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Chiral symmetry breaking in hadron physics

Consequence of chiral symmetry breaking in hadron physics

Chiral symmetry and its breaking

Underlying QCD <==> observed hadron phenomena
SU(3)R ⊗ SU(3)L → SU(3)V

Λ(1405) in meson-baryon scattering

Chiral symmetry: QCD with massless quarks

- constraints on the NG-boson--hadron interaction
  low energy theorems <-- current algebra
  systematic low energy (m,p/4πfπ) expansion: ChPT

- appearance of the Nambu-Goldstone (NG) boson

- dynamical generation of hadron masses
mπ ∼ 140 MeV

Mp ∼ 1 GeV ∼ 3Mq, Mq ∼ 300 MeV v.s. 3− 7 MeV
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s-wave low energy interaction in ChPT
Leading order term for the meson-baryon scattering

s-wave contribution: Weinberg-Tomozawa (WT) term
Y. Tomozawa, Nuovo Cim. 46A, 707 (1966); S. Weinberg, Phys. Rev. Lett. 17, 616 (1966)

Vij = −Cij

4f2
(ωi + ωj)

LWT =
1

4f2
Tr

�
B̄iγµ[Φ∂µΦ− (∂µΦ)Φ, B]

�

Λ(1405) in meson-baryon scattering

- Systematic improvement by higher order terms (later)

+ . . .

- Derivative coupling --> energy dependence
- Flavor SU(3) symmetry --> sign and strength 

Cij =
�

α

[6− C2(α)]

�
8 8 α

Iī, Yī Ii, Yi I, Y

��
8 8 α

Ij̄ , Yj̄ Ij , Yj I, Y

�

Y = Yī + Yi = Yj̄ + Yj , I = Iī + Ii = Ij̄ + Ij ,

If the interaction is strong, resummation is mandatory.
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Scattering amplitude and unitarity
Unitarity of S-matrix: Optical theorem

phase space of two-body state

Scattering amplitude

Ri, Wi, a: to be determined by chiral interaction

Im[T−1(s)] =
ρ(s)
2

General amplitude by dispersion relation

T−1(
√

s) =
�

i

Ri√
s−Wi

+ ã(s0) +
s− s0

2π

� ∞

s+
ds�

ρ(s�)
(s� − s)(s� − s0)

Identify dispersion integral = loop function G, the rest = V-1 

T (
√

s) =
1

V −1(
√

s)−G(
√

s; a)

The function V is determined by the matching with ChPT

Amplitude T: consistent with chiral symmetry + unitarity
T (1) = V (1), T (2) = V (2), T (3) = V (3) − V (1)GV (1), . . .

Λ(1405) in meson-baryon scattering
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Meson-baryon scattering amplitude
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

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

It successfully reproduces the scattering observables as well 
as the dynamically generated resonances.

chiral cutoff
T =

1
1− V G

V

Λ(1405) in meson-baryon scattering
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The Λ(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
πΣ

Λ(1405)A. Dote, T. Hyodo, W. Weise, 
NPA804, 197 (2008); PRC 79, 014003 (2009)

“naive” 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
B

Λ(1405) in meson-baryon scattering
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T. Hyodo, S.I. Nam, D. Jido, A. Hosaka, PRC68, 018201 (2003); PTP 112, 73 (2004)
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Total cross section of K-p scattering Branching ratio

πΣ spectrum

Λ(1405)

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

Λ(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) ∼ 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 ?

--> different πΣ spectra?

Λ*2

Λ*1

What is the origin of this structure?

Λ(1405) in meson-baryon scattering

T. Hyodo, D. Jido, arXiv:1104.4474
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Origin of the two-pole structure

KN πΣ

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

Vij = −Cij
ωi + ωj

4f2

Cij =



 3 −
�

3
2

−
�

3
2 4





ωi ∼ mi, 3.3mπ ∼ mK

⇒ VK̄N ∼ 2.5VπΣ

at threshold

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

© W.Weise 

Λ(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.?

πΣ energy

πΣ mass spectra

πΣ 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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Constraints from KN data

- Threshold branching ratios

Rn =
Γ(K−p→ π0Λ)

Γ(K−p→ neutral states)
= 0.189± 0.015

Rc =
Γ(K−p→ π+Σ−,π−Σ+)

Γ(K−p→ all inelastic channels)
= 0.664± 0.011

R.J. Nowak, et al., Nucl. Phys. B139, 61 (1978); D.N. Tovee, et al., ibid, B33, 493 (1971)

γ =
Γ(K−p→ π+Σ−)
Γ(K−p→ π−Σ+)

= 2.36± 0.04

- K-p total cross sections
K−p → (K−p, K̄0n,π0Λ,π0Σ0,π+Σ−,π−Σ+)

Toward realistic meson-baryon interaction

- Shift and width of 1s level of kaonic hydrogen (SIDDHARTA)

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

∆E − i

2
Γ = −2α3µ2

caK−p[1− 2αµc(lnα− 1)aK−p]

Bazzi, et al., arXiv:1105.3090 [nucl-ex]

∆E = −283± 36± 6 eV, Γ = 541± 89± 22 eV

<-- scattering length
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Construction of the realistic amplitude
Systematic χ2 fitting with SIDDHARTA data

1) WT term

2) Born terms

3) NLO terms

O(p)

O(p)

O(p2)

Interaction kernel: NLO ChPT
Y. Ikeda, T. Hyodo, W. Weise, in preparation

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

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

WT model

WTB model

NLO model
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Result by NLO model
Toward realistic meson-baryon interaction

Table 9: Summary of the subtraction constants and low-energy constants in BNW
convention[4] and meson decay constants in Model NLO3.

Channels Fock spaces ai(µ = 1GeV) × 10−3

1, 2 K̄N −2.3781
3 πΛ −16.569

4, 5, 6 πΣ 4.3498
7 ηΛ −0.0055866
8 ηΣ 1.9014

9, 10 KΞ 15.829
fK (MeV) 110.00
fη (MeV) 118.82

b0 (GeV−1) −0.047876
bD (GeV−1) 0.0047648
bF (GeV−1) 0.040119
d1 (GeV−1) 0.086461
d2 (GeV−1) −0.10623
d3 (GeV−1) 0.092194
d4 (GeV−1) 0.063991

Table 10: Results of fitting in NLO3. The experimental values of branching ratios are
taken from [9, 10].

Observables Theory Experiment
∆E (eV) 306 283 ± 42
Γ (eV) 591 541 ± 111

γ 2.36 2.36 ± 0.04
Rc 0.659 0.664 ± 0.011
Rn 0.192 0.189 ± 0.015

aK−p (fm) −0.81 + i0.87
Poles of the Λ(1405) (MeV) 1424.2 − i26.3, 1380.7 − i81.3
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Figure 7: Total cross sections of the K−p reactions.
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Good description of data ( χ2/dof ~ 1 )
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Summary of results
Results from three models

Error analysis is now underway

WT WTB NLO

χ2/dof 1.12 1.15 0.957
Pole positionsShift and width

Toward realistic meson-baryon interaction

Y. Ikeda, T. Hyodo, W. Weise, in preparation
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πΣ threshold behavior

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

Y. Ikeda, T. Hyodo, D. Jido, H. Kamano, T. Sato, K. Yazaki, 
     arXiv:1101.5190 [nucl-th], to appear in Prog. Theor. Phys.

Effect of the πΣ threshold data for KN-πΣ amplitude

subthreshold behavior

<-- πΣ 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 K̄N scattering length with I = 0, aK̄N = −1.70 + 0.68i fm. In each model, pole
1 is found as a resonance located between the πΣ and K̄N threshold. For pole 2, (R), (B) and
(V) denote resonance, bound state and virtual state in the πΣ channel, respectively.

Model A1 A2 B E-dep B E-indep
parameter (πΣ) dπΣ = −1.67 dπΣ = −2.85 ΛπΣ = 1005 MeV ΛπΣ = 1465 MeV
parameter (K̄N) dK̄N = −1.79 dK̄N = −2.05 ΛK̄N = 1188 MeV ΛK̄N = 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)
aπΣ [fm] 0.934 −2.30 1.44 5.50
re [fm] 5.02 5.89 3.96 0.458
aK̄N [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 different ways to solve the Lippmann-
Schwinger equation. They are constrained by the K̄N scattering length, in order
to see how these inputs constrain the πΣ threshold behavior and the Λ(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) Λ(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 Λ(1405) which strongly couples to the K̄N channel. On the other hand, the πΣ
scattering length and effective range are obtained with very different values. This
is a consequence of different 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 πΣ scattering length and effective 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 different off-shell dependence. The
results are qualitatively the same but there are quantitative differences in the πΣ
threshold parameters. Thus, we find that the πΣ threshold quantities can be useful
also to constrain the off-shell dependence of the interaction kernel.

In the model A2 and the model B with energy independent potential, the πΣ
interaction is so strong that they give a bound state and a virtual state, respectively.
In both cases, the πΣ attraction is effectively enhanced by the cutoff 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 Λ(1405) pole by experimental observation. This can be done by observing
the sign and order of magnitude of the πΣ scattering length. If the πΣ scattering
length in the I = 0 channel would have a negative value, there could be a bound
state of π and Σ 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 πΣ threshold. This also shows
the relevance of the πΣ threshold behavior for the subthreshold extrapolation of the
K̄N amplitude.
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Determination of the πΣ scattering length
π π scattering length from K --> π π π 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 π−Σ+ channel in the Λc → π+(π−Σ+) decay with several values of the a−+ scattering
length.
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cusp structure seems to be relatively weak. In addition,
observing two neutral pions in the final state would be
experimentally difficult. 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 πΣ mass distribution in the Λc → ππΣ
decays to extract the πΣ scattering lengths. The thresh-
old cusp effect is discussed in detail, and the relation be-
tween the πΣ scattering length and the mass distribution
is derived. We show that the πΣ scattering length can
be extracted by the expansion of the observed spectrum
around the cusp structure.
We then evaluate the πΣ 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 the I = 0 πΣ
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 πΣ 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
Λc → ππΣ process is highly desired for the calibration of
the theoretical model of the weak process as well as for
the investigation of the strong final state interactions in
the πΣ channel.

In the Λc decay process, it is possible to provide two
constraints on the three different isospin component of
the πΣ 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 [44–46].

T. Hyodo, M. Oka, arXiv:1105.5494 [nucl-th]
Analogy: πΣ scattering lengths from Λc --> π π Σ decays

Expansion of the spectrum around cusp --> scattering length

2

FIG. 1. Decay diagrams for the Λc → π(πΣ)l process. (a):
direct decay, (b): decay through (πΣ)h state. Filled blobs
denote the weak process of Λc → ππΣ and the open blob rep-
resents the scattering amplitude of (πΣ)h → (πΣ)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. Λc → ππΣ decay and the πΣ 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 fh→l at the higher
energy threshold W = Wth:

ah→l ≡fh→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 πΛ channel is open
at the πΣ threshold. However, the transition πΣ(I = 1) → πΛ
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

Chiral symmetry constrains the NG 
boson dynamics with hadrons.

Unitarity should be taken into account   
for a strongly interacting system.

Two poles for Λ(1405)

We study the KN-πΣ interaction and Λ(1405) 
based on chiral SU(3) symmetry and unitarity

Summary

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

<-- attractive KN and πΣ interactions



19

New KN threshold data by SIDDAHRTA

Threshold information of πΣ channel

Summary

Y. Ikeda, T. Hyodo, W. Weise, in preparation

Recent developments to construct a realistic 
meson-baryon interaction 

Summary 2

- importance of πΣ threshold behavior

- systematic χ2 analysis with NLO terms

Y. Ikeda, T. Hyodo, D. Jido, H. Kamano, T. Sato, K. Yazaki, 
     arXiv:1101.5190 [nucl-th], to appear in Prog. Theor. Phys.

- scattering length from Λc decay
T. Hyodo, M. Oka, arXiv:1105.5494 [nucl-th]


