y. Ikeda, T. Hyodo, W. Weise, arXiv:1109.3005 [nucl-th]
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!" threshold behavior

Extrapolations with a given KN(I=0) scattering length
 --> uncertainty in subthreshold

Effect of the !" threshold data for KN-!" amplitude

subthreshold behavior

<-- !" scattering length,
effective range

10 Y. Ikeda, T. Hyodo, D. Jido, H. Kamano, T. Sato and K. Yazaki

Table I. Summary of numerical results. The model parameters are determined so as to reproduce
a value of the øKN scattering length with I = 0, a øK N = ! 1.70 + 0.68i fm. In each model, pole
1 is found as a resonance located between the!" and øKN threshold. For pole 2, (R), (B) and
(V) denote resonance, bound state and virtual state in the !" channel, respectively.

Model A1 A2 B E-dep B E-indep
parameter (!" ) d!" = ! 1.67 d!" = ! 2.85 # !" = 1005 MeV # !" = 1465 MeV
parameter ( øKN ) d øK N = ! 1.79 d øK N = ! 2.05 # øK N = 1188 MeV # øK N = 1086 MeV
pole 1 [MeV] 1422! 16i 1425! 11i 1422! 22i 1423! 29i
pole 2 [MeV] 1375! 72i (R) 1321 (B) 1349 ! 54i (R) 1325 (V)
a!" [fm] 0.934 ! 2.30 1.44 5.50
r e [fm] 5.02 5.89 3.96 0.458
a øKN [fm] (input) ! 1.70 + 0.68i ! 1.70 + 0.68i ! 1.70 + 0.68i ! 1.70 + 0.68i

have considered two kinds of models with di! erent ways to solve the Lippmann-
Schwinger equation. They are constrained by the K̄N scattering length, in order
to see how these inputs constrain the !" threshold behavior and the # (1405) pole
positions. The results are summarized in Table I.

First of all, we find that the K̄N scattering length constrains the position of
the pole near the K̄N threshold, which we call the (higher) # (1405) pole, well
around 1420 ! 20i MeV in all of our models. Thus, the value of the K̄N scattering
length with I = 0 can be one of the important quantities to fix the pole position
of # (1405) which strongly couples to the K̄N channel. On the other hand, the !"
scattering length and e! ective range are obtained with very di! erent values. This
is a consequence of di! erent predictions of the lower pole positions. This means
that the K̄N scattering length alone cannot constrain the scattering amplitude at
far below threshold. In contrast, the !" scattering length and e! ective range are
sensitive to the lower pole position, which will give important constraints on the
subthreshold extrapolation of the K̄N amplitude. In models A1 and B E-dep we use
essentially the same interaction kernel but take di! erent o! -shell dependence. The
results are qualitatively the same but there are quantitative di! erences in the !"
threshold parameters. Thus, we find that the !" threshold quantities can be useful
also to constrain the o! -shell dependence of the interaction kernel.

In the model A2 and the model B with energy independent potential, the !"
interaction is so strong that they give a bound state and a virtual state, respectively.
In both cases, the !" attraction is e! ectively enhanced by the cuto! parameter.
Though the presence of such a bound or virtual state is in contradiction with the
result of the more refined calculations with the chiral unitary approaches, which
take account of the K̄ ! p scattering data, it is important to clarify the position of
the lower # (1405) pole by experimental observation. This can be done by observing
the sign and order of magnitude of the !" scattering length. If the !" scattering
length in the I = 0 channel would have a negative value, there could be a bound
state of ! and " with I = 0. If the scattering length is positive with as large a value
as 5 fm, there is a virtual state below and close to the !" threshold. This also shows
the relevance of the !" threshold behavior for the subthreshold extrapolation of the
K̄N amplitude.
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Toward realistic meson-baryon interaction

Y. Ikeda, T. Hyodo, D. Jido, H. Kamano, T. Sato, K. Yazaki, PTP 125, 1205 (2011)
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Determination of the !" scattering length
! ! scattering length from K --> ! ! ! decay

N. Cabibbo, Phys. Rev. Lett. 93, 121801 (2004);
NA48/2, J.R. Batley, et al., Phys. Lett. B686, 101 (2010)

Toward realistic meson-baryon interaction

isospin violation 
+ threshold cusp 
+ amplitude interference
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FIG. 3. (Color online) Spectra of the ! ! ! + channel in the " c ! ! + (! ! ! + ) decay with several values of the a! + scattering
length.
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FIG. 4. (Color online) Spectra of the ! 0! 0 channel in the " c ! ! + (! 0! 0) decay (left and middle) and the ! 0! + channel in
the " c ! ! 0(! 0! + ) decay (right), with several values of the scattering lengt h.

cusp structure seems to be relatively weak. In addition,
observing two neutral pions in the Þnal state would be
experimentally di! cult. Nevertheless, once the precise
decay spectrum is observed, this mode serves as a pre-
cise test of the ChPT prediction for the scattering lengths
in I = 1 and I = 2 channels.

IV. SUMMARY

We study the ! " mass distribution in the # c ! !! "
decays to extract the ! " scattering lengths. The thresh-
old cusp e$ect is discussed in detail, and the relation be-
tween the ! " scattering length and the mass distribution
is derived. We show that the ! " scattering length can
be extracted by the expansion of the observed spectrum
around the cusp structure.

We then evaluate the ! " spectrum for several values
of the scattering lengths obtained by chiral perturbation
theory and resummation technique. It is found that, if
the scattering length is as large as 0.5 fm, a substantial
cusp structure will appear. This value of the scatter-

ing length corresponds to the case when theI = 0 ! "
scattering amplitude has a bound/virtual state about 10
MeV below the threshold. Thus, the analysis of the cusp
structure will give important information on the ! " in-
teraction at threshold.

Note however that we have presented a rough estima-
tion of the spectrum and there are several other contri-
butions to the same process which are not included in
the present calculation. Detailed Dalitz analysis of the
# c ! !! " process is highly desired for the calibration of
the theoretical model of the weak process as well as for
the investigation of the strong Þnal state interactions in
the ! " channel.

In the # c decay process, it is possible to provide two
constraints on the three di$erent isospin component of
the ! " scattering lengths. To complete the determina-
tion of all three isospin components, for instance, we need
to determine the I = 2 component by the lattice QCD
simulation [44Ð46].

T. Hyodo, M. Oka, Phys. Rev. C 83, 055202 (2011)

Analogy: !" scattering lengths from #c --> ! ! " decays

Expansion of the spectrum around cusp --> scattering length

2

FIG. 1. Decay diagrams for the ! c ! ! (! " )l process. (a):
direct decay, (b): decay through ( ! " )h state. Filled blobs
denote the weak process of! c ! !! " and the open blob rep-
resents the scattering amplitude of ( ! " )h ! (! " )l process.

is devoted to summary.

II. ANALYSIS OF THE CUSP PHENOMENA

Here we analyze the threshold cusp phenomena in the
Λc → ππΣ decay. We review the general argument of the
determination of the scattering length from the threshold
cusp effect and summarize the possible πΣ channels in
the Λc decay where we can observe the cusp structure.
We then discuss the method to extract the scattering
length with minimal model assumptions, by expanding
the amplitude in terms of the momentum variable.

A. ! c ! !! " decay and the ! " scattering length

Let us consider the weak decay of the Λc into two pions
and one Σ baryon. We denote a πΣ pair in the final state
as (πΣ)l and concentrate on the threshold energy region
of this pair. In this case, the additional primary pion has
large momentum, as we show in Appendix A. Choosing
appropriate charged states for the (πΣ)l pair, we have
different charge combination of the πΣ state with slightly
higher energy than (πΣ)l due to the isospin violation in
particle masses. We denote this higher energy channel of
the πΣ pair as (πΣ)h. The specific charge states of (πΣ)l
and (πΣ)h will be discussed in Section II B, in connection
with possible experimental observations.
The dominant part of the Λc decay is given by the

direct process:

Λc →π(πΣ)l,

as shown in Fig. 1 (a). In addition, we may have the final
state interaction term with the intermediate (πΣ)h state
as

Λc →π(πΣ)h → π(πΣ)l,

which is depicted in Fig. 1 (b). Because of the mass differ-
ence, the (πΣ)h threshold appears in the mass spectrum
in (πΣ)l channel slightly above the (πΣ)l threshold. The
cusp phenomenon occurs at this higher energy threshold.
It is important to note that the amplitude in Fig. 1

(b) has the vertex of (πΣ)h → (πΣ)l. The threshold cusp
takes place with vanishing momentum of the (πΣ)h state,

and it contains the information of the on-shell scatter-
ing amplitude of the (πΣ)h → (πΣ)l process. Following
Ref. [33], we define the off-diagonal πΣ scattering length
as (the real part of) the amplitude f h! l at the higher
energy threshold W = Wth :

ah! l ≡f h! l(W = Wth ), (1)

which is reflected in the behavior of the cusp structure.
In the following, we show how to extract the scattering
length (1) along the same line with Ref. [32].

B. Possible decay modes for the scattering length

We first consider the energy levels of πΣ channels in
different charge states to specify (πΣ)l and (πΣ)h chan-
nels. Since the charge Q = ± 2 states have no coupled
channels, it is not relevant in the present discussion. The
threshold energy levels for Q = 0, +1, and −1 channels
are shown in Fig. 2. Unlike the ππ case where the masses
of π+ and π" are identical, Σ" is heavier than Σ+ , so
the πΣ channels show a rich spectrum. Among them,
there is about 10 MeV mass difference for the following
transitions:

π+ Σ" →π" Σ+ ,

π+ Σ" →π0Σ0,

π+ Σ0 →π0Σ+ .

We expect to observe the cusp effect by regarding these
decays as (πΣ)h → (πΣ)l.
Using the isospin decomposition with phase convention

given in Eq. (B6), we can express the scattering lengths
in these channels as

a" + =
1

3
a0 −

1

2
a1 +

1

6
a2 + . . . ,

a00 =
1

3
a0 −

1

3
a2 + . . . ,

a0+ =−
1

2
a1 +

1

2
a2 + . . . ,

where the scattering lengths are labeled by the charge of
the final state, aI is the scattering length with isospin
I in the isospin basis and ellipses represent the isospin
breaking corrections.1 Although we have three equations,
they are not linearly independent up to isospin breaking
correction as

a" + − a00 =a0+ + . . . .

Therefore, in order to determine all three aIs, we need
one additional input. We may adopt chiral perturbation

1 In principle, a1 can be complex, since the ! Λ channel is open
at the ! Σ threshold. However, the transition ! Σ(I = 1) ! ! Λ
vanishes at the leading order in chiral perturbation theory . In
the following we assume the imaginary part is negligible.
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Summary 1

!(1405) is closely related to the KN 
interaction and K nuclei.

!(1405) can be well described in chiral 
SU(3) dynamics.

Two poles  for !(1405).

We study the KN-"# interaction and !(1405) 
based on chiral SU(3) symmetry and unitarity

Summary

T. Hyodo, D. Jido, arXiv:1104.4474, to appear in Prog. Part. Nucl. Phys.

<-- attractive KN and  "# interactions
J-PARC E31

J-PARC E15, Y. IkedaÕs Talk
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New KN threshold data  by SIDDAHRTA

Threshold information of "#  channel

Summary

Y. Ikeda, T. Hyodo, W. Weise, arXiv:1109.3005 [nucl-th]

Recent developments to construct a realistic 
meson-baryon interaction 

Summary 2

- importance of "#  threshold behavior

- systematic $2 analysis with NLO terms

Y. Ikeda, T. Hyodo, D. Jido, H. Kamano, T. Sato, K. Yazaki, 
Prog. Theor. Phys. 125, 1205 (2011)

- scattering length from  !c decay
T. Hyodo, M. Oka, Phys. Rev. C 83, 055202 (2011)


