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The L(1405)
• The    N interaction in the isospin I=0 channel is able develop a quasi-bound 

state, the L(1405), located only 27 MeV below the N threshold
K
_

K
_
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• It may be considered the first ”pentaquark” ever observed
in conventional quark models:
baryons are qqq states 

exotic baryons: 
pentaquarks (5q states)

compact
baryon-meson bound state 
(or molecule)



R. H. Dalitz and S. F. Tuan, Annals of Phys. 10 (1960) 307
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Late fifties/sixties (first stellar period)

• Intense activity in bubble-chamber experiments (BNL, CERN, Rutherford) 
established the presence of a resonance with strangeness -1  around 1405 MeV.
(The L(1405) becomes a PDG baryon in 1963)

• The idea of the L(1405) being a meson-baryon molecule  was originally proposed 
by Dalitz and Tuan in the late 1950’s (a quasibound state was found from solving a 
coupled-channel Schrödinger equation involving KN and pS)

_

seventies/eighties

• Continuous experimental activity in bubble-chambers and in emulsions (cross 
section measurements, threshold branching ratios, …) 

• The L(1405)  cannot be accommodated in quark models, which systematically 
predicted for it a too high mass.
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• The Dalitz/Tuan idea of a quasi-bound meson-baryon interpretation of the 
L(1405)  is reformulated in terms of an effective chiral unitary theory in 
coupled channels (in s-wave) N. Kaiser, P. B. Siegel, and W. Weise, Nucl. Phys. A594 (1995) 325

E. Oset and A. Ramos, Nucl. Phys. A635 (1998) 99

1990 – 2005 (around the turn of the century)

• Conflicting measurements of the kaonic hydrogen shift and width of the 1s 
state: KEK-PS E228 (1998) and DEAR (2005)

J. A. Oller, U. -G. Meissner, Phys. Lett. B 500, 263 (2001).
M. F. M. Lutz, E. Kolomeitsev, Nucl. Phys. A 700, 193 (2002).
B. Borasoy, E. Marco, S. Wetzel, Phys. Rev. C 66, 055208 (2002).
C. Garcia-Recio, J. Nieves, E. Ruiz Arriola and M. J. Vicente Vacas, Phys. Rev. D 67, 076009 (2003).
D. Jido, J. A. Oller, E. Oset, A. Ramos and U. G. Meissner, Nucl. Phys. A 725, 181 (2003).
B. Borasoy, R. Nissler, W. Wiese, Eur. Phys. J. A 25, 79 (2005).
V.K. Magas, E. Oset, A. Ramos, Phys. Rev. Lett. 95, 052301 (2005).
B. Borasoy, U. -G. Meissner and R. Nissler, Phys. Rev. C 74, 055201 (2006)

• For the next ten years, intense theoretical work (NLO Lagrangian, s-channel and  
u-channel Born terms…) finding similar features:

ü !𝐾𝑁 scattering data reproduced very satisfactorily
ü Two-pole structure of 𝛬 1405
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Measurement of the
kaonic hydrogen

by Siddharta

The L(1405) appears
in the PDG (1963)

Chiral unitary
theories emerge

The L(1405) in the Web of Science
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M. Bazzi et al., Phys. Lett. B 704, 113 (2011)

• The energy shift and width of the 1s 
state in kaonic hydrogen measured by 
SIDDHARTA@DAΦNE fixes the  𝐾!𝑝
scattering length with a 20% precision.

After 2005 • Various important experiments to 
understand the L(1405) line
shape and its two pole structure:

K. Moriya et al., Phys. Rev. C87, 035206(2013).

à pp reactions at COSY (Zychor et al., 2008) 
and HADES (Agakishiev et al., 2013)

à photo- & electro-production
reactions at LEPS (Niiyama et al. 2008) 
and CLAS (Moriya et al., 2013, 2014, Lu et 
al., 2013)
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Y. Ikeda, T. Hyodo, W. Wiese, Nucl. Phys. A 881, 98 (2012).
A. Cieply and J. Smejkal, Nucl. Phys. A 881, 115 (2012).
Zhi-Hui Guo, J. A. Oller, Phys. Rev. C 87, 035202 (2013).
T. Mizutani, C. Fayard, B. Saghai and K. Tsushima, Phys. Rev. C 87, 035201 (2013).
L. Roca and E. Oset: Phys. Rev. C 87, 055201 (2013), Phys. Rev. C 88, 055206 (2013).
M. Mai and U. G. Meißner, Eur. Phys. J. A 51, 30 (2015).
A. Feijoo, V. Magas, A. Ramos, Phys. Rev. C 92, 015206 (2015).
A. Ramos, A. Feijoo, V. Magas, Nucl. Phys. A 954, 58 (2016).
A. Cieplý, M. Mai, U-G. Meißner, J. Smejkal, Nucl.Phys.A 954, 17 (2016).
A. Feijoo, V. Magas, A. Ramos, Phys. Rev. C 99, 035211 (2019)
…

After 2005

• The new and improved data helped to constrain the theoretical models better! 
(explaining the proliferation of works,  and
maintaining the interest on this problem alive)       
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Measurement of the
kaonic hydrogen

by Siddharta

The L(1405) appears
in the PDG (1963)

Chiral unitary
theories emerge

LEPS

COSY

CLAS

HADES

20-25 
papers 

annually

~1000 
citations
annually

The L(1405) in the Web of Science
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The Barcelona group has contributed to this process of model improvement
(with the focus on constraining the NLO pieces of the Lagrangian better)

1. studying reactions that are especially sensitive to NLO (as the LO contributions
vanish), e.g K-p à K0X0, K+X- A. Feijoo, V. Magas, A. Ramos, Phys. Rev. C 92, 015206 (2015)

2. analyzing the interplay between the Born terms and NLO contributions
A. Ramos, A. Feijoo, V. Magas, Nucl. Phys. A  954, 58 (2016)

3. studying isospin filtering reactions especially sensitive to NLO
A. Feijoo, V. Magas, A. Ramos, Phys. Rev. C 99, 035211 (2019)

Our chiral model (evolution over the years)
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𝐾!"𝑝 ⟶ 𝐾#𝛯" reaction (pure 𝐼 = 1 process)

Could be measured at J-Lab
(proposal for a secondary 𝐾! beam
by the KLF collaboration) 
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WT+NLO [31]

WT+Born+NLO [32]
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WT+Born+NLO+RES

K. Piscicchia et al.., Phys.Lett. B782 (2018) 339-345
AMADEUS collaboration

𝐾$𝑛 ⟶ 𝜋$Λ amplitude (pure 𝐼 = 1)

Predictions (reproduction of Isospin filtering observables)
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However, the different terms of the chiral lagrangian contain higher partial waves

Why p- and higher partial waves?

➔ to extend the description of the theory to higher energies above the 
meson-baryon thresholds

➔ to investigate if dynamical resonances may appear

➔ to extend the KN interaction to higher momentum, as that acquired by
antikaons penetrating in a nuclear medium. 

All our previously developed KN interaction models are in s-wave! 
_

New step forward: terms beyond s-wave

I will report on new fits that take these terms into consideration (up to p-wave)

_
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Previous works including the p-waves of the chiral lagrangian:

J. Caro Ramon, N. Kaiser, S. Wetzel and W. Weise, Nucl. Phys. A 672, 249 (2000).

K. Aoki, D. Jido, PTEP 2019, no.1, 013D01 (2019)

D. Jido, E. Oset, A. Ramos, Phys. Rev. C 66, 055203 (2002).

D. Sadasivan, M.Mai, M.Döring, Phys. Lett. B 789, 329 (2019) 

➔ strangeness S=0 sector

➔ strangeness S=+1 sector

➔ strangeness S=-1 sector

(LO Lagrangian, not too much effect of p-wave (only low energy data is considered), 
but very useful for the theoretical developments) 

(LO+NLO Lagrangians. A dynamical p-wave pole is found! (JP=1/2+) mimicking 
their lack of S*(1385) in JP=3/2+ . Neglects certain NLO terms.
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A few strokes of the formalism:

from the Chiral Lagrangian up to NLO:

Leff (B,U) = L(1)
MB(B,U) + L(2)

MB(B,U)
<latexit sha1_base64="x656Dim2un4bE8RG7XfE6WXtEpA=">AAACOXicbZDLSgMxFIYz9VbrbdSlm2ARWpQyUwTdCKVuXChUsBdoa8mkZ9rQzIUkI5ShT6aP4Au41JWoO1/AtJ1Fbfuv/vzfHzjnOCFnUlnWm5FaWV1b30hvZra2d3b3zP2DmgwiQaFKAx6IhkMkcOZDVTHFoREKIJ7Doe4Mrse8/gRCssB/UMMQ2h7p+cxllCgddcwa1mp5RPUp4fHt6DEG1x3lymfV/NVMnOnEd7isac7OT+npUlpMaMfMWgVrIrxo7MRkUaJKx3xtdQMaeeAryomUTdsKVTsmQjHKYZRpRRJCQgekB01tfeKBbMeT/Uf4xA0EVn3Ak/dsNyaelEPP0Z3xuHKejcNlrBkp97IdMz+MFPhUVzRzI45VgMdnxF0mgCo+1IZQwfSUmPaJIFTpY2f0+vb8soumVizYVsG+P8+Wyskh0ugIHaMcstEFKqEbVEFVRNEL+kDf6Md4Nt6NT+NrWk0ZyZ9D9E/G7x9rIqmG</latexit><latexit sha1_base64="x656Dim2un4bE8RG7XfE6WXtEpA=">AAACOXicbZDLSgMxFIYz9VbrbdSlm2ARWpQyUwTdCKVuXChUsBdoa8mkZ9rQzIUkI5ShT6aP4Au41JWoO1/AtJ1Fbfuv/vzfHzjnOCFnUlnWm5FaWV1b30hvZra2d3b3zP2DmgwiQaFKAx6IhkMkcOZDVTHFoREKIJ7Doe4Mrse8/gRCssB/UMMQ2h7p+cxllCgddcwa1mp5RPUp4fHt6DEG1x3lymfV/NVMnOnEd7isac7OT+npUlpMaMfMWgVrIrxo7MRkUaJKx3xtdQMaeeAryomUTdsKVTsmQjHKYZRpRRJCQgekB01tfeKBbMeT/Uf4xA0EVn3Ak/dsNyaelEPP0Z3xuHKejcNlrBkp97IdMz+MFPhUVzRzI45VgMdnxF0mgCo+1IZQwfSUmPaJIFTpY2f0+vb8soumVizYVsG+P8+Wyskh0ugIHaMcstEFKqEbVEFVRNEL+kDf6Md4Nt6NT+NrWk0ZyZ9D9E/G7x9rIqmG</latexit><latexit sha1_base64="x656Dim2un4bE8RG7XfE6WXtEpA=">AAACOXicbZDLSgMxFIYz9VbrbdSlm2ARWpQyUwTdCKVuXChUsBdoa8mkZ9rQzIUkI5ShT6aP4Au41JWoO1/AtJ1Fbfuv/vzfHzjnOCFnUlnWm5FaWV1b30hvZra2d3b3zP2DmgwiQaFKAx6IhkMkcOZDVTHFoREKIJ7Doe4Mrse8/gRCssB/UMMQ2h7p+cxllCgddcwa1mp5RPUp4fHt6DEG1x3lymfV/NVMnOnEd7isac7OT+npUlpMaMfMWgVrIrxo7MRkUaJKx3xtdQMaeeAryomUTdsKVTsmQjHKYZRpRRJCQgekB01tfeKBbMeT/Uf4xA0EVn3Ak/dsNyaelEPP0Z3xuHKejcNlrBkp97IdMz+MFPhUVzRzI45VgMdnxF0mgCo+1IZQwfSUmPaJIFTpY2f0+vb8soumVizYVsG+P8+Wyskh0ugIHaMcstEFKqEbVEFVRNEL+kDf6Md4Nt6NT+NrWk0ZyZ9D9E/G7x9rIqmG</latexit><latexit sha1_base64="x656Dim2un4bE8RG7XfE6WXtEpA=">AAACOXicbZDLSgMxFIYz9VbrbdSlm2ARWpQyUwTdCKVuXChUsBdoa8mkZ9rQzIUkI5ShT6aP4Au41JWoO1/AtJ1Fbfuv/vzfHzjnOCFnUlnWm5FaWV1b30hvZra2d3b3zP2DmgwiQaFKAx6IhkMkcOZDVTHFoREKIJ7Doe4Mrse8/gRCssB/UMMQ2h7p+cxllCgddcwa1mp5RPUp4fHt6DEG1x3lymfV/NVMnOnEd7isac7OT+npUlpMaMfMWgVrIrxo7MRkUaJKx3xtdQMaeeAryomUTdsKVTsmQjHKYZRpRRJCQgekB01tfeKBbMeT/Uf4xA0EVn3Ak/dsNyaelEPP0Z3xuHKejcNlrBkp97IdMz+MFPhUVzRzI45VgMdnxF0mgCo+1IZQwfSUmPaJIFTpY2f0+vb8soumVizYVsG+P8+Wyskh0ugIHaMcstEFKqEbVEFVRNEL+kDf6Md4Nt6NT+NrWk0ZyZ9D9E/G7x9rIqmG</latexit>

We derive an interaction kernel (that consists of 4 diagrams):

L(1)
MB = hB̄(i�µD

µ �M0)Bi+ 1

2
DhB̄�µ�5{uµ, B}i+ 1

2
F hB̄�µ�5[u

µ, B]i
<latexit sha1_base64="n16vblFMl8vTDrPR3jMzoVc7tzY="></latexit><latexit sha1_base64="NX7bhRkYxBdhkjK9FJI6pJq0feg="></latexit><latexit sha1_base64="NX7bhRkYxBdhkjK9FJI6pJq0feg="></latexit><latexit sha1_base64="JOSKshLymuYXf5AFyrTXrOHYz9M="></latexit>

The leading order (LO) generates:

Weinberg-Tomozawa (WT)

D C

Direct and Crossed Born terms
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The next lo leading order (NLO), just considering the contact term, is:

L(2)
�B = bDhB̄{�+, B}i+ bF hB̄[�+, B]i+ b0hB̄Bih�+i+ d1hB̄{uµ, [u

µ, B]}i
+d2hB̄[uµ, [u

µ, B]]i+ d3hB̄uµihuµBi+ d4hB̄Bihuµuµi

� g1
8M2

N

hB̄{uµ, [u⌫ , {Dµ, D⌫}B]}i � g2
8M2

N

hB̄[uµ, [u⌫ , {Dµ, D⌫}B]]i

� g3
8M2

N

hB̄uµih[u⌫ , {Dµ, D⌫}B]i � g4
8M2

N

hB̄{Dµ, D⌫}Bihuµu⌫i

�h1

4
hB̄[�µ, �⌫ ]Buµu⌫i �

h2

4
hB̄[�µ, �⌫ ]uµ[u⌫ , B]i � h3

4
hB̄[�µ, �⌫ ]uµ{u⌫ , B}i

�h4

4
hB̄[�µ, �⌫ ]uµihu⌫ , Bi+ h.c.

<latexit sha1_base64="aREMGlDMmWAGHBUXH//pEFHOfgw="></latexit>

• 𝑏", 𝑏% , 𝑏& , 𝑑', 𝑑(, 𝑑), 𝑑* , 𝑔', 𝑔(, 𝑔* , ℎ', ℎ(, ℎ), ℎ* are treated as parameters of the model

New 
terms
taken
into
account

• Contributions with 𝑔) get cancelled NLO term
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Interaction kernels:

➔ s, p wave

➔ s, p waves

➔ s, p, d, waves

V D
ij =

NiNj

12f2

X

k

C(Born)
īi,k

C(Born)
j̄j,k

s�M2
k

n
(
p
s�Mk)(s+MiMj �

p
s(Mi +Mj))�

†s0
j �s

i

+
(s+

p
s(Mi +Mj) +MiMj)(

p
s+Mk)

(Ei +Mi)(Ej +Mj)
�†s0
j [~qj · ~qi + i(~qj ⇥ ~qi) · ~�]�s

i

�

<latexit sha1_base64="gycOIEFBA5IunGfpVcE+vz+Jc2s="></latexit>

(indices i and j denote any of the S=-1 coupled MB channels)
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V NLO

ij
=

NiNj

f2


Dij � 2Lijqj

µqiµ +
1

2M2
N

gij(pi
µqjµpi

⌫qi⌫ + pj
µqjµpj

⌫qi⌫)

�✓
�†s0
j

�s

i

��†s0
j

~qj · ~qi + i(~qj ⇥ ~qi) · ~�
(Ei +Mi)(Ej +Mj)

�s

i

◆
+

NiNj

f2
hij


�
✓

qj0qi
2

Ei +Mi

+
qi0qj

2

Ej +Mj

+
qj2qi2

(Ei +Mi)(Ej +Mj)
+

(~qj · ~qi)2

(Ei +Mi)(Ej +Mj)

◆
�†s0
j

�s

i

+

✓
qi0

Ei +Mi

+
qj0

Ej +Mj

◆
�†s0
j

~qj · ~qi�s

i
+

✓
qi0

Ei +Mi

+
qj0

Ej +Mj

+

~qj · ~qi
(Ei +Mi)(Ej +Mj)

� 1

◆
i�†s0

j
(~qj ⇥ ~qi) · ~��s

i

�

<latexit sha1_base64="COYOAptCw54McSN3fXpUzcJoAAo="></latexit>

➔ s, p, d waves
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Unitarization (I):
The former tree-level amplitudes

Tij = �†s0
j [f(

p
s, ✓)� i(~� · n̂)g(

p
s, ✓)]�s

i
<latexit sha1_base64="NDQ16IgxWODrLXGc2KVYOPvUfc0="></latexit>

n̂ =
~qj ⇥ ~qi
|~qj ⇥ ~qi|

<latexit sha1_base64="3W4oQKHMJICrgYPn+E83Vl/p+Co="></latexit>

f(
p
s, ✓) =

1X

l=0

fl(
p
s)Pl(cos✓)

g(
p
s, ✓) =

1X

l=1

gl(
p
s) sin✓

dPl(cos✓)

d(cos✓)
<latexit sha1_base64="DqS0hFKRoV8sut6mn/XwIBrI6/0="></latexit>

are partial-wave decomposed:

and then recoupled into well defined total angular momentum j (conserved)

f tree
l+ (

p
s) =

1

2l + 1

�
fl(

p
s) + l gl(

p
s)
�
, j = l + 1

2

f tree
l� (

p
s) =

1

2l + 1

�
fl(

p
s)� (l + 1) gl(

p
s)
�
, j = l � 1

2
<latexit sha1_base64="WYwq/MH2xptDzWOWaUX66CJfUng="></latexit>
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Unitarization (II):
Finally, the unitarized amplitudes are obtained from the Bethe-Salpeter equation

fl± =
⇥
1� f tree

l± G
⇤�1

f tree
l±

<latexit sha1_base64="halvmyUMaaBk/Wr0mxz33MEqmSg="></latexit>

(on-shell factorization has been employed)

where G is the diagonal matrix of MB loops (dimensional regularization):

Gl =
2Ml
(4⇡)2

(
al(µ)+ln M2

l
µ2 +

m2
l �M2

l +s
2s ln m2

l

M2
l
+ qcmp

s
ln

h
(s+2

p
sqcm)2�(M2

l �m2
l )

2

(s�2
p
sqcm)2�(M2

l �m2
l )

2

i)

<latexit sha1_base64="X7RX1hLi9XB3/Ml8DKHlyIN5XIM="></latexit><latexit sha1_base64="X7RX1hLi9XB3/Ml8DKHlyIN5XIM="></latexit><latexit sha1_base64="X7RX1hLi9XB3/Ml8DKHlyIN5XIM="></latexit><latexit sha1_base64="X7RX1hLi9XB3/Ml8DKHlyIN5XIM="></latexit>

subtraction constants for the 
dimensional regularization 
scale 𝜇 = 1𝐺𝑒𝑉 in all channels

�ij =
Mi Mj qj
4⇡ s qi

⇥
|f0|2 + 2|f1+|2 + |f1�|2 + 3|f2+|2 + 2|f2�|2

⇤

<latexit sha1_base64="P6iuIwyU14TEUpZLQNcxsW9VLfs="></latexit>

Cross sections:

JP=1/2- JP=3/2+ JP=1/2+ JP=5/2- JP=3/2-

s-wave p-wave d-wave
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Fitting procedure:
Parameters:

• Decay constant 𝑓 (partially constrained:  𝒇𝝅
𝒆𝒙𝒑 ≤ 𝒇 ≤ 1. 3𝒇𝝅

𝒆𝒙𝒑, 𝒇𝝅
𝒆𝒙𝒑=93 MeV)

• 6 subtracting constants (isospin symmetry employed):

• 14 coefficients of 
NLO: 𝑏&, 𝑏' , 𝑏( , 𝑑), 𝑑*, 𝑑+, 𝑑, , 𝑔), 𝑔*, 𝑔, , ℎ), ℎ*, ℎ+, ℎ,

• Axial vector couplings D, F (we impose )                                gA = D + F = 1.26
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Fitted to cross-section data, threshold branching-ratios, kaonic hidrogen…
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Observable Points Observable Points

�K�p!K�p 245 �K�p!K̄0n 317

�K�p!⇡0⇤ 225 �K�p!⇡0⌃0 125

�K�p!⇡�⌃+ 198 �K�p!⇡+⌃� 213

�K�p!⌘⌃0 9 �K�p!⌘⇤ 106

�K�p!K+⌅� 54 �K�p!K0⌅0 30

� 1 �E1s 1

Rn 1 �1s 1

Rc 1
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Conservative approach: we fit to the same data employed in our last s-wave work!

3 different models:

s-wave (old): our WT+Born+NLO s-wave fit in Phys. Rev. C 99, 035211 (2019). 
Same data, but NLO lagrangian does not contain the “h” and “g” terms. 

s-wave: a new WT+Born+NLO s-wave fit which incorporates the “h” and “g” terms. 

s+p waves: same as the previous fit but incorporatind the s- and p-wave contributions of 
the WT+Born+NLO kernels
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Results: threshold observables

The three models do comparatively well at threshold
à nothing is gained by incorporating the p-waves

(obvious result)
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Results: cross sections (classical processes)
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Results: cross sections (higher mass channels)
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Separating the individual partial waves from the s+p-waves fit
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Having fixed all the parameters in the s+p waves fit, we can see the influence of the d-waves: 

A fit incorporating also the d-waves seems necessary. Work in progres...
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model

s-wave poles (JP=1/2-)

Our model does not generate poles in p-wave (JP=1/2+ or 3/2+) !
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Conclusions

The p-waves of the chiral lagrangian influence substantially the cross sections
of the K- p à K+X-, K0X0, hL, hS0 reactions. 

It is clear that the interrelated d-waves (that do not depend on additional
parameters) need to be incorporated in the fits. This requires to consider many
more data points (higher energies, differential cross sections, ect..).

The strength of the different partial waves might be considerably different
than what is found, for instance, in more phenomenological approches like
the BnGa fits.

We are now in the process of tackling this ingent task, which can be done after
the present work has shown that the incorporation of p-waves does not spoil
(rather, it improves) the description of data with s-wave contributions only.



Thank you for your attention
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