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(uds)	   p-‐K-‐	  
	  or	  
Σ-π 

(q4q)	  

Molecular	  state	  ?	  Pentaquark	  ?	  
q3	  baryon	  ?	  

m ≈ 1406 MeV/c2 

Г  ≈ 50 MeV/c2 

Nature of the Λ(1405)  

I(JP)=0 (1/2+) 

Decay channels: 

⌃0⇡0, ⌃+⇡�, ⌃�⇡+

⇤(1520)(I(JP )) = 0

✓
3

2

�◆

One of the things which is not explainable via the normal quark model  
is the difference in mass of about 100 MeV between the Λ(1405) and  

N(1535) and N(1520) are almost degenerate 

Also the Λ(1405) line shape looks different than a Breit-Wigner.. 



3 

(uds)	   p-‐K-‐	  
	  or	  
Σ-π 

(q4q)	  

Molecular	  state	  ?	  Pentaquark	  ?	  
q3	  baryon	  ?	  

m ≈ 1406 MeV/c2 

Г  ≈ 50 MeV/c2 

   Λ(1405) is mainly an interference of a (K-,p) - and a (Σ,π) – bound state. 
    → Information about the kaon-nucleon interaction. 

Nature of the Λ(1405)  



4 

(uds)	   p-‐K-‐	  
	  or	  
Σ-π 

(q4q)	  

Molecular	  state	  ?	  Pentaquark	  ?	  
q3	  baryon	  ?	  

m ≈ 1406 MeV/c2 

Г  ≈ 50 MeV/c2 

   Λ(1405) is mainly an interference of a (K-,p) - and a (Σ,π) – bound state. 
    → Information about the kaon-nucleon interaction. 
   But not known is the contribution of the two states to the Λ(1405).  

Nature of the Λ(1405)  



5 

(uds)	   p-‐K-‐	  
	  or	  
Σ-π 

(q4q)	  

Molecular	  state	  ?	  Pentaquark	  ?	  
q3	  baryon	  ?	  

m ≈ 1406 MeV/c2 

Г  ≈ 50 MeV/c2 

   Λ(1405) is mainly an interference of a (K-,p) - and a (Σ,π) – bound state. 
    → Information about the kaon-nucleon interaction. 
   But not known is the contribution of the two states to the Λ(1405).  
   With this (K-,p)- intermediate - bound state, the Λ(1405) could be a doorway 
     for the simplest kaonic cluster: 

Λ(1405)=                ? K- p catching a p  ppK- =                ? K- 
p 

p 

Nature of the Λ(1405)  
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First Observations 

K� + p ! ⌃+ ⇡ + ⇡ E= 4.2 GeV 
R.J. Hemingway et al, Nucl. Physi B 253:742, 1985 
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First Observation of the Λ(1405) 

Link of the Λ(1405) to the           state 

Scattering lengths and resonances 

Coupled Channel analysis 

Two poles Picture 

Kaonic Atoms 

Λ(1405) measured in p+p, γ+p and K-+p collisions 

Kaonic bound states 

Interferences and Partial wave analysis for p+p collisions and search 

for bound states. 

 

K̄N

Lecture Plan!
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p-‐K-‐	  
	   

Simplest Hypothesis 

The measured scattering length for            is negative 
-> This would imply a repulsive interaction for  
 
This can be explained by the appereance of the Λ(1405) 
 
Indeed if the         is strong enough this could lead to the formation of a resonanace 
In the s-channel with I=0 
 
First of all: how can the scattering length change from positive to negative? 

K̄P
K̄P

K̄P
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QM Scattering and scattering length 

Quantum scattering: basics and notation

Simplest scattering experiment: plane wave impinging on localized

potential, V (r), e.g. electron striking atom, or � particle a nucleus.

Basic set-up: flux of particles, all at the same energy, scattered from

target and collected by detectors which measure angles of deflection.

In principle, if all incoming particles represented by wavepackets, the

task is to solve time-dependent Schrödinger equation,

i� ✏t � (r, t) =

�
� �2

2m
�2

+ V (r)

 
� (r, t)

and find probability amplitudes for outgoing waves.

Quantum scattering: basics and notation

Simplest scattering experiment: plane wave impinging on localized

potential, V (r), e.g. electron striking atom, or � particle a nucleus.

Basic set-up: flux of particles, all at the same energy, scattered from

target and collected by detectors which measure angles of deflection.

In principle, if all incoming particles represented by wavepackets, the

task is to solve time-dependent Schrödinger equation,

i� ✏t � (r, t) =

�
� �2

2m
�2

+ V (r)

 
� (r, t)

and find probability amplitudes for outgoing waves.Solve the Schroedinger equation to find the probability   
Amplitude for outgoing waves 

Lessons from revision of one-dimension

In one-dimension, interaction of plane wave, e ikx
, with localized

target results in degree of reflection and transmission.

Both components of outgoing scattered wave are plane waves with

wavevector ±k (energy conservation).

Influence of potential encoded in complex amplitude of reflected

and transmitted wave – fixed by time-independent Schrödinger

equation subject to boundary conditions (flux conservation).

The influence of the potential is encoded in 
the complex amplitude of the reflected and 
transmitted wave 

ψ ψ 
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Partial Wave Decomposition 
Scattering phenomena: partial waves

 (r)  i

2k

⌥

 =0

i (2⇣+ 1)

�
e�i(kr� ⌅/2)

r
� S (k)

e i(kr� ⌅/2)

r

 
P (cos ⇤)

If we set,  (r)  e ik·r
+ f (⇤)

e ikr

r

f (⇤) =

⌥

 =0

(2⇣+ 1)f (k)P (cos ⇤)

where f (k) =

S (k)� 1

2ik
define partial wave scattering amplitudes.

i.e. f (k) are defined by phase shifts, ⇥ (k), where S (k) = e2i⇥⌅(k)
.

But how are phase shifts related to cross section?
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2ik
define partial wave scattering amplitudes.

i.e. f (k) are defined by phase shifts, ⇥ (k), where S (k) = e2i⇥⌅(k)
.

But how are phase shifts related to cross section?
Phase Shifts  

fl(k) =
e2i�l(k) � 1

2ik
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Incoming and Outgoing current 
Scattering phenomena: scattering cross section

 (r)  e ik·r
+ f (⇤)

e ikr

r

Particle flux associated with  (r) obtained from current operator,

j = �i
�
m

( ⇤� +  � ⇤
) = �i

�
m

Re[ ⇤� ]
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�
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��
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 ⇤
�
�
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 �

Neglecting rapidly fluctuation contributions (which average to zero)
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êr
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r2
+ O(1/r3
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Scattering phenomena: scattering cross section

j =

�k
m

+

�k

m
êr

|f (⇤)|2

r2
+ O(1/r3

)

(Away from direction of incident beam, êk) the flux of particles

crossing area, dA = r2dΩ, that subtends solid angle dΩ at the

origin (i.e. the target) given by

NdΩ = j · êrdA =

�k

m

|f (⇤)|2

r2
r2dΩ + O(1/r)

By equating this flux with the incoming flux jI ⇤ d⌃, where jI =
�k
m ,

we obtain the di⇥erential cross section,

d⌃ =

NdΩ
jI

=

j · êr dA

jI
= |f (⇤)|2 dΩ, i.e.

d⌃

dΩ
= |f (⇤)|2
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Summarizing about the scattering amplitude 

Method of partial waves: summary

 (r) = e ik·r
+ f (⇤)

e ikr

r

The quantum scattering of particles from a localized target is fully

characterised by the di� erential cross section,

d⌃

dΩ
= |f (⇤)|2

The scattering amplitude, f (⇤), which depends on the energy

E = Ek , can be separated into a set of partial wave amplitudes,

f (⇤) =

⌥

 =0

(2⇣+ 1)f (k)P (cos ⇤)

where partial amplitudes, f (k) =
ei⇥⌅

k sin ⇥ defined by scattering

phase shifts ⇥ (k). But how are phase shifts determined?
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The scattering amplitude, f (⇤), which depends on the energy

E = Ek , can be separated into a set of partial wave amplitudes,

f (⇤) =

⌥

 =0

(2⇣+ 1)f (k)P (cos ⇤)

where partial amplitudes, f (k) =
ei⇥⌅

k sin ⇥ defined by scattering

phase shifts ⇥ (k). But how are phase shifts determined?
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Scattering phenomena: partial waves

d⌃

dΩ
= |f (⇤)|2, f (⇤) =

⌥

 =0

(2⇣ + 1)f (k)P (cos ⇤)

From the expression for
d⇧
d� , we obtain the total scattering

cross-section:

⌃tot =

�
d⌃ =

�
|f (⇤)|2dΩ

With orthogonality relation,

�
dΩ P (cos ⇤)P ⇥(cos ⇤) =

4⇧

2⇣ + 1

⇥  ⇥ ,

⌃tot =



 , ⇥

(2⇣ + 1)(2⇣⌃ + 1)f ⇤ (k)f ⇥(k)

�
dΩP (cos ⇤)P ⇥(cos ⇤)

⇠ ⌫� ⇡
4⌅⇥⌅⌅⇥/(2 +1)

= 4⇧


 

(2⇣ + 1)|f (k)|2
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(2⇣ + 1)f (k)P (cos ⇤)
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1

2ik
(e2i⇥⌅(k) � 1) =

e i⇥⌅(k)

k
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⌃tot =
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k2
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 =0
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✓
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k sin ⇥ ,
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⌃tot

One may show that this “sum rule”, known as optical theorem,

encapsulates particle conservation.
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Determination of the phase shift 

How to determine δl ? 

Method of partial waves

For scattering from a central potential,

the scattering amplitude, f , must be

symmetrical about axis of incidence.

In this case, both scattering wavefunction,  (r), and scattering

amplitudes, f (⇤), can be expanded in Legendre polynomials,

 (r) =

⌥

 =0

R (r)P (cos ⇤)

cf. wavefunction for hydrogen-like atoms with m = 0.

Each term in expansion known as partial wave, and is simultaneous

eigenfunction of L̂2
and L̂z having eigenvalue �2⇣(⇣+ 1) and 0, with

⇣ = 0, 1, 2, · · · referred to as s, p, d , · · · waves.

From the asymtotic form of  (r) we can determine the phase shifts

⇥ (k) and in turn the partial amplitudes f (k).

Expansion in Legendre Polynomials 
for the wave function and the 
scattering amplitude f(θ) Method of partial waves

⇤
✏2

r � U(r) + k2
⌅
u(r) = 0

Alongside phase shift, ⇥0 it is convenient to introduce scattering
length, a0, defined by condition that u(a0) = 0 for kR ⌥ 1, i.e.

u(a0) = sin(ka0 + ⇥0) = sin(ka0) cos ⇥0 + cos(ka0) sin ⇥0

= sin ⇥0 [cot ⇥0 sin(ka0) + cos(kr)]  sin ⇥0 [ka0 cot ⇥0 + 1]

leads to scattering length a0 = � lim
k⇧0

1

k
tan ⇥0(k).

From this result, we find the scattering cross section

⌃tot =

4⇧

k2
sin

2 ⇥0(k)
k⇧0 4⇧

k2

(ka0)
2

1 + (ka0)
2
 4⇧a2

0

i.e. a0 characterizes e� ective size of target.

The scattering length a0 is defined as fulfilling the condition u(a0)=0 
under the condition KR<<1, where R is the range of the interaction 

Method of partial waves

⇤
✏2

r � U(r) + k2
⌅
u(r) = 0

Alongside phase shift, ⇥0 it is convenient to introduce scattering
length, a0, defined by condition that u(a0) = 0 for kR ⌥ 1, i.e.

u(a0) = sin(ka0 + ⇥0) = sin(ka0) cos ⇥0 + cos(ka0) sin ⇥0

= sin ⇥0 [cot ⇥0 sin(ka0) + cos(kr)]  sin ⇥0 [ka0 cot ⇥0 + 1]
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1

k
tan ⇥0(k).

From this result, we find the scattering cross section

⌃tot =

4⇧

k2
sin

2 ⇥0(k)
k⇧0 4⇧

k2

(ka0)
2

1 + (ka0)
2
 4⇧a2

0

i.e. a0 characterizes e� ective size of target.

Method of partial waves

⇤
✏2

r � U(r) + k2
⌅
u(r) = 0

Alongside phase shift, ⇥0 it is convenient to introduce scattering
length, a0, defined by condition that u(a0) = 0 for kR ⌥ 1, i.e.

u(a0) = sin(ka0 + ⇥0) = sin(ka0) cos ⇥0 + cos(ka0) sin ⇥0

= sin ⇥0 [cot ⇥0 sin(ka0) + cos(kr)]  sin ⇥0 [ka0 cot ⇥0 + 1]

leads to scattering length a0 = � lim
k⇧0

1

k
tan ⇥0(k).

From this result, we find the scattering cross section

⌃tot =

4⇧

k2
sin

2 ⇥0(k)
k⇧0 4⇧

k2

(ka0)
2

1 + (ka0)
2
 4⇧a2

0

i.e. a0 characterizes e� ective size of target.

For l=0 
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Scattering length 

Method of partial waves

⇤
✏2

r � U(r) + k2
⌅
u(r) = 0

Alongside phase shift, ⇥0 it is convenient to introduce scattering
length, a0, defined by condition that u(a0) = 0 for kR ⌥ 1, i.e.

u(a0) = sin(ka0 + ⇥0) = sin(ka0) cos ⇥0 + cos(ka0) sin ⇥0

= sin ⇥0 [cot ⇥0 sin(ka0) + cos(kr)]  sin ⇥0 [ka0 cot ⇥0 + 1]

leads to scattering length a0 = � lim
k⇧0

1

k
tan ⇥0(k).

From this result, we find the scattering cross section

⌃tot =

4⇧

k2
sin

2 ⇥0(k)
k⇧0 4⇧

k2

(ka0)
2

1 + (ka0)
2
 4⇧a2

0

i.e. a0 characterizes e� ective size of target.

l =0 -> s-wave only!! 

Method of partial waves

⇤
✏2

r � U(r) + k2
⌅
u(r) = 0

Alongside phase shift, ⇥0 it is convenient to introduce scattering
length, a0, defined by condition that u(a0) = 0 for kR ⌥ 1, i.e.

u(a0) = sin(ka0 + ⇥0) = sin(ka0) cos ⇥0 + cos(ka0) sin ⇥0

= sin ⇥0 [cot ⇥0 sin(ka0) + cos(kr)]  sin ⇥0 [ka0 cot ⇥0 + 1]

leads to scattering length a0 = � lim
k⇧0

1

k
tan ⇥0(k).

From this result, we find the scattering cross section

⌃tot =

4⇧

k2
sin

2 ⇥0(k)
k⇧0 4⇧

k2

(ka0)
2

1 + (ka0)
2
 4⇧a2

0

i.e. a0 characterizes e� ective size of target.

The scattering length charachterizes the EFFECTIVE size of the target 
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Scattering on an attractive squared 
well 

Example II: Scattering by attractive square well

⇤
✏2

r � U(r) + k2
⌅
u(r) = 0

As a proxy for scattering from a binding potential, let us consider

quantum particles incident upon an attractive square well potential,

U(r) = �U0⇤(R � r), where U0 > 0.

Once again, focussing on low energies, kR ⌥ 1, this translates to

the radial potential,

⇤
✏2

r + U0⇤(R � r) + k2
⌅
u(r) = 0

with the boundary condition u(0) = 0.
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K cot(KR) = k cot(kR + ⇥0)

From this result, we obtain

tan ⇥0(k) =

k tan(KR)� K tan(kR)

K + k tan(kR) tan(KR)

, K 2
= k2

+ U0

With kR ⌥ 1, K  U1/2
0 (1 + O(k2/U0)), find scattering length,

a0 = � lim
k⇧0

1

k
tan ⇥0  �R

⌃
tan(KR)

KR
� 1

⌥

which, for KR < ⇧/2 leads to a negative scattering length.
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Example II: Scattering by attractive square well

a0 = � lim
k⇧0

1

k
tan ⇥0  �R

⌃
tan(KR)

KR
� 1

⌥

So, at low energies, the scattering from an attractive square

potential leads to the ⇣ = 0 phase shift,

⇥0  �ka0  kR

⌃
tan(KR)

KR
� 1

⌥

and total scattering cross-section,

⌃tot  
4⇧

k2
sin

2 ⇥0(k)  4⇧R2

⌃
tan(KR)

KR
� 1

⌥2

, K  U1/2
0

But what happens when KR  ⇧/2?
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If KR ⌥ 1, a0 < 0 and wavefunction drawn

towards target – hallmark of attractive potential.

As KR � ⇧/2, both scattering length a0 and

cross section ⌃tot  4⇧a2
0 diverge.

As KR increased, a0 turns positive, wavefunction

pushed away from target (cf. repulsive potential)

until KR = ⇧ when ⌃tot = 0 and process repeats.

Why?
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a0  �R

⌃
tan(KR)

KR
� 1

⌥
, K  U1/2

0

If KR ⌥ 1, a0 < 0 and wavefunction drawn

towards target – hallmark of attractive potential.

As KR � ⇧/2, both scattering length a0 and

cross section ⌃tot  4⇧a2
0 diverge.

As KR increased, a0 turns positive, wavefunction

pushed away from target (cf. repulsive potential)

until KR = ⇧ when ⌃tot = 0 and process repeats.

Why?

U0= 100 MeV, λ Broglie (200 MeV)~ 1fm, R= 1fm -> RK < 1   

When does the divergence occurs? 

„After“ the singularity the scattering length changes sign  

If KR<<1, a0<0 the wave function is pushed away from the 
target -> repulsive potential	

As KR increases, a0 turns positive and the wavefunction 
is drawn against the target; attractive potentiail	
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Effect of Resonances Resonances

More generally, the ⇣-th partial cross-section

⌃ =

4⇧

k2
(2⇣ + 1)

1

1 + cot
2 ⇥ (k)

, ⌃tot =



 

⌃ 

takes maximum value if there is an energy at which cot ⇥ vanishes.

If this occurs as a result of ⇥ (k) increasing rapidly through odd

multiple of ⇧/2, cross-section exhibits a narrow peak as a function

of energy – a resonance.

Near the resonance,

cot ⇥ (k) =

ER � E

� (E )/2

where ER is resonance energy.

Scattering phenomena: partial waves

⌃tot = 4⇧


 

(2⇣ + 1)|f (k)|2, f (⇤) =

⌥

 =0

(2⇣ + 1)f (k)P (cos ⇤)

Making use of the relation f (k) =

1

2ik
(e2i⇥⌅(k) � 1) =

e i⇥⌅(k)

k
sin ⇥ ,

⌃tot =

4⇧

k2

⌥

 =0

(2⇣ + 1) sin
2 ⇥ (k)

Since P (1) = 1, f (0) =

✓
 (2⇣ + 1)f (k) =

✓
 (2⇣ + 1)

ei⇥⌅(k)

k sin ⇥ ,

Im f (0) =

k

4⇧
⌃tot

One may show that this “sum rule”, known as optical theorem,

encapsulates particle conservation.

When does the cross-section have the maximal value? 
When the  cot δl(k) is equal to 0  

Where M is the resonance mass Resonances

If � (E ) varies slowly in energy, partial cross-section in vicinity of

resonance given by Breit-Wigner formula,

⌃ (E ) =

4⇧

k2
(2⇣ + 1)

� 2
(ER)/4

(E � ER)
2
+ � 2

(ER)/4

Physically, at E = ER, the amplitude of the wavefunction within the

potential region is high and the probability of finding the scattered

particle inside the well is correspondingly high.

The parameter � = �/⌥ represents typical lifetime, ⌥ , of metastable

bound state formed by particle in potential.

For the cross-section we obtain the Breit-Wigner 
formula 

�l(E) =
4⇡

k2
(2l + 1)

�2/4

(E �M)2 + �2/4

cot �l(k) =
E �M

�/2
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Resonance and Scattering length 

If cot δl (k)=0 

a = − lim
k−>0

tanδl diverges 

For E > M a gets negative and turns from attractive to repulsive Application: Feshbach resonance phenomena

Ultracold atomic gases provide arena in

which resonant scattering phenomena

exploited – far from resonance, neutral

alkali atoms interact through short-ranged

van der Waals interaction.

However, e� ective strength of interaction

can be tuned by allowing particles to form

virtual bound state – a resonance.

By adjusting separation between entrance

channel states and bound state through

external magnetic field, system can be

tuned through resonance.

This allows e� ective interaction to be

tuned from repulsive to attractive simply

by changing external field.

Application: Feshbach resonance phenomena

Ultracold atomic gases provide arena in

which resonant scattering phenomena

exploited – far from resonance, neutral

alkali atoms interact through short-ranged

van der Waals interaction.

However, e� ective strength of interaction

can be tuned by allowing particles to form

virtual bound state – a resonance.

By adjusting separation between entrance

channel states and bound state through

external magnetic field, system can be

tuned through resonance.

This allows e� ective interaction to be

tuned from repulsive to attractive simply

by changing external field.

Feshbach Resonances 

cot �l(k) =
E �M

�/2
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•  Antikaon experiences a flip in the sign of the scattering length 
( Information from kaonic Atoms where the scattering length is 
negative) because of the presence of the Λ(1405) 

•  Or one can say that the change of sign in the scattering length shows 
that the Λ(1405) should exist. 

•  How are  the properties of the resonance connected to the scattering 
length a0 (I=0)? 

Summary about the sign of the scattering length 
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From the Scattering length to the resonance 
properties  

Method of partial waves

⇤
✏2

r � U(r) + k2
⌅
u(r) = 0

Alongside phase shift, ⇥0 it is convenient to introduce scattering
length, a0, defined by condition that u(a0) = 0 for kR ⌥ 1, i.e.

u(a0) = sin(ka0 + ⇥0) = sin(ka0) cos ⇥0 + cos(ka0) sin ⇥0

= sin ⇥0 [cot ⇥0 sin(ka0) + cos(kr)]  sin ⇥0 [ka0 cot ⇥0 + 1]

leads to scattering length a0 = � lim
k⇧0

1

k
tan ⇥0(k).

From this result, we find the scattering cross section

⌃tot =

4⇧

k2
sin

2 ⇥0(k)
k⇧0 4⇧

k2

(ka0)
2

1 + (ka0)
2
 4⇧a2

0

i.e. a0 characterizes e� ective size of target.

l =0 -> s-wave only!! 

Method of partial waves
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= sin ⇥0 [cot ⇥0 sin(ka0) + cos(kr)]  sin ⇥0 [ka0 cot ⇥0 + 1]

leads to scattering length a0 = � lim
k⇧0

1

k
tan ⇥0(k).

From this result, we find the scattering cross section

⌃tot =

4⇧

k2
sin

2 ⇥0(k)
k⇧0 4⇧

k2

(ka0)
2

1 + (ka0)
2
 4⇧a2

0

i.e. a0 characterizes e� ective size of target.

�0(E) =
4⇡

k2
�2/4

(E �M)2 + �2/4

But we also know that: 
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R. Dalitz et al., Phys. Rev. 153, 5 (1967) „Model Calculation for the Y*(1405) Resonance State“ 

Considering the Y* as a virtual bound-state resonance from the 
KN channel in the I=0 state:  

1/2- =JP  

Linked to the I=0 KN scattering length  

a0 = [(�1.67± 0.04) + i(0.72± 0, 04)] fm

a0 = [(�1.57± 0.04) + i(0.54± 0, 04)] fm

(M,�) = (1419.5, 26.5)MeV

(M,�) = (114.5, 27)MeV

M = (mN +mK)


1� 1

2mKmN

A2
0 �B2

0

(A2
0 +B2

0)
2

�

� = [(mN +mK)/mKmN ][2A0B0/(A
2
0 +B2

0)
2]

a0 = A0 + iB0

From old scattering experiments for 
low momentum kaon ( close to 
threshold) 

(M,�) = (1414.5, 27)MeV

Now the scattering length is complex because also 
Absorption can occur 

1 KN pole 
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p-‐K-‐	  
	   

Simplest Hypothesis 

The measured scattering length for            is negative 
-> This would imply a repulsive interaction for  
 
This can be explained by the appereance of the Λ(1405) 
 
Indeed if the         is strong enough this could lead to the formation of a resonanace 
In the s-channel with I=0 
 
First of all: how can the scattering length change from positive to negative? 

K̄P
K̄P

K̄P
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More poles.. 

This is unfortunately not so simple, as there are many Pseudoscalar-Baryon 
combinations that should be considered when dealing with scattering. 
 
Not only          can occur but also: 

(M,�) = (1419.5, 26.5)MeV

(M,�) = (114.5, 27)MeV

p-‐K-‐	  
	   

K̄P

⌘⇤, ⌘⌃, ⇡⇤, ⇡⌃, K⌅

(M,�) = (1414.5, 27)MeV
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Coupled Channels 
Pseudoscalars and Baryons are the degree of freedom 
Non perturbative techniques based on chiral unitarity 

From a scattering ampliture f(θ) we go to a energy dependent 
Scattering Matrix  Tij(

p
s)

i and j represent a certain PB pair 

Tij(
p
s) = Vij(

p
s) + Vil(

p
s)Gl(

p
s)Tlj(

p
s)

(
d�

d⌦
)ij / |Tij |2

Vij represents the interaction 
Gl is the meson-baryon loop integral which accounts for all intermediate PB 
states. 

10 1 Introduction

A schematic picture of the recursive equation (1.4) is given in Figure 1.5.

Tij Vij Vil

Gl

Tlj

i j

i j

Figure 1.5: Illustration of the Lippmann-Schwinger equation (1.4) (upper picture) and the expansion
of the Lippmann-Schwinger equation to an infinite sum (lower picture) [HJ12].

In order to calculate the scattering process from channel i into channel j, an infinite sum has to
be evaluated, where all possible intermediate channels l can appear. The scattering process is
therefore determined by the coupling of different channels.
If only the isospin I = 0 case is considered, the possible contributing channels are: K̄N , Σπ, ηΛ
and KΞ. However, it turns out that the coupling between the K̄N and Σπ channels is especially
strong [HW08], which allows to treat Tij as an effective 2 × 2 matrix. By solving the Lippmann-
Schwinger equation, the obtained scattering matrix Tij develops two poles in the complex energy
plane below the K̄N threshold (see Figure 1.6) [JOO+03, ORB02, HNJH03, BNW05, BMN06,
HW08, J+10, HJ12]. The first pole, located at ≈ 1420 MeV/c2, is mainly identified with a quasi-
bound K̄N state, resulting from the strong attraction in this channel. The K̄ −N binding energy
can be extracted from this result to 12 MeV. The small imaginary part of the pole (Im(z =

√
s))

is correlated to a small decay width Γ . In contrast to this, the second pole is located at lower
energies (≈ 1390 MeV/c2), far in the imaginary part of the complex energy plane. This pole is
associated with a broad πΣ resonance, which couples strongly to the πΣ channel.

a) b)

Figure 1.6: Double pole structure of Λ(1405). Panel a) shows a 3-dimensional representation of
the scattering matrix |T | in the complex energy plane (Re(z),Im(z)) [HJ12]. Panel b) from [HW08]
is a 2-dimensional projection with predictions from different theoretical approaches. The red crosses
indicate the position of the first pole, coupling mainly to K̄N . The blue crosses are the predictions
for the πΣ pole.
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Dynamical generation of Λ(1405) 

 
 
 
 
 

 
Fortunately for I=0 only KN and Σπ contribute 
 

Two poles in complex energy plane:   
m1=1420 MeV   (narrow quasi bound KN state) 
m2=1390 MeV   (broad resonance in Σπ) 
 
 
 
 

Prog.Part.Nucl.Phys.	  67	  (2012)	  55-‐98	  

Solve coupled channel equation 
based on chiral dynamics 
(hadrons are the degrees of freedom)  
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Prog.Part.Nucl.Phys.	  67	  (2012)	  55-‐98	  

Phys.Rev.Le?.	  95	  (2005)	  052301	  	  

Solve coupled channel equation 
based on chiral dynamics 
(hadrons are the degrees of freedom)  
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Summary of the previous episode

•  Link between the KN bound state and the Λ(1405) 
•  Many Pseudoscaler-Baryon pairs contribute to the total amplitude 
•  Coupled Channel Theory based on Chiral Unitarity shows that 
•  Only 2 poles are significant KN and Σπ	


Application: Feshbach resonance phenomena

Ultracold atomic gases provide arena in

which resonant scattering phenomena

exploited – far from resonance, neutral

alkali atoms interact through short-ranged

van der Waals interaction.

However, e� ective strength of interaction

can be tuned by allowing particles to form

virtual bound state – a resonance.

By adjusting separation between entrance

channel states and bound state through

external magnetic field, system can be

tuned through resonance.

This allows e� ective interaction to be

tuned from repulsive to attractive simply

by changing external field.
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First Observation of the Λ(1405) 

Link of the Λ(1405) to the           state 

Scattering lengths and resonances 

Coupled Channel analysis 

Two poles Picture 

Kaonic Atoms 

Λ(1405) measured in p+p, γ+p and K-+p collisions 

Kaonic bound states 

Interferences and Partial wave analysis for p+p collisions and search 

for bound states. 

 

K̄N

Lecture Plan!
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Experimental Constraints for the Theory!

The Λ(1405) emerges from the coupling of the 2 poles, but the theory 
needs some constraints since different theories predicts different poles 
 

10 1 Introduction

A schematic picture of the recursive equation (1.4) is given in Figure 1.5.

Tij Vij Vil

Gl

Tlj

i j

i j

Figure 1.5: Illustration of the Lippmann-Schwinger equation (1.4) (upper picture) and the expansion
of the Lippmann-Schwinger equation to an infinite sum (lower picture) [HJ12].

In order to calculate the scattering process from channel i into channel j, an infinite sum has to
be evaluated, where all possible intermediate channels l can appear. The scattering process is
therefore determined by the coupling of different channels.
If only the isospin I = 0 case is considered, the possible contributing channels are: K̄N , Σπ, ηΛ
and KΞ. However, it turns out that the coupling between the K̄N and Σπ channels is especially
strong [HW08], which allows to treat Tij as an effective 2 × 2 matrix. By solving the Lippmann-
Schwinger equation, the obtained scattering matrix Tij develops two poles in the complex energy
plane below the K̄N threshold (see Figure 1.6) [JOO+03, ORB02, HNJH03, BNW05, BMN06,
HW08, J+10, HJ12]. The first pole, located at ≈ 1420 MeV/c2, is mainly identified with a quasi-
bound K̄N state, resulting from the strong attraction in this channel. The K̄ −N binding energy
can be extracted from this result to 12 MeV. The small imaginary part of the pole (Im(z =

√
s))

is correlated to a small decay width Γ . In contrast to this, the second pole is located at lower
energies (≈ 1390 MeV/c2), far in the imaginary part of the complex energy plane. This pole is
associated with a broad πΣ resonance, which couples strongly to the πΣ channel.

a) b)

Figure 1.6: Double pole structure of Λ(1405). Panel a) shows a 3-dimensional representation of
the scattering matrix |T | in the complex energy plane (Re(z),Im(z)) [HJ12]. Panel b) from [HW08]
is a 2-dimensional projection with predictions from different theoretical approaches. The red crosses
indicate the position of the first pole, coupling mainly to K̄N . The blue crosses are the predictions
for the πΣ pole.

T. Hyodo and W. Weise Phys. Rev. C77:035204 (2008) 
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Experimental Constraints for the Theory!

The Λ(1405) emerges from the coupling of the 2 poles, but the theory 
needs some constraints 
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Figure 4: Real part (left) and imaginary part (right) of the K�p ! K�p forward scatter-
ing amplitude obtained from the NLO calculation and extrapolated to the subthreshold
region. The empirical real and imaginary parts of the K�p scattering length deduced from
the recent kaonic hydrogen measurement (SIDDHARTA [15]) are indicated by the dots
including statistical and systematic errors. The shaded uncertainty bands are explained
in the text.

where the uncertainties reflect the experimental errors. The predictions from
chiral SU(3) dynamics, proceeding again through the sequence of TW, TWB
and full NLO schemes, gives the following values for the K�p scattering
length:

a(K�p) = �0.93 + i 0.82 fm (TW) , (26)

a(K�p) = �0.94 + i 0.85 fm (TWB) , (27)

a(K�p) = �0.70 + i 0.89 fm (NLO) . (28)

The large magnitude of Re a(K�p) in the TW and TWB schemes corresponds
to the overestimation of the kaonic hydrogen energy shift in these approaches,
while the best-fit NLO result is fully compatible with the value (25) deduced
from the experimental data.

To calculate theK�n scattering length, we construct the coupled-channels
amplitudes in the charge Q = �1 sector (K�n, ⇡�⇤, ⇡�⌃0, ⇡0⌃�, ⌘⌃� and
K0⌅�), again using physical meson and baryon masses in order to take into
account isospin breaking e↵ects in the threshold energies. With the same
subtraction constants as in the Q = 0 sector, the calculated K�n scattering

17

T. Hyodo and W. Weise Phys. Rev. C77:035204 (2008) 

•  Scattering data above the          threshold 
•  Scattering length at threshold extracted from Kaonic atoms 
•  pS spectra below the threshold   

K̄N
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Kaonic Atoms!

3Workshop on Strangeness

02/08/11 - Jia-Chii Chen

Kaonic Atoms

4He

e-

K-

K- H

Definition:  

An atom consisting of a negatively charged kaon orbiting around an ordinary nucleus.
(e.g. kaonic hydrogen: negatively charged kaon orbiting around a proton)

Formation and following process:

1)Slowing down of the K by ionization and excitation of the target molecule, capture into
the atomic orbit

2)Stark-mixing (Δl = ±1; Δm = 0) → high probability for absorption or annihilation
→ the higher the target density the more reduced is the X-ray yield

3)K cascades down via Coulomb de-excitation and external Auger processes

4)For lower lying states: radiative transition dominant

5)For exotic hydrogen: The 1s ground state will be reached with a certain probability
→ shifted and broadened due to strong interaction 

Definition:  
An Atom consisting of a negatevely 
charged kaon orbitating around an 
ordinart nucleus  

Kaonic Hydrogen 

Formation and following processes: 
1)  Slowing down by a K by ionization and 

excitation of the target molecule, capture 
into the atomic orbit. 

2) Stark mixing -> high probability for absorption or annihiliation 
3) K Cascades down via Coulomb de-excitation and external Auger processes 
4) For Kaonic Hydrogen: the 1s ground state will be reached  
 
   -> but shift and broadening of the EM state because of the strong interaction  
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ε	


Γ	


      s                            p                         d                       f 

Kα   ∼  6.3 keV 
       = ΔE2p→1s 

E1s } 

E2p 

n 

4 
3 

2 

1 

Kβ 

Cascade in kaonic atoms!
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Antikaon –Nucleon scattering lengths!

✏+ i
�

2
=

2 · ⇡
mred

· | 1s(0)|2 · aK�p = 412 · fm�1 · eV · aK�p

4Workshop on Strangeness

02/08/11 - Jia-Chii Chen

Physics Motivation

Deser-Goldberger-
Baumann-Thirring

isospin dependent scattering lengths
a

0
 isoscalar, a

1 
isovector

● Determination of the contribution of the strong interaction

 
● Direct connection with physics of the KN interaction → input for theory

Deser-Goldberger-Baumann-Thirring  Formula 

aK�p =
1

2
· (a0 + a1)

aK�n = a1

a0 and a1 the isospin dependent 
scattering length 

-> one needs to measure kaonic deuterium as well 
Not done yet! 
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39	  

x	  y	  

z	  

SIDDHARTA overview

e-

510 MeV/c e+

510 MeV/c 
127 MeV/c
Δp/p=0.1% K+

K-

Φ

Target

Detect
by SDDs

Detect by two 
scintillators

Dafne Accelerator in 
Frascati, Rome 
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Kaonic hydrogen

Hydrogen
spectrum

Kα Kβ higher

Background estimation

KO76 KN65
Cu

Ti Kα

Ti Kβ

KC65

KC75
KO65

KC54

KAl87

EM value
K-p Kα

simultaneous
fit

Deuterium
spectrum
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EM value
K-p Kα

Kaonic hydrogen

Kα Kβ

higher

Residuals of K-p x-ray spectrum
after subtraction of fitted background
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ε1S= −283 ± 36(stat) ± 6(syst) eV 
 

Γ1S= 541 ± 89(stat) ± 22(syst) eV 
 
 
 

KAONIC HYDROGEN results

- Kaonic Hydrogen: 400pb-1, most precise 
measurement ever,Phys. Lett. B 704 (2011) 
113, Nucl. Phys. A881 (2012) 88; Ph D 
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Re a(K−p) Im a(K−p)

K−p          SCATTERING AMPLITUDE  from 
CHIRAL SU(3) COUPLED CHANNELS DYNAMICS

Complex scattering length (including Coulomb corrections)

f(K−p) =
1

2

!

fK̄N(I = 0) + fK̄N(I = 1)
"

Ima(K−p) = 0.81 ± 0.15 fmRe a(K−p) = −0.65 ± 0.10 fm

Λ(1405)

Λ(1405)

: K̄N (I = 0) quasibound state embedded in the πΣ continuum

Y. Ikeda,  T. Hyodo,  W.  W. 
PLB 706 (2011) 63 
NPA881 (2012) 98
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SIDDHARTA

CONSTRAINTS  from  SIDDHARTA

Kaonic hydrogen 
precision data 

  M. Bazzi et al.  (SIDDHARTA)   
  Phys. Lett. B 704 (2011) 113

Strong interaction 
1s energy shift and width

∆E = 283 ± 36 (stat)±6 (syst) eV

Γ = 541 ± 89 (stat)±22 (syst) eV

!"#$%&'(
)*'+,$-.

/0%(1+23"#$%&'(
!� !� 31&3'$

Background estimation

/456 /768
9-

:12/�

:12/�

/968

/958
/468

/98;

/<=>5

EM value
!"#$!�

)1.-=,0('%-)
?1,

@'-,'$1-.
)*'+,$-.



45 

Measurement of Λ(1405) in the πΣ final state

� + p ! ⇤(1405) +K+

K� + p ! ⇤(1405)

⇡� + p ! ⇤(1405) +K0

p+ p ! ⇤(1405) +K+ + p
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K-+d  0. 68 – 0.84 GeV/c γ+p    1.77<pγ<1.99 p+p     4.3 GeV/c 

 1405 MeV 

Nuclear	  Physics	  B129	  (1977)	  1-‐18        Nucl.Phys.	  A835	  (2010)	  325-‐328 Phys.Rev.	  C87	  (2013)	  025201	  	  

p+p     3.65GeV/c 
Physics Lett. B660(2008) 

Many of the spectra differ!

S. Prakhov et al. Phys. Rev. C 70 (2004) 034605 
A.W. Thomas et al., Nucl. Phys. B56 15 (1973) 
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Measurement of Λ(1405) in the πΣ final state

� + p ! ⇤(1405) +K+

K� + p ! ⇤(1405)

⇡� + p ! ⇤(1405) +K0

p+ p ! ⇤(1405) +K+ + p
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γ-induced reactions 

K+ 

Σ	


π	

p 

γ	


Ι=0   → Λ(1405)	

Ι=1	


γ + p → Λ(1405) + K+ : 

0,0
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Final states: 

Different cross sections: 
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Interference Effect 

γ + p → Λ(1405) + K+ →(Σπ)0 + K+ : 

J. C. Nacher et al., Phys. Lett. B455, 55, (1999) 

Line shape is different for the different decay channels! 

K.  Morya et al.,  arXiv:0911.0925v1 [nucl-ex] 4 Nov 2009                    
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Λ(1405) in γ+p reactions (CLAS at Jlab) 

Г ≈ 50MeV/c2	  
Г ≈ 36	  
Г ≈ 36	  MeV/c2	  

33.3% 

33.3% 

33.3% 

5.8% 

5.8% 

1.3% 

87.0% 

γ	
γ	

W=2-2.8 GeV W=2-2.8 GeV 
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Innovative Fit of the Experimental Data by CLAS!

The single isospin amplitude is parametrized as:  

With I=0,I being the 2 isospin states 

The Breit-Wigner distribution 
modified to account for the 
presence of the KN threshold 

⌃+⇡�, ⌃0⇡0, ⌃�⇡+

W: center of mass energy 
ΔφI: the relative phase to I=0 

TI(m) = CI(W )ei��IBI(m)

BI(m)

( ) ( )
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are then fitted according to: 
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Example at W=2.40 GeV

HYP11 10-2012 R. A. Schumacher, Carnegie Mellon University 24

I=1 contributions

I=0 contribution with
threshold break

S� �6
S� �6

0 0S6

The 3 poles found by CLAS
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Line Shapes for 6�S�

HYP11 10-2012 R. A. Schumacher, Carnegie Mellon University 26

I=0 
I=1 
I=1 
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Line Shapes for 6�S�

HYP11 10-2012 R. A. Schumacher, Carnegie Mellon University 28

I=0 
I=1 
I=1 
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Line Shapes for 6�S�

HYP11 10-2012 R. A. Schumacher, Carnegie Mellon University 27

I=0 
I=1 
I=1 
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I=0 and I=1 states from the CLAS Analysis 
“Best Fit” 6S Isospin Decomposition

HYP11 10-2012 R. A. Schumacher, Carnegie Mellon University 30

� I=0 centroid fitted to 6S threshold
� Flatte effect big; pulls high-point to ~1405MeV
� Two I=1 amplitudes give best fit 
� Parameter uncertainties hard to compute accurately

•  I=0 is dominant with a centroid lower than 1405 and close to the 
Σπ threshold 

•  Flatte‘ distribution of the line shape for I=0 
•  I=1 is not small !! 
 



57 

The theory answer to the CLAS data 
L. Roca and E. Oset Phys Rev C.87.055201 (2013) 
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FIG. 3. Fit with fix unitary amplitudes, αi = 1.

2

around 1420 MeV, complementing another state more
around 1400 MeV. Most reactions get contribution from
both poles, but some, as those discussed above, give more
weight to the pole around 1420 MeV, producing then a
peak around this energy.

The surprising thing is that the theoretical approaches
dealing with the K̄N interaction and predicting the prop-
erties of the Λ(1405) have paid little or null attention
to the reactions where the resonance is produced. One
of the exceptions to this rule is the model constructed
for photoproduction of the Λ(1405), done in [35] before
the experiment was performed, which predicted the ba-
sic features and strength of the reaction. Similarly, the
π−p → K0πΣ reaction of [19] was studied theoretically
in [36], the pp → pK+πΣ reaction of [25] in [37], the
K−p → π0π0Σ0 of [22] in [28] and the K−d → nπΣ reac-
tion of [29] in [30]. The chiral unitary approach with the
potential from the lowest order chiral Lagrangians was
used in all these studies. Meanwhile more refined mod-
els have been developed [14–17] that contain the next
to leading order terms in the potential. It is, however,
interesting to observe that the results of [6] with the low-
est order potential provide all the observables on cross
sections and threshold ratios within the error bands pro-
vided by the more refined theoretical potential of [16].

Other theoretical works do not conduct a thorough
search of these reactions but try to be consistent with
the data of Λ(1405) production commenting that with a
reaction amplitude made out from linear combinations of
the K̄N → πΣ and K̄N → K̄N amplitudes one could in
principle obtain consistent shapes for the πΣ mass dis-
tributions where the Λ(1405) is always found. This is
the case of [7, 15, 17]. In [7] one goes even further since
such a test is demanded in the fit to the data and in [15]
even the K−p → π0π0Σ0 reaction of [22] is demanded to
be reproduced using the theoretical model of [28]. This
comment is most appropriate, since in recent times, apart
from the valuable data for the K−p → K−p amplitude
at threshold of the SIDHARTA experiment [38], no more
data on K̄N induced reactions have been produced. This
contrasts with the mounting experimental data on reac-
tions producing the Λ(1405) [21–26].

In the present paper we would like to give a step in
the direction of showing the value of the Λ(1405) pro-
duction reactions to get an insight on the properties of
the Λ(1405) states and K̄N scattering. For this pur-
pose we have taken all the data on photoproduction of
Λ(1405) at different energies of the CLAS collaboration
at Jefferson Lab [23, 24], with π0Σ0 in the final state,
and have performed a fit to these data in terms of linear
combinations of the K̄N → πΣ and πΣ → πΣ produc-
tion mechanisms. For this purpose we have taken the
πΣ and K̄N states in isospin I=0 and solved the coupled

expansion provided an alternative where the interaction of the
nucleons in the deuteron was taken into account, leading to the
approach of [30].

channels Bethe Salpeter equations in terms of a potential
suggested by chiral dynamics but with free parameters.
Note that the π0Σ0 channel has the advantage that only
the isospin I=0 is relevant and hence the analysis is sim-
pler. We show that the fit determines the potential with
a precision that allows one to conclude that there are
two poles, one around 1390 MeV and wide and another
one around 1420 MeV and narrow, like most chiral uni-
tary approaches get from the analysis of scattering data.
The results of this work are most opportune at a time
when some recent fits to the scattering data are provid-
ing different pole structures than the so far accepted by
the different theoretical groups, but which in our opin-
ion would fail to reproduce the results of the Λ(1405)
production data [39, 40].3

II. UNITARIZED MESON-BARYON

AMPLITUDE

The main aim of the present work is to propose a way
to extract, from experimental photoproduction data, the
information of the two Λ(1405) poles predicted by the
chiral unitary approach.

In the chiral unitary approach the Λ(1405) is gener-
ated dynamically from the final state interaction of the
meson-baryon pair. The details for the construction of
the meson-baryon unitarized amplitude can be found in
Refs. [6, 7, 9, 41]. In the following we summarize the
formalism for the sake of completeness and we show the
way in which we allow the model to be modified to get a
better fine tuning from the fit to photoproduction data.

From the lowest order chiral Lagrangian for the inter-
action of the octet of Goldstone bosons with the octet of
the low lying 1/2+ baryons [42] the tree level transition
amplitudes in s-wave can be obtained [9] and give

Vij(
√

s) = −Cij
1

4f2
(2

√
s − Mi − Mj)

×

(

Mi + Ei

2Mi

)1/2 (

Mj + Ej

2Mj

)1/2

, (1)

with
√

s the center of mass energy, f the averaged meson
decay constant f = 1.123fπ [9] with fπ = 92.4 MeV,
Ei (Mi) the energies (masses) of the baryons of the i-th
channel and Cij coefficients given, for isospin I = 0, by

Cij =

⎛

⎝

3 −
√

3
2

−
√

3
2

4

⎞

⎠ . (2)

3 In [40] two solutions are proposed, one which is compatible with
other results, including also [7], and another one more problem-
atic. If one allows for uncertainties in the normalization, a broad
band of the πΣ mass distributions is obtained that gives the im-
pression of agreement with the data, but normalized to the peak
the deficiencies become more clear.

4

most general mechanisms for the photoproduction reac-
tion are those depicted in fig. 2, a) and b). The pho-
toproduction can proceed by the production of either a
πΣ, (fig. 2a), or K̄N (fig. 2b) pair, thick circle in fig. 2,
which rescatter to produce the final πΣ, accounted for by
the unitarized scattering amplitude explained in previous
section. Note that a possible contact mechanism of direct
πΣ production would contribute to the background and
we do not consider it since a proper background subtrac-
tion has been done in the experimental analysis.

Based on fig. 2 it is immediate to realize that the am-
plitude for the photoproduction process can be generally
written as

t(W ) = b(W )GπΣT I=0
πΣ,πΣ + c(W )GK̄N T I=0

K̄N,πΣ
, (5)

with W the energy of the γp interaction. The coefficients
b and c may in general depend on W and hence we con-
sider 9 sets of them labeled bj and cj , with j from 1 to
9, in order to account for the 9 different energies W pro-
vided by the experimental result of CLAS [24]. On the
other hand the relative weight between the GπΣTπΣ,πΣ

and GK̄N TK̄N,πΣ amplitudes must be complex in general,
therefore we allow the cj to be complex and keep bj real
since a global phase in the total amplitude is irrelevant.
Note that we have intentionally avoided proposing any
model for the initial photoproduction mechanisms since
we aim at suggesting a way to extract physical poles of
the Λ(1405) resonance from experimental data in a way
as model independent as possible to ease the implemen-
tation by experimental groups. Indeed these initial pho-
toproduction mechanisms are encoded in the coefficients
b and c. Since we are fitting 9 different energies we have
thus in total 27 parameters. This may look large but
none of them affect the meson-baryon scattering ampli-
tude and the number is smaller than in other possible ex-
periments where mixing with isospin 1 could be allowed,
like for instance γp → K+π±Σ∓ in the same CLAS ex-
periment.

One has to view the fit from the perspective that the
data for one energy will provide the three coefficients, b
and c (complex) at this energy. Only the parameters of
the potential affect all the data. This problem is similar
to the fit conducted to pionic atoms to extract neutron
radii in [48]. In that problem there were 19 parame-
ters for 19 neutron radii and 6 parameters for the po-
tential. Again, each of these 19 parameters affected only
the data on shifts and widths of a single pionic atom and
the 6 parameters of the potential affected all the data.
The fits worked without problems and the set of neutron
radii obtained is considered nowadays the most valuable
experimental source of neutron radii, together with the
information obtained from antiprotonic atoms in [49].

We first fit the b and c coefficients to the photopro-
duction π0Σ0 invariant mass distribution data using for
the unitarized amplitudes the expression and parameters
explained in the previous section. Note that in this first
step the chiral unitary amplitudes for the meson-baryon
interaction are kept constant (see fig. 1). Only the pho-

toproduction vertex is allowed to vary. The results of
this fit is shown in fig. 3. In the evaluation of the theo-
retical invariant mass distribution the three body phase
space has been averaged within the experimental W bin,
[W − 0.05, W + 0.05] GeV, for every W. In the fit the
range MπΣ ∈ [1350, 1475] MeV is considered. The fit
is fair for most of the energies, (χ2/dof = 1.76), which
means that an actual full physical meson-baryon ampli-
tudes must not be much far from those predicted by the
chiral unitary approach4. But what we actually want
in the present work is not to calculate what the chiral
unitary approach predicts for the poles of the Λ(1405)
but to extract them from the experimental photopro-
duction data. Therefore we can try to get results with
χ2/dof ≃ 1 by allowing the basic chiral unitary model
to vary slightly. In this way we could obtain a fine tun-
ing of the chiral unitary model and then of the position
of the Λ(1405) poles. In order to do this we multiply
each coefficient of the potentials of the unitary ampli-
tudes, Eq. (6), by one parameter αi and hence the new
coefficient matrix that we consider now is given by

Cij =

⎛

⎝

3α1 −
√

3
2
α2

−
√

3
2
α2 4α3

⎞

⎠ . (6)

Furthermore we also allow to vary the subtraction con-
stants from the regularization of the loop function by
multiplying both of them by a free parameter, α4, α5:
aKN → α4aKN , aπΣ → α5aπΣ. Therefore, the chiral
unitary amplitudes depend on 5 free parameters, αi, to
be fitted and with the potential obtained we shall search
for the positions of the two Λ(1405) poles.

If at this point we carry on a global fit allowing for
all the parameters to be free from the beginning in the
fitting algorithm, there are many local minima of the χ2

function, most of them having clearly unphysical values
of the parameters. Therefore it is very difficult to get and
identify an absolute minimum. Actually many minima
have χ2 very similar but with very different values of the
parameters, which spoils the statistical significance of the
fit and the possible physical conclusions. In order to get
physically meaningful results, we implement the following
strategy: The previous fit of fig. 3, i.e. fixing αi = 1, is
already reasonably fair, and the potential is consistent
with data of scattering [6], hence a good physical global
fit should not be very far from having values of αi ∼ 1.
Therefore, in a first step, we start from the fit of fig. 3,
which was obtained fixing αi = 1, but fixing now the bj

and cj parameters and allowing only the αi parameters
to change. Next, fixing the new αi parameters obtained
in the previous step, we fit again the bj and cj parameters
and iterate the process till we get a χ2/dof ≃ 1 (which
we call solution 1 in the following). After this iteration

4 This value of the χ2/dof is already better than the one of the
best fit in [24], χ2/dof = 2.15.

6

we get the result shown in fig. 4 and the αi parameters
obtained are shown in table I besides the corresponding
poles of the Λ(1405).

α1 α2 α3 α4 α5 Λ(1405) poles [MeV]

solution 1 1.15 1.17 1.15 1.03 0.88 1385-68i 1419-22i

solution 2 1.88 1.89 1.57 0.93 0.87 1347-28i 1409-33i

TABLE I. Parameters of the unitarized amplitudes and pole
positions of the Λ(1405) for both solutions discussed in the
text

We can see that the parameters obtained are not very
different from 1 for solution 1. This means that allow-
ing for a small variation in the parameters of the chi-
ral unitary approach the photoproduction data can be
properly reproduced. In other words, a small freedom in
changing the αi coefficients allows for extracting the pole
positions for the two Λ(1405) from experimental photo-
production data. The results obtained for the poles are
1385 − 68i MeV and 1419 − 22i MeV. The solution 1
shown above does not actually correspond to the mini-
mum χ2/dof but to a χ2/dof ≃ 1. The absolute min-
imum that we find after iterating the process described
above many times has χ2/dof = 0.60 (solution 2) but
since it is smaller than 1 it is not more statistically signif-
icant that the one with χ2/dof ≃ 1 (solution 1). The fit
for photoproduction for solution 2 is represented by the
dashed-line in fig. 4 and the coefficients and correspond-
ing poles in table I. The αi coefficients for solution 2
differ more from the chiral unitary approach predictions,
(αi = 1), than those from solution 1. The pole positions
obtained with these parameters are not far from those of
solution 1. Anyway we could consider the difference be-
tween solutions 1 and 2 as a conservative estimate of the
uncertainties of the procedure. Yet, a visual inspection
to fig. 4 induces us to accept the solution 1 as better than
solution 2 because it respects much better the Flatté be-
haviour (with a fast fall of the cross section in the upper
side of the mass distribution) exhibited by the experi-
mental data.

In order to make further checks that the fits obtained
are physically acceptable and to decide between the dif-
ferent solutions obtained above, we calculate now the
cross section for K−p → π0Σ0 interaction which is the
only one that does not mix with I = 1. The amplitude
for this reaction is purely I = 0, which is the isospin
involved in the fit to photoproduction data, (since the
I = 2 is negligible). The result is shown in fig.5 in com-
parison to experimental data from refs. [50, 51]. It can be
seen that the best result corresponds to solution 1. Note,
however, that as the energy increases other channels like
ηΛ and KΞ are needed to be explicitly included as well
as higher order contributions in the chiral potentials, but
for low energies, and particularly to determine the posi-
tion of the poles of the Λ(1405), our analysis, with the
channels chosen and the freedom of the potential is suf-
ficient.

Since we have been concerned about the poles of the
Λ(1405), our analysis using only the I=0 data is appro-
priate. In the future one can think of using also the
γp → K+π+Σ− and γp → K+π−Σ+ data to try to in-
duce the I=1 potential. In this case one can also use the
large set of K−p scattering data to constrain further the
potential. A global fit to all the data and using potentials
beyond the lowest order would certainly be most welcome
and one could hopefully determine whether there is or not
an I=1 state around 1430 MeV, which has been hinted in
[7] and [11] and also obtained by the fit of [24].

One should note that the global fit obtained in [24]
is admittedly rather imperfect and, as quoted there, the
authors are unable to get a reduced χ2 smaller than 2.15.
Instead we get fits of high quality with the reduced χ2 of
the order of 1. Furthermore, an inspection of the results
of our fit in Fig. 4 and those of Fig. 21 of [24] for γp →
K+π0Σ0 clearly shows that the fit to the data is much
better in our analysis.

It is interesting to see why our fit to the data of [24] is
better than the one obtained in this latter work. There
is an essential difference between our analysis and the
one of [24]. In [24] the γp → K+πΣ amplitudes are
parametrized as (Eq.(19) of [24])

tI(m) = CI(W )ei∆φI BI(m), (7)

where CI(W ) is a weight factor, ∆φI a phase and
BI(m) a Breit-Wigner function. As one can see, the
weight is allowed to depend on the photon energy,
W , but not its phase. But even more restrictive is
the fact that the shape of the resonance, BI(m), is
chosen independent of the photon energy. This neglects
the possibility that one has two poles of the Λ(1405)
resonance and that the amplitudes γp → K+πΣ are
superpositions of the amplitudes corresponding to these
poles with relative weights that depend on the photon
energy. Since this is what happens in the theories
that predict two poles, it is then important that an
analysis of the data takes this into account and this is
done in our analysis. In our analysis the amplitude is
given by Eq. (5) as a superposition of the T I=0

πΣ,πΣ and

T I=0
K̄N,πΣ

amplitudes, which have a very different shape

as seen in Fig. 1. With b(W ) and c(W ) depending
on the photon energy, we allow the freedom to change
the shape of the resonance as the photon energy changes.

IV. CONCLUSIONS

We have studied the γp → K+π0Σ0 reaction at differ-
ent energies from a semiempirical point of view in order to
illustrate the possibility to obtain the position of the two
Λ(1405) poles from experimental production data. We
have taken an amplitude for this reaction which consists
of a linear combination of the πΣ → πΣ and K̄N → πΣ
scattering amplitudes in I=0. The parameters of this

They violate unitarity 

Only I= 0 
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Measurement of Λ(1405) in the πΣ final state

� + p ! ⇤(1405) +K+

K� + p ! ⇤(1405)

⇡� + p ! ⇤(1405) +K0

p+ p ! ⇤(1405) +K+ + p
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Λ(1405) and Σ(1385) in p+p  (HADES at GSI) 

Г ≈ 50MeV/c2	  
Г ≈ 36	  
Г ≈ 36	  MeV/c2	  

33.3% 

33.3% 

33.3% 

5.8% 

5.8% 

1.3% 

87.0% 
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p + p → Λ(1405) + p + K+ 

Σ+/- + π-/+ 

n+ π+/- 

Our Λ(1405) signal 

1.  Identify four final state particles  
 (dE/dx and momentum) 

2.  Identify  Σ+, Σ- and neutron via missing 
mass technique   

3.  Identify Λ(1405)  
 (missing mass to proton and K+) 

 

HADES coll. Phys. Rev. C 87, 025201 (2013) 
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p + p → Λ(1405) + p + K+ 

Σ+/- + π-/+ 

n+ π+/- 

Channel	   Cross	  secFon	  
p+p	  → Λ(1405)+p+K+ 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  µb 

p+p	  → Σ(1385)0+p+K+                 µb **	  

p+p	  → Λ(1520)+p+K+                      µb	  

p+p	  → Σ-+Δ++(1232)+K+                      µb	  

p+p	  → Σ++π-+p+K+                      µb	  

3.3
0.17.09.02.9 +

−±±

0.2
1.15.06.5 +

−±
1.1
6.14.01.16.5 +

−±±

3.0
9.05.09.07.7 +

−±±

0.1
1.24.05.04.5 +

−±±

** from Hyperfine	  Interact.	  210	  (2012)	  45-‐51	     

Our Λ(1405) signal 
HADES coll. Phys. Rev. C 87, 025201 (2013) 
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Our Λ(1405) signal 

Channel	   Cross	  secFon	  
p+p	  → Λ(1405)+p+K+ 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  µb 

p+p	  → Σ(1385)0+p+K+                 µb **	  

p+p	  → Λ(1520)+p+K+                      µb	  

p+p	  → Σ-+Δ++(1232)+K+                      µb	  

p+p	  → Σ++π-+p+K+                      µb	  

3.3
0.17.09.02.9 +

−±±

0.2
1.15.06.5 +

−±
1.1
6.14.01.16.5 +

−±±

3.0
9.05.09.07.7 +

−±±

0.1
1.24.05.04.5 +

−±±

** from Hyperfine	  Interact.	  210	  (2012)	  45-‐51	     

HADES coll. Phys. Rev. C 87, 025201 (2013) 
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Λ(1405) in different experiments 

Nucl.Phys.	  B56	  (1973)	  46-‐51,	  Phys.Rev.Le?.	  15	  (1965)	  224  

•  Comparison of our data to π-+p (1.69 GeV/c) 
 data shows similarities  
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Λ(1405) in different experiments 
Phys.Rev.	  C68	  (2003)	  065203 

π-+p (1.69 GeV/c)     

•  Comparison of our data to π-+p (1.69 GeV/c) 
 data shows similarities  

 
•  BUT: Theory (chiral ansatz) predicts large 

contribution from 1420 MeV pole 
 → Λ(1405) peaks above 1400 MeV/c2 

Eur.Phys.J.	  A34	  (2007)	  405-‐412 

p+p (3.65 GeV/c)     

Nucl.Phys.	  B56	  (1973)	  46-‐51,	  Phys.Rev.Le?.	  15	  (1965)	  224  
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2. Possible explanation for Λ(1405) signal 

Assumption:  
 
•  Parameterize Λ(1405) as coherent 

sum of two Breit-Wigner functions 
with  

-   Cp.s. the available phase space 
-   qc.m. the decay momentum for πΣ	


2.  Double pole nature of Λ(1405) and include interference effects with non-
resonant channels  
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2. Possible explanation for Λ(1405) signal 

m0,1=Re(z1)=1424+7
-23 MeV 

Γ0,1=2*Im(z1)=52+6
-28 MeV 

m0,2=Re(z2)=1381+18
-6 MeV 

Γ0,2=2*Im(z2)162+38
-16 MeV 

Assumption:  
 
•  Parameterize Λ(1405) as coherent 

sum of two Breit-Wigner functions 
with  

-   Cp.s. the available phase space 
-   qc.m. the decay momentum for πΣ	

•  Constrain m0,i and Γ0,i from latest 

Jido, Weise calculations  
 (Nucl.Phys.	  A881	  (2012)	  98-‐114) 

2.  Double pole nature of Λ(1405) and include interference effects with non-
resonant channels  
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2. Possible explanation for Λ(1405) signal 

Assumption:  
 
•  Parameterize Λ(1405) as coherent 

sum of two Breit-Wigner functions 
with  

-   Cp.s. the available phase space 
-   qc.m. the decay momentum for πΣ	

•  Constrain m0,i and Γ0,i from latest 

Weise calculations  
 (Nucl.Phys.	  A881	  (2012)	  98-‐114) 

 
•  Fit Oset calculation for p+p data with 

this parameterization and determine 
m0,i and Γ0,i, ϕ1 and A1/A2   

2.  Double pole nature of Λ(1405) and include interference effects with non-
resonant channels  

 

1 

2 
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2. Possible explanation for Λ(1405) signal 

Assumption:  
 
•  This Λ(1405) signal might interfere with the non-resonant background in our 

data. 
•  Fit data simultaneously with following functions:  

2.  Double pole nature of Λ(1405) and include interference effects with non-
resonant channels  

 

|BW⇤(1520)|2

|BW⇤(1520)|2
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2. Possible explanation for Λ(1405) signal 

Assumption:  
 
•  This Λ(1405) signal might interfere with the non-resonant background in our 

data. 

2.  Double pole nature of Λ(1405) and include interference effects with non-
resonant channels  
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2. Possible explanation for Λ(1405) signal 

2.  Double pole nature of Λ(1405) and include interference effects with non-
resonant channels  
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Remarks!

* The p+p	  → Σ-+Δ++(1232)+K+ reaction is a very probable candidate for the 
non-resonant part of the Σ- + π+ + p +K+ spectrum and has differrent 
quantum numbers then the Λ(1405) contribution. This does not lead to 
interferences 
 

* Why should both charged decay channels interfere in the same way? 
 
* Why we dont see any  shift in in p+p -> Σ(1385)+ + K+ +n or for the 
Λ(1520) 
 
* p+p(@3.5GeV) ->π+p+p/π+π+p+p Incoherent analysis of 14 N* with 
angular distribution reproduce perfectly the data and is consistent with 
dilepton yield. This looks  like small room for interferences.. 
  



72 

3. Possible explanation for Λ(1405) signal 

Assumption:  
 
•  Λ(1405) signal does not interfere with non-resonant background 
•  Fit data simultaneously with following functions:  

 

3.  Double pole nature of Λ(1405) and no interference effects with non-
resonant channels.  
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3. Possible explanation for Λ(1405) signal 

Assumption:  
 
•  Λ(1405) signal does not interfere with non-resonant background 
•  Fit data simultaneously with following functions:  

•  Mass and width values are directly determined from fit to the HADES data.  
•  Constraints on m0,i and Γ0,I are again taken from Weise results 

3.  Double pole nature of Λ(1405) and no interference effects with non-
resonant channels.  

 

m0,1=Re(z1)=1424+7
-23 MeV 

Γ0,1=2*Im(z1)=52+6
-28 MeV 

m0,2=Re(z2)=1381+18
-6 MeV 

Γ0,2=2*Im(z2)162+38
-16 MeV 
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3. Possible explanation for Λ(1405) signal 

Assumption:  
 
•  Λ(1405) signal does not interfere with non-resonant background 
 

3.  Double pole nature of Λ(1405) and no interference effects with non-
resonant channels.  
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3. Possible explanation for Λ(1405) signal 

3.  Double pole nature of Λ(1405) and no interference effects with non-
resonant channels.  

 

1 2 
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1 2 

Comparison between our Fit and Theory
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3. Possible explanation for Λ(1405) signal 

New Assumption:  
  
•  Constraints on m0,i and Γ0,I are taken from Mai results  

 (Nucl.Phys.	  A900	  (2013)	  51	  -‐	  64) 

3.  Double pole nature of Λ(1405) and no interference effects with non-
resonant channels.  

 

m0,1=Re(z1)=1428+2
-1 MeV 

Γ0,1=2*Im(z1)=16+4
-4 MeV 

m0,2=Re(z2)=1497+11
-7 MeV 

Γ0,2=2*Im(z2)150+18
-18 MeV 

m0,1=Re(z1)=1424+7
-23 MeV 

Γ0,1=2*Im(z1)=52+6
-28 MeV 

m0,2=Re(z2)=1381+18
-6 MeV 

Γ0,2=2*Im(z2)162+38
-16 MeV 

Jido et al. Mai et al. 
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3. Possible explanation for Λ(1405) signal 

New Assumption:  
  
•  Constraints on m0,i and Γ0,I are taken from Mai results  

 (Nucl.Phys.	  A900	  (2013)	  51	  -‐	  64) 

3.  Double pole nature of Λ(1405) and no interference effects with non-
resonant channels.  

 

m0,1=Re(z1)=1428+2
-1 MeV 

Γ0,1=2*Im(z1)=16+4
-4 MeV 

m0,2=Re(z2)=1497+11
-7 MeV 

Γ0,2=2*Im(z2)150+18
-18 MeV 

m0,1=Re(z1)=1424+7
-23 MeV 

Γ0,1=2*Im(z1)=52+6
-28 MeV 

m0,2=Re(z2)=1381+18
-6 MeV 

Γ0,2=2*Im(z2)162+38
-16 MeV 

Jido et al. Mai et al. 
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3. Possible explanation for Λ(1405) signal 

New Assumption:  
  
•  Constraints on m0,i and Γ0,I are taken from Mai results  

 (Nucl.Phys.	  A900	  (2013)	  51	  -‐	  64) 

3.  Double pole nature of Λ(1405) and no interference effects with non-
resonant channels.  
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3. Possible explanation for Λ(1405) signal 

3.  Double pole nature of Λ(1405) and no interference effects with non-
resonant channels.  

 

1 

2 
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First Observation of the Λ(1405) 

Link of the Λ(1405) to the           state 

Scattering lengths and resonances 

Coupled Channel analysis 

Two poles Picture 

Kaonic Atoms 

Λ(1405) measured in p+p, γ+p and K-+p collisions 

Kaonic bound states 

Interferences and Partial wave analysis for p+p collisions and search 

for bound states. 

 

K̄N

Lecture Plan!
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u s
d

Λ(1405) 

Resonance in Σπ 

Resonances:                                       Σ(1385)0 Λ(1405) 
 

1200                   1300                   1400                   1500                     

Thresholds                                   Σπ                        KN 
    MeV                                    1327-1337        1432-1437       

N K
Λ(1405) 

Σ π
N K

Bound state 

Resonance 

Hyodo et al., Prog.Part.Nucl.Phys. 67 (2012)  
Hyodo et al., Phys.Rev. C77 (2008) 
Borasoy et al., Eur.Phys.J. A25 (2005)  
Magas et al., Phys.Rev.Lett. 95 (2005) 
Jido et al., Nucl.Phys. A725 (2003) 
Nacher et al., Phys.Lett. B455 (1999) 
R.H. Dalitz et al., Phys. Rev. 153 (1967) 

KN – interaction is attractive in the I=0 channel 
•  possibility of KN bound states 
•  K-N potential in the Vacuum 
•  Coupled channel approach based on 

Chiral     Dynamics generates the Λ(1405)  
dynamically 
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The Kaonic Cluster

p p
K- 

p n 
K0 

INN = 1 INN = 1 
symmetric  
pn combination 

Property Value 

Charge +1 

Strangeness -1 

Configuration
s 

ppK-, 
pnK0 

Baryon 
Number 

2 

INN 1 

S 0 

|I , Iz > |
1/2,+1/2> 

JP 0- 
B(ppK-)≈ 14-80   MeV 
Г(ppK-) ≈ 40-110 MeV/c2 

Range of predictions for 
binding energy (B) and width (Γ) 
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Hypothesis of Kaonic Cluster

“super-strong nuclear force” 
mediated by real antikaon 

strong force 
mediated by virtual pion 

S. Wycech, Nucl.Phys. A450 399 (1986)
T. Yamazaki and Y. Akaishi, Phys Lett. B 535 (2002)
T. Yamazaki and Y. Akaishi, Phys Rev. C 65 (2002)


T. Yamazaki and Y. Akaishi, Proc.JapanAcad.B83:144 (2007)
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Superstrong force 
Kaonic Nuclear Clusters

Migrating real Boson  
Formation of a kaonic 
bound states 

New systems characterized by 
large densities 

ρ= 0.14 fm -3 ρ= 1.4 fm -3 

p

n 

pp p

K- K- 
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Do all theoreticians agree?

NO (shallow optical potential)àsmall B & large Γ	

Schaffner-Bielich et.al [N.P. A669 (2000)], Ramos et.al [N.P. A671 
(2000) 481], Cieply et.al [N.P. A696 (2001) 173] 

YES (deep optical potential) 
Akaishi-Yamazaki [PLB535(2002)70; PRC 65 (2002) 044005], Kaiser 
et.al, [NPA594 (1995) 325] ….. 

 (S=-1) bound    K-nucleus systems 
Do they exist? 

 

-

Crucially depends on shape of  K-nucleus potential 
_ 

K-N potential, Λ(1405),nuclear compressibility, chiral 
symmetry restoration, Kaon mass inside nuclear matter 
(strangeness condensation, neutron stars…), … 

If found, they would provide fundamental data about 



87 

Main decay channel “ppK-” → pΛ 

Most theoretical works predict 
existence of the bound state. 

T. Yamazaki, Y. Akaishi Phys. Rev. C76 (2007)!
A. Doté, T. Hyodo, W. Weise Nucl. Phys. A804 (2008)!
A. Doté, T. Hyodo, W. Weise Phys. Rev. C79 (2009)!
S. Wycech, A. M. Green, Phys. Rev. C79 (2009)!
N. Barnea, A. Gal, E. Z. Liverts, Phys. Lett. B712 
(2012)!
!N.V. Shevchenko, A. Gal, J. Mares, Phys. Rev. Lett. 98 
(2007)!
N.V. Shevchenko, A. Gal, J. Mares, J. Révay, Phys. Rev. 
C76 (2007)!
Y. Ikeda, T. Sato, Phys. Rev. C76 (2007)!
Y. Ikeda, T. Sato, Phys. Rev. C79 (2009)!
Y. Ikeda, H. Kamano T. Sato, Prog. Theor. Phys. 124 
(2010) !
E. Oset et al. Nucl. Phys. A881 (2012)!
!

Schematic Summary of the Theoretical Predictions
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Methods for deeply bound K-nuclear states serches

1) Missing mass spectroscopy 
–    Measurement of the momentum of the  
  monochromatic recoiling particle in a  
   A(K-,N)X / p+p -> pK Lambda inclusive reactions  
–  Search for the tri-baryon and generic many-body K- 
deeply bound states 

 
2) Invariant mass spectroscopy 

Based on the kaonic nuclear states 
feature of decaying into hyperons 

– (K-pp) → Λ + p     
– (K-pn) → Λ + n     
– (K-ppn) → Λ + d , Λ + (pn)  
– (K-ppnn) → Λ + t 
– (K-pppn) → Λ + 3He 

 
Full  reconstruction of decaying particles  
The decay occurs at rest: angular 
correlation between the emitted 
particles 

Emitted in opposite directions 
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K� + Li/C ! ppK� +X

K� +3 He ! ppK� + n

� + d ! ppK�

p+ p ! ppK� +K+

Some of the investigated reactions
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Example: K- on 4He

ppnK� ! ⇤+ n+ p
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fast      triggeredπ

fast      triggeredπ

S+(3115)?

S+(3140)

S0(3115)

higher S/N region

lower S/N region 
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Fig. 7. Missing-mass spectra of the 4He(stoppedK−, p) reaction (top) and the
4He(stoppedK−, n) reaction (bottom). Both proton and neutron HSN spectra were
fitted assuming a smooth background. In the case of the HSN neutron spectrum
(bottom), we couldn’t achieved a good fit without assuming two Gaussian functions
in the region of interest.
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E471: Claims of S0(3115) and S+(3140) Bound states

Detected n and π	


ppnK� ! ⇤+ n+ p

K� +4 He ! ppnK� + n

⇤ ! p+ ⇡�

Same with pnnK- and detected p 
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E549 tries to see the Strange tribaryon again 

Better neutron identification: 
No signal anymore 
 
pnnK- survives, but wasnt 
remeasured 
 
We now move to the smallest of the 
kaonic bound states ppK- 
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X(K-pp)→Λp 
                      π-p  

FINUDA Experiment (Dafne, Frascati)
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K-‐	  +	  (6Li,	  7Li,	  12C)	  

K- 

M(ppK-‐)	  =	  2.255	  GeV/c	  
B(ppK-‐)	  	  =	  115	  MeV	  
Г(ppK-‐)	  	  	  =	  67	  MeV/c2	  

Λ

M.	  Agnello	  et	  al.	  Phys.	  Rev.	  LeY.	  94	  (2005)	  

Constraints:	  
cos(θ)LAB	  	  <	  -‐0.8	  
Acc.	  pΛ>300	  MeV/c	  

measured acc. corr 

      First observations: the dibaryon Evidences in FINUDA
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Contra interpretation
V.K.	  Magas	  et	  al.	  Physical	  Review	  C	  74,	  (2006)	  

Simulated	  	  
K-‐	  absorp`on	  on	  two	  nucleons	  
K-‐+p+p	  à	  Λp	  
K-‐+n+p	  à	  Λn	  
	  
The	  decay	  products	  Λ	  and	  N	  
undergo	  final	  state	  interac`on	  
with	  the	  rest	  nucleus	  
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M.	  Agnello	  et	  al.	  Phys.	  Rev.	  LeY.	  94	  (2005)	  
V.K.	  Magas	  et	  al.	  Phys.	  Rev.	  C	  74,	  (2006)	  

Sim	  
Exp	  

V.K.	  Magas	  et	  al.	  Phys.	  Rev.	  C	  74,	  (2006)	  

Contra interpretation
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New search for deeply bound  
kaonic nuclear states

n  Direct production of K-pp cluster via 3He(K-,n) reaction 

K- 
3He K-pp 

cluster 
neutron reaction 

??? 

Decay? 

n  Goal for the experiment J-PARC E15 
n   To answering the basic question 

 : whether the deeply bound state really exists? 
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Possible K-pp decay mode

K-pp 
cluster 

FINUDA 

fit region 

K-pp?? 

Ph
ys
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Invariant mass  
reconstruction 

π+Σ-p 
π-Σ+p 

K-pp 2370 MeV 

2275 MeV 
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Σ0p 

Λp 

2131 MeV 

2054 MeV 

Λ	

p 
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π- 

γ	

Σ0 p decay mode 

Dominant  
Decay 
mode 
= YN 

Λ	
 p 

p 

π- 

Λ p decay mode 
B.E. = 115 MeV 
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Formation of K-pp via 3He(K-,n) reaction

K- 
3He K-pp 

cluster 
neutron reaction 

decay 

This mode allows us to investigate  
K-pp cluster with both  
missing mass and invariant mass  
spectroscopy 

Λ	
 p 

p 

π- 

Only charged particles  
in final state 
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Newest E15 Results 

No Peak!
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Figure 4: 3He(K−, n)X semi-inclusive missing-mass and estimated
background contributions. The data points are the same as Fig. 3.
The background yields are stacked on top of each other. BGΣ-decay

includes Σ±-reconstructed events only. See text for the detailed de-
scription of the backgrounds.

analysis. Those contaminations were evaluated by using
the empty-target data.

3.3. Upper limits for the production cross section of a
deeply bound state

Figure 4 summarizes the backgrounds in the K−pp
bound region. In the figure, only Σ± reconstructed events
are plotted as the BGΣ-decay , namely, the minimum but
definite background contribution from the Σ± decays. In
the missing-mass region below 2.29 GeV/c2, the observed
events are explained by the background within their un-
certainties discussed above. On the other hand, the yield
of the tail-like component above 2.29 GeV/c2 cannot be
totally reproduced. Such sub-threshold structure would
be attributed to the imaginary part of the attractive K̄N
interaction, in general. Especially in the (K−, n) reac-
tion at 1 GeV/c, primary neutrons from the hyperon res-
onance production via the non-mesonic two-nucleon ab-
sorption processes (K−NN → Y ∗n) could make localized
structures just below the K−pp binding threshold, kine-
matically. However, further information from the exclu-
sive analysis is needed to discuss the origin of the sub-
threshold tail structures since the reconstruction of all the
final-state particles is essential to identify these contribu-
tions. Hereafter, we focus on the deep-binding region only,
where experimental observation were reported of a bump
structure by different reactions. The upper limits of the
formation cross section for a K−pp state were determined
in the mass region from just above the Λp mass threshold
(2.06 GeV/c2) to 2.29 GeV/c2.
The intrinsic shape of the K−pp bound state is assumed

to be a Breit-Wigner function. In the semi-inclusive spec-
trum, it would be distorted by the CDS tagging acceptance
ACDS and then folded with the detector resolution σMM
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Figure 5: Upper limits of the K−pp formation cross section obtained
at θlab = 0◦ and 95% confidence level for the natural widths (Γ) of
20, 60, and 100 MeV.

as follows:

F (x;MX ,Γ) =

!

(f(x′) ·ACDS(x
′))

·g(x− x′;σMM (x′))dx′,

f(x;MX ,Γ) = C ·
"

1

2π

Γ

(x−MX)2 + Γ2/4

#

,

g(x;σ) =
1√
2πσ

exp

"

−
x2

2σ2

#

,

dσ

dΩ
(θlab = 0) =

! M(K−+p+p)

M(Λ+p)
f(x)dx,

where dσ/dΩ(θlab = 0), MX and Γ are the formation cross
section, mass and the natural width of the K−pp state,
respectively, and C is a normalization factor. To evaluate
ACDS , we need to assume the decay property of K−pp.
Here we assumed the branching ratio of K−pp → Λp to
be 100% and the decay distribution to be uniform. It
should be noted that ACDS for K−pp → (πΣ)0p decay
is about half of that for K−pp → Λp at just above the
π + Σ+ p mass threshold (∼2.27 GeV/c2). To evaluate a
probability distribution as a function of the cross section
dσ/dΩ, a likelihood function was calculated for each MX

and Γ combination. In the calculation, the backgrounds
shown in Fig. 4 were taken into account and a Poisson
distribution for the contents of each bin was used. In this
way, an upper limit at 95% confidence level was obtained
by integrating the probability distribution convoluted with
the systematic error coming from the normalization factor.
The upper limits of the K−pp bound state, evaluated

assuming the natural widths of 20, 60, and 100 MeV,
are shown in Fig. 5 as a function of the 3He(K−, n)X
missing-mass. For a comparison, the cross sections of
K−“n” → K−n and K−“p” → K0n reactions at pK− = 1
GeV/c and θlabn = 0◦ were evaluated with the present data
set to be ∼6 and ∼11 mb/sr, respectively. Here, we used

5

http://arxiv.org/pdf/1408.5637.pdf 
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T. Yamazaki et T. Akahishi, Phys. Rev. C 76 (2007) 045201 

p+p à 'Λ(1405)‘+p+K+ 

      à ppK-+K+ 

           

    Λ+p        Σ+p 
 

   π- + p           Λ+γ+p  

Missing Mass& 

Invariant Mass 

 

Λ* ≡Λ(1405) 

ppK- Production in p+p Reactions

p+p: short range interaction (r<0.3fm) 
R(Λ*-p)~1.45 fm assisted by a large momentum transfer 

Hence the Λ(1405) acts as a doorway 
for the ppK- formation 
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DISTO Results

Strategy:	  	  
	  

• 	  Select	  p	  K+	  Λ	  produc`on	  
• 	  Cuts	  on	  |cos(θ)pCM	  |	  <	  0.6,	  (LAP)	  
• 	  Cut	  on	  	  	  	  -‐0.2<	  cos(θ)KCM	  	  <	  0.4	  
• 	  Devia`on	  Spectrum	  

Direct	  produc`on	  of	  
pK+Λ	  according	  to	  phase	  space	  p+p	  à	  p	  K+	  Y	  

EKin(p)	  =	  2.85	  GeV	  
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DISTO Results

M(ppK-‐)	  =	  2.267	  GeV/c	  
B(ppK-‐)	  	  =	  103	  MeV	  
Г(ppK-‐)	  	  	  =	  118	  MeV/c2	  

T.	  Yamazaki	  et	  al.	  Phys.	  Rev.	  LeY.	  104,	  (2010)	  
M.	  Maggiora	  et	  al.	  Nucl.	  Phys.	  A	  835	  (2010)	  
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pΛK+ analysis with HADES 
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N*+(1650)
N*+(1720)
N*+(1900)
N*+(2190)


pΛK+ analysis with HADES 
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pΛK+ analysis with HADES 
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S,L,J	  	  	  	  	  –	  spin,	  orbital	  mom.	  and	  total	  angular	  momentum	  of	  the	  pp	  system	  
S2,L2,J2	  –	  spin,	  orbital	  mom.	  and	  total	  angular	  momentum	  of	  the	  two	  par`cle	  system	  in	  fin.	  state	  
S’,L’	  	  	  	  	  	  –	  spin,	  orbital	  mom.	  between	  the	  two	  par`cle	  system	  and	  the	  third	  par`cle	  with	  four	  mom.	  
qi	  
mul`index	  α	  	  	  –	  possible	  combina`ons	  of	  the	  S,	  L,J,	  S2,	  L2,	  J2,	  S’,	  L’	  and	  i	  
Atrα	  (s)	  	  	  	  	  	  	  	  	  	  	  	  	  	  -‐	  transi`on	  Amplitude	  
A2bα	  (i,S2,L2,J2)	  –	  rescaYering	  process	  in	  he	  final	  two-‐par`cle	  channel	  (e.g.	  produc`on	  of	  Δ)	  
	  
 

Partial Wave decomposition 

Resonances included in the solution
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•  The best solution 
4 Exclusive Event Selection and Model Description

Figure 4.10: Invariant masses of two particles for the HADES data set (black
points) shown with the best PWA solution (blue dots) fitted to
these data.

Figure 4.11: Invariant masses of two particles for the WALL data set (black
points) shown with the best PWA solution (blue dots), obtained
by a fit to the HADES data only.

solution, obtained only from the HADES events, was compared to the events in
the WALL data sample. Figures 4.11 and 4.13 point out that the experimental
data inside of the WALL acceptance (black data) can be described to a large
extent by the PWA solution (blue points). Because the solution is not biased by
the WALL data-set, this is a proof of a certain predictive power of the solution for
detector-blind regions. Since the HADES data-set contains no particles emitted
in the very forward direction (0.33◦ to 7.17◦), and the WALL does, these two
data-set can not be seen as sub-sets of one-another but are independent. This
is an important quality check for the PWA code.
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4 Exclusive Event Selection and Model Description

Table 4.3: Different versions of N* combinations in the PWA input.

No. Combination

0 N(1650), N(1710), N(1720)
1 N(1650), N(1710), N(1720), N(1900)
2 N(1650), N(1710), N(1720), N(1895)
3 N(1650), N(1710), N(1720), N(1880)
4 N(1650), N(1710), N(1720), N(1875)
5 N(1650), N(1710), N(1720), N(1900), N(1880)
6 N(1650), N(1710), N(1720), N(1900), N(1895)
7 N(1650), N(1710), N(1720), N(1900), N(1875)
8 N(1650), N(1710), N(1720), N(1895), N(1880)
9 N(1650), N(1710), N(1720), N(1895), N(1875)

10 N(1650), N(1710), N(1720), N(1880), N(1875)

Table 4.4: Different sets of non-resonant waves in the PWA input.

No. Combination

0 no non-resonant waves
1 (pL)(1S0)− K
2 previous wave + (pL)(3S1)− K
3 previous waves + (pL)(1P1)− K
4 previous waves + (pL)(3P0)− K
5 previous waves + (pL)(3P1)− K
6 previous waves + (pL)(3P2)− K
7 previous waves + (pL)(1D2)− K
8 previous waves + (pL)(3D1)− K
9 previous waves + (pL)(3D2)− K

best. For each N* combination the solution with the best loglikelihood was de-
termined. This value depends only on the number of non-resonant waves that
have been included. Table 4.5 shows the loglikelihood value for each N* com-
bination. The four best results are marked in bold. Table 4.6 summarizes the
four best solutions and their further naming scheme. The overall best agree-
ment with the data is obtained with a solution that contains N(1650), N(1710),
N(1720), N(1900) and N(1895) as well as nine non-resonant waves of pK+Λ. The
superposition of the four best solutions in comparison to the data is illustrated
by a gray band in Figures 4.16 and 4.17. The width of the band represents the
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4 Exclusive Event Selection and Model Description

Figure 4.10: Invariant masses of two particles for the HADES data set (black
points) shown with the best PWA solution (blue dots) fitted to
these data.

Figure 4.11: Invariant masses of two particles for the WALL data set (black
points) shown with the best PWA solution (blue dots), obtained
by a fit to the HADES data only.

solution, obtained only from the HADES events, was compared to the events in
the WALL data sample. Figures 4.11 and 4.13 point out that the experimental
data inside of the WALL acceptance (black data) can be described to a large
extent by the PWA solution (blue points). Because the solution is not biased by
the WALL data-set, this is a proof of a certain predictive power of the solution for
detector-blind regions. Since the HADES data-set contains no particles emitted
in the very forward direction (0.33◦ to 7.17◦), and the WALL does, these two
data-set can not be seen as sub-sets of one-another but are independent. This
is an important quality check for the PWA code.
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Four Best PWA Solutions!
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4.2 Characteristics of p+K++Λ Production

Figure 4.8: Angular correlations of the three particles for the HADES data set
(black points) shown with phase space simulations of pK+Λ (blue
dots). The upper index at the angle indicates the rest frame (RF)
in which the angle is investigated. The lower index names the two
particles between which the angle is evaluated. CM stands for the
center of mass system. B and T denotes the beam and target vector,
respectively.
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Test of the Null Hypothesis

2.2 Test of the Null Hypothesis H0

HADES WALL

Figure 2.1: The upper figures compare the four best PWA solutions of a fit to
both data sets HADES and WALL. Shown is the invariant mass of
pΛ of the HADES data set compared to the solutions. The lower
figures contain the local p0 distributions for the four PWA solutions
compared to the measured data.
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Figure 2.2: The range of p-values from the four best solutions is displayed here
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Figure 2.3: The figure shows the local p0 distribution for a combined analysis
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Inclusion of a new State!
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Feature of a PWA…
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Upper limit at CLs 95%!
These waves are included into the four best solutions of the PWA 

2.3 The Research Hypothesis Hμ

This usual approach has a critical drawback in case of signals with a low pro-744

duction yield. By this conventional method one may exclude signals to which745

the experiment has no sensitivity [?]. A further critical point is the fact that one746

can show that the experiment with the higher expected background can put747

stronger limits on a production yield as a background optimized experiment748

[?]. The reason for this is that the CL limit will always makes statements about749

the signal+background as it is technically not possible to separate both in most750

experiments. The new approach called CLs tries to solve these problems. Here751

the ’confidence level’ is defined as a ratio of the Hμ and H0 hypotheses. Is reads752

as follows:753

CLs =
pμ

1− p0
. (2.4)754

755

Values are rejected in a test if CLs ≤ α. Due to the additional factor the p-value756

of the hypothesis, pμ is not rejected like in Eq. ?? but is, due to the additional757

factor a bit more conservative:758

pμ ≤ α · (1− p0). (2.5)759
760

2.3.1 Implementation761

The research hypothesis contains three different transitions amplitudes by which762

a kaonic cluster could be produced:763

WeA : ′p+ p′ 1S0 → ′ppK(2250)− K ′ 1S0 (2.6)764

WeB : ′p+ p′ 3P1 → ′ppK(2250)− K ′ 1P1 (2.7)765

WeC : ′p+ p′ 1D2 → ′ppK(2250)− K ′ 1D2. (2.8)766
767

In this expression the spectroscopic notation 2S+1LS+L is used to characterize768

the initial and final state, see Appendix ??. The produced yield of the kaonic769

cluster will most likely stem from a sum of all three possible waves. For tech-770

nical purposes we tested three different conditions. One where all yield purely771

comes from wave A, one where all yield comes from Wave B and one where772

all yield comes from Wave C only. Further these three conditions were im-773

plemented in the four best background hypotheses to construct four different774

research hypotheses. This is done to respect the fact that our knowledge about775

the true N∗ cocktail in the data is limited. The tested combinations are summa-776

rized in Table ??. As precise information about the mass and width of the kaonic777

cluster are missing several mass and with combinations where tested with the778

45

1.3 A Partial Wave Analysis for p+K++Λ

Qƒ n
μ1...μJ

(, S2, L2, J2, S′, L′, J) is the spin-density matrix of the final state .360

The transition amplitude is parametrized as follows:361

Aα
tr
(s) = (α

1
+ α

3

"
s)e

α
2 . (1.16)362

363

As the center of mass energy of this experiment was constant the third param-364

eter α
3
which is responsible for the energy dependence of each partial wave365

is not used. This means that each transition (α) from initial to final state is366

described by a strength and a phase.367

In this experiment, the two colliding protons are the initial state, and the final368

state is composed of the three particles pK+Λ, see Reaction (1.1). The initial369

state of the two protons is versatile in the way the two particles can react with370

each other. In Appendix B, all possible combinations of the two protons are371

listed. For this experiment, there are six states which have been selected as372

possible initial states: 1S0, 3P0, 3P1, 3P2, 1D2 and 3F2. The states are character-373

ized in the spectroscopic notation [?]. This is expressed as follows:374

2S+1LJ, (1.17)375
376

where S is the total spin of the p+p system, L is the orbital momentum between377

the two protons and J is the total angular momentum.378

The final state is manifold. As explained in Section ??, the final pK+Λ state may379

have contained several intermediate particles. The most prominent ones are380

N∗+ resonances that subsequently decay into K+ and Λ, see Reaction (??). The381

PDG [5] contains a list of N* resonances. Not all of them are well established. It382

is not the aim nor the possibility of this thesis to decide which of them deserve a383

higher rating. Thus all N* resonances below the mass of 2100 MeV/c2 that have384

a measured K+Λ branching above 1% were considered as possible candidates385

for sources of K+Λ production. Table 1.3 lists the selected N* resonances, their386

quantum numbers, masses, widths and branching ratios into K+Λ. Especially387

the branching in K+Λ is not well known in most of the cases. It is, however,388

not of importance for the current analysis, since there is no relation of the K+Λ389

channel to other N* decays.390

Using this table, one can find several allowed transitions from a p + p initial391

to a N∗++p final state. As an example, one transition will be discussed here.392

A proton has the following quantum numbers JP = 1/2+, where J is the total393

spin of the particle and P is its parity. A system of two protons can, therefore,394

have a total spin S = 0 or S = 1. If one considers the S = 0 combination and395

assumes no orbital momentum between the two particles (L = 0), the quantum396

17

Scanned masses: 
2220 – 2370 MeV/c2 (in steps of 10 MeV/c2) 
Scanned widths: 
30 MeV, 50 MeV, and 70 MeV  
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Upper Limit
2.3 The Research Hypothesis Hμ

Figure 2.9: The upper accepted percentage of total cross section at a CLs limit
of 95%. The three figures show the limit for all three transition am-
plitudes. The different colors represent the upper limit for the four
best solutions. This is obtained from the HADES dataset for a simu-
lated width of 50MeV/c2.

Figure 2.10: The upper accepted percentage of total cross section at a CLs limit
of 95%. The three figures show the limit for all three transition
amplitudes. The different colors represent the upper limit for the
four best solutions. This is obtained from the HADES dataset for a
simulated width of 30MeV/c2.
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2.3 The Research Hypothesis Hμ

Figure 2.9: The upper accepted percentage of total cross section at a CLs limit
of 95%. The three figures show the limit for all three transition am-
plitudes. The different colors represent the upper limit for the four
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5 Is There a New Signal? - A Statistical Analysis

seem astonishingly high. Unlike in many analyses where the observed yield
in a "bump" is directly connected to a production yield this can not be done
when considering interference. When two sources interfere the final yield can
not be attributed clearly to one or the other source only from observing the
interference pattern. The percentages quoted in Figures 5.8, 5.10 and 5.12
are, thus, attributed to an initial yield before interference as a final yield is not
clearly defined in this approach. Only in case of absent interference one could
observe directly a signal with 5% signal strength as compared to the total pK+Λ
production cross section.

For an upper bound on the production amplitude the most conservative case at
a mass point is the one that sets the limit. To summarize the results of Figures
5.8, 5.10 and 5.12 the highest percentage of cross section still accepted by
CLs is shown in Figure 5.13 as gray bands. One sees that the upper limit as
a function of the kaonic cluster mass is rather structure-less. While a kaonic
cluster produced via Wave A and B seems to allow a higher yield by still being
consistent with the data, a production of a kaonic cluster via Wave C is stronger
constrained to about half the production strength as compared to the two other
cases. The larger the width of the produced state the more yield is consistent
with the data.

Figure 5.13: The upper limit on the production of a KNN in the measured reaction
at a CLs limit of 95%. The limit is quoted in percentage of total pK+Λ
production cross section. The three figures show the limit for all
three transition amplitudes. This is obtained from the HADES data-
set for a simulated width of 30, 50, and 70 MeV.
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Exclusion of a ‘ppK-’ at a sensitivity level of 95% (CLs) 
This means in 95% of the experiments we would be  
sensitive to a kaonic cluster of that strength 

preliminary 

6.3 Comparison With Other Results

Table 6.9: The extracted cross section of the acceptance corrected histograms.
All given in [μb].

Histogram Sol. No. 6/9 Sol. No. 1/8 Sol. No. 3/8 Sol. No. 8/8

CMSΛ 36.88±0.36 37.79±0.37 36.41±0.35 35.95±0.35
CMSp 38.27±0.47 39.41±0.53 36.43±0.47 36.3±0.44
CMSK+ 38.8±0.32 39.57±0.33 37.68±0.3 36.7±0.3

GJ-Angle RF-pK 37.25±0.35 38.18±0.37 36.16±0.34 35.29±0.33
GJ-Angle RF-KΛ 38.15±0.36 39.11±0.37 37.21±0.34 36.74±0.34
GJ-Angle RF-pΛ 40.41±1.06 41.67±1.09 40.75±1.10 39.7±1.15
H-Angle RF-pΛ 37.63±0.37 38.47±0.38 36.97±0.36 36.14±0.35
H-Angle RF-pK 37.23±0.40 37.91±0.41 36.38±0.38 35.51±0.38
H-Angle RF-KΛ 37.75±0.42 38.36±0.44 37.22±0.42 36.24±0.40

IM(ΛK+) 38.72±0.35 39.57±0.36 37.83±0.34 37.01±0.33
IM(pK+) 38.25±0.34 39.27±0.35 37.52±0.33 36.59±0.32
IM(Λp) 38.07±0.38 38.83±0.40 37.35±0.36 36.41±0.36

Average 38.12±0.43 - - -

corresponding model. The model is normalized to the experimental data in the
indicated range inside the brackets. To obtain the total production cross sec-
tion each histogram was integrated. The experimental data are summed inside
of the indicated range. Outside of this range the extrapolated model value is
taken for the integration. The resulting cross section is quoted in each his-
togram. Table 6.9 summarizes the results of the integration of all the presented
histograms of Appendix G.3. The average cross section obtained with sol. No.
6/9 is written in the last row of Table 6.9. The systematic error is constructed by
the maximum deviations to this value, marked in bold. The uncertainty due to
the normalization to p+p elastic events gives an additional error of 2.67 μb. A
last error comes from the fact that the data contain a certain amount of statistic
not associated to pK+Λ production. This amount is roughly 6% as described in
Section 4.1.3. The overall total production cross section, thus, reads as:

σpK+Λ = 38.12± 0.43+3.55−2.83 ± 2.67(p+p-error)−2.9(background) μb. (6.12)

6.3 Comparison With Other Results

The extracted pK+Λ cross section of this work can be compared to the cross
sections at other beam energies. Figure 6.14 shows in both panels the pK+Λ
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Figure 1: (color online)(a): Differential cross section of d(γ, K+π−)X,
dσ/d cos θlabK+/d coslab

π−
. Here, bin width is 20 MeV/c2. The error bars

shows the statistical error, and the red boxes show the systematic error.
The discrepancy between the two datasets is shown as the hatched
histogram.

state were searched for with the the Log-likelihood ra-
tio method. In this method, the MMd(K+π−) spec-
trum was fitted under two hypotheses : background
processes only, and background processes and signal
process. The yield of each background process was
considered as a free parameter for the fitting. The
Log-likelihood value was obtained by fitting the sig-
nal and background spectra to the experimental data
where the yield of the signal was increased from 0
to a certain value. Then the improvements of Log-
likelihood from background only hypothesis (−2∆ ln L)
were tested in the search region. It is worthwhile to note
that the raw spectrum was used for the fitting because
acceptance-corrected spectrum has considerable sys-
tematic uncertainties and deteriorates the quality of the
fitting. Four processes were used for the background:
γn → ΛK+π−, γp → Σ+K+π−, γn → ΛK+π−π0 and
γp → Σ(1385)+K+π−. The shapes of the spectra were
generated with the GEANT-based Monte Carlo simula-
tion, where the Paris-potential model was used to de-
scribe the momentum distribution of the nucleons in-
side the deuteron [19]. In addition, a constant offset was
adopted in order to consider the contribution of remain-
ing processes such as hyperon decay. Figure 2 shows
the fit result with only background processes. χ2/ndf
of the fit result is 3.5 in the range from 2.05 GeV/c2 to
2.6 GeV/c2, and approximately 1 in the range from 2.22
GeV/c2 to 2.36 GeV/c2. The tests were performed for
signals with Γ = 20, 60 and 100 MeV, and 15 B.E. val-
ues ranging from 10 to 150 MeV. The signal shape was
assumed to be a Breit Wigner distribution with the fixed
B.E. and Γ , and was generated with the GEANT-based
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Figure 2: (color online) The spectrum fit result for the determination
of the upper limit of cross section. The color and style of line for each
corresponding process are shown in the figure.

Monte Carlo simulation. As a result of tests, significant
improvements of Log-likelihood were not observed un-
der any condition in the search region.

In order to quantify the search results, the upper limits
of the differential cross section were determined. The
signal yield which gave −2∆ ln L = 3.84 was used to
give the upper limit of the yield at the 95% confidence
level. In Fig.3, −2∆ ln L values are shown as a function
of the signal yield for B.E.=100 MeV and Γ =60 MeV
as a typical example. The crossing point at −2∆ ln L =
3.84 is indicated by an arrow.

Yield of Signal
0 50 100 150 200 250 300

ln
L

Δ
-2

0

2

4

6

8

10

lnL = 3.841Δ-2

(95% C.L.)
Upper Limit of Yield

Figure 3: (color online) Typical −2∆lnL as a function of the signal
yield. The B.E. and Γ is assumed to be 100 MeV and 60 MeV, respec-
tively.

Thus, the upper limits of the yield were determined
for signals with Γ = 20, 60 and 100 MeV, and 15 B.E.
values ranging from 10 to 150 MeV. The obtained yields
were converted to the differential cross section by divid-
ing them by the acceptance of the signals, efficiencies
and integrated luminosities. The acceptance was deter-

4

mined with the GEANT-based Monte Carlo simulation
under the assumption that d(γ,K+π−)K−pp reaction oc-
curs isotropically in the center-of-mass system. Figure
4 shows the upper limits of the differential cross section
of K−pp bound state production for various Γ values as
a function of the assumed signal peak mass.
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Figure 4: The upper limit of the differential cross section of K−pp
bound state production as a function of assumed signal peak mass.
The solid, broken and dotted lines are the results of Γ =20 MeV, 60
MeV, and 100 MeV, respectively.

The upper limits of the differential cross section of
K−pp bound state production were determined to be
(0.07 − 0.2), (0.1 − 0.6), (0.2 − 0.7) µb for Γ =
20, 60, 100 MeV, respectively at the 95% confidence
level. These values correspond to 0.5%− 5% of the dif-
ferential cross section of the typical hadron production
processes such as γn → K+π−Λ or γp/n → K+π−Σ+/0.
We can compare the obtained results to those of the
KEK-PS E471/E549 group. They concluded that the
formation probabilities of the four-body kaonic nuclei
are less than a few percent per stopped kaon. Since K−
absorbed in nuclei form hyperons, their results equiv-
alently state that the formation probabilities of kaonic
nuclei are less than a few percent of the typical hyperon
production cross section. The obtained search results
are comparable with the KEK-PS E471/E549 results al-
though the Kaonic nuclei production mechanisms are
expected to be different between the two reactions.

Though bump structures were not observed, there
were several thousand events in the search region.
In order to investigate the background precisely, the
MMp(K+π−) spectrum and MMp(K+) spectrum were
fitted simultaneously. The subscript p means that the
missing mass was calculated assuming a proton at rest
as the target. The processes considered for the fitting

Table 1: Quasi-Free processes

proton target neutron target
γ + p→ Λ K+ γ + n→ Σ− K+
γ + p→ Σ0 K+ γ + n→ Λ K+ π−
γ + p→ Λ(1405) K+ γ + n→ Σ(1385)− K+
γ + p→ Σ(1385)0 K+ γ + n→ Σ(1660)− K+
γ + p→ Σ+ K+ π− γ + n→ Λ π0 K+ π−
γ + p→ Λ(1520) K+
γ + p→ Σ0 π+ K+ π−

are listed in Tab.1. The contribution of K∗0 production is
negligibly small under the selected kinematic conditions
and was ignored. PDG values were used for the mean,
width, and branching ratio of the hyperon resonances
[20], and all the processes were generated isotropically
in the center of mass system. The mass and width of
Σ(1660) were assumed to be 1.66 GeV/c2 and 0.1 GeV,
respectively, and the branching ratios of the Λπ− and
Σπ− decay modes were considered as free parameters.
The fit result is shown in Fig.5. The experimental data
is shown as points with the error bars, and the fit re-
sults are shown as a red histogram. The total χ2/ndf
is 1.3. The fit result indicates that the main contribu-
tion to the MMd(K+π−) spectrum in the search region
comes from the γp → K+Λ(1520) process. Its fraction
of the observed yield is approximately 20%. The non-
resonant Λ/ΣπK+π− production also contributes about
20% to the signal region. The upper limit of produc-
tion probability of K−pp bound state was determined
to be less than 5% of typical hadron processes, and it
was found to be difficult to separated the K−pp bound
state signal from the background processes in the inclu-
sive measurement. For the further study, it is necessary
to detect the decay products of K−pp bound state us-
ing counters surrounding the target. K−pp bound state
is expected to have non-mesonic decay modes such as
K−pp → Λp or K−pp → ΣN, and detecting the proton
or Λ which has large transverse momentum is essential
to increase the signal to noise ratio.

The production cross section of K−pp bound state is
assumed to be dependent on the kinematic condition,
especially momentum transfer of residual system. Al-
though the production mechanism of K−pp bound state
is poorly understood, if K−pp bound state was produced
via the sticking process of virtual K− or intermediate
resonance states, the kinematic condition of small mo-
mentum transfer is efficient to enlarge the production
cross section. Thus, except for the search under the cut
condition described above, a search for a bump structure

5

LEPS/SPRING8 γ+d ->K+π-X  E=1.5-2.4 GeV  

Another Upper Limit

(Phys. Lett. B 728 (2014) 616) 
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 Prediction 1 : T. Kishimoto (PRL 83 4701 (1999))  

 Prediction 2 :  Y. Akaishi and T. Yamazaki (PRC 65 044005 (2002), PLB 535 70 (2002))  

   FINUDA (T. Bressani et. al., 2003/2004/2006) with 6/7Li/ 12C(stopped K-,Λp/Λd)  

             -> evidence for deeply bound ppK- /ppnK-state (PRL 94 210323 (2005), PLB 654 80 (2007)  ) 
                       

  BNL-AGS E930 (T. Kishimoto et. al., 2001) with 16O(in-flight K-,n)   
             -> narrow bound state(s)? (NPA 754 383c (2005)) 

      KEK-PS E471 (M. Iwasaki et. al., 2002/2003) with 4He(stopped K-,N)    

               -> observation of “strange tribaryons” (nucl-ex/0310018,PLB 597 263 (2004)) 

  KEK-PS E548 (T. Kishimoto et. al., 2005) with 16O/12C (in-flight K-,N)  
             -> no narrow sates ! but  deep potential (PTP 118 181 (2007), NPA 827 321c (2009)) 

     KEK-PS E549/570 (M. Iwasaki et. al./R. S. Hayano et. al., 2005) with 4He(stopped K-,N)  
                 -> no narrow states ! (PLB 659 107 (2008) , PLB 688 43 (2010) )   

  DISTO (Re-analysis by T. Ymazaki et. al. ) with pp->pΛK+ at 2.85 GeV    
             -> indication of  ppK- bound state  (PRL 104 132502 (2010)) 

  HADES  with pp->pΛK+ at 3.5 GeV    
             -> Upper limit, no bound state (in preparation) 

E15  JPARC 3He (stopped K-,N) 
              -> Upper limit, no bound state (http://arxiv.org/pdf/1408.5637.pdf) 

LEPS/SPRING8 γ+d ->K+π-X  
               -> Upper Limit, no bound state  (Phys. Lett. B 728 (2014) 616) 
 
 

Summary on kaonic bound states



125 

Summary

•  Nature of the Λ(1405)  
•  Photon-induced, Kaon-induced and proton-induced 
•  Measurements remain unexplained 

•  Open questions: 
•     is a I=1 pole there? 
•     Are the Coefficients given by C.E.F.T. precise enough?  
•     Maybe more precise calculation are necessary 

•  Bound states: 
•     Many Predictions for loosely bound states -> difficult to observe 
•     Controversial observation 
•    Just looking for peaks is misleading 
•     Interferences must be considered 


